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1. Abstract

Lysosomal storage diseases (LSDs) are rare genetic disorders resulting from mutations that
impair lysosomal protein function, leading to the accumulation of undegraded substrates. Fabry
disease (FD), an X-linked LSD, is caused by a deficiency in a-galactosidase A (GLA), leading to the
buildup of glycosphingolipids like globotriaosylceramide (Gb3) and affecting organs such as the
kidneys, heart, and nervous system. Enzyme replacement therapy (ERT) is the most common
strategy for treating FD, which involves intravenous administration of recombinant GLA. While
ERT improves quality of life, it has limitations such as poor enzyme stability, limited
biodistribution (BD), development of neutralizing anti-drug antibodies (ADAs), and the inability
to cross the blood-brain barrier (BBB).

This thesis explores nanotechnology to enhance ERT for FD. Two drug delivery systems (DDSs)
were studied: nanoliposomes and extracellular vesicles (EVs). Nanoliposomes, synthetic lipid-
based vesicles, were functionalized with RGD peptides to target endothelial cells and loaded
with recombinant human GLA (rh-GLA), forming the RGD-targeted nanoGLA. These showed
good stability, preserved enzymatic activity, and enhanced internalization via macropinocytosis
and caveolae-dependent endocytosis, and M6PR-independent pathways. In vitro, nanoGLA
targeted with RGD peptide reduced Gb3 more effectively than free enzyme and non-targeted
nanoGLA, and in vivo studies in Fabry mice indicated better enzyme delivery to key organs,
including the brain. However, RGD-targeted nanoGLA induced higher antibody levels than free
enzymes.

The study also analyzed the impact of the protein corona (PC) — plasma proteins adsorbed on
nanoliposomes after their intravenously administration — which can affect biodistribution and
cellular uptake. Proteomic analysis revealed that PC composition was consistent across different
nanoliposomal formulations, with albumin, fibrinogen, and apolipoproteins being the most
abundant proteins. RGD density and the presence of rh-GLA influenced PC composition in terms
of the presence of immunoglobulins and complement factors.

EVs, natural nanoscale vesicles, were also engineered to deliver GLA (EV-GLA) using CHO and
HEK 293F cells. Different purification methods were compared, including precipitation (Pp),
bench-top filtration followed by size exclusion chromatography (BF + SEC), or tangential flow
filtration followed by size exclusion (TFF + SEC). BF + SEC and TFF + SEC outperformed Pp in terms
of EV concentration and in vitro efficacy. EV-GLA from CHO cells showed higher enzymatic
activity and in vitro efficacy compared to the free enzyme, with BF + SEC and TFF + SEC providing
the best purity and efficacy. For HEK 293F cells, TFF + SEC was more advantageous in terms of
EV concentration and GLA protein amount, though BF + SEC showed better in vitro efficacy.
These variable results demonstrate that further investigation is required to optimize the
isolation method, cell source, and GLA expression. EV-GLA from CHO cells demonstrated higher
activity and in vitro efficacy. Targeting EVs with recombinant F7 cell penetrating peptide (rF7) by
genetically modifying HEK 293F cells to express both GLA and F7-Lamp2b, enhanced uptake and
effectiveness in endothelial cells.

In conclusion, integrating nanotechnology into ERT through targeted nanoliposomes and EVs
shows strong potential for improving enzyme stability, biodistribution, and efficacy in treating
Fabry disease and other LSDs.



2. General introduction

2.1. Lysosomal storage diseases (LSDs)

Lysosomes are spherical organelles with a single membrane found in the cytosol of the cell. They
play a key role in the breakdown of large molecules like sphingolipids, glycogen, polysaccharides
and foreign particles, making intracellular digestion one of their primary functions (1,2).
However, lysosomes are not only digestive organelles; they also participate in immune
regulation, nutrient sensing, cellular death and proliferation, and are involved in secretory
pathways, contributing to the production of extracellular vesicles (EVs). This demonstrates that
lysosomes are key regulators of cellular homeostasis (3-5).

Lysosomes contain active hydrolases that are capable of degrading substrates due to their
luminal acidic pH, which is maintained by the V-type ATPase proton located in their membrane
(6). Post-translational modifications (PTMs) of hydrolases, such as glycosylation, are critical for
their proper targeting to the lysosome and for their properties, including activity, stability,
conformation and solubility (7,8). One of the most common PTMs is the addition of mannose-6-
phosphate (M6P). These residues act as a signal to direct the enzymes to the Golgi apparatus,
where they are incorporated into secretory vesicles that transport them to the lysosomes.
Alternatively, the enzymes may be secreted into the extracellular space in extracellular vesicles
(9) or they may be secreted as free enzyme and endocytosed by other cells via interaction with
MG6P receptors (M6PR), subsequently being incorporated into their lysosomes (Fig. 2.1) (10-12).
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Fig. 2.1. Schematic representation of lysosomal enzymes secretion as free enzymes, which are endocytosed via
MG6PR and incorporated into lysosomes from enzyme-deficient cell (cross-correction). In this case, cells accumulated
GAG substrate. This figure was edited from Tomanin et al. (13).

Malfunction of the lysosomes is in the origin of many pathologies, such as lysosomal storage
disorders (LSDs), which are a group of rare genetic diseases, generally caused by single gene



mutations that alter the production or function of lysosomal proteins (14). Mutations in LSDs
result in the deficiency or malfunction of proteins essential for the lysosomal function. These
proteins include membrane proteins, enzymes and signaling proteins that enable the interaction
of lysosomal hydrolases with substrates or other cellular organelles (14). The resulting
dysfunction of these lysosomal enzymes leads to the accumulation of undegraded substrates in
the lysosomes, triggering a pathogenic cascade with multisystemic affection (Fig. 2.2) (14,15).
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Fig. 2.2. Scheme illustrating substrate accumulation in the lysosome due to dysfunctional lysosomal proteins in
lysosomal storage diseases (LSDs). Specific genetic mutations result in the synthesis of mutated lysosomal protein in
the endoplasmic reticulum. The resulting dysfunctional protein can either be degraded by the proteosome or undergo
post-translational modifications (PTMs) in the Golgi apparatus. It is then encapsulated into a vesicle and delivered to
the lysosome. Due to malfunction of this lysosomal protein, undegraded substrates accumulate in the lysosomes,
triggering the pathogenic cascade. Figure adapted from Parenti et al. (15).

There are over 70 different types of LSDs (Table 2.1). While most of these pathologies follow an
autosomal recessive inheritance pattern, some are X-linked inherited, such as Hunter syndrome,
Danon disorder and Fabry disease (FD) (16). Although each LSD is individually considered a rare
disease, their combined incidence is estimated to be approximately 1 in 5,000 - 7,500 births (17).
Ongoing advancements in newborn screening programs (18) and improved differential
diagnostic methods (19) are providing new insights into the true incidence and prevalence of
these diseases.

The most widely used method to classify the different LSDs is based on the accumulated
substrate. Following this classification, different categories can be differentiated:
mucopolysaccharidoses (e.g. Hunter and Sanfilippo syndromes), glycogen storage diseases (e.g.
Pompe disease), sphingolipidoses (e.g. Fabry disease) and neuronal ceroid lipofuscinoses (NCL)
(20).

The clinical presentation of LSDs can vary significantly, as not all cell types and body tissues are
equally affected. This variability is influenced by factors such as the distinct biochemistry of
different cell types, the expression levels of the enzymes and differences in substrate turnover
rates (14). These factors contribute to the wide range of disease onset and severity seen in LSDs.
The accumulation of substrates in various cells and tissues results in a diverse array of clinical



manifestations, often with overlapping symptoms across different disorders. In fact, individuals
with a single disease may exhibit different symptom, age at onset, and rates of disease
progression. Symptoms can appear at any age, from infancy to adulthood, making early
diagnosis challenging in some cases. For instance, in FD, the most common initial symptoms in
pediatric patients are neurological and gastrointestinal (21), but as the disease progresses into
adulthood, kidney, cardiac and cerebrovascular complications may develop (22).

Table 2.1. Overview of the most common LSDs with their mutated genes gene, accumulated substrates and
estimated incidence. Adapted from Lerussi et al. (20).

Estimated
LSD group Disease Mutated gene Main accumulated substrate .s l.ma €
incidence
. Glucosylceramide or
Gaucher disease (GD) GBA ) 1/30,000
glucocerebroside
. . . 1/40,000 -
Fabry disease (FD) GLA Globotriaosylceramide (Gb3) 120,000
Sphingolipidoses Metachromatic . 1/40,000 -
leukodystrophy (MLD) ARSA Sulfatides 160,000
Krabbe disease (KD) GALC Galactosylceramide and 1/100,000
psychosine
Niemann-Pick type C (NPC) NPC1/NPC2 Cholesterol 1/150,000
H Ifate, d t
_ MPS type | IDUA eparan sullate, dermatan 41,140,000
Mucopolysaccharidoses sulfate
(MPS)

MPS type IlIA SGSH Heparan sulfate 1/100,000

Glycogen storage diseases Pompe disease (PD) GAA Glycogen 1/40,000

2.2. Current treatments for LSDs

Most of LSDs have no effective treatments and the available therapies are symptomatic and
supportive to improve the life quality of the patients. However, specific therapeutical strategies
have been developed to compensate the lack of function of specific lysosomal enzymes in some
LSDs, such as the enzyme replacement therapy (ERT), pharmacological chaperones (17),
substrate reduction therapy (SRT) (23), hematopoietic stem cell transplantation (HSCT) (24),
gene therapies (in vivo and ex vivo) and regulators of autophagy and proteostasis (14) (Fig. 2.3).
These therapies are summarized in Table 2.2.

2.2.1. Enzyme replacement therapy (ERT)

The first approved ERT for LSDs was a B-glucocerebrosidase enzyme called Aglucerase or
Ceredase® for type 1 Gaucher disease (GD) (25). Since 1991, enzyme replacement therapy (ERT)
has become the most common treatment strategy for LSDs (26,27). ERT is based on the
intravenous administration of a recombinant and functional version of the impaired enzyme
(Fig. 2.4). The recombinant enzyme, enriched with M6P residues, internalizes and reaches the
lysosomes of the target cell primarily by interacting with M6PR, thereby compensating for the
congenital enzymatic deficiency. M6PR also contains binding sites for non-M6P-containing
ligands, such as insulin-like growth factor Il (IGF-1I) (28,29). These non-M6P binding sites
facilitate the use of chimeric proteins, like IGF-ll-enzymes, which can enter cells via a
glycosylation-independent mechanism, although they still depend on M6PR for internalization
(29,30). Furthermore, recombinant enzymes can also enter the cell via other pathways, including
mannose receptor-mediated uptake, as seen with B-glucocerebrosidase (31), and uptake



mediated by low-density lipoprotein receptor-related protein 1 (LRP1), which is utilized by
arylsulfatase A (32).

Table 2.2. Summary of the current therapies for LSDs.

Therapeutic
approach

Description

Disease, approved treatment, and other
considerations

Advantages

Disadvantages

Enzyme

Intravenous
administration
of a
recombinant

- GD: Aglucerase, Imiglucerase,
Velaglucerase alfa, Taliglucerase alfa.
- FD: Agalsidase alfa, Agalsidase beta,

Pegunigalsidase alfa.
- PD: Aglucosidase alfa, Avalglucosidase
alfa-ngpt, Cipaglucosidase alfa-atga.
- MPS [: Laronidase.

- Effective in slowing
disease progression.

- Cannot cross the BBB.
- Repeated infusions

transport to
the lysosome.

Replacement . - MPS II: Idursulfase. . needed.
version of the - Improves quality of .
Therapy (ERT) - - MPS IV: Galsulfase. . - Risk of ADAs
deficient life. X
enzvme to - MPS IVA: Elosulfase alfa. formation.
Y - MPS VII: Vestronidase alfa.
treat LSDs. K
- LAL-D: Sebelipase alfa.
- CLN2: Cerliponase alfa.
- ASMD: Olipudase alfa.
- AM: Velmanase alfa.
Small
molecules
stabilize - Can cross the BBB. | - Effective only in certain
Chaperone misfolded - FD: Migalastat. - Oral administration. mutations.
Therapies (CTs) enzymes, - GD and PD: In development - Less immune - Lower efficacy in some
enabling their system activation. LSDs.

Substrate
Reduction
Therapy (SRT)

Inhibition of
enzymes
involved in the
synthesis of
accumulated
substrates in
the lysosome.

- GD: Miglustat and Eliglustat.
- NPC: Miglustat.
- PD: Miglustat.
- FD: Lucerastat and Venglustat in clinical
trials.

- Oral administration.

- Can cross the BBB.

- Lower efficacy
compared to ERT.
- Potential side effects
(weight loss, abdominal
pain).

Transplantation

- High risk of rejection

Hematopoietic of stem cells X . K :
. . Can increase life and infections.
Stem Cell that can Used for LSDs without effective treatment . .
. expectancy in some - Efficacy depends on

Transplantation produce (e.g. MPS |, KD and MLD). . .

R cases. disease progression and
(HSCT) functional
phenotype.
enzymes.
. - Limited by vector size
Replacing or
. (for AAV).
repairing the . e :
- Sustained enzyme | - Limited efficacy due to
Gene Therapy mutated gene - MLD: Lenmeldy i . 8 k
(GT) causing the LSD In clinical trials for various LSDs production. pre-existing antibodies
usi - ini i variou .
. g R - Can cross the BBB. against AAV.
via viral
- Complex
vectors.

administration.

Proteostasis
and Autophagy
Regulators

Enhances the
cellular stress
response,
improving
protein folding
and lysosomal
function.

- NPC: Arimoclomol.
- PD, GD, MPS: TFEB activation (under
investigation).

- Can cross the BBB.
- Helps maintain
lysosomal function
and reduces cell
death.

- May not address all
types of LSDs (e.g.
complete lack of
lysosomal enzyme).
- Further research
needed for broad
application.

GD = Gaucher disease; FD = Fabry disease; PD = Pompe disease; MPS = mucopolysaccharidosis; LAL-D = Lysosolmal
acid lipase deficiency; CLN2 = Ceroid lipofuscinosis 2; ASMD = Acid sphingomyelinase deficiency; AM = Alpha
mannosidosis; NPC = Niemann-Pick type C; KD = Krabbe disease; MLD = Metachromatic leukodystrophy.




Barton and Neufeld described a phenomenon called cross-correction (33), which allows to a
wider distribution of the ERT among cells. They reported that cells from LSD patients were able
toreduce the levels of substrate accumulation when cultured with cells from healthy individuals.
This occurs because some lysosomal enzymes are secreted into the extracellular space and then
taken up by neighboring cells via the M6PR. Currently, different ERTs are available for clinical
use in the treatment of GD, FD, Pompe disease (PD) and various types of mucopolysaccharidosis
(MPS) (1, Il, IVA, VI and VII) (34).

® Velaglucerase alfa (GI2)

Aglucerase (GI) ® Aglucosidase alfa -Lumizyme (Ponipe)

@ Taliglucerase alfa (GD)

®imiglucerase (GD) @ Olipudase alfa (ASMD)
‘ ®sebelipase alfa
® Lliglustat (GD) @ Pegunigalsidase alfa (FID)
® Agalsidase alfa (FD) @ Cipaglucosidase alfa-atga (Ponpe)
@ Agalsidase beta (FD) @ Migalastat (I'D) ® Miglustat (Pompe)

a

2012
2015
2016

Iteatment type

@ ERT N-acetyl-L-leucine (NPC)

® Arimoclomol (NPC)

Aglucosidase alfa - Myozyme (Pompe) ;Atidarsagene autotemcel (MLD)
l @®ldursulfase

® sRT Galsulfase

®cr @ Laronidase ® Avalglucosidasa alfa-ngpt (Pompe)

ecr ® Miglustal (GD, NPC) ® Velmanase alfa

@ Vestronidase alfa

® Others
@® Cerliponase alfa (CLN2)

®Elosulfase alfa

Fig. 2.3. Timeline for the approval of therapies specific to LSDs. HSCT has been excluded among different treatments
for the seek of clarity. Figure extracted from Lerussi et al. (20). GD = Gaucher disease; FD = Fabry disease; MPS =
mucopolysaccharidosis; NPC = Niemann-Pick type C;, LAL-D = Lysosolmal acid lipase deficiency;, ASMD = Acid
sphingomyelinase deficiency; CLN2 = Ceroid lipofuscinosis 2; AM = Alpha mannosidosis; MLD = Metachromatic
leukodystrophy.

ERT requires the production of large quantities of enzyme with optimal glycosylation. Therefore,
strategies for obtaining high amounts of therapeutic proteins are necessary. One of the most
common strategies to obtain recombinant therapeutic proteins in the pharmaceutical industry
is the transfection of mammalian cells, which allow stable expression of therapeutic proteins
with glycosylation patterns (35,36). The most common cell producers for recombinant human
enzymes are stable cell lines as Chinese Ovary Hamster (CHO) and Human Embryonic Kidney
(HEK), showing different glycosylation patterns (37,38). Additionally, therapeutic enzymes can
be obtained from plant tissue culture (39). This strategy offers several advantages, such as low-
cost and fast production, optimized growth conditions, the ability to perform PTMs and to
produce therapeutic proteins free from bacterial toxin contaminants (40). However, there are
also some drawbacks, including challenges related to regulatory compliance and the limited
capacity to glycosylate enzymes, which can restrict their use (40). Examples of commercial
enzymes derived from plant cells include B-glucocerebrosidase (41) and pegunigalsidase alfa
(42), which are produced from tobacco plant cells to treat Gaucher disease and Fabry disease,
respectively.

ERT has proven effective in slowing disease progression and improving the quality of life for
patients with LSD, such as GD and FD (43). However, ERT has no impact on the neurological
symptoms of LSDs due to its incapacity to cross the blood brain barrier (BBB) and faces
challenges in reaching certain tissues, such as the bone, cartilage and cornea (44,45). This is
mainly due to low irrigation of those organs and the enzyme sequestration by tissues wit high



expression of M6PR, such as the liver or the spleen (46). Some strategies are being studied to
promote the BBB crossing by ERT in LSDs with neurological affection like MPS | and VI and
metachromatic leukodystrophy (MLD).

Another important issue is that, in some LSDs, ERT requires repeated infusions of the
recombinant enzyme every 2 weeks (45) due to its short half-life in the bloodstream (47,48).
Additionally, there is a risk that LSD patients may develop antibodies (IgG) against the
therapeutic enzyme. These anti-drug antibodies (ADAs) can directly bind to the recombinant
enzyme, inhibiting its function (neutralizing antibodies) or interact with Fc receptors on immune
cells, promoting its phagocytosis and subsequent elimination from systemic circulation (49).
Both of these cases, as well as allergic reactions due to IgE production, have been reported in
patients receiving ERT (50-52).

In recent years, new attempts to improve the stability of ERT by enhancing its half-life in blood
have been developed. For example, nanoparticles such as liposomes, polyelectrolyte capsules
or EVs have been explored (53). Additionally, a new generation ERT for the treatment of FD,
called pegunigalsidase alfa, was recently approved in 2023 (Fig. 2.3). This recombinant enzyme
is a polyethylene glycol (PEG)-covered a-galactosidase A (GLA) obtained from tobacco-derived
cells. The PEG moieties improve enzyme stability and protect it from degradation and immune
recognition, thereby enhancing its half-life in systemic circulation (54).

Different approaches are being explored to reach the central nervous system (CNS). One such
approach, involves adding functional molecules to a recombinant enzyme to facilitate its
crossing of the BBB. This is achieved by enabling the enzyme to bind to insulin or transferrin
receptors on the endothelial cells of the BBB (55), allowing the recombinant enzyme to enter
the CNS through transcytosis (56). An example of this strategy is Pabinafusp Alfa (IZCARGO®), a
brain-targeted ERT approved in Japan (2021) for MPS Il (Hunter syndrome) (57,58). Several
clinical trials are being conducted to explore other brain-targeted ERTs. Here are some
examples: JR-171 (J-Brain Cargo®) for MPS | (NCT04227600) and JR-441 for Sanfilippo Syndrome
(MPS I11) (NCT06095388) from JCR Pharmaceuticals, DNL310 (ETV:IDS) for MPS Il (NCT05371613)
and DNL126 (ETV:GBA) (NCT06181136) for GD type Il and Ill from Denali Therapeutics Inc. This
demonstrates important advances toward the approval of ERTs capable of crossing the BBB.

2.2.2. Chaperone therapies (CTs)

Chaperon therapies (CTs) belong to a therapeutic group called “small molecule therapies”, and
is based on stabilizing the misfolded enzyme using specific chaperones to prevent enzymatic
degradation and to allow its transport from the endoplasmic reticulum (ER) to the lysosome (Fig.
2.4) (34). The low pH, together with the high concentration of substrate in the lysosome, causes
the release of the chaperone and allows the enzymatic degradation of the substrate.

Small molecules are a class of treatments that can cross the BBB due to their low molecular
weight. They can also be administered orally, which reduces the likelihood of immune system
activation compared to intravenous administration. An example of a clinically available
chaperone therapy, is 1-deoxygalactonojirimycin (DGJ), also known as Migalastat, which was
approved for FD in 2016 (Fig. 2.3) (20,59). Migalastat is a competitive inhibitor of GLA and has
shown similar efficacy to ERT (60,61). Nevertheless, Migalastat has a significant limitation: it is
only effective in specific Fabry mutation variants that do not involve a complete loss of GLA
protein, known as amenable mutations (51,62).



CTs are also being investigated for other LSDs such as GD and PD (34,63,64). However, their
efficacy in PD is not as high as that of Migalastat in FD. One strategy to enhance the chaperone
efficacy is through administration every other day (64), since the half-life of chaperones in the
blood is only a few hours, while the half-life of the enzyme is several days (34). Specifically, once
the drug enters the systemic circulation, it maximizes the transport of the enzyme to the
lysosome. As its concentration decreases, substrate degradation is increased, promoting the
release of the chaperone at the lysosome. Additionally, co-administration of recombinant
enzyme with chaperone is being investigated as a potential synergic treatment. Some studies
have reported beneficial results from this combined therapy in both, in vitro and in vivo models
(65-67).

New generation CTs are also being explored. New chaperones are being designed to bind to
enzymatic allosteric regions, improving its stability and broadening the range of genetic variants
they can target, as well as helping maintain the correct folding of the enzyme (68-70).
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Fig. 2.4. Schematic summary of the different therapeutic approaches for LSDs. Figure extracted from Fernandez-
Pereira et al. (34).

2.2.3. Substrate reduction therapy (SRT)

Another example of the small molecule therapy is the substrate reduction therapy (SRT), which
works inhibiting the enzymes involved in substrate synthesis, thereby reducing its accumulation
in the lysosome (Fig. 2.4). Miglustat and Eliglustat are two examples of this therapy, approved
for the treatment of GD in 2003 and 2015, respectively (20,71) (Fig. 2.3). Both drugs are
administered orally and have the capacity to cross the BBB.

Interestingly, Miglustat can also be used for the treatment of other LSDs, such as Niemann-Pick
type C (NPC) and PD (72,73). However, it has lower efficacy than ERT and may cause side effects
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such as weight loss, abdominal pain and diarrhea (74). In contrast, Eliglustat shows comparable
efficacy to ERT in patients with GD (75) and has fewer side effects than Miglustat. Nevertheless,
Eliglustat is metabolized by cytochrome P450, which could lead to potential interactions with
other drugs that share the same metabolic pathway.

Additionally, Lucerastat and Venglustat are investigational SRT drugs for FD. Both are inhibitors
of glucosylceramide synthase, the enzyme responsible for synthetizing globotriaosylceramide
(Gb3), the accumulated substrate in FD (76,77). However, Lucerastat is still at Phase Ill of clinical
trials (NCT03425539) (76,78), while Venglustat is in Phase 1l (NCT02489344).

2.2.4. Hematopoietic stem cell transplantation (HSCT)

Before the approval of ERT, hematopoietic stem cell transplantation (HSCT) was the primary
treatment for several LSDs (Fig. 2.4). It remains an effective approach for some LSDs with CNS
involvement, including Krabbe disease (KD), MPS |, and MLD (34). Importantly, it has been
reported that cells derived from HSCT, which have the ability to produce the functional enzyme,
can reach the brain (79).

HSCT has been shown to increase life expectancy in children with MPS | (80). However, in KD
and MLD, the effectiveness of HSCT depends on disease progression and phenotype (81,82).
Additionally, high mortality and morbidity are associated with this strategy due to the possible
rejection of donor cells and consequent infections (34).

2.2.5. Gene therapy (GT)

This therapy consists of repairing or replacing the mutated gene that causes the LSD with a
healthy one using viral vectors such as adenovirus, lentivirus and adeno-associated Virus (AAV)
(Fig. 2.4). In March 2024, gene therapy was approved for MLD, making it the only LSD with gene
therapy as a treatment option (83). There are two main types of gene therapy: ex vivo gene
therapy and in vivo gene therapy.

In ex vivo gene therapy, cells from the patient are extracted and modified in vitro to correct the
genetic defect. Once modified, these cells are re-implanted into the patient (Fig. 2.4). This
strategy reduces the risk of immune rejection and minimizes the chance of altering other loci in
the genome, as it allows for direct homologous recombination. However, there are some
limitations to this approach, such as the low percentage of re-implanted corrected cells, which
sometimes requires the use of immunosuppressive drugs to improve re-implantation success.

In contrast, in vivo gene therapy involves the systemic administration of a viral vector containing
the healthy gene (Fig. 2.4). For this reason, viral vectors that integrate their genetic material into
the host genome are generally excluded, due to the difficulty in controlling transgene insertion.
In this case, AAV is the most commonly used vector (84) and some serotypes are capable to
cross the BBB (85). Unlike ERT, this therapy allows the sustained production of the recombinant
enzyme (86), which can then be distributed throughout the body via the cross-correction effect.
However, in vivo gene therapy also has several limitations, such as the size of AAVs, which
cannot encapsulate DNA fragments larger than 5 Kb, and the reduced efficacy due to the
presence of pre-existing antibodies against AAV in most of the population (87,88).

Several clinical trials using gene therapy are currently underway for different LSDs, including FD,
MPS type |, Il and lll, KD, PD and GD, demonstrating that this therapy can be applied to different
types of LSDs.



2.2.6. Proteostasis and autophagy regulators

Proteostasis refers to a sophisticated process within the cell that regulates the production,
folding, transport and elimination of proteins. Presence of misfolded proteins can lead to cellular
stress (89,90), which triggers a defense response known as heat shock response (HSR). The HSR
promotes lysosomal homeostasis by preventing protein misfolding (91,92). Activation of the HSR
leads to the production of heat shock proteins (HSPs), which are molecular chaperones
associated with lysosomal function and integrity (92—95). Regulators of this process can be used
as a treatments for LSDs, facilitating the transport of the enzyme to the lysosome (96).

Arimoclomol (Miplyffa) is an oral drug capable to cross the BBB (97) that it has been recently
approved for Niemann-Pick type C (98) (Fig. 2.3). This treatment enhances the cellular stress
response by triggering the HSR and increasing the production of HSPs, such as Hsp70, which is a
critical chaperone for the correct folding and processing of NPC1 protein (95,99). This helps
prevent protein misfolding and facilitates lysosomal function. As a result, arimoclomol helps
maintain cellular function and prevents cell death under lysosomal stress (92,95,100-102).

Additionally, regulating autophagy can be a useful strategy to reactivate the degradation of
accumulated substrates. An example of autophagy regulation is the activation of exocytosis
mediated by TFEB, which has been reported to promote the degradation of accumulated
substrates in PD, GD and MPS (103-105).

Unlike ERT or gene therapy, all these strategies could be used for treating different types of
LSDs.

2.3. Fabry disease (FD)

Fabry disease (FD) is a rare X-linked LSD resulting from a deficiency or lack of the a-galactosidase
A (GLA) enzyme from the lysosome. Its estimated incidence ranges from 1: 40,000 to 1: 120,000
live births (106).

The lack of GLA enzyme activity leads to the accumulation of neutral glycosphingolipids, mainly
Gb3, within lysosomes of various cell types. Gb3 composition consists in a ceramide group linked
to a sugar chain containing one glucose and two galactose units. The cells most affected by this
buildup include endothelial cells, cardiomyocytes, renal cells, and nerve cells, contributing to a
range of multi-systemic symptoms (Fig. 2.5) (107,108). Endothelial cells are particularly
vulnerable to Gb3 accumulation, impairing several cellular functions such as metabolism,
oxidative stress responses and ion transport through membrane channels. In childhood and
adolescence, early signs of the disease may appear, including skin lesions like angiokeratomas,
along with gastrointestinal and neuropathic pain. As the disease progresses into adulthood,
more severe complications emerge, such as cardiac issues, kidney dysfunction and
cerebrovascular events (stroke and ischemic attacks), leading to multi-organ pathologies and
premature death in untreated patients (109-113).
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Fig. 2.5. Scheme of the physiopathology of FD. The lack of function of lysosomal GLA promotes the accumulation of
undegraded substrate (mainly Gb3) triggering a multisystemic pathological cascade. Figure adapted from Lenders et
al. (114).

2.3.1. Treatment options for Fabry disease

2.3.1.1 ERT options for Fabry disease

Since 2001, ERT has been the primary treatment for patients with FD, involving biweekly
intravenous infusions of recombinant GLA (49,115). Three products have been authorized for
this purpose: Agalsidase alfa from Shire-Takeda (Replagal®), available in Europe, produced in an
undisclosed human fibroblast cell line, agalsidase beta from Sanofi-Genzyme (Fabrazyme®)
approved both in Europe and the USA since 2003, produced using CHO cell cultures; and
pegunigalsidase alfa (Elfabrio®) from Chiesi Global Rare Diseases, approved by FDA and EMA
since 2023 (Fig. 2.3) and produced in a tobacco plant-based system called ProCellEx®.

Agalsidase alfa and beta consist of recombinant human GLA enzyme with similar biochemical
characteristics, though they exhibit slight differences in glycosylation patterns and the way they
are endocytosed by cells via M6PR. These variations are linked to the different cell lines used for
its production (115-117). Agalsidase alfa is administered at 0.2 mg/kg and stored as a
concentrated aqueous solution, while agalsidase beta is given at 1 mg/kg and stored as a freeze-
dried product. In contrast, pegunigalsidase alfa is a PEGylated agalsidase alfa, which enhances
the stability and pharmacokinetics of the enzyme through chemical cross-linking with short PEG
molecules. Compared to other treatments, pegunigalsidase alfa offers a longer half-life, greater
patient tolerance and reduced risk of ADAs generation, while still being administered biweekly
at a dose of 1 mg/kg (118,119).
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Studies have shown that ERT can lower Gb3 levels in both plasma and tissues, alleviate
gastrointestinal symptoms and neuropathic pain, and slow disease progression by partially
stabilizing heart and kidney function (43). While ERT can reduce Gb3 accumulation and improve
patient quality of life, it does not fully reverse the disease, especially in its advanced stages (120).
To further support FD treatment, JCR Pharmaceuticals, in collaboration with Amicus
Therapeutics and GlaxoSmithKline, developed agalsidase beta biosimilar, also known as JR-051,
which is a biosimilar of Fabrazyme®. A biosimilar is a biological product that is highly similar to
an already approved treatment in terms of quality, efficacy, and safety. In fact, agalsidase beta
biosimilar was approved for sale in Japan in 2018, demonstrating comparable efficacy and safety
to the original agalsidase beta (121-123).

Extensive data on agalsidase alfa and beta have highlighted several limitations, including their
inability to cross the BBB, poor enzyme stability, leading to rapid degradation and a short half-
life in circulation, limited biodistribution (BD), development of neutralizing ADAs, the need for
frequent intravenous administration (every two weeks) and high immunogenicity risks.
Collectively, these factors contribute to reduced overall efficacy (53,113,117). While
pegunigalsidase alfa improves some of these limitations by increasing enzyme stability and half-
life in bloodstream and reducing immunogenicity, its posology, frequency of administration,
cost, inability to cross the BBB, and efficacy in target tissues such as kidneys, remains similar to
agalsidase beta (124). Furthermore, the frequent administration required for ERT is an
important issue for the patients, as it is an expensive treatment (approximately 280,000
€/patient per year).

2.3.1.2 CT for Fabry disease

In contrast to ERT, migalastat (Galafold®) developed by Amicus Therapeutics, was approved as
a pharmacological chaperone therapy (CT). Migalastat is especially beneficial for patients with
residual GLA activity and offers some advantages over traditional ERT, including oral
administration, non-immunogenic response, and potential ability to cross the BBB. However, its
inefficacy in patients with a complete lack of the GLA enzyme presents a significant limitation,
as it reduces the number of patients who can benefit from treatment (51,62).

2.3.1.3 Investigational SRT for Fabry disease

SRT is being developed for the treatment of FD. Lucerastat, an iminosugar that inhibits Gb3
synthesis, has shown promising results in phase | trials (NCT02930655), reducing the
accumulation of glycosphingolipids, such as Gb3 (76). It is currently being evaluated in a phase
[l trial (MODIFY, NCT03425539) to assess its safety and efficacy (76,78). Another SRT drug,
Venglustat, inhibits glucosylceramide synthase and reduces glucosylceramide synthesis (77). In
a phase Il trial (NCT02489344), it demonstrated long-term safety and a reduction in Gb3 levels
in treated FD patients.

2.3.1.4 Clinical trials of GT for Fabry disease

Several ex vivo gene therapy drugs are currently being investigated in clinical trial for the
treatment of FD, including Lentiviral vectors, such as AVR-RD-01 (125). Initial data from the
phase I/1I clinical trial (NCT02800070) exhibited no serious adverse events, and all participants
showed increased GLA activity levels following intravenous infusion. Although these activity
levels peaked and then declined, they did not drop to null values (126). In a subsequent study
(NCT03454893), AVR-RD-01 demonstrated similar results, producing functional enzyme and
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reducing Gb3 accumulation. However, its developer, Avrobio, halted clinical trials for AVR-RD-
01 in 2022 (127), due to market and regulatory challenges surrounding FD treatments and
inconsistent clinical trials outcomes. Meanwhile, AAV-based vectors are being tested in various
phase I/l clinical trials for in vivo gene therapy, such as 4D-310 (NCT04519749 and
NCT05629559), BBM-F101 (NCT06207552), FLT190 (NCT04040049) (128) and ST-920
(NCT04046224) (129), to assess their safety and effectiveness.

2.4, Nanomedicine: nanoparticles as drug delivery tools

The application of nanotechnology to enhance ERT could lead to more effective formulations,
improving enzyme cellular uptake, enhancing BBB penetration, protecting the enzyme from
degradation, and reducing immunogenic responses. These advancements have the potential to
not only improve treatments for FD but also for other LSDs (27,53,130-132).

Nanotechnology, has become a powerful tool for targeting and precise delivery of therapeutic
agents, enhancing traditional drug therapies and introducing the concept of drug delivery
system (DDS). In DDS, a drug is encapsulated commonly in a nanocarrier and transported directly
to its intended site of action. This approach opens up numerous alternative methods for drug
delivery, addressing many limitations of conventional treatments. Despite significant
advancements in recent years in treating various pathologies like cancer, blood disorders,
immune-related conditions and metabolic diseases (133), many challenges persist with
traditional therapies, such as lack of specificity, poor biodistribution, drug toxicity and severe
side effects. For instance, several drugs have a narrow therapeutic window, where the optimal
dose is dangerously close to the toxic dose. By modifying the drug distribution, DDS may reduce
toxicity and increase therapeutic effectiveness (134). Additionally, DDS can offer benefits like
protecting drugs from rapid degradation or elimination, improving solubility and enhancing drug
concentrations at targeted sites, potentially reducing the required dose (135).

The most common and effective route to administrate DDS is via intravenous (i.v.) injection, as
DDS typically have low absorption when are administered via extravascular routes such as oral
administration. Once in the bloodstream, nanoparticles can leverage both passive and active
targeting mechanisms. Passive targeting refers to the accumulation of DDS in vascular tissues,
particularly in areas with specific pathologies such as tumors, due to the enhanced permeability
and retention effect. This effect occurs because inflamed tissues or tumor environments have
increased permeability, allowing small nanoparticles (typically under 150 nm) to pass through
blood vessel walls and accumulate in the target tissues (136,137). In contrast, active targeting
involves attaching specific molecules, such as peptides, antibodies, or nucleic acids, to the
surface of nanoparticles, enabling them to selectively bind to cellular receptors on target tissues.
This recognition can lead to greater uptake of the DDS by the desired cells or tissues. Lastly,
unlike small molecule or biological drugs, DDS are mainly cleared from the body by the
reticuloendothelial system (RES), found in organs like the liver, spleen, bone marrow and lungs
(134,138,139). Phagocytic cells, such as macrophages, recognize and remove the DDS from
circulation, often aided by opsonization, where serum proteins like antibodies or complement
proteins are adsorbed in the nanoparticle (NP) surface, promoting its elimination (139). This
important interaction between NPs and plasma proteins forms a structure called “protein
corona”, which strongly influences the fate of the NPs (140).

A broad variety of delivery systems have been explored as potential drug carriers for biomedical
applications. Particularly, nanocarriers can be categorized using various criteria, including size,
surface functionality, shape, or the nature of the nanoparticle itself. Nevertheless, they are
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commonly classified according to their composition. This classification include: inorganic-based
nanoparticles, polymer-based nanocarriers, protein-based nanoparticles and lipid-based
nanoparticles (Fig. 2.6) (141-143).

Inorganic-based nanoparticles Polymer-based nanoparticles

ek Q

o
7
Quantum Metallic Magnetic Silica Carbon Polymeric Polymeric Dendrimers Nanogels
dots nanoparticles nanoparticles nanoparticles nanotubes nanoparticles micelles
Protein-based nanoparticles Lipid-based nanoparticles

Micelle Liposome Extracellular Non-liposomal
vesicle vesicle

Virus-like Protein Solid-lipid
particles complexes nanoparticle

Fig. 2.6. Scheme of the classification of the different nanocarriers based on their composition. Adapted from
Sercombe et al. (144).

In this thesis, two different nanostructures have been studied as DDS: nanoliposomes and
extracellular vesicles (EVs), which will be explained in detail below.

2.4.1. Liposomes in drug delivery

Liposomes are considered one of the most promising delivery systems in nanomedicine. First
described by Alec Bangham in the 1960s, liposomes are self-enclosed bilayer structures that
spontaneously form in aqueous environments due to the self-assembly of amphiphilic
molecules, primarily phospholipids (145). Their biocompatibility, biodegradability, and
versatility have made them extensively studied as pharmaceutical carriers. Liposomes can be
engineered with varying sizes, compositions, and surface properties, enabling the encapsulation
of both hydrophilic compounds (within the aqueous core) and hydrophobic molecules (within
the lipid bilayer) (138). These properties allow liposomes to overcome several limitations in
conventional drug delivery, such as enhancing drug solubility, protecting drugs from
degradation, reducing off-target effects, and improving targeted delivery to specific cells and
tissues (138).

Structurally, liposomes are spherical nanostructures composed of one or more concentric lipid
bilayers. The primary building blocks are phospholipids, which are amphiphilic molecules
containing both a hydrophilic (polar) head and a hydrophobic (non-polar) tail. In an aqueous
environment, these molecules spontaneously arrange into vesicles, with the hydrophilic heads
facing outward towards the water phase, while the hydrophobic tails are shielded within the
bilayer (146) (Fig. 2.7).
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Fig. 2.7. Overview of the phospholipidic composition and self-organization of liposomes.

Liposomes can be categorized based on their size and number of bilayers (lamellarity) (147,148).
In terms of size, liposomes are classified as small (< 200 nm), large (200 nm - 1 um) or giant
(> 1 um). In this Thesis, small liposomes (< 200 nm) are referred to as nanoliposomes. In terms
of lamellarity, they can either be composed by a single bilayer (unilamellar) or by several
concentric bilayers (multilamellar). When multiple smaller liposomes are contained within a
larger one, the structure is referred to as multivesicular vesicles. Small unilamellar vesicles
(SUVs) are particularly valuable in medical applications, as liposomes in the small size range (100
— 200 nm) are suitable for intravenous injection. They are larger enough to avoid rapid renal
clearance, yet small enough to minimize uptake by RES, allowing for prolonged circulation time
(147,148). These nanoliposomes are the focus of investigation in this Thesis.

The earliest form, known as “first-generation” liposomes, consisted mainly of phospholipids and
either water or lipid soluble drugs (138) (Fig. 2.8). However, these liposomes had notable
drawbacks, including poor stability and rapid elimination from bloodstream. To address these
issues, cholesterol (Chol) was introduced into the liposomal membrane. This improved the
physical stability of liposomes, reduced membrane permeability, helped maintain colloidal
stability and led to a more compact arrangement of phospholipids, which minimized drug
leakage (134,148).

In addition, polyethylene glycol (PEG) is another molecule that can be attached to the
components of membrane liposomes. Modifying the composition and ratio of phospholipids,
adding Chol, or further decorating the liposome surface significantly impacts the
physicochemical properties of the liposomes, as well as their behavior in both in vitro and in vivo
environments, leading to the development of “second-generation” liposomes (146). The
incorporation of PEG results in “stealth” liposomes that prolongs the circulating time in blood,
as PEG is a hydrophilic and biocompatible polymer with low immunogenicity (149) (Fig. 2.8).
PEGylation helps shield the liposomes from opsonins recognition, which are blood proteins that
target particles for clearance, such as immunoglobins and complement factors, and reduces
their removal by the RES (138,150). The first liposomal drug to gain approval was Doxil® in 1995.
Doxil is a PEGylated liposome and encapsulates the chemotherapy drug doxorubicin in
liposomes for the treatment of ovarian cancer and AlDS-related Kaposi’s sarcoma. PEGylated
liposomes are now commonly used in clinical applications. However, while PEGylation protects
the NP, it can also reduce cellular uptake and hinder endosomal scape, which may limit the
overall therapeutic efficacy (149).
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Fig. 2.8. Schematic representation of the different generations of liposomes as drug delivery systems. Figure
adapted from Cruz et al. (151).

Furthermore, “third generation” liposomes or also called “ligand-targeted liposomes” offer
enhanced therapeutic effects by incorporating multiple functionalities. These liposomes are
engineered with specific ligands on their surface for a specific drug delivery (152) (Fig. 2.8). The
targeting agents can include peptides, receptor ligands, monoclonal antibodies, etc. which are
either directly attached to the liposome surface or linked via PEG molecule (138). Once these
ligand-targeted liposomes reach their intended destination, they bind to their complementary
receptors on target cells, facilitating the accumulation of the drug at the targeted location (152).

Theranostic liposomes are often referred to as the “fourth generation” of liposomes, as they aim
to integrate both therapeutic and diagnostic functions into a single platform (Fig. 2.8). These
liposomes combine multiple capabilities, such as drug delivering, targeting specific delivering by
the addition of targeting ligands, and enabling bioimaging with the incorporation of imaging
agents. As a result, significant progress in this field over the past few decades has led to the
approval of several nanoparticles-based therapies (153).

Nowadays there are currently around 15 approved for clinical use and more than 100 others are
undergoing clinical trials, most of which are second-generation liposomes (10,154-156).

2.4.2. Extracellular vesicles as therapeutic tools

Extracellular vesicles (EVs) are small, membrane-bound structures released by all types of cells
into the surrounding extracellular environment. EVs carry a wide range of molecules, such as
lipids, proteins, and nucleic acids, and act as vehicles for communication between cells. By
interacting with recipient cells, they influence numerous biological processes in both nearby and
distant tissues (157). They are classified based on their origin, function, and size.

According to their origin, EVs are classified as exosomes (50 — 150 nm), microvesicles (MVs)
(100 — 1000 nm), and apoptotic bodies (1 — 5 um) (158). Exosome biogenesis occurs via the
endocytic pathway, where the cytoplasmic membrane folds inward to create early endosomes
(159,160). These then mature into late endosomes and eventually form multivesivular bodies
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(MVBs) (161,162). MVBs have two possible fates: they can either fuse with lysosomes for
degradation or fuse with the plasma membrane to release exosomes into the extracellular space
(157,163,164) (Fig. 2.9). MVs are produced by the direct outward budding of the plasma
membrane (165,166) (Fig. 2.9). Apoptotic vesicles, which are formed during cell death (Fig. 2.9),
arise through membrane bubbling and are marked by phosphatidylserine (PS), which induces
phagocytosis (167).
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Fig. 2.9. Biogenesis and release of the different types of EVs. Figure extracted from Du et al. (168).

According to MISEV2023 guidelines (169), EVs are also divided into small EVs (sEVs), typically
between 30 to 200 nm (mostly consisting of exosomes) and large extracellular vesicles (IEVs),
which range from 150 to 1000 nm. Markers like SNAREs (soluble N-ethylmaleimide-sensitive-
factor attachment protein receptor), ESCRT (endosomal sorting complex required for transport),
tetraspanins (CD9, CD63 and CD81), ADAM (a disintegrin and metalloproteinase) proteins, and
Rab are commonly associated with sEVs, while IEVs tend to express more proteins related to
cytokinesis, ribosomal activity, mitochondria, and nucleus (170,171).

|”

As for the “natural” EV cargo, it is largely determined by the cell type from which they originate
and the mechanisms involved in their formation. As DDS, EVs can be classified as either natural
or engineered. Natural EVs are unmodified and produced by cells with intrinsic therapeutic
properties. For example, EVs derived from mesenchymal stem cells (MSCs) show promising
potential for tissue repair, as they can reach sites of inflammation or damage and modulate
immune responses (172,173). They hold significant potential for treating a wide range of
diseases, such as inflammatory disorders (174), cardiovascular conditions (173),
neurodegenerative diseases (175), and cancer (176). In fact, ongoing clinical trials are
investigating their potential in therapies, including the use of MSC-derived EVs to treat severe
COVID-19 (NCT04384445) and dry eye syndrome (177).

In contrast to natural EVs, engineered EVs are modified to carry specific bioactive molecules.
This modification can be achieved through genetic modifications of the producer cells,
enhancing their therapeutic potential by expressing the protein of interest (178). Additionally,
EVs can be modified with specific ligands to target particular cells or tissues, optimizing their
therapeutic impact while minimizing off-target effects (179-185). The lipid bilayer of EVs acts as
a natural shield, preserving the stability and functionality of the cargo throughout its journey,
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ensuring that it reaches the intended target site effectively (186). Furthermore, post-isolation
loading techniques, such as chemical or mechanical methods, can be used to introduce various
molecules, such as siRNA, enzymes, and chemotherapy agents (187).

Regarding biodistribution, EVs and liposomes exhibit similar patterns after i.v. administration
(188,189). EVs are quickly cleared from circulation, mainly by phagocytes, showing an initial half-
life of 20 min, followed by a secondary half-life of 180 min (181). Within 30 min after
administration, most EVs accumulate in the liver, with smaller amounts found in the spleen,
kidneys and lungs. Full tissue clearance generally occurs within 6 to 48 h, depending on the EV
type, surface modifications, and the isolation or purification techniques used (183,184). Recent
research has highlighted that, despite their similarities, EVs offer enhanced potential for
safeguarding and delivering therapeutic payloads compared to lipid-based formulations
(188,189,193). This has positioned EVs as an innovative and highly promising natural DDS,
outperforming other alternatives.

EV-based therapies hold great promise, but several challenges must be addressed before they
can reach their full potential. One major hurdle is the intrinsic variability of EVs, including
differences in size, cargo, surface markers, and biogenesis pathways, which complicates
standardization in production, characterization, and dosing. Ensuring large-scale production
with consistent quality remains a significant barrier (194). Another critical challenge is achieving
precise targeting, as EVs may be unintentionally taken up by non-target tissues, reducing their
therapeutic efficacy (132,195). While surface modifications can enhance targeting, they may
also trigger immune responses, further complicating their clinical application (196,197).
Additionally, stability during storage and transport is a concern, as EVs can lose functionality
over time, potentially affecting their therapeutic effectiveness (198,199). Regulatory challenges
also pose a significant obstacle, as the framework for EV-based therapies is still evolving, which
could delay approval and clinical translation (157).

To overcome these challenges, ongoing research is focusing on enhancing EV engineering,
refining isolation techniques, and improving characterization methods. Addressing these issues
will be key to unlocking the full potential of EV therapies in clinical applications.

This thesis explores the use of liposomes and EVs as DDS to improve ERT in FD, serving as a
model for LSDs. Liposomes and their protein corona will be examined in detail in sections 5 and
7 and EVs in section 7.
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3. Hypothesis and objectives

3.1.

Hypothesis

Enzyme replacement therapy (ERT) remains the most widely used treatment for Fabry disease
(FD) and other lysosomal storage disorders (LSDs), but its efficacy is limited by short half-life,
poor biodistribution, low enzymatic stability, and immune responses against the therapeutic
enzyme. This thesis explores the hypothesis that drug delivery systems (DDSs), such as
nanoliposomes and extracellular vesicles (EVs), can enhance ERT by improving enzyme
protection, stability, biodistribution, and uptake by target cells.

Specifically, we propose:

- DDSs can improve ERT in LSDs. The use of nanoliposomes and EVs as carriers for
recombinant a-galactosidase A (GLA) will enhance enzyme stability and functional delivery.

- Functionalization of DDS with targeting moieties can improve biodistribution and cellular
uptake. Functionalization with RGD peptides in nanoliposomes and F7 peptides in EVs will
enhance enzyme uptake in target cells, leading to improved therapeutic efficacy.

- The protein corona (PC) influences DDS performance. Understanding the composition and
effects of the PC on nanoliposomal formulations will help optimize their biodistribution and
internalization.

3.2.

Objectives

To test these hypotheses, this thesis focuses on two key research directions:

1. Targeted nanoliposome-based for enzyme delivery:

a.

Evaluate the effect of RGD-functionalized nanoliposomes on in vitro
internalization and efficacy in target cells.

Investigate the in vivo biodistribution (BD) of RGD-targeted nanoliposomes in a
Fabry disease mouse model.

Characterize the protein corona (PC) composition of nanoliposomes and assess
its impact on cellular uptake and BD.

2. Feasibility of EV-based delivery of GLA:

a.

Assess the feasibility of loading GLA into EVs from different cell sources (CHO
DG44 and HEK 293F) using stable and transient expression systems.

Optimize EV isolation methods (precipitation, ultrafiltration with size exclusion
chromatography or tangential flow filtration) to maximize yields of EVs carrying
active GLA.

Evaluate the impact of F7-functionalization on EV uptake and efficacy in target
cells.

By addressing these objectives, this thesis aims to contribute to the development of next-
generation targeted ERT strategies that enhance enzyme delivery, stability, and efficacy in Fabry
disease, with broader implications for other LSDs.
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4. Experimental section

4.1. Production and characterization of nanoliposomal
formulations

All nanoliposomal formulations were designed, produced and physiochemically characterized
by Prof. N. Ventosa’ team at ICMAB-CSIC following their established and published
methodologies, which will be briefly explained in the following sections.

4.1.1. Production of rh-GLA

The rh-GLA was produced at Leanbio SL facilities using mammalian CHO cell line, following
protocols outlined in previous studies (200). Briefly, CHO cells were co-transfected with a
recombinant plasmid that included the cDNA coding region for human alpha-galactosidase A
(i.e. GenBank® Gene ID: 2717; UniProt number P06280). A stable subcloned CHO cell line
expressing GLA was used to prepare a single large batch at 50 L scale. The culture medium was
clarified through centrifugation and filtration, followed by a concentration step using TFF. This
included two chromatography steps: anion exchange chromatography and hydrophobic
interaction chromatography. A virus inactivation step was incorporated before chromatography
purification process. The resulting eluate was concentrated and diafiltrated via TFF. Finally, the
product was formulated using the same buffer as the commercial agalsidase beta formulation
(Fabrazyme®) and passed through a 0.22 um polyvinylidene difluoride (PVDF) filter.

4.1.2. Manufacturing of nanoliposomal formulations by DELOS-susp

All nanoliposomal formulations investigated in this thesis were produced by Prof. N.
Ventosa’ team at ICMAB-CSIC following DELOS-susp methodology (200-202) plus TFF
purification and concentration step, as was detailed in section 4.1.3 and 4.1.4.

Briefly, a solution of EtOH:DMSO (4:1 volume ratio) was prepared containing DPPC (13.31
mg/mL), cholesterol (4.56 mg/mL), with or without chol-PEG400-RGD (1.56 mg/mL), MKC (0.64
mg/mL) and DiR (XenoLight™ DiR) (150 nM, i.e., 0.008 mol%). This mixture was sonicated for 10
min at 40°C and loaded into a high-pressure vessel. The solution was expanded volumetrically
with liquid compressed CO,, maintaining a CO; molar fraction between 0.45 to 0.55, at a
temperature of 35 °C and a pressure of 8.5 MPa. The CO;-expanded solution was left for 1 h to
ensure thorough homogenization. A volume of rh-GLA stock solution (3.11 mg/mL, provided by
Leanbio SK), was diluted in purified water to achieve a final rh-GLA concentration of 30 pg/mL.
The CO;-expanded solution was depressurized into this aqueous rh-GLA solution to form the
nanoGLA. A nitrogen flow at 10 MPa was used to release the CO,-expanded solution from the
reactor. This process resulted in intermediate liposomal batches (1.2 ml/mL of lipid, 1.25% v/v
DMSO and 5% v/v ethanol), which underwent a purification step via TFF (KrosFlo Research lli
Repligen). Hollow fiber columns -CO04-E300-05 or DO4-E300-05- were hydrated with water (2
mL/cm?). The intermediate nanoGLA and empty liposome (EL) preparations were concentrated
2-fold or 7.5-fold and diafiltrated over six cycles in water or glucose solution (5% w/v),
maintaining a transmembrane pressure (TMP) of 5-10 bar throughout the process. The samples
were stored at 2-8°C and handled preferably within the laminar flow cabinet.

20



4.1.3. Size distribution, {-potential and polydispersity index (PDI) by
Dynamic Light Scattering (DLS)

Particle size distribution, {-potential and polydispersity index (PDI) of liposomal systems were
assessed using a dynamic light scattering (DLS) following the procedure detailed in (200) and
electrophoretic light scattering (ELS) analyser, integrated with non-invasive backscatter
technology (NIBS) (Malvern Zetasizer Nano ZS, Malvern Instruments). The equipment was
equipped with a4 mW “red” He-Ne laser (A = 632.8 nm) and a thermostatically controlled sample
chamber. The detector was positioned at 173° for particle size distribution analysis and 13° for
(-potential measurements. A 1 mL sample was placed in a disposable polystyrene cuvette for
DLS measurements or a disposable folded capillary cell for Z-potential analysis (with an applied
voltage 40 mV). If necessary, samples were diluted in water to achieve a final concentration of
1.2 mg/mL of lipid concentration. Each reported values represents the average of three
consecutive measurements at 20°C using the Zetasizer Software 7.13 (Malvern Panalytical).
Particle size data, determined by intensity size-distribution, is expressed as the z-average
(diameter) + standard error of the mean (SEM) from the three measurements. The {-potential
values were calculated using Smoluchowski model and are reported as the average {-potential
1+ SEM from the three measurements. Measurements were done by Prof. N. Ventosa’ team at
ICMAB-CSIC as established in J. Tomsen-Melero Doctoral Thesis (2021) (203) and (200).

4.1.4. Determination of GLA concentration in nanoGLA by RP-HPLC

The rh-GLA present in nanoGLA was quantified by Leanbio SL, manufacturers of rh-GLA,
following the same methodology described in previous works (200,203). Briefly, samples were
analyzed using a RP-HPLC system (Infinity 1260 Il HPLC system). The analysis was performed on
a Zorbax 300SB-C18 column (3.5 um, 4.6 x 150 mm) equipped with a UV-detector (A=215 nm)
(Agilent Technologies) at 60 °C. NanoGLA was diluted with water to approximately 20-30 pg/mL
of rh-GLA before being dispersed in an organic mixture containing acetic acid (AcOH, 0.010 M,
pH = 5.5) and methanol (MeOH) in 1:1:1 volume ratio (sample:AcOH:MeOH). Samples were
prepared in replicates, filtered through 0.22 um polytetrafluoroethylene (PTFE) filter and
injected (100 pL) into the HPLC system, operating at a flow rate 1 mL/min. The mobile phase A
was a mixture of 95% water, 5% acetonitrile and 0.1% trifluoroacetic acid, while mobile phase B
consisted of 5% water, 95% acetonitrile and 0.09% trifluoroacetic acid. Separation was achieved
through a linear gradient from 0 to 60 % of mobile phase B over 30 min, followed by a cleaning
step with 100 % of phase B for 5 min.

4.1.5. Determination of membrane content of nanoliposomal
formulations by RP-HPLC-ELSD

Quantitative chemical analysis of nanoliposomal membrane components (i.e., DPPC, chol,
ChoPEG400-RGD, and MKC) was performed by Prof. N. Ventosa’s team at ICMAB-CSIC using
reversed-phase high performance liquid chromatography-evaporative light scattering detector
(RP-HPLC-ELSD), as established in A. Carreno’s Doctoral Thesis (2024). An HPLC equipment 1260
Infinity Il from Agilent Technologies (Santa Clara, USA), composed of a quaternary pump, an
automatic injector, an ELSD, and a column oven where the column was placed. The ELSD is
coupled to the HPLC equipment to allow component quantification and determination of purity
degree. All modules were controlled using the OpenLab CDS ChemStation software.
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4.1.6. DiR fluorescence quantification of nanoliposomal formulations

Fluorescence emission spectra were collected by Prof. N. Ventosa’ team at ICMAB-CSIC as
established in J. Tomsen-Melero’s Doctoral Thesis (2021) (203) with a Varian Cary Eclipse
(Agilent Technologies) fluorescence spectrophotometer.

For fluorescence spectra recording of DiR-labelled liposomes (DiR ~ 300 nM), samples (50 L)
were placed in a quartz SUPRASIL® precision cell (Hellma Analytics, High Precision Cell, quartz
glass, 3 x 3 mm), and were analyzed directly, without any modification or dilution, unless
otherwise noted.

Emission spectra was recorded using the following parameters: Aexc = 685 nm, scanning from
720 nm to 900 nm, excitation/emission slit 5/5 nm, scan rate 60 nm/min, averaging time 1 s,
data interval 1 nm, PMT detector voltage High option, S/N mode with S/N 1000 and time out
1.000s.

4.1.7. Stability of the enzymatic activity in nanoGLA and free rh-GLA

Nanoliposomes and free rh-GLA were stored at 2-8°C for 2 weeks. During this period, all
experiments related to the use of nanoliposomes in this thesis were conducted to ensure
optimal quality of the NPs. Enzymatic activity (EA) of nanoGLA and free rh-GLA was evaluated
on days 0, 6 and 13 of storage at 2-8°C using the same protocol described in section 10.5. EA of
each sample was normalized to that quantified on day 0 (% of EA) to observe the loss of activity
over time. Alagsidase alfa (Agal. A) and empty nanoliposomes formulations were included in
every assay as positive and negative controls, respectively.

4.2. Characterization of the protein corona in the
nanoliposomal formulations after incubation with mouse
plasma

4.2.1. Plasma source and obtention

Plasma was obtained via intracardiac puncture from male C57BL6 mice (4 to 5 months old). This
procedure was previously approved by the ethics committee of the Vall d’Hebron Animal
Experimentation Ethics Committee and the Catalan government (CEA-OH/9572). Mouse blood
was collected in Microvette® K3 EDTA tubes (Sarstedt) following manufacturer’s instructions and
centrifuged (800 x g) for 10 min at 4°C. Then, different plasma samples were pooled and stored
at -80°C.

4.2.2. Formation of the protein corona in nanoliposomes

For the protein corona (PC) formation, different liposomal formulations were diluted with PBS
1X to a final lipid concentration of 0.24 mg/mL and incubated with mouse plasma (v/v), which
had been previously centrifuged at 1,000 x g for 15 min at 4°C. The mixture was incubated at
37°C under shaking conditions (300 rpm) for a selected period of time (0.5, 1, 2, 3, 6 or 24 h).
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4.2.3. Isolation of PC-nanoliposomal complexes by size exclusion
chromatography (SEC)

Different DiR-labelled liposomal formulations at a lipid concentration of 0.24 mg/mL were
incubated with mouse plasma for 1h at 37°C in shaking conditions (300 rpm). Subsequently, 1 mL
of protein corona-liposomes samples from each formulation were isolated by size exclusion
chromatography (SEC) using an Automatic Fraction Collector (AFC) with a gEV1 35 nm column
(Izon Science Limited), in accordance with the manufacturer’s instructions. Filtrated PBS 1X was
used as the elution buffer. Thirty fractions of 0.5 mL were collected, and the DiR fluorescence
intensity was measured using a multimode microplate reader (Thermo Scientific™ Varioskan™
LUX multimode microplate reader). The fractions with the highest fluorescence intensity were
pooled for further characterization of their protein corona composition. Samples were stored at
-80°C.

4.2.4. Cryo-TEM

Morphometric analysis of purified nanoliposomes with or without previous incubation with
mouse plasma was performed using CryoTEM at Servei de microscopia i Difraccio de Raigs X of
UAB. A 3 uL sample drop was placed onto holey carbon on a 400-mesh copper grid, previously
treated by glow discharge. The grid was then mounted on a plunger (Leica EM GP), excess water
was removed by blotting with filter paper, and sample was rapidly vitrified through immersion
in liquid ethane. The sample was transferred to a Gatan 626 cryo-transfer system and inserted
into a Jeol JEM 2011 Cryo-electron microscope. It was operated at 200 kV, and varying degrees
of defocus (500—900 nm) were used to achieve optimal phase contrast. Images were captured
with a Gatan Ultrascan US1000 CCD camera and subsequently processed using Image) NIH
software (204).

4.2.5. Proteomic analysis of the composition of the PC

Samples preparation and protein quantitative analysis were performed by Dr. Francesc Canals’
team (Proteomics group) at VHIO following their established and published methodologies
(205,206), which will be briefly explained in the following sections.

4.2.5.1 Sample preparation and trypsin in-gel-digestion

Fractions of the SEC chromatography containing purified liposomes were pooled and SDS was
added to 0.1% (w/v). The pooled samples were then concentrated by ultrafiltration using 3 kDa
cut-off Amicon Ultra devices (Merck Millipore). Total protein content was quantified using the
RC DC™ (reducing agent and detergent compatible) protein assay kit (Bio-Rad). A total of 10 pg
of each sample were then run on a 10% SDS-PAGE gel. The gels were stained with colloidal
Coomassie blue to visualize the proteins and acrylamide sections containing the protein
mixtures were isolated.

Gel fragments were cut into small pieces, washed with 200 uL of 50 mM ammonium
bicarbonate/50% ethanol 200 uL for 20 min and dehydrated with 200 uL of ethanol for 20 min.
Reduction and alkylation was performed by incubating samples with 200 pl of 10 mM DTT in
50 mM ammonium bicarbonate for 1 h at 56°C, followed by alkylation with 200 uL of 55 mM
lodoacetamide in 50 mM ammonium bicarbonate for 30 minutes, protected from light. The gel
pieces where then washed with 200 pL of 25 mM ammonium bicarbonate for 20 min, and
dehydrated with 100 pL of acetonitrile for 10 min. Enough volume of 2.7 ng/uL trypsin (Promega)
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in 25 mM ammonium bicarbonate solution was added to rehydrate and fully cover the
acrylamide pieces. Trypsin digestion was run overnight at 37°C. Peptide extraction was carried
out by addition of half of the digestion volume of acetonitrile, followed by incubation for 15 min
at 37°C, and then addition of 300 pL of 0.2% TFA, and further incubation for 30 min at RT. The
eluted peptides were dried in a SpeedVac and stored at -20°C until further analysis.

4.2.5.2 Liquid chromatography-mass spectrometry (LC-MS) analysis

Samples were analyzed using a Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific)
coupled to an EASY-nLC 1200 (Thermo Fisher Scientific). Peptides (2 ug) were loaded directly
onto the analytical column and were separated by reversed-phase chromatography using a 50-
cm column with an inner diameter of 75 um, packed with 2 um C18 particles.

Chromatographic gradients started at 95% buffer A and 5% buffer B with a flow rate of
300 nl/min for 5 min and gradually increased to 25% buffer B and 75% A in 78 min and then to
40% buffer B and 60% A in 12 min. After each analysis, the column was washed for 10 min with
10% buffer A and 90% buffer B. Buffer A: 0.1% formic acid in water. Buffer B: 0.1% formic acid
in 80% acetonitrile.

The mass spectrometer was operated in positive ionization mode with nanospray voltage set at
2.4 kV and source temperature at 305°C. The acquisition was performed in data-dependent
acquisition (DDA) mode and full MS scans, with 1 micro scans at resolution of 120,000, were
acquired over a mass range of m/z 350-1400 with detection in the Orbitrap mass analyzer. Auto
gain control (AGC) was set to ‘standard’ and injection time to ‘auto’. In each cycle of data-
dependent acquisition analysis, following each survey scan, the most intense ions above a
threshold ion count of 10,000 were selected for fragmentation. The number of selected
precursor ions for fragmentation was determined by the “Top Speed” acquisition algorithm and
a dynamic exclusion of 60 s. Fragment ion spectra were produced via high-energy collision
dissociation (HCD) at normalized collision energy of 28% and they were acquired in the ion trap
mass analyzer. AGC and injection time were set to ‘Standard’ and ‘Dynamic’, respectively and
isolation window of 1.4 m/z was used.

4253 Protein identification and quantitative analysis

LC-MS data was analyzed using Proteome Discoverer software (v. 2.5, Thermo Fisher Scientific)
(207), following a specific workflow outlined in Fig. 4.1. Three replicates of every sample (except
for the plasma without nanoliposomes) were analyzed. The process begins with peptide
sequence determination from fragmentation spectra data, followed by reconstruction of these
sequences into original proteins by searching a target database derived from in silico digestion
of protein sequences. A peptide spectrum match (PSM) score is then calculated for each
spectrum, comparing it with theoretical fragmentation data. Mascot software (208) is used to
generate a probability-based score for protein identification by combining mass measurements,
peptide molecular weights, and tandem mass spectrometry data. Tolerances for precursor and
fragment mass are crucial parameters that affect peptide candidate selection and matching
accuracy. To minimize false discovery rates (FDRs), a second search against a decoy database is
performed, removing low-confidence identifications and ensuring a higher percentage of true
positive results.

In this thesis, proteins were identified using Mascot (v. 2.5. Matrix Science) (208) to search a
database constructed with Mus musculus proteins from the Swissprot database plus AGAL
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HUMAN protein, P06280. MS/MS spectra were searched with a precursor mass tolerance of 10
ppm, fragment tolerance of 0.5 Da. Trypsin was selected as the enzyme allowing up to two
missed cleavages. Cysteine carbamidomethylation was set as fixed modification and methionine
oxidation as variable modification. Identifications were filtered at less than 1% FDR as evaluated
by searching a decoy database.

Quantification of protein abundances was performed by label-free method based on the sum of
the peptide ion peak areas of the corresponding MS extracted ion chromatograms. Only unique
peptide signals were used for quantification. In label-free quantification, spectra for various
samples are obtained through individual LC-MS/MS experiments. Nevertheless, this approach
can lead to unwanted variations, including discrepancies in chromatographic measurements
across different experiments. To mitigate this problem, intensity normalization can be applied.
In this case, measured abundances were normalized on the basis of total peptide signal for each
sample, obtaining the relative abundance of each protein.

Raw LC-MS/MS
data input
A 4
Search a
database
constructed with
Mus musculus
proteins
Spectrum-level Recalibration
validation and
normalization
y
Peptide-level
validation
A 4 A 4
Protein-level Qantification of
A e Proteome
validation protein < Discoverer
abundances Scovere

Final output

Fig. 4.1. Schematic workflow of proteomic analysis used for the quantification of protein abundances. Figure
adapted from (209).

The relative abundances of the 25 most abundant proteins in the samples from the different
nanoliposomal formulations were compared to those in plasma without nanoliposomes, with
the goal of identifying the proteins enriched in the PC of the nanoliposomes. Proteins with a
grater fold change than 1.1 compared to plasma were considered enriched in the PC of the
different nanoliposomes.

To identify proteins whose relative abundance changed due to the presence of RGD, including
apolipoproteins, complement factors and immunoglobulins, we selected those exhibiting a fold
change > 1.1 in abundance in all of the following comparisons: EL-3%RGD vs. EL-0%RGD, EL-
6%RGD vs. EL-0%RGD, EL-6%RGD vs. EL-3%RGD, nanoGLA-3%RGD vs. nanoGLA-0%RGD,
nNanoGLA-6%RGD vs. nanoGLA-0%RGD and nanoGLA-6%RGD vs. nanoGLA-3%RGD. Additionally,
to identify proteins whose relative abundance changed due to the presence of rh-GLA on
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nanoliposomal surface, we selected only those exhibiting a fold change greater than 1.1 in
abundance in all of the following comparisons: nanoGLA-0%RGD vs. EL-0%RGD, nanoGLA-
3%RGD vs. EL-3%RGD and nanoGLA-6%RGD vs. EL-6%RGD.

4.3. Isolation of EV-GLA from CHO DG44 and HEK 293F cell
lines
4.3.1. Stable expression of GLAcmycH6

The GLA gene construct used to obtain the CHO cell stably expressing GLA was described
previously by Prof. José Luis Corchero from IBB-UAB (210,211). It expresses the full-length
human GLA gene (UniProt P06280; AGAL_HUMAN) with the c-myc and hexahistidine (6-His) tags
fused to their C-terminus for detection and purification purposes (178). The transgene was
cloned in a pOptiVEC™-TOPO® plasmid (Invitrogen, Themofisher) (Fig. 4.2). In the resultant
expression vector pOptiVEC-GLAcmycH6, GLA production is under the control of
cytomegalovirus (CMV) promoter. This vector also allows the expression of dihydrofolate
reductase (DHFR) as auxotrophic selection marker in CHO DG44 (DHFR-) cells (a dihydrofolate
reductase deficient cell line) (Table 4.1) and thus the selection of GLA expressing cells by using
methotrexate hydrate (MTX, Sigma). A single clone (namely CHO-DG44-GLA clone #3) was
isolated and used for further studies in this thesis and other published works (178).

4.3.2. Transient gene expression (TGE) of GLAH6

GLAH6 synthetic sequence (UniProt P06280; AGAL HUMAN) was cloned by in-fusion
methodology in a pTriEx-2 (Novagen) derivative expression vector called pOpinE by Prof.
Corchero. The resultant expression vector pOpinE-GLA encodes the human GLA gene sequence
containing a 6-His tag fused to its C-terminus (Fig. 4.2). In pOpine-GLA expression vector, GLA
production is under the control of cytomegalovirus (CMV) immediate-early enhancer fused to
chicken B-actin (CBA) promoter. For the obtention of SNs with GLAH6 and EV-GLAH6, HEK cells
(Table 4.1) were transfected at 1 x 10° cells/mL with polyethyleneimine (PEl) (Polysciences) and
a mixture of pOpinE-GLA and pADVantage™ (Promega) plasmids at 0.5 and 0.25 pug
pDNA/million cells, respectively (210). The addition of pADVantage™ vector (GenBank®
Accession Number U47294) was purposed to enhance protein expression by increasing
translation initiation in cells transiently transfected (212). Nanoconjugates of pDNA and PEl were
mixed following pDNA:PEI ratio of 1:3 (w/w) and added dropwise to cells. In addition, valproic
acid (VPA, Merck) was added to cells at a final concentration of 4 mM after 4 h post-transfection,
to enhance recombinant protein expression. Cells were maintained and grown in FreeStyle™
Expression medium (Thermo Fisher Scientific), at 37 2C in an 8 % CO2 atmosphere with gentle
shaking (120 rpm).

4.3.3. Co-transfection of HEK 293F for the obtention of rF7-EV-GLAH6

The F7 peptide (LKWWCRGAIWRDCKILVKTS), a cell-penetrating sequence developed by our
research group (213), was incorporated into the surface of EVs by introducing its sequence into
the N-terminal domain of the EV membrane protein lysosome-associated membrane
glycoprotein 2 (Lamp2b) (UniProt P13473-2; LAMP2_HUMAN), immediately following the signal
peptide sequence. This strategy, previously described by other researchers (183), facilitates the
display of the sequence of interest on the outer surface of the EV membrane.
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The F7-Lamp2b fusion construct was cloned into a pcDNA3 vector (Invitrogen) by GeneArt under
the control of a CMV promoter to promote strong transcription and efficient protein expression.
The resulting expression plasmid, consisting of 6647 base pairs, was designated pcDNA3-F7-
Lamp2b (Fig. 4.2).

All transfection procedures and cell maintenance were conducted by Prof. Corchero at UAB, as
previously described. In detail, HEK 293F cells (Table 4.1) were co-transfected with pOpinE-
GLAH6, pcDNA3-F7-Lamp2b and pADVantage™ (Promega) plasmids at a 4:1 DNA ratio.
Transfection was performed using PEl as the transfection reagent, with 0.4 pug and 0.1 pg of
plasmid DNA per million cells, respectively, in FreeStyle™ Expression medium. Additionally, VPA
was applied to enhance protein expression.

Isolation of F7-functionalized EV-GLAH6 (rF7-EV-GLA) was conducted at VHIR.

CMV enhancer

R_promoter
o
.

F7-Lamp2b
6647 bp

Fig. 4.2. Schematic representation of pOpinE-GLAH6, pOptiVEC-GLAcmycH6 and F7-Lamp2b plasmids.

4.3.4. Purification of GLAcmycH6 and GLAH6 by His-affinity

chromatography
Purification of His-tagged GLA enzymes from cell SNs was performed in IBB-UAB facilities by
Prof. Corchero, using an affinity chromatography with a HisTrap™ Excel column (GE Healthcare),
such as AKTA start™ chromatography system (Cytiva), 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
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(pH 5.5), centrifuged (3900 rpm, 15 min) and filtered (0.2 um) to discard putative aggregates.
Purified enzyme was stored at -80-C for further uses.

4.3.5. Isolation and purification of EV-GLAcmycH®6 by precipitation

This procedure was adapted from previous publications of the group (178). Briefly, SNs coming
from CHO-DG44-GLA clone #3 containing EVs and free GLAcmycH6 were harvested by
centrifuging the cell culture at 3,900 rpm for 15 min. SN were centrifuged at 300 x g at 4°C for
10 min to remove dead cells. Additional centrifugation steps at increasing centrifugation speed
2,000 x g, 10 min 4°Cand 10,000 x g 20 min 4°C were carried out to remove potential sub-cellular
debris. Clarified SNs were concentrated 100X via VIVAspin 300 kDa (Sartorius) concentrators
using mild centrifugation (300 x g) for 10 min at 4°C. EV-GLAs were precipitated from
concentrated SNs through the addition 1:0.5 (v/v) of ‘Total Exosome lIsolation 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 EV-GLAs resuspended in filtered PBS 1X.

4.3.6. Isolation of EV-GLA by benchtop filtration

This procedure was performed following the steps detailed by Tan et al (214). Briefly, SNs from
CHO and HEK cells containing EVs and free GLA were centrifuged at 300 x g at 4°C for 10 min to
remove dead cells. Additional centrifugation steps at increasing speeds (2,000 x g for 10 min and
10,000 x g for 20 min at 4°C) were carried out to remove potential sub-cellular debris. SNs were
concentrated using Centricon Plus-70 centrifugal filters (100 kDa) (Millipore) at 3,500 x g for 20
min at 4°C. The concentrated sample was then recovered by reverse centrifugation (1,000 x g)
for 2 min at 4°C to obtain uncleaned EV-GLA. Then, cold PBS 1X was added and sample was
concentrated (3,500 x g for 20 min at 4°C) to a final volume of ~1.2 mL, which was further
purified by SEC (see section 4.3.8).

4.3.7. Isolation of EV-GLA by tangential flow filtration

SNs from CHO and HEK cells were centrifuged (300 x g) at 4°C for 10 min to remove dead cells.
Additional centrifugation steps at increasing speeds (2,000 x g for 10 min and 10,000 x g for 20
min at 4°C) were performed to remove potential sub-cellular debris. Tangential flow filtration
(TFF) procedure was carried out using KrosFlo KR2i TFF System (Repligen) equipped with a 500
kDa hollow fiber filter column. Depending on the initial SN volume, different hollow fiber
columns were used: MicroKros column (ref. C02-E500-05-N, Spectrum Labs) with 20 cm? was
used for SN volumes lower than 1 L, while MidiKros column (ref. D02-S500-05-N, Spectrum Labs)
with 190 cm? was used for SN volumes exceeding 1 L. To maintain a shear rate of 2,000 s-1, the
flow rate was kept constant at 50 mL/min. All samples were processed at a transmembrane
pressure (TMP) of 15 psi. Samples were first concentrated 4 times, then diafiltrated 6 times in
filtered PBS 1X to exchange the buffer. Sample was concentrated to a final volume of 5 mL.
Further concentration was performed using an Amicon Ultra-15 (10 kDa) centrifugal
concentrator (Millipore) to achieve a final volume of ~1.2 mL, resulting in partially cleaned EV-
GLA, which was further purified by SEC (see section 4.3.8).

4.3.8. Purification of EV-GLA by SEC

From the 1.2 mL of EV-GLA obtained from benchtop filtration or TFF isolation, 1 mL was purified
via SEC using an automated fraction collector (AFC) with a gEV1 35 nm column (lzon Science
Limited), following the manufacturer’s instructions. The columns were first flushed with filtered

28



PBS. Then, 1 mL of the EV-GLA sample was loaded onto the column, and 26 fractions of 0.7 mL
each were collected, using filtered PBS as elution buffer.

The remaining 0.2 mL was diluted with 0.8 mL filtered PBS and stained with 75 uM 3,3'-
Dioctadecyloxacarbocyanine Perchlorate (DiOC) (Invitrogen) and applied to the SEC column in
the same conditions explained above. Collected fractions were measured in a fluorimeter
(TECAN Spark®) to identify the presence of DiOC-stained EVs. The three fractions with the
highest fluorescence were pooled here and also in equivalent non-stained samples. Pooled
samples were concentrated to 0.5 mL using 3 kDa cut-off Amicon Ultra concentrators (Millipore).

4.4, Characterization of EV-GLA from CHO DG44 and HEK
293F cell lines
4.4.1. Nanoparticle Tracking Analysis (NTA)

Particle size distribution and concentration were analyzed by Nanoparticle Tracking Analysis
(NTA) and was performed by U6 of ICTS Nanbiosis at ICMAB-CSIC using a Nanosight NS300
(Malvern Panalytical, Malvern, UK) and following the same procedure detailed in (178). The
sample was appropriately diluted in PBS to adjust the particle concentration per frame to the
working range of the system (10°-10° particle/ml). A total of 3 videos were captured at a cell
temperature of 21-24.5°C and a syringe speed of 30. A total of 1498 tracks were acquired per
video. Data was further processed using NanoSight Software NTA 3.4 Build 3.4.4 with a detection
threshold set at 5.

4.4.2. EV-GLAH6 and rF7-EV-GLAH6 processing for transmission
electron microscopy (TEM) analysis

Transmission electron microscopy (TEM) visualization of EVs was performed at Servei de
microscopia i Difraccidé de Raigs X of the UAB, using a 80 kV — 120 kV JEM-1400 TEM model (Jeol
Ltd.). For sample preparation, a 12 uL drop of 2% uranyl acetate (Sigma) was placed on a clean,
stretched parafilm. Then, a 10 pL drop of the EV sample was added onto the same parafilm. A
formvar carbon grid (Sigma) was placed on top of the sample drop and left to sit for 2 min. The
grid was then dried by gently touching a filter paper and placed on top of the uranyl acetate
drop for 1 min and then dried again.

4.4.3. Molecular characterization of EVs by western blot (WB)

EVs or cell lysates were prepared by diluting 1:5 in Cellytic reagent (Sigma), homogenized by 2
cycles of 15 s of sonication at 80% amplitude using Labsonic® M (Sartorius Biotech) device. Total
protein amount was quantified by micro-BCA method (Pierce). Specific antibodies against GLA
(ref. ab168341, Abcam), CD63 (ref. 10628D, Invitrogen), CD81 (ref. sc-7637, Santa Cruz
Biotechnology), TSG101 (ref. ab30871, Abcam), Alix (ref. ab76608, Abcam) and Lamp2B (ref.
ab18529, Abcam) and B-tubulin (ref. MA5-16308, Invitrogen) were used to characterize EVs. A
total of 12 g of protein was loaded per lane in a TGX Stain-Free™ FastCast™ Acryladmide gel
(BioRender), except for the WB characterization of EV-GLAH6 and rF7-EV-GLAHG6 (section 7.5) in
which 2 ug of total protein were employed to detect GLA, Alix and Lamp2B, and 1.5 pg for CD81.
Secondary HRP-conjugated antibody, diluted 1:10,000, was used for protein detection (ref.
P0447, Dako for CD63, CD81 and B-tubulin and ref. P0448, Dako for GLA, TSG101, Alix and
Lamp2b). Images were acquired with ImageQuant™ Las4000.
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4.4.4. Determination of GLA concentration in EV-GLA by enzyme-
linked immunosorbent assay (ELISA)

Quantification of GLA protein was performed by ELISA using specific anti-GLA antibodies with
the sandwich method following previously standardized methodology (200). First, 96-well
Nunc® MaxiSorp (Thermo Scientific™) plates were coated with 50 uL of mouse anti-GLA (1:1,000,
ref. ab169315, Abcam) in Coating Solution (0.1 M sodium bicarbonate pH 9.0) overnight at 4°C
and then blocked using 200 pL SuperBlock® (Thermo Fisher™) for 2 h at room temperature (RT)
in agitation. Then, samples were added and incubated in agitation 1 h at RT. Then, sheep
polyclonal antibody against GLA (1:200, AF6146, R&D Systems) was added and incubated for an
additional 1 h to complete the sandwich. Finally, HRP-linked anti-sheep 1gG (1:5000, A3415,
Sigma) was used to visualize the GLA content with 3,3’,5,5-Tetramethylbenzidine (TMB)
(Sigma). HPR reaction was stopped by adding 50 pL of 0.5 M sulfuric acid and results were
guantified by measuring absorption at 450 nm using the microplate reader Epoch (BioTek).
Samples were analyzed in triplicates. Dilutions of samples and standard (GLAcmycH6 or GLAHS6,
0-500 ng/mL) were prepared in Low Cross Buffer (Thermo Fisher™) containing 2% (w/v) Triton
X-100. (Sigma) Washing steps were conducted using 0,05% Tween-20/PBS. GLA concentration
EV samples were determined in each assay by interpolating the absorbance values to a sigmoidal
four-parameter logistic (4PL) curve using GraphPad Prism 9.2.0. The goodness of the fit and
replicates was ensured also in each assay (R2 > 0.98 and p > 0.05 for regression and lack of fit,
respectively).

4.4.5. Determination of GLA enzymatic activity in EV-GLA

EVs were lysed by diluting 1:5 in Cellytic reagent (Sigma) and homogenized by 2 cycles of 15 s
of sonication at 80% amplitude using Labsonic® M (Sartorius Biotech) device. Then, EA was
determined following the protocol detailed in section 4.5.

4.5. GLA specific enzymatic activity

GLA enzymatic activity was assayed using fluorometric methods initially described by Desnick et
al. (215) with the modifications of Mayes et al. (216), and applied in other publications of our
research group (178,200). Briefly, the EA assay is based on the conversion of a non-fluorescent
substrate (4-MUG) into a fluorescent product 4-methylumbelliferone (4-MU) by active GLA. The
protocol included the use of 4-methylumbelliferyl a-D-galactopyranoside (4-MUG) (Sigma
Aldrich) as substrate (10 mM) in assay buffer (0.01 M acetic acid, 0.01 M acetate, pH 4.5). A
typical assay reaction mixture contains 100 pL of 4-MUG and 25 pL of the sample. Enzymatic
reactions took place in agitation (GLS Aqua 12 Plus) at 25 rpm, 37°C for 1 h. The reaction was
stopped by glycine buffer (1.25 mL, 0.2 M, pH 10.4) and the released 4-MU was determined by
fluorescence measurement (Aexc = 365 nm, Aem = 450 nm) using a microplate fluorescence
reader (FLx800™, Biotek™). Two dilutions of each sample were made, and each dilution was
analyzed in duplicate to reduce the variability of the quantification. Commercial product 4-MU
(Sigma Aldrich) ranging from 5 to 500 ng/mL in glycine buffer was used to obtain a calibration
curve to transform fluorescence readings into product 4-MU concentration. Measurements
were adjusted per time and protein quantity.
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4.6. In vitro cell internalization in endothelial cells
4.6.1. Cell culture

HMEC-1 cells (CRL-3243, ATCC) (Table 4.1) were maintained in MCDB-131 medium (Corning®)
supplemented with 10% of hiFBS (Gibco™), 2 mM L-glutamine (Gibco™), and 1X antimycotic-
antibiotic solution (Gibco™) at 37°C and 5% CO..

Mouse endothelial aortic cells (MAEC) were isolated from descending aorta of C57BL6 GLA
deficient mice (Gla™") (Table 4.1) (217) following previously established procedures (218-
220). This procedure was previously approved by the Ethic Committee for Animal
Experimentation of VHIR institution (CEEA) with the procedure code of 22/15. Endothelial origin
of isolated cells was confirmed by CD105 staining (12-1051, eBioscience) and flow cytometry
(LSRFortessa™, BD Biosciences). These cells were maintained in RPMI 1640 medium (Gibco™)
supplemented with 25% of heat-inactivated FBS (hiFBS) (Gibco™), MEM Non-essential
aminoacids (1X) (Gibco™), 2 mM of L-Glutamine (Gibco™), Antibiotic-Antimycotic (1X) (Gibco™),
heparin at 6 pg/mL (Sigma), hydrocortisone at 50 ug/mL (Sigma) and Endothelial Cell Growth
Supplement (ECGS) at 500 pg/mL (Corning™).

Table 4.1. Summarizing table containing relevant information about the cell lines used in this thesis, including their
origin and type, source species, key characteristics their specific applications.

Cell Line Origin Cell type Species Characteristics Application/Scope in Study
Immortalized cells with the ability X
. . Production of GLAcmycH6
. ) to grow in suspension culture
Chinese Ovarian cell . and EV-GLAcmycH6
CHO DG44 . Hamster under serum-free conditions and i
hamster ovary line through stable expression
commonly used for stable
. . . of GLAcmycH6
recombinant protein production
Immortalized cells with the ability Production of GLAH6, EV-
Human to grow in suspension culture GLAHG6 and rF7-EV-GLAH6
HEK 293F embryonic Kidney Human under serum-free conditions and through transient
kidney widely used for transient expression of GLAH6 and
transfections F7-Lamp2b
Human Microvascular . . . Internalization studies
. K Immortalized endothelial cells with X
HMEC-1 microvascular endothelial Human . using flow cytometry and
i GLA expression .
endothelial cells cells confocal microscopy
Murine aortic . . ) X Internalization studies by
endothelial cells Aortic Primary, non-immortalized blocking M6PR and in vitro
i i invi
MAEC endothelial Mouse endothelial cell line from GLA g g K
from GLA L . efficacy due to their lack of
. cells deficient mice . .
deficient mouse functional GLA expression

4.6.2. Internalization in HMEC-1 by flow cytometry

For internalization assay using nanoliposomes, HMEC-1 were seeded in 24 well plates and
incubated overnight at 37°C and 5% CO,. Then, DiR labelled nanoliposomes at 0.05 mg/mL of
lipid concentration were added to HMEC-1 cultures and incubated for 0.5, 1 and 6 hat 37 °C. In
contrast, for DiOC labelled EVs, HMEC-1 cells were incubated with 1-10% EVs/mL for 3 h at 37 °C.
After incubation, plates were treated with trypsin 0.05 % (w/v) (Gibco™) to detach cells and
neutralized in complete MCDB-131 medium supplemented with 7-aminoactinomicina D (7AAD)
(Life Thechnologies) (5 pg/mL final concentration), in order to remove dead cells from analysis.
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Percentage of DiR or DiOC positive cells and cell median fluorescence intensity (MFI) were
determined by flow cytometry using a LSRFortessa™ (BD Biosciences) instrument and FlowJo™
v10 analysis software.

4.6.3. Internalization in HMEC-1 by confocal microscopy

HMEC-1 cells were seeded in an 8-well m-slide (lbidi GmbH) pre-coated with poly-L-lysine
solution (Sigma) and incubated overnight at 37°C and 5% CO,. Then, DiR labelled nanoGLA with
0%, 3% or 6% of RGD at 0.05 mg/mL of lipid concentration were added and incubated for 1 and
6 h. Cell medium was removed and cells were stained with 1 pM LysoTracker® Green DND-26
(Invitrogen) during 30 min at 37°C. Image acquisition was carried out by confocal microscopy
"widefield" multidimensional Thunder Imager 3D Cell Culture (Leica) with a HC PL APO 40x/0.95
DR, using the following optical settings:

- DiR: 35% power 747 nm excitation LED, CYR71010 filter cube set, 100% high-speed
emission wheel (excitation filter: 730-740; dichroic filter: 763; emission filter: 770-840).

- LysoTracker® Green DND-26: 15% power 475 nm excitation LED, DFT51010 filter cube
set, 535/70 high-speed emission wheel (excitation filter: 446-512; dichroic filter: 500;
emission filter: 494-544).

Z projections sections were acquired with a step size of 0.5 um and further reconstructed using
Fiji ImageJ (221).

4.6.4. Uptake of nanoGLA by blocking M6PR in MAEC cells

MAEC from GLA deficient mice (see section 4.6.1.) at passages 2 to 5 were seeded in 24 well
plates and were incubated overnight at 37°C and 5% CO.. Then, cells were treated with 1 ug/mL
of equivalent GLA concentration of free rh-GLA, nanGLA-0%RGD and nanoGLA-3%RGD, in the
presence or absence of 5 mM MG6P, following adapted protocols described by other authors
(222,223). After 6 h of incubation at 37°C and 5% CO,, the plates were washed twice with PBS
1X and treated with trypsin 0.05 % (w/v) (Gibco™) to detach cells, which were then neutralized
in complete MCDB-131 medium. The cells were then pelleted by centrifugation (180 x g) at 4°C,
and the medium was replaced with sterile MQ water. Cells were lysed by 2 cycles of 15 s of
sonication at 80% amplitude using Labsonic® M (Sartorius Biotech) device. Next, intracellular
GLA enzymatic activity was quantified using the method described previously in section 10.5
(200). Samples were analyzed in triplicates. Ratio of internalization was calculated dividing the
intracellular enzymatic activity in presence of M6P by that found in the absence of M6P for each
treatment (rh-GLA, nanoGLA-0%RGD and nanoGLA-3%RGD).

4.6.5. Internalization in HMEC-1 using endocytosis inhibitors by flow
cytometry

For nanoliposomes, HMEC-1 were seeded in 24 well plates and incubated overnight at 37°C and
5% CO,. Next, HMEC-1 cell cultures were pre-treated for 30 min with or without the following
endocytosis inhibitors at two different concentrations: Dyn (50 and 100 uM) (Sigma), EIPA (75
and 100 uM) (Sigma), Nys (25 and 50 uM) (Sigma), and CPZ (10 and 20 uM) (Sigma). Then, HMEC-
1 cells were incubated for 6 h with DiR labelled EL-0%RGD, EL-3%RGD and nanoGLA-3%RGD at
0.05 mg/mL of lipid concentration. In contrast, for DiOC labelled EVs, HMEC-1 cells were pre-
treated with only one concentration of endocytosis inhibitors (50 uM for Dyn, 100 uM for EIPA,
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25 uM for Nys, and 10 pM for CPZ) and then were incubated with 1-10'° EVs/mL for 6 h at 37 C.
After incubation, cells were then detached with trypsin 0.05 % (w/v) (Gibco™) and neutralized
in complete MCDB-131 medium supplemented with 4',6-diamidino-2-phenylindole,
dihydrochloride (DAPI) (Thermo Scientific™) (0.2 pg/mL final concentration) to remove dead
cells from analysis. Percentage of DiR and DiOC positive cells and cell median fluorescence
intensity (MFI) were determined by flow cytometry (LSRFortessa™, BD Biosciences) and FlowJo™
v10 software. Samples were analyzed in triplicates.

4.7. In vitro efficacy in endothelial GLA KO cells

MAEC at passages 2 to 5 were seeded in 24 well plates. Twenty-four h after seeding, 0.6 uM of
fluorescent N-Dodecanoyl-NBD-ceramide trihexoside (NBD-Gb3, Matreya LCC), previously
conjugated to bovine serum albumin (BSA, Sigma Chemical), was added to the cultures along
with specified concentrations of tested compounds. After 48 h incubation, cells were trypsinized
and NBD-Gb3 fluorescent signal was analyzed by flow cytometry (LSRFortessa™, BD Biosciences)
and FlowJo™ v10 software. Samples were analyzed in triplicates. To calculate the percentage of
NBD-Gb3 signal, fluorescent signal in control cells (without treatment) was established as 100%
and the values accordingly normalized. The efficacy of GLA in reducing the Gb3 deposits was
obtained as the percentage of Gb3 loss (i.e., % Gb3 loss = 100 - % Gb3-NBD signal).

4.8. In vivo assays using Fabry KO mouse model
4.8.1. Fabry mouse model

Fabry mouse model was a GLA knock out (KO) mouse (Gla™ " in C57BL6 background) that
completely lacks the expression of the GLA protein (217). All animals used in this study were
males, as FD is an X-linked genetic disease and males are primarily affected by this disease (224).
These Fabry animals have no pathological phenotype and a normal laboratory life span (about
2 years) (217). Animals were kept at VHIR’s animal facilities, under a procedure previously
approved by the ethics committee of the Vall d’Hebron Animal Experimentation Ethics
Committee and the Catalan government (CEA-OH/9572) and executed within the FVPR/U20 In
vivo Experimentation Platform of ICTS Nanbiosis.

4.8.2. In vivo BD assay

The biodistribution assay of different versions of nanoGLA (0, 3 and 6 % RGD) was assayed in
Fabry KO mice of 2.5 to 4 months. Animals were randomized by age into 4 groups of treatments:
free rh-GLA (n = 6), nanoGLA-0%RGD (n = 8), nanoGLA-3%RGD (n = 8) and nanoGLA-6%RGD
(n =8). C57BL6 wild-type (WT) mice (n = 3) and non-treated Fabry KO mice (n = 3) were also
included as controls (Fig. 4.3). The animals were administered with a single intravenous (i.v) dose
at 1 mg/Kg of GLA or 5 mL/kg of PBS in controls by tail vein injection. Half of each group was
euthanized 1 min post-administration and the other half 30 min after. Upon euthanasia, tissues
such plasma, liver, spleen, kidneys, lungs, heart, brain, intestine, skin and muscle were collected
for ex vivo BD analysis by FLI and EA.
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Fig. 4.3. Schematic representation of the biodistribution assay and processing of samples for the FLI and EA
quantification. Randomized animals were divided into 6 groups. Knock Out (KO) for GLA were treated with 1 mg/kg
of free protein (rh-GLA) or different nanoliposomes (nanoGLA). Non treated wild type (WT) and KO mice were used
as a control. Animals were euthanized 1 or 30 min post-administration and plasma, liver, spleen, kidneys, lungs, heart,
brain, intestine, skin and muscle were obtained.

For the ex vivo DiR FLI quantification, fluorescent images were acquired by IVIS® Spectrum
imaging system and quantified using Living Image® 4.5.2 software (PerkinElmer). The
fluorescence signal was qualitatively quantified in radiant efficiency units (a fluorescence
emission radiance per incident excitation power). To calculate the % DiR FLI, radiant efficiency
of each tissue was referred to the total fluorescence (sum of the FLI of all tissues).

For the quantification of the BD by EA, tissues were collected and homogenized in PBS with
1:200 of Protease Inhibitor Cocktail Set Ill, EDTA-Free (Millipore™) using Fast-Prep®-24 (MP™)
sample disruption instrument. For that, 5 to 10 times the volume of PBS was added to each
sample in 2 mL Fast-Prep tubes type (Lysing Matrix type A, MP™) and repeated homogenization
cycles (5 m/s, 20 s) were applied until completed desegregation of the tissue. All the procedure
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was carried out on ice. Homogenized tissues were centrifuged at 4 2C (10 min, 16 x g) and
supernatant was collected. Once tissues were homogenized, protein extraction was carried out.
First, the homogenized sample and Lysis Buffer (30 uM monohydrate citric acid, 51 uM dibasic
sodium phosphate and 0.17% Triton X-100 in MQ water, at pH 4.6) were mixed in 1:1 or 1:2 (v/v)
(depending on the tissue). Second, after the mixture rested in ice for 30-60 min, centrifugation
in maximum speed (16,1 x g) was done for 10 min at 4°C. Finally, supernatant was collected to
determine the EA following the procedure previously described in section 10.5 (200). The
percentage of injected dose (%ID) of enzymatic activity was calculated referring the EA
(nmol/h-mg) of GLA in tissue to the activity detected in plasma samples obtained 1 min post-
administration.

4.8.3. Anti-drug antibodies (ADAs) detection in KO mouse plasma

Single dose and repetated dose effiay experiments are already described by Tomsen-Melero et
al (200). Briefly, for the single dose experiment, Fabry KO mice with ages ranging from 2 to 4
months were treated with Agal. A, free rh-GLA, or nanoGLA-3%RGD (n = 8 for all groups) by tail
i.v. administration at 1 mg/kg of equivalent GLA. C57BL6 WT mice and non-treated Fabry KO
mice were included as controls and were administered with 5 mL/kg of serum. After 1 week,
animals were administered with a second dose and euthanized 1 min (n = 4/group) or 30 min (n
= 4/group). Then, plasma was collected via intracardiac puncture. In contrast, for the repeated
dose assay the same number of animals and group distribution were used. Fabry KO mice
received eight doses of 1 mg/kg every other day and were euthanized 24 h after the last
administration and plasma was also obtained via intracardiac puncture. Control animals
received the corresponding volume of PBS 1X.

Detection of ADAs (IgG) in plasma from Fabry KO mice was performed adapting a protocol
described by Tsukimura et al. for the detection of ADAs in serum from Fabry patients (225). A
96-well Nunc® MaxiSorp (Thermo Scientific™) was coated with 100 pL of 1 ug/mL Agal.A (Shire-
Takeda) overnight at 4°C. Then the wells of the microtiter plate were washed three times with
PBS 1X and blocked with 2% BSA in PBS for 1 h at room temperature (RT). Subsequently, the
plate was washed three times with PBS containing 0.1% Tween-20. Then, a 100 L aliquot of a
diluted plasma sample (1:100) was applied, followed by incubation for 1 h at RT. After
incubation, the plate was washed three times with PBS containing 0.1% Tween-20. Then, a
100 pL aliquot of 1:5,000-diluted peroxidase (HRP)-conjugated goat antimouse IgG antibody
(Ref. 1030-05; Southern Biotech) was applied, and the plate was incubated for 1 h at RT. After
incubation, the plate was washed three times with PBS containing 0.1% Tween-20, and then 100
uL of TMB ELISA Substrate Solution (Sigma) was applied and reacted for 15 min at RT. The
reaction was stopped by adding 50 pL of 2M H,SQO,, and results were quantified by measuring
absorption at 450 nm using the microplate reader Epoch (BioTek). Plasma from non-treated KO
mouse was used as antibody-negative control, and plasma from KO mouse treated with high
doses of Agal. A (5 mg/kg) for 2 weeks, with 2 administrations per week, was included as
antibody-positive control.

4.9, Statistical analysis

Whenever data followed a normal distribution (Saphiro-Wilk test) ordinary one-way ANOVA
with Tukey's multiple comparisons test was used for multiple comparisons or unpaired Student’s
t-test was used for peer comparisons. Alternatively, when data did not follow a normal
distribution, non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons test or non-
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parametric Mann-Whitney test were applied for multiple comparisons or peer comparisons
respectively. The significance threshold was established at ns (p < 0.05), and significance levels
were schematically assigned ns(p > 0.05), *(0.01 < p < 0.05), **(0.001 < p < 0.01), ***(0.0001 <
p <0.001), ****(0.0001 < p). All the analyses and graphs were performed using GraphPad Prism
software version 9.5.0. All values were indicated as Mean + Standard error of the mean (SEM).

In proteomic studies, statistical analysis was performed using Proteome Discoverer software
(v. 2.5, Thermo Fisher Scientific). Proteins displaying greater than 1.1-fold change, and p < 0.05
(t-test background based) between groups were considered significantly differential.
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5. RGD targeted nanoliposomes as a
drug delivery systems

5.1. Introduction

It has been demonstrated that nanoliposomes loaded with GLA enzyme and decorated with
cholesterol-PEG400-c(RGDfk) targeting moiety (hereafter referred to as RGD) enhance the
efficacy and biodistribution of enzyme replacement therapy (ERT) in Fabry KO mice, and
consequently, the delivery of the GLA enzyme to endothelial cells (226,227). However, no
comparisons have been made between nanoliposomes with or without RGD or GLA to
understand how their presence affects nanoliposomal cellular uptake and in vivo behaviour. In
this section, we investigate how the functionalization with RGD targeting unit and recombinant
human GLA enzyme (referred to as rh-GLA), influences nanoliposomal cell internalization,
biodistribution (BD) and efficacy of these nanoliposomes.

These nanoliposomal systems are currently being investigated through various collaborative and
interdisciplinary projects focused on creating a novel nanopharmaceutical to improve ERT for
Fabry disease. All nanoliposomal formulations investigated in this section were designed and
produced by Prof. Nora Ventosa’s research group from the Institut de Ciéncia de Materials de
Barcelona (ICMAB-CSIC).

The research presented in this section provides insights into the biological role of RGD and rh-
GLA in the nanoliposome and how they may affect the nanoliposomal biological fate,
contributing to the continuous optimization of this nanoparticulated system.

5.1.1. Liposomes as tools to improve enzyme delivery

Enzyme have been explored as therapeutic agents since the 19th century (151), with the first
Food and Drug Administration (FDA) approved enzyme treatment, Alteplase, introduced in 1987
for treating acute ischemic stroke (228). Enzymes have significant therapeutic potential,
addressing a wide range of conditions, including metabolic and inflammatory disorders, heart
diseases, and even cancer (228). However, their clinical use has been hindered by challenges
such as immunogenic responses, short half-life in the body, rapid degradation, and loss of
activity during storage (151). To overcome these limitations and enhance the effectiveness of
therapeutic enzymes, various strategies have been developed over the years, such as
encapsulating enzymes in DDS (229,230).

Among all DDS, liposomes are the most widely used carriers for enzyme encapsulation (151).
They offer numerous advantages over other nanocarriers, including structural versatility,
biodegradability, biocompatibility, non-immunogenic and non-toxic nature. Furthermore, the
encapsulation of hydrophilic molecules can be fine-tuned based on the vesicle’s internal
aqueous volume, which is determined by the chosen preparation method (231). Additionally,
incorporating cholesterol into vesicles made from phospholipids decreases lipid bilayer
permeability, a strategy commonly employed to enhance the encapsulation efficiency of
hydrophilic drugs, ensuring that the loaded material remains inside the vesicles (232).
Additionally, if liposomes are functionalized with PEG chains, enzymes can be also covalently
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attached to this molecule to functionalize the outer surface of liposomes (233). However, this
strategy can expose the enzyme to the immune system causing its recognition.

Table 5.1. Examples of pre-clinical studies using liposomes as enzymatic drug delivery systems. Adapted from Cruz
et al. (151)

. . . Targeted .
Enzyme Target disease Liposomal composition | . In vivo outcome Reference
liposome
Enzyme loaded liposomes
Acylatgd Lymphoma EPC:Chol:PI No sr"now.ed 8.—fold |n.crease.|n half- (234)
L-Asparaginase EPC:Chol:SA life (i.v.) improving antitumor
effect compared to free enzyme
Enzyme loaded liposomes
EPC:Chol:GM1 exhibited 15-fold increase in half-
Lymphoma EPC:Chol:PI No life (i.v.), higher antitumor (235)
EPC:Chol:SA activity compared to free
enzyme
L-Asparaginase
L-Asparaginase liposomes
Lewis lung carcinoma SPC:Chol:DSPE-PEG No improved the survival rate in (236)
mice compared to the free
enzyme
Targeted liposomes accumulated
at tumor locations, slowing
SPC:Chol:DSPEPEG:DSPE- !
Catalase Melanoma ° Yes tumor growth and improving the (237)
PEG-NH2-aPDL1 ;
survival rate of the treated
animals

Enzyme loaded liposomes
No exhibited higher therapeutic (238)
activity than the free enzyme

Adjuvant rheumatoid EPC:Chol:SA

arthritis EPC:Chol:PI
Superoxide
dismutase

Enzyme loaded liposomes
Ear oedema EPC:Chol:DSPE-PEG No showed higher edema inhibition (239)
compared to free enzyme

Thrombolytic activity was
DOPE:c(RGD) Yes improved when the enzyme was (240)
encapsulated into liposomes

Human clot inoculated
rat model

Streptokinase Encapsulation into the liposome
increased blood circulation half-
Thromboembolism DSPC:Chol:DSPE-PEG No life of streptokinase (16-fold (241)
higher compared to free
enzyme)

Liposomes increased enzymatic
half-life and improved
thrombolytic efficacy (4-fold
compared to free enzyme)

Urokinase Thromboembolism DPPC:DSPE-PEG:c(RGD) Yes (242)

. . . ) nanosomal Increased bioavailability and
Uricase Uric acid reduction No ¥

microassemblies enhanced efficacy (243)

EPC: egg phosphatidyl choline; Chol: cholesterol; Pl: phosphatidyl inositol; SA: stearylamine; GM1: monosialo
gangliosides; SPC: soya phosphatidyl choline; DSPE-PEG: distearoyl phosphatidyl ethanolamine covalently bunded to
polyethylene glycol; DOPE: dioleoyl phosphatidyl ethanol amine; DSPC: distearoyl phosphatidyl choline; DPPC:
dipalmitoyl phosphatidyl choline

Since the first encapsulation of insulin (244) and lysozyme (245) into liposomes, the entrapment
of proteins and enzymes in these NPs has been continuously developed. Table 5.1 summarizes
some examples of liposomes that have been pre-clinically tested as delivery systems for various
enzymes, such as L-Asparaginase, superoxide dismutase, catalase, streptokinase, urokinase and
uricase for the treatment of different pathologies (Table 5.1). All of them demonstrated higher
enzymatic activity, greater efficacy and enhanced half-life in circulation compared to the free
enzyme, showing that liposomes are effective nanocarriers for enzyme delivery (Table 5.1).

38



Due to their efficiency as enzyme delivery systems, liposomes have also been preclinically tested
to improve ERT for treating various LSDs, including GD (246,247), Niemann-Pick disease type B
(248), MPS type | (249), PD (250) and FD (200,226,251). Some of these studies are summarized
in Table 5.2. Additionally, liposomes are being investigated as nanocarriers for genes encoding
the deficient enzyme (non-viral gene therapy) for some LSDs, such as Sandhoff disease (252),
MPS type VII (253), MPS type | (254,255) and Niemann-Pick disease type C1 (256), further
demonstrating the versatility of liposomes as DDSs.

Table 5.2. Examples of pre-clinical studies using liposomes as ERT delivery systems to treat LSDs. Adapted from
Tomsen-Melero et al. (10).

Target | Encapsulated Liposomal Targeted

. ) In vitro/in vivo outcome Reference
LSD enzyme composition liposome

Improvement in cellular uptake and lysosomal
Velaglucerase EPC:Chol:Rh Yes . Iocalizatifm of glucoc?rebrosidase—loaded targeted (246)
alfa (VPRIVTV) liposomes in Gaucher fibroblasts and macrophages, as

assessed by flow cytometry and confocal microscopy.

Improvement in cellular uptake of SapC-DOPS liposomes
GD loaded with rh-GCase via an M6PR-independent
pathway and in vitro efficacy in GCase KO mouse
rh-GCase SapC:DOPS No fibroblasts, compared to free GCase. Detection of the
enzyme in brain tissue from GCase KO mice treated with
the liposomal formulation through immunolabeling and
enzymatic activity.

Improvement in cellular uptake by NPB fibroblasts and

NPB rh-ASM DPPC:DOPS.:BMP: Yes macrophage-like cell lines, as w'eII asin 'vitro efficacy (248)
Chol:DiD through substrate clearance in NPB fibroblasts,

compared to the free enzyme.

(247)

Significant increase in cell uptake and lysosomal delivery
DOPC:DOPE:Chol: . ) )

MPS | rh-IDUA GNeo:Cy5 Yes of targeted liposomes loaded with IDUA in CHO cells and

MPS | fibroblasts, compared to unmodified liposomes.

After administration in GAA KO mice, the

immunogenicity of rh-GAA was slightly reduced due to (250)

encapsulation in liposomes, but the in vivo efficacy of

GAA-liposomes was minimal.

The uptake of GLA-loaded liposomes targeted with RGD
(nanoGLA) by endothelial cells was improved compared
to non-targeted liposomes, enhancing GLA delivery to
the lysosome. RGD-targeted liposomes also showed
DPPC:Chol:MKC:C Yes better clearance of the GLA substrate in endothelial cells (200,226)

hol-PEG400-RGD derived from GLA-KO mice compared to the free
enzyme. In vivo studies in Fabry KO mice demonstrated
that nanoGLA had an extended half-life in plasma and
greater efficacy in various organs, including the brain,
FD rh-GLA heart, and kidneys, compared to free rh-GLA.
H16-modified liposomes were internalized by HT1080
cells and localized in lysosomes. The efficacy of H16-
modified GLA-loaded liposomes was tested in a GLA-KO
cell line, which exhibited slower cell proliferation
DOPC:Chol:H16 Yes compared to normal cells. The results showed an
increase in cell proliferation after treatment with H16-
targeted liposomes loaded with GLA. These liposomes
successfully delivered GLA to lysosomes, restoring
enzymatic activity and enhancing cell proliferation.

EPC: egg phosphatidyl choline; Chol: cholesterol; Rh: octadecyl-rhodamine B; rh-GCase: recombinant human [3-
glucosidase; SapC: saposin C; DOPS: dioleoylphosphatidylserine; rh-ASM: recombinant human acid sphingomyelinase;
NPB: Niemann-Pick disease type B; DPPC: dipalmitoyl phosphatidyl choline; DOPS: 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine; BMP: bis(monoacylgly cerol)phosphate; DiD: 1,1'-Dioctadecyl-3,3,3",3"-Tetramethylindodicarbocyanine, 4-
Chlorobenzenesulfonate; rh-IDUA: recombinant human a-L-iduronidase; DOPC: 1,2-dioleoyl-sn-glycero-3-
phosphocholine; DOPE: dioleoyl phosphatidyl ethanol amine; GNeo: guanidinylated neomycin; Cy5: Cyanine-5; rh-
GAA: recombinant human acid a-glucosidase; Pl: phosphatidyl inositol; DMPC: 1,2-dimyristoyl-sn-glycero-3-

(249,257)

PD rh-GAA PI:DMPC:Chol No

(251)
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phosphocholine; rh-GLA: recombinant human a-galactosidase A; DPPC: dipalmitoyl phosphatidyl choline; MKC:
myristalkonium chloride; PEG: polyethylene glycol; RGD: Arginyl-glycyl-aspartic acid; H16: polyhistidine peptide.

5.1.2. Production of GLA loaded and RGD targeted nanoliposomes by
DELOS-susp

Production methods utilizing compressed carbon dioxide (CO;) offer a sustainable alternative to
conventional techniques by eliminating the need for environmentally harmful organic solvents.
This makes them safer, more energy-efficient, and resource-conserving. CO, stands out as an
ideal solvent due to its abundance, eco-friendly nature, and low cost, making it particularly well-
suited for pharmaceutical processing. Additionally, CO; is considered a safe solvent by the FDA,
and their critical parameters (critical temp, 31.1 °C; critical pressure, 72.8 atm) make it easily
accessible and user friendly when working with labile bioactive compounds, such as enzymes,
proteins, and other biomolecules, helping to preserve the therapeutic integrity of biological
molecules (10,201,211,258-260).

A novel CO;-based technique, known as Depressurization of an Expanded Liquid Organic
Solution-Suspension (DELOS-susp) (Fig. 5.1), was developed and patented by Prof. Nora Ventosa
ICMAB-CSIC research group and currently it is exploited by Nanomol Technologies spin-off
company (201). This method offers a promising one-step approach for creating homogeneous
and multifunctional nanoliposomes, and enables the conjugation of active biomolecules, such
asrh-GLA (201,211,227,261). Furthermore, DELOS-susp meets key criteria for clinical application
of vesicle-based products, including high batch-to-batch consistency and scalability potential
(211,227).
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Fig. 5.1. Scheme of the nanoGLA production by DELOS-susp methodology edited from Cabrera et al. (201). A) Addition
of organic solution containing the membrane components. B) Expansion of the membrane components solution by
the addition of liquid compressed CO,. C) Depressurization into an aqueous solution, which contain water-soluble
components or hydrophilic biomolecules.

All nanoliposomes used in this thesis were produced by DELOS-susp methodology and provided
by Prof. Nora Ventosa’s research group (ICMAB-CSIC). Briefly, the DELOS-susp procedures
includes:
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1. An organic solution (typically ethanol) containing cholesterol, cholesterol derivatives,
phospholipids and other hydrophobic membrane components is introduced into a high-
pressure vessel, maintained at a working temperature of 35°C and atmospheric pressure
(Fig. 5.1A).

2. Liquid compressed CO; is then added, resulting in a CO,-expanded solution where all
membrane components are dissolved. This occurs at 35°C and a working pressure of 10
MPa. The system is kept in this state to ensure complete homogenization and thermal
equilibration (Fig. 5.1B).

3. The COz-expanded solution is depressurized into an aqueous solution (usually water),
which may contain water-soluble components or hydrophilic biomolecules. Nitrogen
(N2) is flowed into the vessel at a pressure of 11 MPa to facilitate the transfer of the CO,-
expanded solution, maintaining a consistent pressure within the vessel during the
depressurization process (Fig. 5.1C).

During depressurization, the rapid and uniform temperature drop results from the phase
transition of CO, from liquid to gas. This sudden cooling effect may explain the improved vesicle-
to-vesicle uniformity and supramolecular organization observed with this technique compared
to traditional methods (201,262). In fact, DELOS-susp has proven to be an effective tool for
producing a wide range of nanovesicles that can be conjugated with therapeutical molecules of
interest. The process ensures high structural consistency and allows for controlled parameters,
making it a promising approach for the development of new NPs for therapeutical purposes
(201,262).

5.1.3. Purification of nanoliposomes by Tangential Flow Filtration

After nanoliposomes production, a step of purification is essential to eliminate unincorporated
components, such as free rh-GLA, non-incorporated small molecules, and residual organic
solvent that was added during the DELOS-susp process.

The most commonly used purification technique involves microfiltration membranes with pore
sizes ranging from 0.1 to 10 um, allowing for size-based separation of components.

Two primary membrane filtration techniques can be employed in the purification process: direct
flow filtration (DFF), also known as dead-end filtration (Fig. 5.2A), or tangential flow filtration
(TFF), also referred to as crossflow filtration (Fig. 5.2B). In DFF, the feed stream is applied
perpendicular to the membrane and the goal is to pass the entire fluid through. In contrast, TFF
directs the feed stream parallel to the membrane, where a portion of the fluid known as
permeate, passes through, while the remaining retentate is recirculated back to the feed
reservoir.

Compared to DFF, TFF is generally faster and more efficient for size-based separations, as the
crossflow prevents molecule accumulation at the membrane surface, reducing the risk of
fouling. Additionally, TFF avoids the rapid decline in flux rate typically observed in DFF, allowing
for larger volumes to be processed per unit membrane area. Due to these advantages, TFF is
widely used in biomolecule purification. Regardless of the filtration mode, transmembrane
pressure (TMP), which represents the pressure difference between the feed and permeate
sides, serves as the primary driving force for permeation.
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Fig. 5.2. Tangential flow filtration (TFF) for liposome purification. A) Scheme of direct flow filtration. B) Scheme of
TFF. C) Scheme of the TFF procedure using KrosFlo KR2i Tangential Flow Filtration System (Repligen). Arrows
represents the direction flow of the feed stream (green), permeate stream (red), buffer circulation (blue) and
recirculation of the retentate flow (purple).

In this thesis, TFF was employed for nanoliposome purification following DELOS-susp (Fig. 5.2C).
In detail, the purification process can be summarized into three key steps:

1. Diafiltration: This step selectively eliminates smaller components using a membrane
with a specific pore size, while maintaining a constant volume sample. Any fluid lost
through permeate is immediately replenished with an equivalent amount of buffer
(usually water) from the buffer reservoir (Fig. 5.2C).

2. Buffer exchange: Similar to diafiltration, this step not only removes impurities but also
replaces the original medium with a new one from the buffer reservoir. Throughout this
process, the sample volume remains constant (Fig. 5.2C).

3. Concentration: Once desired nanoliposomes are retained by the membrane, the sample
is recirculated through the membrane and returned to the sample reservoir. Unlike
diafiltration and buffer exchange, this step does not involve the buffer reservoir, leading
to sample concentration as excess liquid is removed (Fig. 5.2C). This allowed the sample
to became more concentrated as volume was being removed. The degree of
concentration (Concentration Factor, CF) corresponds to the initial volume (Vi) divided
into the final volume (Vf), CF = Vi / Vf.

By implementing TFF, nanoliposomes produced via DELOS-susp achieve high purity, precise
buffer composition, and controlled concentration, ensuring optimal physicochemical properties
for further experimental applications.
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5.1.4. Improving the formulation of GLA loaded and RGD targeted
nanoliposomes

The main components of the nanoliposomal system consist in phospholipid DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine), cholesterol (Chol) and RGD targeting moiety
(tripeptide Arginine-Glycine-Aspartic acid) (263). The RGD peptide was incorporated into the
nanoliposomes to enhance their recognition by avB3-integrins (264), which are highly expressed
in endothelial cells and in certain Fabry disease target cells, such as podocytes in the kidneys
(265-267). Due to its strong affinity for avB3-integrins, the RGD peptide represents a promising
targeting moiety that facilitates the internalization of GLA-loaded nanoliposomes into Fabry
disease cells. This provides an alternative pathway to the mannose-6-phosphate receptor
(M6PR)-mediated internalization, which is the main endocytic route used by the free GLA
enzyme (268,269).

Among various types of RGD peptides, the c(RGDfk) (cyclo pentapeptide Arginine-Glycine-
Aspartic acid-D-phenylalanine-Lysine) was specifically selected due to its cyclic structure, which
enhances targeting specificity and stability to the nanoliposome (270,271).

The composition of GLA-loaded and RGD-targeted nanoliposomes, also known as nanoGLA, has
undergone continuous optimization since its initial development (226). Iterative modifications
in their composition led to the final version of these nanoliposomes, which was used in the
experiments of this section and received the orphan drug designation by the European
Medicines Agency (EMA) in 2021 (272). This final version is also being used in other research
projects, such as Phoenix (H2020, ID 953110) and Nano4Rare (Horizon, ID 101136772), in
preparation for upcoming clinical trials (Fig. 5.3).

The final version of nanoGLA resulted from a series of progressive modification aimed at
optimizing its composition and functionality. These modifications included the addition of
miristalkonium chloride (MKC), a positively charged surfactant and antimicrobial preservative,
to enhance the cationic characteristics in order to increase the GLA loading in the nanoliposome
due to the negative charge of the enzyme (273-275). Therefore, the final formulation consisted
of DPPC:Chol:Chol-PEG400-RGD (10:6.5:0.5 molar ratio) with a 3% mol of MKC (Fig. 5.3). This
nanoGLA contained a GLA enzyme derived from stable CHO clones without the His tag, a
modification implemented to reduce the potential immunogenicity of this nanoliposome caused
by the affinity tag (276,277). This new GLA enzyme, called rh-GLA, was developed in
collaboration between the Genetic and Microbiology department of IBB-UAB and LeanBio SL, in
the frame of Smart4Fabry EU project.

This final and improved version of nanoGLA was selected to perform all the experiments in
section 5 as well as in section 6. It also received the orphan drug designation (ODD) due to its
improved preclinical efficacy compared to classical ERT and its ability to cross the blood-brain
barrier (BBB) (200).
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Fig. 5.3. Scheme of the structure and all the components of the final version of nanoGLA. Importantly, the Chol is
attached to the PEG linker via an ether bond, rather than the typical carbamate bond.

Dr. Judit Tomsen-Melero (2021) and Dr. Aida Carrefio (2024) from ICMAB-CSIC made a
significant contributions to the development of nanoGLA through their respective doctoral
theses (203). Without their perseverance and quality work, these findings presented in this
section would not have been possible.

5.2. Characterization of GLA loaded and RGD targeted
nanoliposomes

Nanoliposomes loaded with or without GLA enzyme were produced by DELOS-susp
methodology followed a TFF step and provided by Prof. Nora Ventosa group at ICMAB-CSIC. To
assess the effect of RGD functionalization on the BD and efficacy of these nanoparticles, six
different nanoliposome formulations were produced, each varying in RGD content (0, 3, and
6 mol% in relation to the rest of membrane components) and loaded or unloaded with rh-GLA.

A deep chemical and physicochemical characterization of these systems was performed. First,
the chemical composition of both empty nanoliposomes (EL, i.e., GLA enzyme unloaded) and
GLA-loaded nanoliposomes (nanoGLA) was characterized using reversed-phase high-
performance liquid chromatography (RP-HPLC) at ICMAB-CSIC. This analysis confirmed that lipid
concentrations remained consistent across all tested formulations (Table 5.3; Fig. 5.4A, 5.4B and
5.4C). The DPPC and cholesterol content was found to be nearly identical among all
nanoformulations (Fig. 5.4B and 5.4C). Similarly, the cationic surfactant miristalkonium chloride
(MKC) was present in comparable concentrations across all samples, ranging between 2.4 mol%
and 3.2 mol% relative to other membrane components (Table 5.3; Fig. 5.4B and 5.4C). These
findings indicate that the addition of RGD peptides and the presence of rh-GLA did not
significantly alter the overall nanoliposomal chemical composition, suggesting that the
production manufacturing, consisting in DELOS-susp followed by TFF, ensures consistent
formulation properties regardless of functionalization or enzyme loading. As for the targeting
moiety and the loaded cargo, the RGD content in the nanoliposomes was lower than
theoretically expected for both the 3%RGD and 6%RGD formulations. However, nanoliposomes
with 6%RGD exhibited nearly double RGD content compared to those with 3%RGD. Specifically,
the nanoliposomes with a theoretical 3%RGD content exhibited 2.3 mol % of RGD for EL-3%RGD
and 1.9 mol % for nanoGLA-3%RGD, while those with a theoretical 6%RGD content displayed
higher RGD levels, with 3.7 mol % of RGD in EL-6%RGD and 4 mol % in nanoGLA-6%RGD (Table
5.3; Fig. 5.4C). These results indicate that the incorporation of RGD on the nanoliposomal surface
is effective, although it differs from the theoretical or expected percentage. This should be taken
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into account when interpreting the subsequent results. On the other hand, enzymatic rh-GLA
content was consistent across the different versions of nanoGLA, ranging from 0.04 to 0.05
mg/mL (Table 5.3).

Table 5.3. Summary table of composition and physicochemical properties of the liposomal formulations used in
this Section. Hydrodynamic size, dispersity index (PDI), and T -potential were determined by dynamic and
electrophoretic light scattering; lipid concentration and enzyme concentration were determined by RP-HPLC. All data

is showed as Mean + SEM. Characterization performed by Prof. N. Ventosa’s team from ICMAB-CSIC.

EL-0%RGD EL-3%RGD EL-6%RGD nanoGLA-0%RGD | nanoGLA-3%RGD | nanoGLA-6%RGD
DPPC:Chol:Chol- | DPPC:Chol:Chol- DPPC:Cho:Chol- | DPPC:Chol:Chol-
DPPC:Chol PEG400-c(RGDfk) | PEG400-c(RGDfK) DPPC:Chol PEGA400-c(RGDfk) | PEG400-c(RGDfK)
Membrane 10:7 10:7
. ’ 10:6.5:0.5 10:6:1 ’ 10:6.5:0.5 10:6:1
composition 0 1% RGD 0 1% RGD
(é 4":0'/0”/ MKé) (2.3mol % RGD) | (3.7 mol % RGD) ((3 2; ;’ MKC)) (1.9 mol % RGD) (4 mol % RGD)
: 5 (3.2mol % MKC) | (2.9 mol % MKC) ? (3 mol % MKC) (2.7 mol % MKC)
’ g " 1ok
’ ) 0% ) " L SN
Size (nm) 115+2 127+2 137+2 127+1 171+1 205+2
PDI 0.16 +0.01 0.17 +0.02 0.18+0.01 0.17 +0.02 0.18 +0.02 0.19 +0.02
¢~ potential 44+1 4542 42+1 41+1 36+1 36+1
(mV)
[Lipid] 1.9+0.1 1.9+0.1 17+0.1 17+0.1 17+01 1.9+0.1
(mg/mL)
=1 0.044 + 0.003 0.046 + 0.001 0.047 + 0.002
(mg/mL)
IR 300 300 300 300 300 300
(nM)

Regarding physicochemical properties, dynamic light scattering (DLS) analysis revealed
differences in the size distribution of these nanoparticles. Specifically, nanoGLA-3%RGD and
nanoGLA-6%RGD exhibited a shifted distribution toward larger sizes (171 £ 1 nm and 205 + 2
nm) compared to the EL (115 £ 2 nm), EL with RGD (127 * 2 nm for EL-3%RGD and 137 + 1 nm
for EL-6%RGD) or nanoGLA without RGD (127 + 1 nm) (Table 5.3; Fig. 5.4D). Despite the
increased size of the nanoliposomes with the addition of rh-GLA and the RGD peptide, the
polydispersity index (PDI) remained below 0.2 in all cases, indicating that the samples were
monodisperse, homogeneous and acceptable for a drug delivery system (278). Additionally, the
{-potential (measured by electrophoretic light scattering, i.e., ELS) decreased with the combined
presence of RGD and rh-GLA (from +45 mV to +36 mV) (Table 5.3), likely due to a charge shielding
effect on the surface of the liposome, which is normally positive because of the presence of
MKC, and becomes less positive due to the probable electrostatic interaction with rh-GLA, as
well as the presence of PEG400-RGD. This slight reduction in the C-potential of the
nanoliposomes did not affect to their storage stability (more than 2 weeks) as demonstrated in
previous studies (211), probably due to the negative net charge provided by the rh-GLA to the
mixture (IEP = 5.2). In addition, values of {-potential of + 30 mV are considered acceptable for
the stability of liposomes (279) but Z-potential values higher than + 30 mV were also reported in
previous studies with other nanoGLA productions (211).
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Overall, the results obtained for the production and characterization of the nanoliposomes are
in agreement with those previously obtained in other studies (200,201,211), which indicates the
robustness and reproducibility of the formulation method.
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Fig. 5.4. Characterization of different liposomal formulations. A) Lipid content (mg/mL) quantified by HPLC. Results
were represented as Mean % SD. B-C) Concentration of the different liposomal components (mg/mL and %mol) in
each nanoformulation. Results in C were represented as Mean + SD. D) Size distribution measured by DLS. E)
Fluorescence emission spectra of each DiR-labeled liposomal formulation. Different scattering contribution is also
observed (see at 720 nm). Characterization performed by Prof. N. Ventosa’s team from ICMAB-CSIC.

In order to track the internalization and biodistribution of nanooliposomes in vitro and in vivo,
it was required the use of fluorescent molecules to monitor and track the testing substances.
Therefore, the lipophilic DiR carbocyanine fluorophore (1,1'-dioctadecyl-3,3,3',3'-
tetramethylindotricarbocyanine iodide) was incorporated to the rest of membrane components
of the liposomes during the manufacturing process of all versions of EL and nanoGLA.

Fluorescence emission spectra analysis revealed that all nanoformulations exhibited a
fluorescence signal (Fig 5.4E). Surprisingly, nanoliposomes with rh-GLA showed slightly higher
fluorescence intensity than the EL versions, likely due to a greater incorporation of DiR in the
nanoliposomes containing rh-GLA (Fig. 5.4E) or it could also be attributed to a higher scattering
contribution (due to the larger size of nanoGLA compared to EL). Despite these variations in
fluorescence intensity, all in vitro and in vivo studies were conducted using normalized
fluorescence values, ensuring accurate and corrected comparisons across different
formulations.

The functionality and stability of the rh-GLA protein loaded in nanoGLA formulations were
assessed by measuring the GLA enzymatic activity. Up to 14-days after production, all nanoGLA
formulations showed similar GLA enzymatic activity (1,468 + 118 pmol/h-mg for
nanoGLA-0%RGD, 1,287 + 26 umol/h-mg for nanoGLA-3%RGD and 1,467 + 33 umol/h-mg for
nanoGLA-6%RGD), but these values were lower than the activity of both agalsidase alfa (1,890 +
26 pmol/h-mg) and rh-GLA (2,146 + 228 umol/h-mg) (Fig. 5.5A). As expected, all versions of
empty nanoliposomes (EL-0%RGD, EL-3%RGD, and EL-6%RGD, therefore without rh-GLA
enzyme) showed no enzymatic activity (data not shown).
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Fig. 5.5. Specific GLA enzymatic activity of different liposomal systems. A) Enzymatic activity of clinical free enzyme
Agalsidase alfa (Agal. A), recombinant human free enzyme (rh-GLA) and different nanoGLA formulations. B) Stability
of enzymatic activity after 2 weeks at 4°C of free GLA enzyme (rh-GLA) and different formulations of nanoGLA.
Enzymatic activity observed after different days of storage were referred to enzymatic activity observed at day 1 (%
of enzymatic activity). Agal. A was included as a control. Statistical significance levels were schematically assigned
*#(0.01 < p < 0.05), **(0.001 < p < 0.01), ¥**(0.0001 < p < 0.001), ****(p < 0.0001).

Upon storage at 4°C, both versions of rh-GLA, free enzyme or nanoGLA, exhibited gradual loss
of enzymatic activity over time. After 6 days of storage at 4°C, the nanoGLA versions showed
better preservation of enzymatic activity than both free rh-GLA and Agal. A. Specifically,
nanoGLA-3%RGD exhibited the best preservation (Fig. 5.5B). However, after 13 days of storage
at 4°C, nanoGLA-0%RGD and nanoGLA-3%RGD showed similar levels of enzymatic activity
preservation, which were better than those of both free enzymes. In contrast, nanoGLA-6%RGD
showed a decrease in enzymatic activity after 13 days of storage (Fig. 5.5B). This likely indicates
that higher concentrations of RGD could negatively affect GLA stability. However, this may be
specific to this batch of nanoliposomes, so other batches need to be tested to confirm this
hypothesis. It is important to note that free rh-GLA exhibited a higher % of enzymatic activity
than what was observed after 6 days of storage. Similar behaviour of rh-GLA was observed over
time in other studies (202). This may indicate that free rh-GLA undergoes a progressive loss of
stability over time, while its encapsulation within nanoliposomes enhances its stability.

Overall, these results indicated that all the different versions of nanoliposomes are stable with
defined composition and good physicochemical properties, such as size, PDI and C-potential. In
addition, nanoGLA formulations maintain charge stability for at least two weeks, allowing for
experimental studies to be conducted within this timeframe. For long-term storage and clinical
applications of the product, ICMAB-CSIC is currently developing a lyophilized final formulation
of nanoGLA (200).
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5.3. Internalization  of targeted nanoliposomes in
endothelial cells

5.3.1. Effect of RGD functionalization in nanoliposomal uptake in
endothelial cells

To demonstrate that the presence of RGD as a targeting moiety in nanoliposomes enhances their
uptake by endothelial cells, various internalization assays were conducted using a final
theoretical lipid concentration of 0.05 mg/mL of each nanoformulation, previously labelled with
DiR-dye. As discussed in previous sections, endothelial cells are one of the most affected cell
types in FD. Therefore, Human Microvascular Endothelial Cells-1 (HMEC-1) were chosen as the
cell model to investigate the nanoliposomal internalization.

First, flow cytometry analysis of EL-O%RGD and EL-3%RGD internalization in HMEC-1 revealed
that the inclusion of the RGD peptide in empty nanoliposomes significantly improved their
uptake by endothelial cells after 1 h (p =0.03) and 6 h (p = 0.0001) of incubation, increasing the
median fluorescence intensity (MFI) of DiR in HMEC-1 cells (Fig. 5.5A). This was also evidenced
by an increase in the percentage of DiR-positive cells (Fig. 5.6C). Similarly, the presence of RGD
enhanced endothelial cell internalization of nanoGLA formulations, as observed by flow
cytometry after 0.5, 1, and 6 h of incubation in both MFI and percentage of DiR-positive HMEC-1
cells (Fig. 5.6B and 5.6C). This improvement in the internalization in HMEC-1 cells due to RGD
was also reported in previous studies with similar nanoliposomes (202).

Importantly, after 1 and 6 h of incubation, HMEC-1 cells treated with nanoGLA-6%RGD showed
higher cell mortality compared to those treated with EL and the other nanoGLA formulations.
This increased cell death was visually confirmed using optical microscopy, suggesting that higher
concentrations of RGD may have cytotoxic effects under certain conditions.

These findings were further corroborated by confocal microscopy, which showed that nanoGLA
formulations with RGD targeting moiety were internalized more rapidly than nanoGLA-0%RGD
(Fig. 5.6D). Among the RGD-containing nanoformulations, nanoGLA-3%RGD emerged as the
optimal choice due to the high cell mortality observed in HMEC-1 cells treated with nanoGLA-
6%RGD. This effect of the nanoGLA-6%RGD to the HMEC-1 cells was also observed by the
internalization assay using flow cytometry.

Co-localization studies demonstrated an overlap between the DiR signal from nanoGLA
formulations and LysoTracker™ stain, indicating that nanoGLA successfully reached the
lysosomes (Fig. 5.6D and 5.6E). These findings are consistent with previous studies using DiD-
loaded EL-RGD and nanoGLA-RGD (202), further demonstrating the robustness and
reproducibility of these results.

The combined presence of RGD and rh-GLA on the nanoliposomal surface significantly increased
the percentage of DiR-positive cells in HMEC-1 cells treated with nanoGLA-0%RGD and
nanoGLA.3%RGD compared with EL-0%RGD and EL-3%RGD, after 6 h of incubation (p = 0.02 in
both cases). This suggests a possible interaction between the rh-GLA on the nanoliposomal
surface and mannose-6-phosphate receptors (M6PR), which are the main pathway through
which lysosomal enzymes, such as the GLA, enter the cell (12,268,280). This interaction could
contribute to an overall enhanced cellular uptake of these NPs.
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Fig. 5.6. Cellular internalization of different liposomal systems labeled with DiR dye at 0.05 mg/mL of theoretical
lipid content in HMEC-1 cells. A) Median fluorescence intensity (MFI) of DiR in cells treated with EL-0%RGD and EL-
3%RGD after 1 h and 6 h of incubation by flow cytometry. B) Median fluorescence intensity (MFI) of DiR in cells treated
with nanoGLA-0%RGD, nanoGLA-3%RGD and nanoGLA-6%RGD after 0.5 h, 1 h and 6 h of incubation by flow
cytometry. C) Percentage of DiR positive cells after incubation of 1 h and 6 h with different liposomal systems by flow
cytometry. Statistical significance levels were schematically assigned *(0.01 < p < 0.05), **(0.001 < p < 0.01),
**%(0.0001 < p < 0.001), ****(p < 0.0001). D) Internalization of different DiR-labeled nanoGLA systems in HMEC-1
cells after 1 and 6 hours of incubation by confocal microscopy (40X). Magenta: DiR-labeled nanoGLA liposomes, cyan:
LysoTracker™ Green DND-26, scale bar: 50 um. Red arrows showed co-location of two colors. E) Ortho view of Z-stack
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images of HMEC-1 cells after incubation with DiR-loaded nanoGLA-0%RGD (left) and nanoGLA-3%RGD (right) at 1h
(40X). Magenta: DiR-labeled nanoGLA dendrimers, cyan: LysoTracker™ Green DND-26, scale bar: 50 um. Red arrows
showed co-location of two colors.

Interestingly, the increased internalization of nanoliposomes in HMEC-1 cells due to the
presence of rh-GLA was not observed in previous studies (202). This discrepancy is likely due to
several factors, such as differences in GLA concentration and sequence. In the present study,
the enzyme levels used were ten times higher, the GLA sequence did not contain His-tag, and
liposomal formulation was optimized, in contrast to the conditions used in previous
experiments.

5.3.2. MP6R-dependent internalization of nanoliposomes

The GLA enzyme is primarily internalized by cells through interaction with M6PR (268,281). This
receptor is widely expressed in various cell types, including macrophages, fibroblasts and kidney
cells (282-284). As discussed in section 5.3.1, the internalization of rh-GLA is enhanced in the
presence of rh-GLA in the nanoliposome, suggesting a possible interaction between the enzyme
and M6PR. However, nanoGLA does not necessarily follow this endocytic pathway, due to the
presence of RGD in the nanoliposome or because some of the rh-GLA is located in the internal
part of the nanoliposome and is not exposed to the M6PR on the cell surface.

To further investigate the cellular uptake mechanism of nanoliposomes, internalization assays
were performed by blocking M6PR cell receptors with high concentrations of mannose-6-
phosphate (5 mM) in primary cultures of mouse aortic endothelial cells (MAEC) from GLA KO
Fabry mice (217). The natural absence of endogenous GLA in these cells allowed for the
qguantification of intracellular enzymatic activity resulting only from the internalization of rh-GLA
and nanoGLA formulations. Results showed that, after 6 h of incubation, intracellular enzymatic
activity was very low in MAEC treated with 1 pg/mL of free rh-GLA in the presence of M6P,
indicating an effective blockade of GLA cellular uptake (Fig. 5.7A). However, when cells were
treated with nanoGLA formulations (0% RGD and 3% RGD) at the equivalent concentration,
enzymatic activity levels remained similar regardless of M6P incubation, suggesting that
nanoGLA uptake occurs independently of M6PR (Fig. 5.7A).

Interestingly, cells treated with nanoGLA-3%RGD in the presence of M6P showed a significant
increase in intracellular enzymatic activity compared to those treated with nanoGLA-3%RGD in
the absence of M6P (p = 0.02). This might indicate the activation of alternative endocytic
pathways because of the inactivation of the M6PR-dependent internalization route, suggesting
a compensatory mechanism that bypasses the inhibition of M6PR function (285-287).
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Fig. 5.7. Uptake of nanoGLA-0%RGD and nanoGLA-3%RGD in the absence (-) and presence (+) of mannose-6-
phosphate (M6P) in KO GLA endothelial cells (MAEC) after 6 h. A) Intracellular enzymatic activity after treatment
with free GLA (rh-GLA) or nanoGLA with or without RGD in the absence or presence of 5 mM of M6P (M6P (-) and
MB6P (+) respectively). B) Ratio of internalization was calculated dividing intracellular enzymatic activity in presence
of M6P to those in absence of M6P for every treatment (rh-GLA, nanoGLA-0%RGD and nanoGLA-3%RGD). Statistical
significance levels were schematically assigned *(0.01 < p < 0.05), **(0.001 < p < 0.01), ***(0.0001 < p < 0.001), ****(p
<0.0001).

To further assess the role of M6PR-independent pathways in nanoliposome internalization, the
internalization ratio was calculated for each treatment (rh-GLA, nanoGLA-0%RGD, and nanoGLA-
3%RGD) by dividing intracellular enzymatic activity in the presence of M6P by that in the absence
of M6P (Fig. 5.7B). The results indicated that RGD functionalization enhances nanoliposome
internalization, particularly in conditions where M6PR-mediated uptake is blocked.

5.3.3. Endocytic internalization of nanoliposomes

We also investigated the specific internalization route by using different endocytosis inhibitors.
The assay included Dynasore (Dyn), 5-(N-ethyl-N-isopropyl) amiloride (EIPA), Nystatin (Nys) and
Chlorpromazine (CPZ). Dyn is a GTPase inhibitor of dynamin activity that blocks endocytic vesicle
scission from the cell membrane and thereby inhibits macropinocytosis (288). On the other
hand, EIPA is a selective blocker of the Na+/H+ antiport that also inhibits macropinocytosis (289).
Nys, is an inhibitor of caveolae-dependent endocytosis by binding sterols and disrupting
caveolae formation (290) and CPZ is a clathrin-dependent endocytosis inhibitor that binds
clathrin and the adaptor protein 2 (AP2) complex, blocking the formation of clathrin-coated pits
on the inner surface of the plasma membrane (291). All these inhibitors were co-incubated with
0.05 mg/mL of lipid concentration of EL-0%RGD, EL-3%RGD, or nanoGLA-3%RGD labeled with
DiR at 300 nM in HMEC-1 cells for 6 h.

Since endocytosis inhibitors can affect cell viability (292,293), two different concentrations of
each inhibitor were tested (50 uM and 100 uM for Dyn, 75 uM and 100 uM for EIPA, 25 uM and
50 uM for Nys, and 10 uM and 20 uM for CPZ). Cell viability was around 80% in all cases (Fig.
5.8A), and no significant differences compared to control except for the case of nystatin at 50
UM that slightly reduced cell viability (p = 0.02). This phenomenon was not observed in the other
nanoformulations, indicating that it was an isolated case.
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Regarding internalization, none of the endocytosis inhibitors tested were able to completely
abolish nanoliposomal internalization in HMEC-1 cells at any concentration tested. In agreement
with previous experiments, a clear improvement in nanoliposomal cellular uptake in HMEC-1
cells due to the presence of RGD was also observed (Fig. 5.8B and 5.8C). Additionally, Dyn and
Nys were the only inhibitors that significantly reduced nanoliposomes internalization,
independent of the presence or absence of RGD (Fig. 5.8B and 5.8C). This decrease in HMEC-1
uptake was dose-dependent.
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Fig. 5.8. Internalization of DiR-labeled EL-0%RGD, EL-3%RGD and nanoGLA-3%RGD in HMEC-1 cells after 6 h of
incubation in the absence or presence of endocytosis inhibitors, by flow cytometry. A) Cell viability (%) of HMEC-1
cells after incubation with different concentrations of endocytosis inhibitors. Only in cells treated with EL-0%RGD and
the highest dose of nystatin showed a significant decrease (P<0.05) in cell viability. B) Percentage of DiR positive
HMEC-1 cells determined by flow cytometry. C) Median fluorescence intensity (MFI) of HMEC-1 cells. Results
confirmed what was observed in %DiR positive cells. In all figures (A-B-C), two different concentrations of every
inhibitor of endocytosis were tested and the control bar corresponded to the internalization of the nanoparticle with
the absence of endocytosis inhibitor. Statistical significance levels were schematically assigned *(0.01 < p < 0.05),
#%(0.001 < p < 0.01), ***(0.0001 < p < 0.001), ****(p < 0.0001).

The inhibition of dynamin-dependent macropinocytosis with Dyn (100 uM) led to a significant
reduction in DiR-positive cells across all nanoliposomal formulations. Specifically, internalization
was reduced by 17% for EL-0% RGD, 25% for EL-3% RGD, and 26% for nanoGLA-3% RGD (Fig.
5.8B). In addition, in terms of MFI, Dyn treatment reduced 30% of EL-0%RGD internalization and
48% and 70% of EL-3%RGD and nanoGLA-3%RGD uptake, respectively, further supporting the
role of dynamin-mediated macropinocytosis in nanoliposomal internalization. (Fig. 5.8C).

The inhibition of caveolae-mediated endocytosis using Nys (50 uM) also impacted nanoliposome
uptake, though to a lesser extent than Dyn. DiR-positive cell percentages were reduced by 9%
for EL-0% RGD and 12% for both EL-3%RGD and nanoGLA-3%RGD (Fig. 5.8B). Similarly, MFI
analysis showed a 10% reduction for EL-0%RGD, 25% for EL-3%RGD, and 40% for
nanoGLA-3%RGD upon treatment with Nys (Fig. 5.8C). These results indicate that caveolae-
mediated uptake contributes significantly to nanoGLA-3%RGD internalization.

These results demonstrate that all tested nanoliposomes (with and without RGD) were mainly
endocytosed via macropinocytosis, followed by caveolae-dependent endocytosis in HMEC-1
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cells. However, these two endocytic routes were more important for the internalization of
nanoliposomes with 3% of RGD compared to EL-0%RGD. Some studies with RGD-targeted
liposomes have reported that one of the main endocytic pathways for the cellular uptake of
RGD-targeted liposomes is clathrin-mediated endocytosis, driven by the interaction between
RGD and cellular integrins (293-295). Other studies have also reported that caveolae-mediated
endocytosis and macropinocytosis contribute to their uptake (296,297). Furthermore, it is well
established that the endocytic pathway selected by the cell is sized dependent, with particles
ranging from 100 nm to 5 um in size being preferentially endocytosed via macropinocytosis
(278).

Additionally, as shown by MFI analysis, nanoGLA-3%RGD showed a greater reduction in
macropinocytosis and caveolae-dependent endocytosis upon treatment with Dyn and Nys,
respectively, compared to EL-3%RGD. This suggests that rh-GLA may play a role in nanoliposomal
internalization (Fig. 5.8B), independent of MG6PR-mediated uptake (Fig. 5.7). To further
investigate this, an internalization assay combining Dyn or Nys with M6P blockade could clarify
the involvement of rh-GLA on the nanoliposomal surface in facilitating endocytosis.

Importantly, fibroblasts from Fabry patients exhibit impaired clathrin-dependent endocytosis
and, consequently, altered M6PR-dependent endocytosis (298). The fact that chlorpromazine
(CPZ), a clathrin-mediated endocytosis inhibitor, did not affect nanoGLA-3% RGD uptake in
HMEC-1 cells suggests that nanoGLA-3% RGD may bypass the defective clathrin-dependent
pathway observed in Fabry cells.

5.4. In vitro efficacy of RGD-targeted nanoliposomes

To evaluate whether enhanced internalization of RGD-decorated nanoliposmes translates into
better efficacy for Gb3 clearance, in vitro efficacy experiments were conducted using MAEC cells
derived from GLA KO mice. These experiments compared nanoGLA with different
concentrations of RGD (0%, 3%, and 6% mol) against free GLA enzymes (Agal. A and rh-GLA).
Various concentrations of equivalent GLA were tested: 0.03, 0.1, 0.3, 0.5, and 1 pg/mL, based
on GLA experimental concentration values in nanoGLA previously quantified by HPLC. The
results demonstrated that Agalsidase alfa and rh-GLA exhibited similar efficacy at different
concentrations after 48 h of incubation. However, all nanoGLA formulations displayed greater
Gb3 clearance compared to the free enzymes, starting at 0.1 ug/mL of equivalent GLA (Fig. 5.9A).
These findings indicate that integration of GLA into nanoliposomes enhances its in vitro efficacy.

As expected, RGD-targeted nanoGLA (i.e., nanoGLA-3%RGD and nanoGLA-6%RGD) showed
better Gb3 clearance in KO MAEC. However, nanoGLA-3%RGD outperformed nanoGLA-6%RGD
in in vitro efficacy (Fig. 5.9A and 5.9B), indicating that higher RGD densities in liposome’ surface
does not necessarily correlate with greater in vitro effectiveness. This observation aligns with
previous internalization experiments, where nanoGLA-6% RGD was associated with increased
cell cytotoxicity, which may have compromised its efficacy.

53



& rh-GLA
A -+ nanoGLA-0%RGD B
-¥ nanoGLA-3%RGD < * % % %k % % 3 %
<- 157 —- nanoGLA-6%RGD — 151 || |
® A * * %k ns
< << 1
iz 1 |
2k 25
o 2 +H
= H =
= © C
f o ® g 5-
n O @ $
g= 8=
2 2,
) i
\al el Q Q Q
& o \3_0 \gs’ \3.0
[GLA] (ng/mL) s &g 5 $
¥ &F &
& & &
& & N

Fig. 5.9. In vitro efficacy in endothelial primary cultures derived from Fabry KO mice after 48 h. Gb3 clearance
showed by different treatments was normalized by in vitro efficacy of free agalsidase alfa. A) Different versions of
nanoGLA compared with free enzyme rh-GLA at different GLA equivalent concentrations (0.03, 0.1, 0.25, 0.5 and
1 pug/mL). B) In vitro efficacy of both free enzymes (Agal. A and rh-GLA) compared with the different formulations of
nanoGLA at 0.5 pug/mL of equivalent GLA. Results corresponded to a three independent experiments with different
batches of liposomes. Statistical significance levels were schematically assigned *(0.01 < p < 0.05), **(0.001 < p <
0.01), ***(0.0001 < p < 0.001), ****(p < 0.0001).

Overall, these results confirm that all nanoGLA formulations enhanced in vitro efficacy
compared to the free enzymes (Fig. 5.9A and 5.9B). This finding is consistent with previous
experiments using other batches of nanoGLA-3%RGD, which also showed higher in vitro efficacy
compared to both free enzymes (200,202).

5.5. In vivo biodistribution of different versions of nanoGLA
in Fabry KO mice

Following the observed enhancement in endothelial cell internalization and the greater Gb3
clearance of RGD-functionalized nanoGLA in primary cell cultures, an in vivo biodistribution
study was conducted. This study aimed to evaluate the distribution of free rh-GLA, nanoGLA-0%
RGD, nanoGLA-3%RGD, and nanoGLA-6%RGD in Fabry KO mice after i.v. administration. A single
dose of these systems at 1 mg/kg of equivalent GLA was administered to 1- to 4-month-old KO
Fabry mice (Gla™“"?) from the C57BL/6J lineage. The age of the mice was selected based on
previous efficacy assays that determined Gb3 levels, conducted previously by the group. It was
observed that in mice older than 5 months, the accumulation of Gb3 was too high to observe an
effect from the administered treatments. Therefore, the age range of 1-4 months was selected
for future efficacy experiments, as more precise results regarding the effectiveness of the
treatments in reducing Gb3 levels in these Fabry KO mice could be obtained. Although the
present study is for BD rather than efficacy, the same age range of 1-4 months was selected.

Biodistribution was assessed at 1 and 30 min post-administration, using DiR fluorescence from
nanoGLA and enzymatic activity (EA). Five different treatment groups were defined: non-treated
KO mice (n = 3), rh-GLA-treated mice (n = 3 per time point), nanoGLA-0%RGD-treated mice (n =
4 per timepoint), nanoGLA-3%RGD-treated mice (n = 4 per time point), and nanoGLA-6%RGD-
treated mice (n = 4 per time point).

For this assay, new batches of different versions of nanoGLA, each loaded with a theoretical
concentration of 1 uM of DiR, were produced using DELOS-susp followed by TFF, with some
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differences compared to those used in vitro (Table 5.3). Specifically, these new nanoGLA
versions were concentrated and diafiltrated in a 5% (w/v) glucose isosmolar solution by TFF
system to obtain the final liposomal batches with the minimal rh-GLA concentration required
for intravenous administration in Fabry mice at a dose of 1mg/kg, in accordance with other in
vivo studies involving nanoGLA formulations (200).

All versions of nanoGLA were isosmolar (approximately 280 mOsm/kg) (Table 5.4), making them
suitable for intravenous administration, ensuring liposomal stability and hemocompatibility
(200). They also exhibited similar enzymatic activity (Fig. 5.10A) and fluorescence emission
spectra (Fig. 5.10B), confirming the suitability of the formulations for in vivo evaluation.

Table 5.4. Summary table of composition and physicochemical properties of the liposomal formulations used for
in vivo experiments. Hydrodynamic size and T -potential were determined by DLS and ELS, and GLA enzyme
concentration by RP-HPLC. All data is showed as Mean + SD. Characterization performed by Prof. N. Ventosa’s team
from ICMAB-CSIC.

nanoGLA-0%RGD nanoGLA-3%RGD nanoGLA-6%RGD
DPPC:Chol DPPC:Cho:Chol-PEG400-c(RGDfk) | DPPC:Chol:Chol-PEG400-c(RGDfk)
Theoretical
RS 10:7 10:6.5:0.5 10:6:1
composition (0 mol % RGD) (3 mol % RGD) (6 mol % RGD)
(5 mol % MKC) (5 mol % MKC) (5 mol % MKC)
Scheme N' “
Size (nm) 113+1 111+1 116+ 1
PDI 0.23+0.01 0.17 £0.01 0.20£0.01
{ - potential
52+1 46+1 44+1
(mV)
Osmolarity
2935 3085 3055
(mOsm/kg)
Theoretical
[Lipid] 9.0 9.0 9.0
(mg/mL)
[GLA]
0.16 £ 0.004 0.20 £ 0.006 0.20 £ 0.002
(mg/mL)
[DiR]
1125 1125 1125
(nM)

In detail, free rh-GLA exhibited higher enzymatic activity (2,889 + 334 umol/h-mg) than the
different nanoGLA formulations (1,745 + 55 umol/h-mg for nanoGLA-O%RGD, 2,110 *
47 umol/h-mg for nanoGLA-3%RGD and 1,899 + 89 umol/h-mg for nanoGLA-6%RGD). These
differences were statistically significant for nanoGLA-0%RGD and nanoGLA-6%RGD (p = 0.03 for
both) but not for nanoGLA-3%RGD (p = 0.06) (Fig. 5.10A). Interestingly, among the nanoGLA
formulations, nanoGLA-3%RGD exhibited the highest enzymatic activity, which was significantly
higher than nanoGLA-0%RGD (p = 0.03) (Fig. 5.10A). These findings demonstrated that the
increase in RGD density in the nanoliposome did not affect their EA.
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Fig. 5.10. Characterization of different nanoGLA formulations for in vivo testing. A) Enzymatic activity of rh-GLA and
different nanoGLA. Statistical significance levels were schematically assigned *(0.01 < p < 0.05), **(0.001 < p < 0.01),
***(0.0001 < p < 0.001), ****(p < 0.0001). B) Fluorescence emission spectra DiR-labeled nanoGLA formulations,
performed by Prof. N. Ventosa’s team from ICMAB-CSIC.

Similar to the findings observed in in vitro experiments (Fig. 5.5A), all nanoGLA formulations
exhibited lower enzymatic activity compared to free rh-GLA. However, the specific enzymatic
activity of these new batches of nanoGLA formulations was higher than that of the nanoGLA
used for in vitro studies.

All these results confirm that the different nanoGLA formulations adhered to the Critical Quality
Attributes (CQAs) required for in vivo administration, as previously reported (200). The
consistency in enzymatic activity across nanoformulations supports the reliability and
reproducibility of the DELOS-susp manufacturing process, ensuring that the nanoGLA
formulations maintain their functional integrity when prepared for in vivo applications.

5.5.1. Exvivo FLI biodistribution of the different DiR-labelled nanoGLA
versions

This experiment aimed to compare the biodistributions (BD) of the different nanoGLA
formulations to determine whether the presence of RGD on the nanoliposomal surface had a
beneficial role in the targeted delivery of nanoliposomes to Fabry disease-relevant organs such
as the kidney, brain, and heart. The distribution of DiR-labeled nanoGLA-0%RGD, nanoGLA-
3%RGD, and nanoGLA-6%RGD was assessed in GLA-deficient (KO) mice using IVIS™ Optical
Imaging to quantify DiR signal. At 1 and 30 min post-administration, treated animals were
euthanized and the percentage of DiR FLI was determined in liver, spleen, kidneys, lungs, heart,
brain, intestine, skin and muscle. Non-treated KO mice was also euthanized and their tissues
were used as a control (Fig. 5.11A).

Results showed that after 1 min post-administration, most of the DiR FLI signal was located in
the liver, kidneys and lungs in all nanoformulations. However, after 30 min, the DiR signal
decreased in all tissues, except for the liver and spleen, where DiR FLI was higher compared to
what was observed at 1 min (Fig. 5.11B and 5.11C).

In the liver, DiR signal increased between 1 and 30 min for nanoGLA-0%RGD (from 70.7% to
82.26%) and nanoGLA-3%RGD (from 68.1% to 77.4%), while it remained stable for nanoGLA-

56



6%RGD (79% to 77.4%). Notably, at 30 min, nanoGLA-0%RGD showed the highest DiR signal in
the liver, whereas nanoGLA-3%RGD and nanoGLA-6%RGD exhibited similar levels (Fig. 5.11C).

In spleen, the DiR signal also increased after 30 min compared to 1 min. Specifically, the signal
increased from 3.4% to 6.6% for nanoGLA-0%RGD, 3.2 to 11.3% for nanoGLA-3%RGD and 4.2 to
13.8% for nanoGLA-6%RGD (Fig. 5.11B and 5.11C). These results suggest that higher RGD
concentrations enhanced nanoliposome accumulation in the spleen, indicating a possible
involvement of immune-related mechanisms in their sequestration.

In contrast, in the lungs, the DiR signal from all nanoGLA formulations decreased after 30 min
compared to 1 min. In detail, nanoGLA-0%RGD reduced its DiR FLI from 8.1% to 2.6%, nanoGLA-
3%RGD from 8.1% to 3% and nanoGLA-6%RGD from 7% to 3.3% (Fig. 5.11B and 5.11C). As
observed, similar DiR FLI values were quantified across the different nanoGLA formulations at
both 1 and 30 min post-administration. Similar DiR FLI values were observed across all
formulations at both time points, indicating that RGD did not influence lung biodistribution.

As for target tissues in Fabry disease such as the kidneys, heart and brain, DiR FLI from all
nanoGLA formulations also decreased after 30 min compared to 1 min. Specifically, in kidneys,
the percentage of DiR signal decreased after 30 min in nanoGLA-0%RGD (from 9.3% to 4.3%),
nanoGLA-3%RGD (from 9% to 5.3%) and nanoGLA-6%RGD (from 6.9% to 3.3%) (Fig. 5.11B and
5.11C). The similar biodistribution profiles among all nanoGLA formulations suggest that RGD
functionalization did not enhance renal targeting.

In heart, a reduction in DiR FLI was observed after 30 min nanoGLA-0%RGD (from 1.5% to 0.6%),
nanoGLA-3%RGD (from 4.3% to 0.3%) and nanoGLA-6%RGD (from 1.8% to 0.6%) (Fig. 5.11B and
5.11C). Again, these results indicate that RGD did not improve nanoliposome biodistribution to
the heart.

Finally, in brain DiR signal in nanoGLA-0%RGD was reduced after 30 min compared to 1 min
(from 3.4% to 2%) and nanoGLA-3%RGD, it decreased from 1% to 0.05% (Fig. 5.11B and 5.11C).
However, no DiR FLI was detected in nanoGLA-6%RGD, either after 1 min or after 30 min (Fig.
5.11B and 5.11C).

Overall, these results showed that, after 30 min post-administration, nanoGLA was redistributed
and sequestered in the liver and spleen. Retention of RGD-targeted nanoparticles, including
liposomes and solid lipid nanoparticles, in the liver and spleen has also been reported by other
authors (299-301). Moreover, a higher concentration of RGD peptide appears to correlate with
increased nanoliposomal retention in the spleen (Fig. 5.11C). This could likely be due to the
possible recognition of RGD (302—304) or PEG (305) by the immune system, as reported by some
authors. Importantly, ex vivo images showed higher DiR FLI intensity in the liver and spleen of
mice treated with nanoGLA-6%RGD compared to those treated with nanoGLA-3%RGD and
nanoGLAO%RGD (Fig. 5.11A). However, these differences were not as evident in FLI
guantification (Fig. 5.11C). This was probably due the normalization of FLI intensities during the
in vivo experiment, where nanoGLA-6%RGD showed higher DiR fluorescence intensity than
nanoGLA-0%RGD and nanoGLA-3%RGD. Crucially, no improvement in nanoGLA delivery was
observed in Fabry target tissues such as kidneys, heart and brain due to the presence of RGD. In
fact, nanoGLA-0%RGD showed significantly better brain BD than nanoGLA with RGD (p = 0.03).
This effect may be explained by the higher retention of RGD-targeted nanoGLA in the liver and
spleen, potentially reducing the number of circulating nanoparticles available for uptake in the
brain.
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Fig. 5.11. Ex vivo biodisitribution of the different DiR-labelled nanoGLA versions in Fabry KO mice after 1 min and
30 min post-administration. A) Ex vivo images of different tissues from non-treated and treated KO Fabry mice. Four
different groups of treatment were included in this assay: non-treated KO mice (G1; n=3), nanoGLA-0%RGD treated
mice (G3; n=8), nanoGLA-3%RGD treated mice (G4; n=8) and nanoGLA-6%RGD treated mice (G5; n=8). Scale bar with
Radiant Efficiency [p/s] is represented. B) Ex vivo quantification of DiR signal accumulated (%DiR FLI) after 1 min post-
administration. C) Ex vivo quantification of DiR signal accumulated (%DiR FLI) after 30 min post-administration.
Statistical significance levels were schematically assigned *(0.01 < p < 0.05), **(0.001 < p < 0.01), ***(0.0001 < p <
0.001), ****(p < 0.0001).

It is important to mention that DiR labeling and the use of this fluorescent tracers to monitor
nanoparticle biodositribution has its limitations. On the one hand, the interactions between DiR
and the environment could lead to the loss of DiR from the nanoliposomes, resulting in
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nonspecific detection or a lack of fluorescence in certain tissues. On the other hand,
qguantification of fluorescence in tissues is always limited by the absorption of the tissues and
their intrinsic autofuorescence. Additionally, the dye concentration was not optimized for in vivo
imaging; instead, the standard concentration used for in vitro assays was employed, which is
typically lower in order to minimize potential alterations to the compound’s physicochemical
properties. Therefore, to overcome these limitations, BD was also analyzed through GLA
enzymatic activity quantification in the treated GLA KO mice. These results are presented in the
following section.

5.5.2. Biodistribution of enzymatic activity of the different nanoGLA
versions

Once DiR FLI was quantified ex vivo, the next step was to confirm that nanoGLA variants were
capable of delivering enzymatic activity (EA) to the target tissues. These were KO animals for the
GLA enzyme, so all EA quantified in their tissues corresponded to the exogenously administered
GLA. This experiment also allowed for a comparison of the biodistribution of free enzyme rh-
GLA and different nanoGLA versions.

EA was determined in plasma, liver, spleen, kidneys, heart and brain 30 min after administration
and percentage of injected dose (%1D) was calculated referring this EA to the activity determined
in plasma 1 min after administration (Fig. 5.12). Other tissues included in the FLI analysis were
excluded in this experiment, such as muscle, intestine, skin and lungs.

Overall, tissues from mice treated with nanoGLA showed higher EA than those treated with
rh-GLA, except for the liver and heart (Fig. 5.12). Specifically, in plasma nanoGLA-0%RGD and
nanoGLA-3%RGD exhibited significantly higher EA (28.2% and 17% of the injected dose, ID,
respectively) than free rh-GLA in plasma (p < 0.0001 and p = 0.003, respectively).
NanoGLA-6%RGD also showed greater enzymatic activity (12.7% of ID) than rh-GLA (8.2% of ID)
in plasma, although the difference was not statistically significant.

Interestingly, in most tissues except brain, EA increased with the percentage of RGD in nanoGLA
(Fig. 5.12). In the liver, nanoGLA-6%RGD showed significantly higher EA (19.2% of ID) than rh-
GLA (15% of ID) (p = 0.03), nanoGLA-3%RGD (13.6% of ID) (p = 0.0006), and nanoGLA-0%RGD
(11.4% of ID) (p < 0.0001). In the spleen, all nanoformulations showed significantly higher EA
than rh-GLA (0.5% of ID) (p < 0.005), that increased with the RGD presence 5.6% of ID for 6%RGD,
3.5% for 3%RGD and 2.5% for 0%RGD (p = 0.002).

In tissues particularly affected by Fabry disease, such as the kidneys and heart, nanoGLA-6%RGD
delivered higher quantities of EA compared to free rh-GLA and the other nanoformulations (Fig.
5.12). Specifically, the EA detected in the kidneys of mice treated with nanoGLA-6%RGD was
0.4% of ID, while in those treated with nanoGLA-3%RGD and nanoGLA-0%RGD, the values were
0.3% and 0.2%, respectively. In contrast, rh-GLA showed a similar %ID to nanoGLA-0%RGD in the
kidneys (0.2%), with significant differences observed when compared to nanoGLA-6%RGD (p =
0.01). On the other hand, nanoGLA-6%RGD showed significantly better EA delivery (0.19% of ID)
(p < 0.0001) than nanoGLA-0%RGD (0.07% of ID), nanoGLA-3%RGD (0.06% of ID), and rh-GLA
(0.06% of ID) (Fig. 5.12). These results suggest a trend toward improved enzymatic delivery to
the kidney and heart with increasing RGD concentrations, reinforcing the role of RGD-
functionalization in enhancing enzyme biodistribution to these organs.
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Finally, mice treated with different nanoGLA versions showed significantly higher EA in brain
than those treated with rh-GLA (0.01% of ID) (p < 0.05). In this occasion, nanoGLA-0%RGD and
nanoGLA-6%RGD showed the highest %ID (0.08% and 0.07%) compared to nanoGLA-3%RGD
(0.05%). The difference between nanoGLA-0%RGD and nanoGLA-3%RGD was statistically
significant (p = 0.047). These results indicate that while rh-GLA is unable to cross the BBB,
nanoGLA formulations can successfully deliver enzyme activity to the brain. However, the
presence of RGD did not correlate with increased BBB penetration, suggesting that RGD-
mediated targeting does not enhance enzyme delivery to the brain.

Although GLA encapsulation increased the delivery of EA in plasma and brain, this was not
correlated with a higher concentration of RGD on the nanoGLA (Fig. 5.12). In fact, some authors
have reported the crossing of the BBB by liposomes co-functionalized with RGD and other
targeting moieties, such as transferrin, a well-known protein that can facilitate the BBB crossing
by various types of NPs, cell penetrating peptides and others (306-309). However, the role of
RGD alone in BBB penetration remains unclear, suggesting that additional targeting mechanisms
may be required to optimize nanoliposomal transport across the BBB.
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Fig. 5.12. In vivo biodisitribution of nanoGLA versions in Fabry KO mice by enzymatic activity determination.
Enzymatic activity levels in plasma, liver and spleen (upper) and kidney, heart and brain (bottom) of Fabry KO mice
intravenously administered with 1 mg/kg of equivalent GLA of free rh-GLA and different nanoGLA formulations.
Activity was measured 30 min post-administration and referred to activity in plasma at 1 min (i.e., % injected dose,
%ID). Statistical significance levels were schematically assigned *(0.01 < p < 0.05), **(0.001 < p < 0.01), ***(0.0001 <
p < 0.001), ****(p < 0.0001).

Consistent with previous FLI studies (Fig. 5.11), nanoGLA-3%RGD and nanoGLA-6%RGD
exhibited similar retention in the liver and spleen when EA was analyzed. Not only this, but this
accumulation being dependent on the RGD concentration, reinforcing the impact of RGD on
nanoliposomal sequestration in these organs.

In plasma, nanoGLA-3%RGD showed higher %ID than rh-GLA, in alignment with published
studies (200). On top of this, our results show that encapsulation of rh-GLA in nanoliposomes
increases the half life of the protein, while the functionalization of the nanoliposomal surface
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might reduce this slightly (%ID for 3% and 6%RGD is significantly lower than that for 0%RGD)
(Fig. 5.12).

In accordance with previous studies comparing Agal. A, free rh-GLA and nanoGLA-3%RGD (200),
nanoGLA-3%RGD showed no significant differences in the %ID compared to free rh-GLA in key
tissues such as kidneys and heart 30 min post-administration. In the present study, nanoGLA-
6%RGD exhibited the highest EA in both kidneys and heart at 30 min post-administration,
surpassing free rh-GLA and nanoGLA-3%RGD.

Overall, these results confirm that encapsulating the enzyme in nanoliposomes increases its
lifetime in plasma. However, the presence of RGD in the nanoliposomes reduces this effect and
increases their retention in the liver and spleen. Despite this sequestration, high densities of
RGD also enhance enzymatic activity in Fabry target organs such as kidneys and heart (Fig. 5.12).
These findings support the potential of certain RGD-functionalized nanoGLA formulations as an
effective strategy for improving ERT in FD, particularly by optimizing enzyme delivery to key
target tissues.

5.6. Detection of anti-drug antibodies (ADAs) in KO mouse
plasma after single or repeated doses of free enzyme and
nanoGLA-3%RGD

One of the limitations of the current ERT for Fabry disease is the generation of anti-drug
antibodies (ADAs) against the therapeutic molecule (GLA) due to repeated intravenous infusions
(every 15 days) (310). ADAs may neutralize the therapeutic effects of ERT, consequently
impairing the clinical outcomes of Fabry disease patients (311,312). Therefore, encapsulating
the GLA enzyme in nanoliposomes, making it less accessible to the immune system, could reduce
ADAs generation.

To confirm this hypothesis, Fabry KO mice previously used in earlier studies (200) were used as
controls and received a single intravenous administration of Agal.A (n = 3), rh-GLA (n = 3), or
nanoGLA-3%RGD (n = 3) at a dose of 1 mg/kg of equivalent GLA. Seven days after the initial
administration, the animals received a second dose and were euthanized 30 minutes later
(Fig. 5.13A) to enable the detection of enzymatic activity in plasma and organs for additional
experiments not included in this thesis. To promote the generation of ADAs, Fabry KO mice were
repeatedly administered intravenous injections of Agal.A (n = 3), rh-GLA (n = 3), or nanoGLA-
3%RGD (n = 3), with a total of eight doses (see Fig. 5.13B), each at a dose of 1 mg/kg of equivalent
GLA. Following the eighth dose, animals were euthanized 24 h after the final administration, and
plasma was collected via intracardiac puncture (n = 4 per group, Fig. 5.13B). Non-treated Fabry
KO mice (n = 3) were included as controls.

The determination of ADAs in plasma after a single dose or repeated doses of Agal. A, rh-GLA,
and nanoGLA-3%RGD in KO mice was assessed by ELISA. Compared to the absorbances in mice
with a single dose, results showed that all treatments induced the presence of ADAs after
repeated admnistrations (Fig. 5.13C), with nanoGLA-3%RGD showing the highest level of ADAs
compared to both free enzymes. However, differences were only significant when compared to
Agal. A (p = 0.005). On the other hand, no significant differences were found between rh-GLA
and Agal. A, indicating that both enzymes showed similar titters of ADAs. The fact that nanoGLA-
3%RGD showed the highest levels of ADAs could be explained by the presence of the rh-GLA
enzyme on the nanoliposomal surface, which exposes the enzyme to the immune system.
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Another possible explanation could be the composition of the nanoGLA-3%RGD protein corona,
which may enhance the recognition of the nanoliposome by immune system, making it more
immunogenic. This increased immune recognition might also explain the higher spleen BD
observed in nanoGLA formulations compared to free enzymes (Fig. 5.12).

To fully understand the immunogenic potential of nanoGLA formulations, additional studies
should be conducted. Specifically, it would be important to also quantify the total amount of
antibodies, not just the ADAs, to confirm whether nanoGLA is more immunogenic than the free
enzyme. Additionally, assessing the neutralizing capacity of these ADAs by evaluating their effect
on GLA enzymatic activity is a critical next step. It would be important to include
nanoGLA-0%RGD in order to investigate whether the presence of PEG400-RGD has an effect in
the ADAs formation, as some authors have reported the presence of antibodies against PEG
(305) and the possible recognition of RGD by the immune system (302—304).
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Fig. 5.13. Determination of anti-drug antibodies (ADAs) and enzymatic activity in KO mouse plasma after a single
dose or repeated dose of free enzymes and nanoGLA-3%RGD. A) In vivo experimental design of single dose assay:
Fabry KO mice were administered intravenously with a single dose of Agal. A or rh-GLA or nanoGLA-3%RGD (n=4 per
group) and were euthanized 30 min after a second dose for other purposes. B) In vivo experimental design of repeated
dose assay: Fabry KO mice were administered intravenously with repeated doses of Agal. A or rh-GLA or nanoGLA-
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3%RGD (n=3 per group). C) Detection by ELISA of ADAs in plasma from Fabry KO mice treated with a single dose or
repeated doses of Agal. A, rh-GLA and nanoGLA-3%RGD. Statistical significance levels were schematically assigned
*#(0.01 < p < 0.05), **(0.001 < p < 0.01), ¥**(0.0001 < p < 0.001), ****(p < 0.0001).

5.7. Summary and conclusions

This section explored the use of nanoliposomes with different densities of RGD (0%, 3% and 6
mol%) and with or without rh-GLA, to demonstrate that the presence of RGD improves the
endothelial cellular uptake of the nanoliposomes and this can be reflected in a better clearance
of Gb3 in MAEC KO cells as well as an improved in vivo BD.

Characterization of the different nanoliposomal formulations indicated good stability along with
favorable physicochemical properties, such as size, PDI and -potential across the various
nanoformulations. Additionally, the nanoGLA formulation showed similar in vitro enzymatic
activity, although lower than that of both free enzymes. All formulations were stable for 2 weeks
when stored at 4°C and exhibited better preservation of EA than the free enzymes.

RGD clearly enhances the internalization of nanoliposomes in endothelial cells, such as the
HMEC-1 cell line, allowing them to reach the lysosome. Similar results in cellular uptake have
been reported by other authors using different targeted liposomal formulations as nanocarriers
for other lysosomal enzymes and LSDs. Some of these studies are summarized in Table 5.2.
Interestingly, in this thesis, presence of RGD combined with rh-GLA significantly increased their
internalization in HMEC-1 cells, suggesting a potential interaction between the rh-GLA on the
nanoliposomal surface and M6PR of endothelial cells. However, after blocking the M6PR with
an excess of M6P, nanoGLA internalization was not reduced, indicating that the nanoliposomes
enter the cells via an M6PR-independent mechanism. This suggests that nanoGLA utilizes
alternative endocytic pathways distinct from those used by the free enzyme. This internalization
mechanism was also described by other authors using other liposomal formulations with GCase
enzyme (247).

Moreover, results from internalization assays using endocytic inhibitors showed that
nanoliposomes, regardless of RGD presence, were primarily endocytosed via macropinocytosis
and caveolae-dependent endocytosis in HMEC-1 cells after 6 h of incubation. This suggests that
their uptake by endothelial cells is clathrin-independent. However, these results should be
interpreted with caution, as several authors have reported that the endocytosis of RGD-targeted
liposomes is mediated by clathrin due to their interaction with membrane integrins (avp3)
(295,313). Interestingly, in our experiments, this clathrin-mediated uptake was not observed.
One possible explanation is the longer incubation period used in our study (6 h), compared to
the shorter incubation times (1 — 3 h) typically employed in other studies involving RGD-targeted
liposomes (313-316). This suggests that the extended incubation time in our endocytosis assays
may have masked RGD-dependent effects. Therefore, to confirm whether the RGD peptide
facilitates clathrin-dependent endocytosis of nanoliposomes, future experiments should include
shorter incubation times.

All nanoGLA formulations effectively reduced Gb3 accumulation in vitro in MAEC KO cells more
efficiently than the free enzymes. The presence of RGD further enhanced this in vitro efficacy,
likely due to the improved internalization of RGD-nanoliposomes. However, higher levels of RGD
did not correlate with increased in vitro efficacy, possibly due to the cell mortality observed in
cells treated with nanoGLA-6%RGD, or suggesting that high amounts of RGD might negatively
affect the stability of nanoGLA. Improvement of in vitro efficacy due to the encapsulation of
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lysosomal enzymes into liposomes (both targeted and non-targeted) has been reported by other
authors using liposomes with different membrane compositions (Table 5.2).

In in vivo studies in Fabry KO mice, nanoliposomes were primarily retained in the liver and spleen
30 min after intravenous administration. A clear RGD-mediated effect was observed in the
spleen, where higher levels of EA and FLI were detected. However, no significant improvement
in FLI signal was observed in Fabry target tissues, such as kidneys, heart and brain due to the
RGD presence. Nevertheless, RGD improved the EA BD in these organs compared to the free
enzyme, demonstrating that nanoGLA with the highest density of RGD enhanced rh-GLA enzyme
delivery to these target tissues. Interestingly, EA could be detected in brain of KO mice treated
with all nanoGLA formulations. Results of the BD by EA were in accordance with previous
studies (200). Discrepancies between EA and FLI can be explained by the limitation of the DiR
labeling, resulting in nonspecific detection or a lack of fluorescence in certain tissues.

As for the production of ADAs, all treatments induced them after repeated dosing, but nanoGLA
elicited the highest level of ADAs compared to both free enzymes. This could be due to the
arrangement of GLA on the liposome surface, which may enhance its immunogenic potential by
facilitating recognition by the immune system and subsequently triggering the antibody
production cascade. This may also explain the improvement in spleen BD for nanoGLA compared
to the free enzyme. Further studies are necessary to quantify total antibody levels and
determine whether nanoGLA is more immunogenic than the free enzyme. Additionally, it would
be valuable to include nanoGLA-0%RGD in future experiments to investigate whether the
presence of RGD influences ADAs formation. Interestingly, despite the higher levels of ADAs
observed in these mice, treatment with nanoGLA proved to be more effective than
administration of the free enzyme in previous studies (200).

In summary, in our hands, nanoGLA funcionalized with RGD targeting moiety is a promising
therapeutic option to enhance the ERT. It enhances endothelial cells internalization via M6PR-
independent pathways, uses alternative endocytic pathways to enhance cellular uptake, delivers
EA more efficiently than free enzyme to target tissues such as kidneys and heart and reaches
the brain, despite the presence of ADAs against the GLA.
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6. Characterization of the protein
corona in nanoliposomes for GLA
delivery

6.1. Introduction

Upon intravenous administration, NPs can interact with a large number of plasmatic proteins.
The adsorption of these proteins onto NP surfaces forms a dynamic structure called protein
corona (PC). It is well known that the formation of PC around NPs can alter their biological
identity (317). The presence of a PC can have both detrimental and beneficial effects. On the
one hand, undesired interactions with cells and opsonization, might lead to accelerated
clearance, reducing circulation time (318-321). On the other hand, the presence of the PC can
facilitate targeted delivery, aid in crossing biological barriers such as the BBB, and enhance
therapeutic efficacy (322—-325).

A key determinant of PC formation and composition is the surface modification of the NP.
Polyethylene glycol (PEG), for example, is widely used to impart “stealth” properties, reducing
protein adsorption and prolonging systemic circulation (320). However, PEGylation does not
prevent PC formation entirely and may even alter the nature of the adsorbed proteins (326,327).
Similarly, functionalizing nanoparticles with targeting peptides, such as RGD (arginine-glycine-
aspartic acid), can influence PC composition and nanoparticle-cell interactions.

In this section, we investigate how the presence of RGD targeting moiety and rh-GLA loaded
enzyme on the surface of nanoliposomes influences PC formation and composition. We also
assess how these modifications impact the biological function of nanoliposomes.

6.1.1. Protein corona: the crown to rule them all

Since the introduction of the term protein corona in 2007 by Dawson, Linse and co-workers
(328,329), numerous studies have sought to understand NP-protein interactions and their
implications for nanomedicine. PC formation is a dynamic and fast process that occurs within a
few minutes after the NP comes into contact with plasma or another biological fluid (330). This
dynamism in PC formation is explained by the fact that the proteins with high abundance in
plasma, but low affinity for the NP, are the first adsorbed to its surface. However, these are
gradually replaced over time by other proteins that are less abundant in plasma but have a
higher affinity for the NP surface. This phenom is known as the Vroman effect (Fig. 6.1) (331).

Several physicochemical characteristics of NPs influence the PC composition. The NP material
plays a significant role in the PC composition, as different core materials (e.g. lipidic, gold or
silica) interact uniquely with plasma proteins (332,333). Size and shape can be also critical in the
PC composition, as different diameters and geometries of NPs exhibit distinct PC profiles (334—
337). Lastly, surface charge and chemistry can also affect to the PC composition, as the net
charge and functional groups on NP surfaces influence protein adsorption affinity (338—342). In
fact, the addition of PEG to the surface of NPs is one of the most commonly used methods to
“stealth” NPs from the immune system and extend their blood circulation time by reducing
protein adsorption, but without impeding PC formation (326,327). Furthermore, certain
environmental factors in biological fluid also affect the composition and formation of the PC,
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such as temperature, pH, exposure time, composition and the specie of origin of biological fluid
(320,343).

The PC is structured in two distinct parts, referred to as hard corona and soft corona (Fig. 6.1).
The hard corona is composed by environmental proteins that exhibit a strong affinity for the
NPs, interacting directly with their surface. In contrast, proteins that form the soft corona exhibit
weak affinity for the NPs (328,335), interacting with the NP surface through weak protein-
protein interactions with the hard corona (344,345). Consequently, the hard corona exhibits
better stability over time (346) and is thought to primarily govern NP-cell interactions (347-351),
whereas the soft corona is a less stable protein layer, composed by a greater number of proteins
than the hard corona (352,353), which are in continuous exchange over time (354,355).
Consequently, the most abundant proteins in the PC are crucial determinants of biodistribution
and therapeutic efficacy (Fig. 6.1).
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Fig. 6.1. Scheme of the dynamic process of the protein corona (PC) formation over time. This PC targeted liposomes
might alter their biological identity and recognition by different type of cells.

6.1.2. Isolation of PC-nanoparticle complexes

One approach for analyzing the PC is to perform in situ measurements, which do not affect to
PC composition, as no separation from the surrounding plasma is required. However, due to the
presence of unbound proteins, the information obtained from in situ studies is limited (356). For
ex situ studies, there are several methods for isolating PC-liposome complexes, such as
centrifugation and size-based techniques such as gel permeation chromatography (GPC),
asymmetric flow field flow fractionation (AF4) and size exclusion chromatography (SEC).

Centrifugation at 14,000-20,000 g is commonly used to isolate PC-liposome complexes, where
proteins are tightly adsorbed to the liposomal surface (322,325,357-359). This method is often
praised for its ability to quickly and reproducibly separate liposomes. However, the similar
density of these NPs to water and plasma (360,361), along with the alteration of the liposomal
curvature due to centrifugal forces and the risk of liposomal aggregation, are potential
limitations associated with this methodology (362).

GPC and AF4 are alternative methods that help preserve loosely bound proteins (363). These
techniques are more time-consuming than centrifugation but tend to be more reliable for
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separating unbound proteins. AF4 offers even more precise control over the separation
conditions, making it ideal for handling liposomes more carefully. However, AF4 typically
requires low protein concentrations, which limits its application in studies involving liposome—
plasma protein interactions.

SEC is a rapid and widely used method that separates PC-coated nanoparticles from unbound
plasma proteins, minimizing alterations to corona composition while maintaining colloidal
stability of NP. It has been widely used to isolate PC from liposomal systems (364—366). The
drawback is that there is a risk of contamination due to the co-isolation of plasmatic compounds
such as exosomes and lipoproteins, whose size and density are similar to those of liposomes
(367). Protein components of both exosomes (368) and lipoproteins (369) could be mistakenly
detected as liposomal PC components. Furthermore, protein aggregates present in plasma may
co-precipitate with liposome—protein complexes. To address this, these proteins can be
removed from plasma before incubation with liposomes by prior centrifugation (362,370).

6.1.3. Opsonins

Among the proteins adsorbed onto NPs in their PC after contact with plasma, certain proteins
can determine the fate of the NPs by increasing their removal from the bloodstream through
enhanced degradation or immune system activation (opsonins). Key opsonins include
immunoglobulins (IgG, I1gA, and IgM), complement proteins (C3, C4, C5, etc.) and fibrinogen (Fg).

One of the most abundant types of opsonins in the PC of NPs are proteins participating in the
complement system. The activation of complement system has a direct effect on immune
system activation, increasing the removal of the NPs from the bloodstream. This system can be
activated through 3 different pathways (Fig. 6.2) (371,372):

- The classical pathway, triggered by C1 complex (C1g-C1r-C1s) binding to I1gG or IgM on
NP surfaces. This is followed by the recruitment and subsequent activation of C4 and
C2, which form the C3 convertase complex that cleaves C3 into C3a and C3b (373,374).

- The alternative pathway, involves the spontaneous hydrolysis and subsequent
conversion of C3 into C3(H20) (375), promoting the recruitment of complement factor
B (CFB). The resulting complex interacts with complement factor D (CFD), allowing the
formation of an alternative version of the C3 convertase, recruiting and cleaving C3
proteins into C3a and C3b (376,377).

- The lectin pathway, initiated by mannose binding lectins (Mbl) that promotes the
recruitment of mannan-binding lectin-associated serine proteases (MASPs). This group
of proteases activates C4 and C2 which form the C3 convertase complex that cleaves C3
into C3a and C3b (378).

All three complement pathways converge on C3b protein, which can bind directly to
complement receptors expressed on various immune cell types or continue the complement
cascade by cleaving C5 into C5a and C5b, leading to the formation of the membrane attack
complex (MAC) through the interaction of C5b with C6, C7, C8 and C9, ultimately causing the
destruction of the nanoliposome (Fig. 6.2). In addition, C3a, C4a, and C5a contribute to a pro-
inflammatory environment (378), promoting the recruitment of more immune cells, which could
interact with NPs, leading to further removal of these from the bloodstream.

Synthetic NPs primarily activate the alternative pathway of the complement system (376,377).
This is because 1) the alternative pathway is constantly active at a low level due to the
spontaneous hydrolysis of C3 into C3(H20), 2) many synthetic NPs, especially anionic or neutral
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surfaces, can facilitate C3 activation, leading to complement opsonization, 3) unlike the classical
pathway, which requires antibody (1gG/IgM) binding, the alternative pathway does not require
specific immune recognition, making it the default activation route for many NPs.

However, other complement pathways may also be activated, depending on NP composition,
charge, and functionalization (373,379—-381): classical pathway is activated by NPs coated with
antibodies, immune complexes, or proteins like fibrinogen. Similarly, NPs displaying mannose or
glycosylated structure will activate lectin pathway triggered by mannose-binding lectins.

Thus, while the alternative pathway is the most commonly activated, specific NP surface
properties can modulate activation mechanisms.
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Fig. 6.2. Scheme of the different pathways of complement system activation due to NPs. This figure was adapted
from Panico et al. (378).

Regarding PEGylation, it can activate the complement system (382). Specifically, PEGylated
liposomes, such as liposomal doxorubicin (Doxil®), have been reported to mainly activate the
alternative pathway of the complement system (378). Doxil® was the first liposomal-based
cancer therapy approved by the FDA (383), and has demonstrated advantages over free
doxorubicin, including reduced heart toxicity and improved efficacy. However, Doxil® also
exhibits some adverse events after infusion, such as a high risk of acute hypersensitivity
reactions (384,385), known as complement activation-related pseudoallergy (CARPA) syndrome
(386,387). While most CARPA-related symptoms are mild, including rash, chest and back pain,
and subjective distress, more serious reactions, such as cardiopulmonary distress, have been
reported and may be life-threatening in certain individuals.
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Other liposomal formulations, including Myocet, Abelcet, Ambiosome, DaunoXome, and
Visudyne, have also shown hypersensitivity reactions after infusion (386), suggesting that CARPA
reactions are not exclusive to PEGylated liposomes. Additionally, factors like negative {-potential
and surface modifications (e.g., adding targeting ligands or therapeutic molecules) can trigger
complement activation (388—390). These surface modifications can influence the liposomal
particle composition and the presence of opsonins, which may affect in vitro internalization and
in vivo biodistribution.

Another important type of opsonins frequently found in the PC of liposomes are the
immunoglobulins (Igs). As previously mentioned, 1gG and IgM are crucial for complement
system activation. In fact, C3 opsonization of certain PEGylated liposomes is mainly initiated by
the binding of 1gG to their surface (376). However, Igs can also interact with receptors on
immune cells, leading to the rapid clearance of liposomes (391).

Fibrinogen (Fg), a protein involved in blood coagulation, also plays a significant role in the
interaction between coagulation and inflammation. It activates leucocytes through the
interaction with fibrinogen-binding receptor Macl of activated leukocytes, promoting
phagocytosis and activating complement system (392-394).

6.1.1. Dysopsonins

Other proteins adsorbed onto NP surface can extent its lifetime in systemic circulation by
protecting it from phagocytosis, thereby enhancing its “stealth” capacity. These proteins are
known as dysopsonins. Common dysopsonins found in the PC of NPs include albumin (Alb) and
various apolipoproteins such as clusterin or apolipoprotein J (Apol), Apoal, Apoa2, Apoa4,
Apoc3 and Apoe (378,395). Interestingly, apolipoproteins (especially clusterin and Apoal) are
known to inhibit complement system proteins, such as C9 or C5, preventing the formation of
MAC (396). Additionally, they can reduce opsonization of liposomes by Igs, thus decreasing
phagocytosis and subsequent clearance from systemic circulation (397).

Alb is a classical component in the PC and can be found in different types of NPs. It has been
shown to reduce phagocytosis even in the presence of opsonins like IgG (398) and can also limit
hepatic uptake (399). However, Alb's role as a dysopsonin remains debated, as most studies use
purified Alb, which does not reflect physiological plasma conditions (400).

In order to investigate how the presence of RGD targeting moiety and rh-GLA loaded enzyme on
the surface of nanoliposomes influences PC formation and composition, we isolated the PC-
nanoliposome complexes by SEC and performed ex situ characterization of the PC. We also
included plasma without liposomes, to better control the contaminants that might come from
there without being part of the liposomal PC.

6.2. Setting up conditions for PC formation by incubating
nanoliposomes with plasma

Following systemic administration, PC provides nanoparticles with a new biological identity,
consequently impacting in their cellular uptake and in vivo BD (343,401-403). Understanding
the PCin the nanoliposomes described in section 5.2 (Table 5.3) is essential to for assessing their
in vitro and in vivo behavior. Given that surface modification such as the addition of rh-GLA and
PEG400-RGD, could affect the PC composition, we studied the PC composition in nanoliposomes
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with varying PEG400-RGD surface density (0%, 3% and 6 mol%) and with or without the presence
of rh-GLA.

6.2.1. The time-evolution of PC in EL-0%RGD and nanoGLA-3%RGD

PC formation is a dynamic process that depends on multiple factors, such as the physicochemical
properties of the NPs and environmental conditions like temperature and incubation time with
plasma (404-406). Therefore, selecting the appropriate conditions for the incubation of
nanoliposomes with plasma is crucial. To determine when PC formation occurs, changes in the
size, PDI and {-potential were monitored over time at 37°C.

The longitudinal analysis was conducted in two representative nanoliposomes: EL-0%RGD and
nanoGLA-3%RGD, previously characterized in section 5.2 (Table 5.3). The first, was the
unmodified nanoliposome which did not contain neither PEG400-RGD neither rh-GLA, while the
second one contained both the cargo and the targeting moiety. To promote PC formation
around these nanoliposomes, they were diluted with PBS 1X to a theoretical lipid concentration
of 0.2 mg/mL and incubated with pooled C57BL6 mouse plasma (v/v) at 37°C under shacking
conditions. PC formation was detected in situ in EL-O0%RGD and nanoGLA-3%RGD using DLS at
multiple time points post-incubation (0.5 h, 1 h, 2 h, 3 h, 6 h and 24 h). Mouse plasma without
nanoliposomes was included as control for the DLS measurements.

Prior to plasma incubation, EL-0%RGD and nanoGLA-3%RGD exhibited different sizes (Fig. 6.3A,
left). After 0.5 h of incubation, their sizes converged, with a slight increase in the nanoGLA-
3%RGD size compared to EL-0%RGD. Interestingly, EL-0%RGD showed an increase in size (128
5 nm) compared to the original size (120 + 3 nm), probably due to protein adsorption (Fig. 6.3A,
left). Conversely nanoGLA-3%RGD reduced its size (134 £ 3 nm) compared to its size in the
absence of plasma (188 + 3 nm) (Fig. 6.3A, left). This size reduction in nanoGLA-3%RGD could be
explained by the osmotic pressure caused by plasma proteins adhering to the liposomal
membrane, promoting water efflux from the nanoliposome interior. This effect was reported by
Wolfram et al. (407) using liposomes composed of 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE) with or without PEG2000. In their study, the size reduction was
more significant in PEGylated liposomes than in non-PEGylated ones. PEGylated liposomes
exhibited greater size reduction due to enhanced PC formation, whereas non-PEGylated
liposomes repelled plasma proteins, hindering corona formation.

Beyond 1 h of incubation with plasma, the size remained stable in both nanoliposomes until 24 h
where a significant increase was observed (Fig 6.3A, left). However, this does not imply that the
PC was not formed at earlier timepoints, it just evidences that DLS size determination might be
insufficient to detect PC formation (408).

An increase in PDI, which is an indicative of loss of the liposome monodispersion and the
emergence of other populations, probably indicating the formation of the PC (409), was also
detected early in the in incubation period and remained stable over time (Fig. 6.3A, middle). This
increase in polydispersity indicates that these samples became more heterogeneous upon
incubation with mouse plasma. In fact, PDI values were similar to those observed in mouse
plasma samples, indicating that the polydispersity observed in nanoliposomal samples was
caused by the presence of plasma. No significant differences were observed in the comparison
between EL-0%RGD and nanoGLA-3%RGD.

On the other hand, in {-potential measurements, both EL-0%RGD and nanoGLA3%RGD
exhibited similar surface charge and became more negative over the time, probably due to the
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adsorption of negatively charged plasmatic proteins. After 3 h of incubation, EL-0%RGD and
nanoGLA-3%RGD showed similar {-potential values (-17.3 + 0.7 mV and -16.6 £+ 0.8 mV,
respectively), which were lower than mouse plasma values (-13.3 + 0.4 mV). These differences
became more pronounced after 24 h of incubation (Fig. 6.3A, right). These results suggest that
the PC formation in nanoliposomes can be detected in situ through surface charge
measurements, as the PC-liposome complexes exhibited more negative {-potentials from those
of mouse plasma.

Interestingly, initial -potentials varied based on dilution medium. When prediluted in PBS 1X,
surface charge of EL-0%RGD and nanoGLA-3%RGD were (-6 £ 2 mV for EL-0%RGD and -22 + 2 mV
for nanoGLA-3%RGD). In contrast, when pre-dilution was performed in Mili-Q water, the
{-potentials of these nanoliposomes were positive (see section 5.2, Table 5.3).

Overall, these results showed that PC formation can be detected in situ by changes in their size,
PDI and {-potential using DLS. After just 0.5 min of incubation with plasma, PC formation was
detectable in both nanoliposomes. At 1 h of incubation, the size, PDI and surface charge of the
nanoliposomes was stabilized and remained unchanged throughout the subsequent time points
with no significant differences between EL-0%RGD and nanoGLA-3%RGD. Thus, supported by
these results and others in the literature (345,356), 1 h was selected as the optimal incubation
time for further PC characterization experiments.

6.2.2. Setting up SEC conditions with EL-0%RGD and nanoGLA-3%RGD

To further characterize the PC without the interference of unbound plasma proteins, we isolated
the PC-nanoliposomes complexes using SEC. For this purpose, nanoliposomes were labelled with
DiR and incubated with mouse plasma for 1 h (following optimized protocol from the previous
section).

After SEC procedure, fractions with high DiR fluorescence signal indicated liposome presence
and were collected and examined by DLS and cryoTEM. PC-nanoliposome complexes
corresponding to EL-0%RGD and nanoGLA-3%RGD were identified in the same fractions (F6 to
F8), which correlated with their expected size range. These fractions were pooled and used as
post-SEC samples for DLS and cryoTEM analysis. DLS analysis revealed that, after SEC isolation,
the PC-nanoliposome complexes exhibited a decrease in size, PDI and {-potential compared to
the pre-SEC samples (Fig. 6.3B). Specifically, the sizes of EL-0%RGD and nanoGLA-3%RGD pre-
SEC (121.9 + 4.6 nm and 134.0 + 4.6 nm, respectively) and post-SEC (114.1 + 0.8 nm and
124.4 + 1.1 nm, respectively) were still smaller than their initial sizes in the absence of plasma
(Fig. 6.3B, left). This could be a consequence of the SEC procedure, during which only three
fractions were selected; therefore, nanoliposomes that were either larger or smaller than those
in the selected fractions were not collected. Another possible explanation is an osmotic effect
caused by proteins adsorbed onto the nanoliposome surface.

Regarding the PDI, the observed decrease in PDI values of EL-0%RGD and nanoGLA-3%RGD post-
SEC, suggests successful isolation of the PC-nanoliposome complexes corresponding to the
subpopulation of nanoliposomes stained with DiR, with the removal of unbound proteins and
aggregates (Fig. 6.3B, middle). The {-potential values also showed good quality measurements
from DLS and further confirmed that SEC isolation allowed to obtain PC-nanoliposome
complexes, as they exhibited lower {-potential values similar to those of mouse plasma samples
(Fig. 6.3B, right). These findings indicate that EL-0%RGD and nanoGLA-3%RGD adsorbed plasma
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protein, altering their surface charge, as previously described for other cationic liposomes
(319,410,411).
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Fig. 6.3. Generation and isolation of PC-nanoliposome complexes. A) Changes in the hydrodynamic size,
polydispersity index (PDI) and Z-potential (mV) by DLS of EL-0%RGD and nanoGLA-3%RGD after different times of
incubation (0.5 h, 1 h, 2 h, 3 h, 6 h and 24 h) with mouse plasma. B) Hydrodynamic size, PDI and Z-potential of EL-
0%RGD and nanoGLA-3%RGD incubated with mouse plasma (1 h) before and after isolation by SEC (pre-SEC and post-
SEC, respectively). Mouse plasma was included as control. C) Cryo-TEM images of EL-0%RGD and nanoGLA-3%RGD
with or without previous incubation with mouse plasma and posterior SEC purification. Red arrows indicated the
presence of nanoliposomes. Magnification bar corresponds to 200 nm. D) Isolation of different DiR-labelled EL (upper)
and nanoGLA (bottom) by SEC after 1 h of incubation with mouse plasma. E) Quantification of total PC protein
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concentration of mouse plasma and different PC-nanoliposomes complexes. Statistical significance levels were
schematically assigned ns (p = 0.05), *(0.01 < p < 0.05), **(0.001 < p <0.01), ***(0.0001 < p <0.001), ****(p <0.0001).

The morphology of the nanoliposomes was assessed by cryo—transmission electron microscopy
(cryo-TEM), to provided additional qualitative validation, demonstrating that both EL-0%RGD
and nanoGLA-3%RGD preserved their structure and morphology after 1 h of incubation with
mouse plasma and the subsequent SEC isolation process (Fig. 6.3C). This methodology allows
direct investigation of colloidal systems, such as liposomes, in the hydrated state, so their
structure is well preserved close to the native state. Furthermore, the formation of the PCin the
nanoliposomes was also detectable in these images by a slight increase in the electron density
of the nanoliposomes incubated with plasma. This phenomenon has also been observed in other
types of liposomes by other authors (322). However, this result should be interpreted with
caution, as the experimental conditions were not optimal. The samples were stored in a
refrigerator overnight prior to cryo-TEM observation, which may have altered the structure of
the PC. Of note, nanoliposomes incubated with plasma appeared more diluted than those not
incubated with plasma. This is because, unlike the non-incubated nanoliposomes, the plasma-
incubated ones underwent SEC processing, which involves the continuous addition of PBS to
allow the sample to pass through the column, resulting in dilution of the collected fractions.
Another factor that could contribute to this observation is the selection of specific
subpopulation of nanoliposomes in the resulting fractions.

Overall, these results confirm that SEC isolation successfully yields PC-nanoliposome complexes
suitable for further PC characterization. The resulting samples exhibited high monodispersity
and minimal protein aggregation, minimizing potential interferences in PC analysis. However, it
is important to note that some limitations exist in ex situ measurements following SEC, such as
potential interactions between the nanoparticles and the stationary phase (or polymer matrix),
as well as the co-isolation of plasma particles that share similar sizes with the isolated
nanoliposomes, such as lipoproteins (356,366,412,413).

6.2.3. Isolation of different PC-nanoliposome complexes using SEC

After demonstrating that PC-nanoliposome complexes can be isolated by SEC for ex situ
measurements and that the unbound protein can be removed to perform accurate analysis of
the PC (Fig. 6.3B and 6.3C), the next step was to isolate the PC-nanoliposome complexes from
different nanoliposomal formulations in order to study how surface components, such as
PEG400-RGD and rh-GLA, can affect their PC composition.

To achieve this, DiR-labelled EL and nanoGLA with different percentages of PEG400-RGD (0%,
3% and 6%), which were characterized in Table 5.3 from section 5.2, were incubated with mouse
plasma under the same conditions detailed in section 6.2.2. The presence of DiR dye allowed for
the collection of SEC fractions that showed the highest intensity signal of DiR and ensuring that
only PC-nanoliposome complexes were analyzed.

After 1 h of incubation with mouse plasma, fractions containing PC-nanoliposome complexes
were identified based on DiR fluorescence intensity. In all samples, PC-nanoliposome complexes
were consistently recovered between fractions F5 and F9, which correlates with their expected
size range (Fig. 6.3D). SEC successfully separated PC-nanoliposome complexes from various EL
and nanoGLA formulations, with some differences in elution patterns. Specifically, PC-
nanoliposome complexes corresponding to different versions of EL were identified in the same
fractions (F6 to F9), suggesting similar size distribution after plasma incubation (Fig. 6.3D, up).
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However, in the case of nanoGLA, collected SEC fractions varied depending on PEG400-RGD
content. NanoGLA-0%RGD eluted between fractions F5 and F7, nanoGLA-3%RGD between F7
and F9 and nanoGLA-6%RGD between F6 and F8 (Fig. 6.3D, down). These variations in elution
patterns suggested size differences among the formulation after plasma incubation, possibly
due to PC-induced nanoparticle aggregation (322,358). However, to confirm this theory, it is
necessary to assess the isolation of nanoliposomes by SEC without prior incubation with plasma,
in order to verify that these nanoformulations are not inherently isolated those fractions.

To ensure accurate PC characterization, control untreated mouse plasma was processed via SEC
using the same conditions, and fractions F5 to F9 (the same used for isolation of liposomal PC)
were collected as a baseline reference for protein abundances in plasma.

SEC fractions were concentrated, and total protein was determined by RC DC™ (reducing agent
and detergent compatible) protein assay kit. All PC-nanoliposome complexes exhibited higher
protein concentrations than mouse plasma, indicating the isolation of the PC of nanoliposomes.
In detail, mouse plasma exhibited a significantly lower total protein concentration (0.4 + 0.0
mg/mL) compared to EL (2.0 + 0.2 mg/mL; p = 0.003) and nanoGLA (1.0 + 0.2 mg/mL; p = 0.009)
(Fig. 6.3E). Interestingly, the presence of rh-GLA in the nanoliposomes drastically reduced the
amount of protein (Fig. 6.3E), indicating that the presence of the enzyme on the nanoliposomal
surface could alter the adsorption of plasma proteins and modify their PC composition. In
contrast, PEG400-RGD content had minimal impact on total protein concentration in the PC of
nanoliposomal formulations. Only a slight decrease was observed in nanoliposomes with 6 mol%
of RGD compared with those containing 3 mol% or no RGD. This is consistent with previous
reports suggesting that PEGylation does not significantly influence total protein adsorption in
certain liposomal formulation (324,338,414), highlighting the ongoing debate regarding PEG’s
role in PC formation.

6.3. Characterization of the PC in RGD-targeted
nanoliposomes

Following the isolation of different PC-nanoliposome complexes in section 6.2.3, PC
characterization and quantification of the relative abundances of proteins were performed using
liguid chromatography-mass spectrometry (LC-MS) by the Dr. Francesc Canals’s Proteomics
group at VHIO. Three replicates of each PC-nanoliposome complexes sample (EL-0%RGD, EL-
3%RGD, EL-6%RGD, nanoGLA-0%RGD, nanoGLA-3%RGD and nanoGLA-6%RGD) were analyzed,
and untreated mouse plasma was included as a control.

6.3.1. Molecular weight (MW) and isoelectric point (IEP) of Top-25
proteins the PC

The top 25 most abundant proteins in different PC-nanoliposome complexes were classified
according to their molecular weight (MW) and isoelectric point (IEP) to detect differences in the
PC composition across different nanoliposomal formulations. Overall, the results showed that
the majority of proteins in the PC of the different nanoliposomal formulation were small
proteins (< 60 kDa) and with an IEP below the plasma pH (pH = 7.4), suggesting a predominantly
negative charge (Fig. 6.4).

In mouse plasma, top 25 most abundant proteins consisted mainly small proteins (< 60 kDa,
56%), followed by large proteins (> 100 kDa, 32%) and proteins with a MW between 60 — 100
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kDa (12%). A similar distribution was observed in PC of EL-0%RGD, with 56% of small proteins
(<60 kDa), 28% of large proteins (> 100 kDa), and 32% of proteins with MW between
60 - 100 kDa (Fig. 6.4, top). Interestingly, modifications such PEG400-RGD and rh-GLA
incorporation led to shifts in the PC MW profile compared to non-modified EL-0%RGD. In detail,
small proteins were more abundant in the modified nanoliposomes (64 — 68%) and large
proteins showed similar percentages (24 — 28%), except in nanoGLA-6%RGD, where only 16% of
proteins were > 100 kDa. Proteins between 60 — 100 kDa were less abundant (8%) than in EL-
0%RGD and mouse plasma, though nanoGLA-6%RGD showed a slightly higher proportion (16%)
(Fig. 6.4, top). These results indicate that the PC formation in modified nanoliposomes (i.e., with
PEG-RGD targeting and loaded with GLA enzyme) favors the adsorption of smaller proteins.
Similar findings were reported in other studies analyzing PEGylated liposomes incubated with
plasma from mouse, human or FBS (322,410,415).

In terms of IEP, the top 25 most abundant proteins in plasma were mainly negatively or neutrally
charged (IEP < 7.5, 80%) (Fig. 6.4, bottom), confirming that they are attracted by positively
charged nanoliposomes. Indeed, most of the top 25 most abundant proteins in the PC of the
different nanoliposomes showed a negative or neutral charge (IEP < 7.5). In detail, 72% of
proteins in EL-0%RGD, 76% in EL-3%RGD, EL-6%RGD, nanoGLA-0%RGD and nanoGLA-3%RGD,
and 80% in nanoGLA-6%RGD had an IEP < 7.5 (Fig. 6.4 bottom). These results showed no
significant differences in the IEP of the PC among the different nanoliposomes.

Unexpectedly, negatively charged proteins preferentially adsorbed onto the nanoliposomes,
which were negatively charged due to pre-dilution with PBS before incubation with plasma. This
contradicts the expected electrostatic interactions. Similar observations have been reported by
other authors (322,336,344), supporting the notion that interactions between the PC and
nanoliposomes are not solely driven by electrostatic forces. In fact, other nanoliposomal
characteristics, such as size, curvature, shape, surface structure, and hydrophobicity, have been
described as critical factors in PC composition (343,378).

Plasma EL-0%RGD EL-3%RGD EL-6%RGD nanoGLA-0%RGD nanoGLA-3%RGD  nanoGLA-6%RGD
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Fig. 6.4. Classification of the top 25 most abundant proteins in the PC of nanoliposomes according to the MW (kDa)
and IEP. A) Percentage of most abundant proteins smaller than 60 kDa, sized between 60 to 100 kDa and bigger than
100 kDa. B) Percentage of most abundant proteins with IEP < 6.7, IEP between 6.7 and 7.5 and IEP > 7.5. Mouse
plasma was included as a control.

6.3.2. Top 25 proteins in the PC of RGD targeted nanoliposomes

Most studies on PC characterization in NPs typically analyze the top 20-25 most abundant
proteins (319,322,403,410). These are the most abundant proteins in plasma and the first to
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interact with NPs after systemic administration. They are also the first to be recognized by
different types of cells, including those from the immune system (378,416).

In our study, the top 25 most abundant proteins in the PC of nanoliposomes closely resembled
to the top 25 proteins detected in untreated mouse plasma (Fig. 6.5A - 6.5G). Many of these
proteins have been previously described as prevalent components in the PC of other liposomes.
They include Alb, serotransferrin, Fg, haemoglobin, complement factors and Apos, such as Apoe,
Apoal, Apoc3 and Apoa4 (322,410,417,418).

Although most of these proteins were common between whole plasma and nanoliposome
protein coronas, some proteins were enriched in the PC of nanoliposomes compared to mouse
plasma. These enriched proteins are indicated with a blue arrowhead in Fig. 6.5 and include: Fg
chains (Fga, Fgb and Fgg), Alb, apolipoproteins such as Apoal, Apoe, Apob, Apoc3, Apocl and
Apoad, complement factors and immunoglobins such as C3 and Ighg3 (F), murinoglobulin-1
(Mug1), thrombospondin 1 (Thbs1), hemoglobin beta adult s chain (Hbb-bs), chromodomain
DNA binding protein 1 (Chd1), Clusterin (Clu), hemoglobin alpha, adult chain 1 (Hba-al),
serotransferrin (Tf), Serine protease inhibitor A3K (Serpina3k), Hemopexin (Hpx), Transthyretin
(Ttr) and vitamin D binding protein (Gc) (Fig. 6.5H). Interestingly, Ttr, Ighg3 and Gc were only
detected among the top 25 proteins in the PC of nanoGLA-6%RGD. Although these proteins were
not present in the top 25 of the other nanoformulations, their abundance increased in the PC
with the presence of RGD and rh-GLA (Fig. 6.5H).

These proteins, present in the top 25 and enriched in the PC of nanoliposomes (compared to
mouse plasma) were selected for further analysis. The presence of rh-GLA on the nanoliposomal
surface increased the abundance of Alb, Tf, several Apos (Apoe, Apoal, Apoc3, Apocl, Apoa4d
and Apoc4), hemoglobin chains (Hbb-bs and Hbb-bs), and other proteins such as protease
inhibitor Serpina3k, Hpx, Ttr, Gc, bradykinin (Kngl), Carboxylesterase 1C (Cesic), alpha-1-
antitrypsins Serpinald and Serpinalb, antithrombin — Il (Serpinc) and alpha-2-HS-glycoprotein
(Ahsg) (Fig. 6.5A, left). On the other hand, the relative abundance of some proteins decreased
in the nanoliposomal PC due to the presence of rh-GLA, such as complement factors (C4bpa,
C4b and Clqc), Apos (Clu or Apoj), chromatin remodelers (Chd1) and coagulation factor Xlll
chains (F13b and F13a1) (Fig. 6.5A, right).

Several proteins that increased their relative abundances in the PC of nanoliposomes due to the
presence of rh-GLA, such as Serpina3k, Hpx, Kngl Ceslc, Serpinald and Serpinalb are involved
in inflammatory pathways and immune response. In detail, Serpina3k and Serpinald are related
to cytokine responses, while Serpinalb is involved in inflammatory processes (419-421). On the
other hand, Kngl and Ceslc are known to be involved in the immune response to bacterium
(422,423). Finally, Hpx acts as a positive regulator of immune process, such as type Il interferon-
mediated signaling pathways (424).

These results suggest that the presence of rh-GLA plays a complex effect in the formation of the
PC. On one hand, it could increase the nanoliposomal lifetime in systemic circulation by reducing
the relative abundance of certain opsonins, such as complement factors, Fg and coagulation
factors, while enhancing the presence of dysopsonins, such as Apos (especially Apoal) and Alb
in the PC (378). On the other hand, enrichment of proteins involved in immune response could
promote nanoliposomal clearance from systemic circulation, thus reducing its circulation time.
Evidences from BD assay in section 5.5.2 support this hypothesis, as all nanoGLA formulations
exhibited higher EA in plasma compared to free rh-GLA enzyme at 30 min post-administration
(Fig. 5.12), suggesting an increased circulation time for all nanoGLA formulations. However,
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nanoGLA-0%RGD showed significantly higher plasma EA than nanoGLA-3%RGD and nanoGLA-
6%RGD (Fig. 5.12). This could be explained by the increasing density of PEG-RGD on the
nanoliposomal surface, which may play a significant role in their systemic circulation lifetime by
modifying their PC composition.
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Fig. 6.5. Proteomic characterization by LC-MS of the PC in different nanoliposomal formulations after incubation
with mouse plasma and purification by SEC. A-G) Top 25 most abundant proteins in mouse plasma and the protein
corona (PC) of different nanoliposomal systems. Proteins are ordered according to their relative abundance. H) Heat
map of the top 25 most abundant proteins in plasma and in the PC of different nanoliposomal formulations. Protein
abundances were calculated as log2 of the relative protein abundances. Boxed proteins correspond to those that are
unique for one nanoformulations, in this case, for nanoGLA-6%RGD. Blue arrows indicate proteins that are more
abundant in the PC of the different nanoliposomes than in mouse plasma and include Fg chains (Fga, Fgb and Fgg),
albumin (Alb), Apos such as Apoal, Apoe, Apob, Apoc3, Apocl and Apoa4, complement factors and immunoglobins
such as C3 and Ighg3 (F), murinoglobulin-1 (Mugl), thrombospondin 1 (Thbs1), hemoglobin beta adult s chain (Hbb-
bs), chromodomain DNA binding protein 1 (Chd1), Clusterin (Clu), hemoglobin alpha, adult chain 1 (Hba-al),
serotransferrin (Tf), Serine protease inhibitor A3K (Serpina3k), Hemopexin (Hpx), Transthyretin (Ttr) and vitamin D
binding protein (Gc).
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In fact, the presence of RGD also affected the PC composition in nanoliposomes, either
increasing or decreasing the relative abundance of certain proteins. However, the number of
proteins influenced by rh-GLA (Fig. 6.6A) was higher than those affected by RGD (Fig. 6.6B). To
identify proteins that changed their relative abundance due to the presence of RGD, we selected
only those that exhibited changes in abundance either in the comparison between EL with and
without RGD or in nanoGLA with and without RGD. Additionally, the change had to occur in the
same direction in both groups and be dose dependent on RGD. Based on these criterions, the
presence of PEG400-RGD, increased the abundance of Apoal, opsonins such as complement
factor C3 and immunoglobin Ighg3, and two proteins highly expressed in liver: the protease
inhibitor murinoglobulin 1 (Mug1) (425) and the Kng1 in the nanoliposomal PC (Fig. 6.6B, right).
Conversely, RGD functionalization reduced relative abundance of certain proteins, such as Fgg,
complement factors C4bpa, C4b and Cfh, cell adhesion glycoprotein Thbs1, which is involved in
platelet aggregation, angiogenesis, and tumorigenesis (426), Carboxypeptidase N catalytic chain
(Cpn1), highly expressed in liver and predicted to be involved in several protein processing
processes (427), glycosyl-phosphatidylinositol-specific phospholipase D (Gpld1), also highly
expressed in liver and involved in the regulation of high-density lipoproteins clearance as a
positive regulator (428), chromatin remodeler Chd1, and coagulation factor XllIl chains (F13b and
F13a1l) (Fig. 6.6B, right). It is important to note that these proteins showed reduced abundances
in the PC due to the presence of RGD in EL-3%RGD, EL-6%RGD and nanoGLA-6%RD compared to
EL-0%RGD and nanoGLA-0%RGD, respectively. However, for some reason, this behavior was not
observed in the comparison between nanoGLA-3%RGD and nanoGLA-0%RGD (Fig. 6.6B, right).
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Fig. 6.6. Identification of proteins from the top 25 most abundant proteins that alter their relative presence in
nanoliposomal PC, with RGD or GLA. A) Proteins that increase or decrease their relative abundance in the PC of
nanoliposomes due to the presence of GLA. B) Proteins that increase or decrease their relative abundance in the PC
of nanoliposomes due to the presence of RGD. Note that proteins Apoal and Kngl increased their presence in PC
with RGD and GLA, while Fgg, C4bpa, C4b, F13b and F13a1l did the opposite. Mouse plasma was included as control.

Despite this discrepancy, these results confirm that the presence of PEG-RGD influences the
formation of the PC. Specifically, the addition of RGD appears to shorten the circulation lifetime
of nanoGLA and promote their accumulation in organs rich in macrophages, such as the spleen
(Fig. 5.11 and 5.12). This behavior can be explained by the composition of the PC, which contains
C3 and IgG, two proteins known to enhance NP delivery to the spleen (321,429).
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The incorporation of RGD on the surface of the nanoliposomes increased the relative abundance
of immune-related proteins, such as Kngl, as well as opsonins like C3 complement factor and
Ighg3, suggesting the presence of IgG in the PC. This outcome was expected, as other authors
have reported the immunogenicity of RGD in other liposomal formulations (302,304,430) and
microparticles (431). Furthermore, the presence of IgG may be further amplified by PEG, which
can trigger the production of anti-PEG IgG, as observed with other PEGylated NPs by other
authors (378,432).

Interestingly, not all opsonins showed the same pattern. Some, including additional complement
proteins (C4bpa, C4b and Cfh), Fg and coagulation factors, exhibited a decrease in their relative
abundance in the presence of RGD. On the other hand, RGD also increased the presence of
Apoal in the PC, which could enhance the “stealth effect” of these PEGylated nanoliposomes, a
phenomenon previously described for PEGylated NPs by other authors (400). However, the
presence of this dysopsonin did not seem to influence the abundance of other opsonins like C3
and IgG.

In addition to these individual effects, some proteins in the PC were influenced by both rh-GLA
and RGD, indicating a combined effect. In detail, Apoal and Kngl showed increased abundance
in nanoliposomal PC with RGD and GLA, while Fgg, C4bpa, C4db, F13b and F13al exhibited the
opposite trend. The increased presence of the dysopsonin Apoal and the decreased presence
of opsonins such as Fgg, C4bpa, C4b, F13b and F13al in the nanoliposomal PC could contribute
to the stealth properties of the nanoGLA with PEG400-RGD, helping to evade phagocytic cells
(400).

Overall, these results indicate that both RGD and rh-GLA influenced the PC composition.
Individually, they can increase the presence of opsonins, such as immune response-related
proteins, C3 and Ighg3, as well as dysopsonins, such as Apoal and Alb. At the same time, they
also reduce the presence of other opsonins, including complement factors, Fg and coagulation
factors. Ultimately, the balance of the relative abundance of these proteins in the PC might be
critical for determining the fate and BD of the nanoliposomes.

6.4. Analysis of the proteins in the PC affecting
nanoliposome bioavailability and function

The presence of specific proteins in the PC of NPs, such as complement factors, Igs and Apos,
has been shown to be critical for the tolerance or activation of the immune system due to the
recognition of NPs and their subsequent clearance from the systemic circulation, which limits
their bioavailability and function. In this section, we list some of these proteins and evaluate
how their relative abundances are affected by rh-GLA and RGD functionalization, based on
proteomic results obtained in the previous section.

6.4.1. Complement factors

Complement factors are one of the most important type of opsonins, as they can reduce the
lifetime of NPs in systemic circulation by activating the immune system or by directing them to
clearing organs, such as from the liver, spleen and lungs (433). It is well-established that
complement factors are among the common proteins found in the PC of liposomes
(322,378,433). Interestingly, several studies show that NPs, even PEGylated ones, can activate
the complement pathway (379,434,435), while others demonstrate the immunogenicity of RGD
peptide in mice (302,304). For these reasons, we evaluated the complement factors that were
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more abundant in the PC of the different nanoliposomal formulations compared to plasma, and
how their abundances changed in the presence or absence of rh-GLA and RGD.

Our results revealed that the presence of complement proteins varied significantly across
nanoliposomal formulations, depending on the presence of rh-GLA and/or RGD (Fig. 6.7). A total
of 13 complement factors were found to be more abundant in nanoliposomal PC compared to
plasma. These proteins were C3, C5, Clra, C8b, C8a, Cfi, C8g, C9, Cfhr4, C6, Clsa, C1s2 and Cfhrl.
The presence of rh-GLA increased the abundance of some of these complement proteins, such
as C5, Cfi, C9 and Cfhr4 (Fig. 6.7A), while decreased the abundances of Clra and C1s2 in the
nanoliposomal PC composition (Fig. 6.7B). On the other hand, RGD increased the presence of C3
(the most abundant complement protein in plasma), C5, C8b, C8a, Cfi, C8g, C9, Cfhr4, C6, Clsa
and Cfhrl (Fig. 6.7C), while also decreased the abundance of C1s2 (Fig. 6.7D). In addition, the
proteins C5, Cfhr4 and Cfhrl increased their presence in the nanoliposomal PC with both RGD
and rh-GLA, whereas C1s2 showed the opposite trend.

Interestingly, only C3 was found in the top 25 most abundant proteins in the PC of the
nanoliposomes, while C5, Clra and Cfi were found in the top 100. This suggests that these
complement proteins may be more relevant than others for the nanoliposome BD, as they were
the most abundant in the PC. In fact, C3 is frequently found as among the 25 most abundant
proteins in the PC of liposomes (322,410,417). The conversion of C3 into C3a and C3b is a crucial
step for initiating the downstream terminal classical pathway of complement. However, the
mere deposition or cleavage of C3 on the surface of nanoliposomes does not automatically
indicate the complement activation pathway. Nevertheless, an alternative pathway, which
involves the spontaneous hydrolysis and subsequent activation of C3, could promote
complement activation (378), leading to phagocytosis of the nanoliposome by immune cells and
Kupffer cells from the liver (319).

Proteins increasing their presence Proteins decreasing their presence
A B
B3 Plasma B Plasma
é 2x108 O EL-0%RGD 1x108 =1 EL-0%RGD
s 3 3 EL-3%RGD 8x107- - 3 EL-3%RGD
; 5 1.5%108 3 EL-6%RGD 6x107 3 EL-6%RGD
r= H s mm nanoGLA-0%RGD ax107 T Em nanoGLA-0%RGD
107
3 ﬁ% = nanoGLA-3%RGD . . = nanoGLA-3%RGD
» 52 1x108 = nanoGLA-6%RGD e = nanoGLA-6%RGD
‘Bh owm
g ag 4x106+
g 2 - 5107 810
: 3 2x105+
£ & 1x106-] rl -
2 0 04 . fmal m
e C5 Cfi c9 Cfhr4 Cira C1s2
a
Cc D
[=)
[C) = Plasma B Plasma
;: 4x10° 1 EL-0%RGD 3x106 I EL-0%RGD
218 a0 = EL-3%RCD I EL-3%RGD
3 5 3 EL-6%RGD I EL-6%RGD
@ | s 20 == nanoGLA-0%RGD 106 == anoGLA-0%RGD
gn E% " B nanoGLA-3%RGD BN nanoGLA-3%RGD
o

s H e == nanoGLA-6%RGD = nanoGLA-6%RGD

owm
o 50
@ e = 1%106
‘0 s
- ]
[=] o
<4
a A o0

c3 Cc5 Cs8b Cs8a cfi Csg c9 Cfhr4 Ccé Cisa Cfhr1 C1s2

Fig. 6.7. Complement factors enriched in the PC of the nanoliposomal systems that altered their abundances with the
presence of rh-GLA or RGD. A) Complement factors that increase their relative abundance in the PC depending on the
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of RGD. Note that proteins C5, Cfi and Cfhr4 increased their presence in PC with RGD and GLA, while C4b, Clqc, Clqa
and C1s2 did the opposite. Mouse plasma was included as control.

On the other hand, C5 protein is involved in the final steps of complement activation. This
protein contributes to the formation of the MAC, which promotes the degradation of
nanoliposomes and their subsequent removal from systemic circulation (378,436). Clra is one
of the components of the C1 complex, which is the first complex that initiates the classical
complement pathway by binding to 1gG or IgM (378). A decrease in the abundance of this
protein, along with a decrease in C1s2 (another component of C1 complex), due to the presence
of both RGD and rh-GLA, could reduce the activation of the classical complement pathway. In
contrast, the increased presence of Cfi in the PC of the nanoliposomes, due to RGD and rh-GLA,
could improve the nanoliposomal circulation time, as Cfi plays a critical role in regulating all
complement pathways by degrading activated critical proteins like C3b and C4b (437). However,
the abundance of Cfi in the PC of the nanoliposomes is much lower than that of C3 and C5,
suggesting that it is unlikely to fully inhibit the complement response.

C3 was found in high relative abundance in the PC of the nanoliposomes and may play a key role
in their BD. Its presence could lead to increased opsonization of the nanoliposomes, enhanced
recognition by immune cells such as macrophages, and subsequently greater clearance from
blood circulation. This effect was observed in previous sections, where the presence of RGD on
the nanoliposomes—associated with higher levels of C3 in their PC—correlated with a reduced
plasma half-life. Furthermore, the presence of C3 in the PC may also explain the higher levels of
antibodies in the PC and the increased presence of ADAs in the nanoGLA-3%RGD compared to
free enzyme, as discussed previously.

Overall, these results showed that the presence of both rh-GLA and PEG400-RGD increased the
abundance of complement factors such as C3 and C5 in the PC (Fig. 6.7A and 6.7C). It appears
that RGD played a more important role than rh-GLA in increasing the abundance of key
complement factors, such as C3. However, rh-GLA also contributed to enhancing the
immunogenicity of nanoGLA by increasing the abundance of C5. Several studies by other authors
have reported the immunogenicity of RGD (302,304) and have shown that complement
activation can occur in PEGylated NPs (379,434,435). Additionally, the high abundance of
complement factors associated with the presence of rh-GLA could be due to the different
species origin of this enzyme, which might lead to the recognition of the protein as a foreign
antigen, thereby activating the complement cascade. Again, the increased presence of
complement factors observed in the PC of nanoliposomes, related to the presence of RGD, could
contribute to higher nanoliposomal retention of these systems in liver and spleen (321), likely
explaining the higher BD in liver and spleen observed with the RGD-targeted nanoGLA in the
results from sections 5.5.1. and 5.5.2.

6.4.2. Immunoglobulins

Immunoglobulins (Igs) are another major type of opsonins, alongside complement factors. Thus,
we evaluated the presence of Igs in the PC of the different nanoliposomal formulations,
following the same methodology as before.

Results showed that the abundance of certain Igs varied in the PC of nanoliposomes due to the
presence of rh-GLA and RGD (Fig. 6.8). Interestingly, the effect of RGD on Ig presence was smaller
than that of rh-GLA, as RGD increased the abundance of fewer Igs while also reducing the levels
of a large numbers of Igs compared to rh-GLA. Specifically, a total of 45 Igs were found to be
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enriched in nanoliposomal PC compared to their abundance in plasma. However, only 5 of these
Igs were among the top 100 most abundant proteins in the PC of the nanoliposomes, indicating
a strong interaction with the nanoliposomal surface. Notably, the presence of rh-GLA increased
the abundance of 7 Igs (15.5%), including Ighg2b (F) and Ighg1 (F), which are fragments from IgG
(Fig. 6.6A, left). Additionally, rh-GLA decreased the abundance of 14 Igs (31.1%) in the
nanoliposomal PC composition (Fig. 6.8A, right). In contrast, RGD increased the relative
abundance of 4 Igs (8.9%), including Ighg3 (F), Ighg2b (F) and Ighgl (F), which were also IgG
fragments (Fig. 6.8B, left), while decreasing the abundance of 19 Igs (42.2%) (Fig. 6.6B, right),
further suggesting that RGD presence alters Igs adsorption patterns in the PC, likely due to the
presence of PEG. Furthermore, the proteins Ighgl (F) and Ighg2b (F) increased their presence in
the nanoliposomal PC with both RGD and rh-GLA, whereas other proteins such as Igkv6-15 (F),
Igkv6-17 (F), Igkv2-109 (F), Igkv4-62 (F), Igkv-1-117 (F), Igkv3-7, Igkv8-34 (F), Igkv6-14 (F) and
Igkv7-33 showed the opposite trend. Moreover, some opposing effects on the abundance of
certain Igs were observed between rh-GLA and RGD. In detail, Ighv1-69 (F) reduced its
abundance with rh-GLA but increased it with RGD, while Ighv11-2 (F) and Igkv14-126 (F) reduced
their abundance with RGD but increased it with rh-GLA (Fig. 6.8).

Interestingly, only Ighg3 (F), Ighg2b (F), Ighg1 (F), which are fragments derived from IgG, as well
as Ighv11-2 (F) and Igkv12-89 (F), were found among the top 100 most abundant proteins in the
PC of the nanoliposomes (Fig. 6.8D). This suggests that these immunoglobulin fragments are
particularly relevant within the PC of nanoliposomes compared to other immunoglobulins. In
fact, 1gG fragments showed high relative abundance in the PC of the nanoliposomes when both
RGD and rh-GLA are present (Fig. 6.8D). However, Ighv11-2 (F) and Igkv12-89 (F), only increased
in abundance in the PC of the nanoliposomes when rh-GLA was present, indicating a possible
specificity for rh-GLA.

The presence of Igs is commonly observed among the 25 most abundant proteins in the PC of
other liposomes (319,322,417). Moreover, IgG is one of the most abundant Igs in plasma, and
its function include promoting phagocytosis and activating the complement system (319,378).
Consequently, 1gG can facilitate the clearance of NPs from the systemic circulation, reinforcing
its role in immune recognition and elimination of nanocarriers.

Overall, these results showed that the presence of rh-GLA and RGD has an impact in the Ig
composition of the PC. In fact, rh-GLA increased the abundance of more Ig fragments (15.5%)
than the presence of RGD (8.9%). This was expected, as the presence of ADAs against GLA in
Fabry patients has been well documented by other researchers (52,438). Nonetheless, an
increased presence of IgG fragments in the PC of the nanoliposomes due to the presence of rh-
GLA and RGD was also observed. In fact, other authors have reported the presence of IgG as
anti-PEG antibodies in solid lipid nanoparticles, silica nanocapsules and liposomes
(432,439,440). The increased presence of IgG fragments observed in the PC of nanoliposomes,
associated with the presence of RGD, could contribute to the retention of nanoliposomes in the
liver and spleen (321). This may explain the higher BD in the liver and spleen observed with the
RGD-targeted nanoGLA, as shown in the results from sections 5.5.1. and 5.5.2.
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Fig. 6.8. Identification of immunoglobulins (Igs) enriched in the PC of the nanoliposomal systems that altered their
relative abundances with the presence of rh-GLA or RGD. A) Igs that increase or decrease their presence in the PC
of nanoliposomes with rh-GLA. B) Igs that modified their abundances in the PC of nanoliposomes with RGD. C) Igs
from the top 100 of most abundant proteins the PC of the nanoliposomes that change their relative abundance due
to RGD or rh-GLA. Mouse plasma was included as control.

6.4.3. Apolipoproteins

Apolipoproteins are a group of proteins involved in lipid transport and metabolism, generally
classified as dysopsonins because they can downregulate complement factors (378), which
increases the lifetime of NPs in plasma and can help them to cross biological barriers such as the
blood-brain barrier (BBB) (441,442).

When studying the relative presence of apolipoproteins in the nanoliposomal PC, 8
apolipoproteins were found to be more abundant in the PC of the nanoliposomes than in
plasma. These were Apoe, Apoc3, Apoa4, Apocl, Clu (or Apoj), Apod, Apoa5 and Apof. However,
only 5 of these apolipoproteins appeared among the top 100 most abundant proteins in the PC
of the nanoliposomes (Fig. 6.9), demonstrating their relevant presence in the PC compared to
other lipoproteins. Specifically, these were Apoe, Apoc3, Apoa4, Apocl and Clu. Furthermore,
these lipoproteins were also found in the top 25 most abundant proteins in the PC of the
liposomes in the present study and have been reported by some authors as being commonly
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found in high abundances in the PC of other liposomes, particularly Apoe, Apoc3, Apoa4 and Clu
(322,417,443-445).

In addition, the results showed changes in the abundance of certain apolipoproteins due to the
presence of both rh-GLA and RGD. In detail, the presence of rh-GLA on the nanoliposomal
surface increased the abundance of Apoe, Apoc3, Apoa4 and Apocl, while slightly decreased
the abundance of Clu in the nanoliposomal PC (Fig. 6.9). A similar trend was observed for RGD
which also increased the relative abundance of the same apolipoproteins in the nanoliposomal
PC (Fig. 6.9). However, unlike rh-GLA, no decrease in the abundance of the selected
apolipoproteins was observed due to the presence of RGD.

Overall, these findings indicate that both rh-GLA and RGD enhance the abundance of the same
apolipoproteins in the PC of the nanoliposomes. The most abundant apolipoprotein in the PC
was Apoe, which, as reported by other authors, can bind to certain complement proteins, such
as Clqg and Cfh, activating the complement pathway (446). Additionally, it can enhance the
uptake of NPs by the liver and spleen (321,447,448), increasing the clearance of nanoliposomes
from systemic circulation. This may explain the higher levels of EA delivered by the different
nanoGLA formulations to the liver and spleen observed in the BD assay from sections 5.5.1. and
5.5.2. On the other hand, Apoc3, Apoa4, Apocl and Clu were found to be abundant in the PC of
the nanoliposomes, but at lower levels compared to Apoe. These apolipoproteins have been
described as dysopsonins, enhancing the lifetime of some inorganic NPs, such as
superparamagnetic iron oxide nanoparticles and silica nanoparticles, in systemic circulation
(400,449-451).
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Fig. 6.9. Identification of lipoproteins enriched in the PC of the nanoliposomal systems with the presence of RGD
or rh-GLA.

Importantly, other authors have found that presence of Apoe in the PC of NPs improved their
ability to reach the brain by facilitating the crossing of the BBB (321,359,441). Therefore, the
presence of this apolipoprotein in the PC of the different nanoGLA formulations may explain
why these nanoliposomes were able to cross the BBB in the in vivo BD assay of sections 5.4.1.
and 5.4.2.
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6.4.4. Other selected proteins
6.4.4.1. Albumin

Albumin (Alb) is one of the most abundant proteins in the PC of various types of NPs. It has the
capacity to modulate the BD of NPs and, due to its non-toxicity and non-immunogenicity, this
protein is considered an excellent dysopsonin. In fact, several studies used a pre-coating of Alb
in their NPs to reduce their phagocytosis, even in the presence of IgG (398,452). However, it is
important to note that there is no clear consensus on the stealth capacity of Alb, as most of the
studies using the Alb pre-coating strategy have utilized the purified protein, which differs
significantly from the real presence of this protein in plasma (453).

Our proteomic analysis showed that Alb is one of the most abundant proteins in the PC of the
different nanoliposomes, with its relative abundance being higher than in mouse plasma and
increasing with the presence of rh-GLA. In the case of EL, Alb abundance increased with the
presence of RGD (Fig. 6.5A and 6.10A). These findings indicated that Alb may play an important
role in the in vivo fate of nanoliposomes due to its high abundance in the PC. This could explain
why the presence of rh-GLA and RGD in the nanoliposomes, which is associated with a higher
abundance of Alb in their PC, showed a decrease in the abundance of some Igs, as discussed in
section 6.4.2.

6.4.4.2. Fibrinogen

Fibrinogen (Fg) is the second most abundant protein in plasma and is commonly detected in the
PC of liposomes with different compositions (323,445,454-457). Fg is a 340 kDa glycoprotein
composed by two groups of three polypeptide chains known as alpha, beta, and gamma, which
are connected through disulfide bonds (458). This protein complex is involved in blood
coagulation, inflammation, phagocytosis, complement activation, leukocyte activation and it
also interacts with endothelial cells (378,414). Due to its involvement in multiple processes that
could directly affect the bioavailability of NPs in systemic circulation, we evaluated the presence
of the three Fg chains (Fga, Fgb and Fgg) in the PC composition of the different nanoliposomal
formulations.

Results showed that Fg is present in the top 5 most abundant proteins in the PC of all
nanoliposomal formulations (Fig. 6.5). The relative abundance of Fgb and Fgg decreased in the
presence of rh-GLA in both nanoGLA-0%RGD and nanoGLA-6%RGD, and a trend can be observed
in the reduction of Fgg abundance in the PC of the EL due to the presence of RGD (Fig. 6.10B).
All EL formulations showed similar relative abundances of the three Fg chains in their PC
compared to mouse plasma (Fig. 6.10B).

Overall, these results showed similar levels of Fg abundance between mouse plasma and the PC
of the different nanoliposome versions, suggesting that this protein may not play a critical role
in the in vivo fate of nanoliposomes due to its low enrichment in the PC. Additionally, the
presence of Chol-PEG400-RGD seems to have no effect in reducing the levels of Fg in the PC of
the different nanoliposomes. This observation contradicts previous studies in the literature
where low amounts of fibrinogen was detected on negative PEGylated liposomes after in
incubation with murine plasma (354,414,459,460). However, other liposomal formulations with
DOTAP-DOPC-DC-Chol-DOPE-DOPE-PEG2000 adsorbed more fibrinogen after 90 min of
dynamic incubation with FBS compared with static incubation (357).
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6.4.4.3. Transferrin

Functionalization of NPs with transferrin (Tf) is one of the most commonly used strategies to
cross the BBB and deliver therapies to the brain, due to the high presence of Tf receptors (Tf R)
in this biological barrier (321,461). Interestingly, Tf is one of the top 25 most abundant proteins
in the PC of RGD targeted EL and all nanoGLA versions (Fig. 6.5H).

Proteomic analysis showed that Tf is an important component of the PC of all nanoliposomal
systems, as it showed higher relative abundance compared to mouse plasma. Tf levels increased
with the presence of rh-GLA and, in some cases, with the presence of RGD (Fig. 6.10C). In fact, a
significant increase in Tf relative abundance was found in EL-3%RGD compared to EL-O0%RGD (p
< 0.02), demonstrating that the presence of RGD also influenced the presence of Tf in the
nanoliposomal PC. However, this correlation between the presence of RGD and the increasing
abundance of Tf in the PC is not evident in nanoGLA-3%RGD compared to nanoGLA-0%RGD (Fig.
6.10C). A similar pattern was observed in nanoGLA-3%RGD for other proteins, such as Alb,
fibronectin (Fn1), transthyretin (Ttr) and mannose-binding proteins (Mbl) (Fig. 6.10). The lack of
correlation in nanoGLA-3%RGD suggests an unknown factor affecting its PC formation, which
requires further investigation.

Importantly, several studies reported that both IgA and IgM reduced the capacity of Tf-Tf R
recognition and, subsequently, reduce the ability of Tf-functionalized NPs to cross the BBB (462—
464). This highlights the potential impact of immunoglobulins in the PC on the efficiency of Tf-
mediated brain targeting, which should be considered when designing BBB-penetrating
nanomedicines.
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Fig. 6.10. Relative abundances in the PC of selected proteins. A) Relative abundance of Alb in the PC of the different
nanoliposomal formulations. B) Relative abundance of the different Fg chains in the PC of the different nanoliposomal
formulations. C) Relative abundance of Tf in the PC of the different nanoliposomal formulations. D) Relative
abundance of Fn1l in the PC of the different nanoliposomal formulations. E) Relative abundance of different Mbl in
the PC of the different nanoliposomal formulations. F) Relative abundance of Ttr in the PC of the different
nanoliposomal formulations. Mouse plasma was included as control. Statistical significance levels were schematically
assigned ns (p 20.05), *(0.01 < p < 0.05), **(0.001 < p < 0.01), ***(0.0001 < p < 0.001), ****(p < 0.0001).
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In this regard, the PC of all nanoliposomal formulations showed lower abundance of both Igha
and Ighm, components of IgA and IgM, respectively, compared to plasma. In addition, the
presence of rh-GLA further reduced the abundance of both Igha and Ighm. Therefore, the
reduction in the abundance of these Igs, along with the increased abundance of Tf in the PC of
the nanoliposomes, could facilitate the translocation across BBB of the nanoGLA. However,
another important aspect is the expression of ubiquitous Tf R in other organs, such as liver and
spleen (321), which could lead to undesired uptake of the nanoliposomes by these organs. This
is probably what was observed in the in vivo BD assay in sections 5.5.1. and 5.5.2, where higher
BD in liver and spleen was shown.

6.4.4.4. Fibronectin

Fibronectin (Fn1) is a large extracellular protein that promotes phagocytosis by mononuclear
phagocytic system and has a high affinity for liposomes due to its ability to undergo
conformational changes (465), their lipid composition and positive charge (466), and interaction
with specific peptide sequences, such as RGD (467,468). Therefore, its presence in the PC could
reduce the lifetime of nanoliposomes in the systemic circulation. In addition, Fn1 was detected
among the top 25 most abundant proteins in PC of nanoliposomes. However, contrary to what
we observed for Alb and Tf, Fn1l levels in the PC of nanoliposomes were lower than those in
plasma (Fig. 6.5 and 6.10D).

The presence of RGD and, consequently, PEG400 reduced the relative abundance of Fnl in the
PC of EL (Fig. 6.10D). Additionally, the presence of rh-GLA in the nanoliposome also decreased
the presence of Fnl. However, as was observed in previous sections, the increase in the Fnl
presence was not that evident in nanoGLA-3%RGD compared to nanoGLA-0%RGD and nanoGLA-
6%RGD.

Overall, these results demonstrated that Fn1 is not enriched in the PC of the nanoliposomes, as
its relative abundance is lower than in mouse plasma. The presence of RGD and rh-GLA in the
liposomes reduce the abundance of Fn1, that might favor an increase in the circulation time of
RGD functionalized and GLA loaded nanoliposomes.

6.4.4.5. Mannose-binding proteins (Mbl)

Mannose-binding proteins or lectins (Mbl) are molecules associated with the innate immune
system that plays a role in promoting phagocytosis and activating the lectin pathway of
complement cascade via C4 and C2 (Fig. 6.2) (469). Due to its ability to activate the immune
system, Mbl could act as an opsonin for the NPs potentially reducing its lifetime in plasma and
enhancing their delivery to organs such as liver and spleen.

Our results showed that Mbl2 is more abundant than Mbl1. In fact, Mbl2 is among the top 25
most abundant proteins in the PC of EL (Fig. 6.5B to 6.5D). However, its abundance is lower than
in mouse plasma, indicating that is not enriched in the PC of the different nanoliposomes. A
similar trend was observed for Mbl1 protein (Fig. 6.10E). In addition, the presence of rh-GLA led
to a decrease in the relative abundance of both Mbl2 and Mbll. As observed previously,
nanoGLA-3%RGD did not follow the same trend as the other nanoliposomal formulations.
Moreover, the presence of RGD did not result in a clear reduction of these proteins in the PC of
the nanoliposomes (Fig. 6.10E).
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Taken together, these results indicate that the presence of Mbl proteins in the PC of the
nanoliposomes is reduced when compared to the plasma suggesting that their role in immune-
mediated clearance of these formulations may be limited.

6.4.4.6. Transthyretin

Transthyretin (Ttr) is a protein involved in the transport of thyroid hormones and retinol. It also
prevents beta-amyloid aggregation in humans, showing a neuroprotective role in Alzheimer's
disease. Additionally, it has been explored as a targeting moiety in inorganic NPs due to its ability
to cross the BBB (470).

The results showed that Ttr is enriched in the PC of all nanoliposomal systems and is among the
top 25 most abundant proteins in the PC of nanoGLA-6%RGD (Fig. 6.5G). The relative abundance
of this protein increased with the presence of rh-GLA and RGD (Fig. 6.10F). In fact, a significant
increase in Ttr relative abundance was found in EL-3%RGD compared to EL-0%RGD (p < 0.03),
demonstrating that the presence of RGD also influenced the abundance of Ttr in the
nanoliposomal PC. However, as observed in previous sections, this correlation between the
presence of RGD and the increasing abundance of Ttrin the PCis not evident in nanoGLA-3%RGD
compared to nanoGLA-0%RGD (Fig. 6.10F).

Altogether, these results show that the presence of Ttr in the PC of the nanoliposomes is higher
compared to the relative abundances of this protein in mouse plasma, suggesting its important
role in the fate of the nanoliposomes. The occurrence of Ttr in the PC of nanoliposomes is
favored by the presence of rh-GLA and RGD, which could promote the crossing of the BBB by
nanoGLA. This is consistent with the findings from biodistribution (BD) assays in sections 5.5.1
and 5.5.2, where nanoGLA formulations demonstrated successful BBB penetration.

6.5. Impact of PC in the internalization of nanoGLA in
endothelial cells

As observed in section 5.3, the presence of RGD in the nanoliposomes enhanced their
internalization in HMEC-1 endothelial cells. However, several studies have reported that the
formation of the PC can interfere with nanoparticle-cell interactions, potentially reducing
targeting efficiency (357,471-473). To investigate whether the formation of the PC in the
different versions of nanoGLA could mask the RGD-targeted moiety, a cell internalization assay
in HMEC-1 cells was conducted using flow cytometry, similarly as conducted in section 5.3.1.

DiR-labeled nanoGLA systems were pre-incubated with FBS for 1 h at 37°C under shaking
conditions to allow the PC formation and their internalization was compared to nanoGLA
without pre-incubation with FBS. The final concentration of each nanoGLA version was 0.05
mg/mL of theoretical lipid content.

88



30 min 1h 6h

* %

* %
A B ** c
* %k - *kk
100 100 100
" B nanoGLA-0%RGD
3_. 80 80 - 80 _ B nanoGLA-3%RGD
g E B nanoGLA-6%RGD
20 60 60 60
g +
c
g 3 40 40 40
x=
[ 20 20 20
S
0 0 0
FBS (-) FBS (+) FBS (-) FBS (+) FBS (-) FBS (+)
*
* * KK
D E ns F
% %
10000 15000 50000 *%
Bl nanoGLA-0%RGD
. 8000 * 40000 B nanoGLA-3%RGD
E 10000 m nanoGLA-6%RGD
) 6000 30000 * ok kK
E +
c
3 4000 5000 20000
=
= 2000 10000
0 0 ]

FBS () FBS (+) FBS () FBS (+) FBS (-) FBS (+)

Fig. 6.11. Impact of the PC formation in HMEC-1 internalization of RGD functionalized nanoGLA. A-C) Percentage of
DiR positive cells after 30 min, 1 h and 6 h of incubation. D-F) Median fluorescence intensity (MFI) after 30 min, 1 h
and 6 h of incubation. Different nanoGLA formulations labelled with DiR were pre-incubated with fetal bovine serum
(FBS (+)), and their internalization was compared to those that were not pre-incubated (FBS (-)). Statistical significance
levels were schematically assigned ns (p 20.05), *(0.01 < p < 0.05), **(0.001 < p < 0.01), ***(0.0001 < p < 0.001),
%% (p < 0.0001).

The results demonstrated a beneficial role of RGD in enhancing internalization at short
incubation times and in the absence of the PC (FBS (-)) (Fig. 6.11). Specifically, at 30 min, cellular
uptake of nanoGLA was faster when RGD was present without pre-incubation with FBS, as
evidenced by both %DiR positive cells and MFI (Fig. 6.11A and 6.11D). Additionally, nanoGLA-
6%RGD exhibited better internalization than nanoGLA-3%RGD under both conditions, with and
without the presence of the PC. However, these differences between nanoGLA-3%RGD and
nanoGLA-6%RGD were no longer apparent after 1 h and 6 h of incubation in the presence of the
PC.

The enhancement in internalization due to RGD is most evident at shorter incubation periods
(30 min), whereas longer incubation times (1 and 6 h) diminish this effect. Therefore, the effect
of the PC reducing the internalization of the nanoGLA is more evident after short incubation
periods compared to longer ones. These findings suggest that the PC likely masks part of the
RGD, thus slowing the internalization of RGD-targeted nanoGLA.

In contrast, nanoGLA-0%RGD exhibited slower internalization compared to RGD-targeted
nanoGLA formulations, but its cellular uptake increased after 1 h and 6 h of incubation, as
indicated by both %DiR positive cells (Fig. 6.11B and 6.11C) and MFI (Fig. 6.11E and 6.11F).
Interestingly, after 1 h and 6 h of incubation, nanoGLA-0%RGD pre-incubated with FBS showed
enhanced internalization due to the presence of the PC (Fig. 6.11B, 6.11C, 6.11E and 6.11F).

Importantly, after 6 h of incubation, discrepancies were found between %DiR positive cells and
MFI results for nanoGLA-3%RGD and nanoGLA-6%RGD. In detail, nanoGLA-3%RGD showed a
significant decrease in %DiR positive cells (p = 0.008), suggesting that the PC could interfere with
its cellular uptake (Fig. 6.11C). In contrast, MFI results showed the opposite, with a significant
increase in nanoGLA-3%RGD internalization in the presence of FBS (p = 0.0001) (Fig. 6.11D). A
similar scenario was observed for nanoGLA-6%RGD, where %DiR positive cells showed no
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significant difference in cellular uptake with or without the PC, but MFI results showed
significantly better internalization with nanpoaticles pre-incubated with FBS (p = 0.0001). These
discrepancies may be explained by the fact that %DiR positive cells saturated after 1 hand 6 h
of incubation, making it difficult to compare the different treatment groups. On the other hand,
MFI did not saturate after longer incubation times.

Overall, these results demonstrate that the formation of the PC through pre-incubation with FBS
can partially mask RGD, delaying the internalization of targeted nanoliposomes in endothelial
cells (Fig. 6.11). However, despite the presence of the PC, RGD-targeting still enhances and
accelerates nanoGLA internalization in HMEC-1 cells compared to nanoGLA without RGD at all
time points (Fig. 6.11B, 6.11C, 6.11E and 6.11F), demonstrating the importance of RGD presence
for the nanoliposomal endothelial uptake. Interestingly, nanoGLA without RGD exhibited slower
internalization in HMEC-1 cells, but the presence of PC in these nanoliposomes improved its
internalization after 1 and 6 h of incubation. This improvement is likely due to the presence of
receptors in HMEC-1 for certain components of the PC, such as Alb and apolipoproteins, two of
the main proteins adsorbed by nanoliposomes when incubated with FBS (318,357), which could
enhance its internalization. This improvement in cellular uptake due to PC has been reported
by other authors using other cells and other NPs (318,472).

6.6. Summary and conclusions

In this section, we evaluate the impact of surface modifications and nature on nanoliposomes,
such as the addition of RGD at different densities (0%, 3% and 6 mol%) and the presence or
absence of rh-GLA, on the formation and composition of the PC, as well as the effect of the PC
on the internalization of these RGD-targeted nanoliposomes in endothelial cells. For this
purpose, we used the same nanoliposomal systems as in section 5.2 (Table 5.3).

First, the optimal incubation time of nanoliposomes with mouse plasma for studying the
composition of the PC was determined. Two different nanoliposomal formulations, EL-O0%RGD
and nanoGLA-3%RGD were incubated with mouse plasma at various time points at 37°C and in
shacking conditions to determine when the PC was formed and stabilized. PC formation was
detected by DLS in both nanosystems. Results showed that the formation of the PC in different
nanoliposomal formulations can be monitored in situ by DLS. However, quality of the DLS
measurements improved after ex situ isolation of PC-nanoliposome complexes through size
exclusion chromatography (SEC), which avoided the interference of plasma components in DLS
readings and allowed for more accurate characterizations. After incubation with plasma,
nanoliposomes acquired a negative {-potential and increased their PDI due to the adsorption of
plasmatic proteins. PC formation occurred rapidly (30 min), but after 1 h of incubation, the size,
PDI and {-potential remained stable and without sedimentation throughout the subsequent
time points in both nanoliposomes, indicating that, after 1 h of incubation, the PC remained
stable over time.

Following PC formation, the PC-nanoliposome complexes were isolated using SEC, based on
liposome fluorescence, after 1 h of incubation with mouse plasma. Results from DLS and cryo-
TEM confirmed the successful isolation of the PC-nanoliposome complexes, allowing for further
characterization of PC composition.

Proteomic analysis by LS-MS revealed that PC composition was largely consistent across
different nanoliposomal formulations, with Alb and apolipoproteins being the most abundant
proteins in all cases. The majority of proteins forming the PC in the different nanoliposomal
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formulations were small proteins (< 60 kDa) and negatively charged in plasma (IEP < 7.5). The
presence of rh-GLA and RGD in the nanoliposomes affected the composition of the PC, either
reducing or increasing the presence of opsonins, such as Igs and complement factors, and
dysopsonins, such as apolipoproteins and Alb. These changes suggest that PC composition plays
a major role in determining the in vivo fate of nanoliposomes, as it can either promote or hinder
immune clearance and circulation time. Interestingly, presence of rh-GLA and RGD increased the
abundance of proteins such as Apoe and Tf in their PC, thereby endowing the nanoliposomes
with the ability to cross the BBB. This finding is supported by the biodistribution (BD) assays in
sections 5.5.1 and 5.5.2, which demonstrated successful BBB penetration by nanoGLA
formulations.

For the internalization studies, nanoGLA formulations were pre-incubated with FBS for 1 h at
37°C under shacking conditions to allow the formation of the PC. Results demonstrated that the
presence of the PC in RGD-targeted nanoGLA slowed their internalization in endothelial cells,
indicating that the PC can reduce the availability of the targeting moiety. In contrast, nanoGLA
without RGD exhibited slower internalization in endothelial cells compared to nanoGLA with
RGD. However, the presence of the PC enhanced its internalization after 1 and 6 h of incubation,
likely due to the presence of receptors in endothelial cells for certain components of the PC,
such as Alb and apolipoproteins, which could facilitate cellular uptake via alternative endocytic
pathways.

This study underscores the dual role of the PC in modulating nanoliposomal interactions with
the biological environment. While PC formation can limit targeted uptake by masking functional
ligands such as RGD, it can also facilitate alternative pathways of internalization, particularly in
cases where PC components interact with cell surface receptors. The presence of rh-GLA and
RGD altered the balance between opsonins and dysopsonins, influencing immune recognition,
circulation time, and biodistribution patterns at a systemic level as later observed in vivo.

These results emphasize the importance in drug delivery research of not only thoroughly
characterizing the nanosystem itself, but also understanding its interactions with plasma and
relevant physiological media, a topic which was explored in greater depth for the first time in
this thesis. This is crucial as the presence of the protein corona can significantly affect many
physicochemical properties, which may help explain results obtained both in vitro and in vivo.
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7. Production and isolation of
extracellular vesicles for GLA enzyme
delivery

7.1. Introduction

Extracellular vesicles (EVs) are involved in multiple intercellular signaling pathways, acting as
vehicles for communication between cells under physiological conditions. This makes them ideal
carriers for therapeutic agents due to their ability to transport and deliver proteins, nucleic acids,
lipids, and other bioactive molecules in a target-specific manner through plasma membrane
interactions (474,475).

Therapeutic agents can be loaded into EVs through both endogenous and exogenous methods.
In the case of the endogenous method, it has been demonstrated that EVs can be engineered
by genetically modifying the secreting cells, enhancing their ability to deliver therapies
effectively, including targeting hard-to-reach tissues like central nervous system (CNS) (476). In
addition, various post-isolation techniques, such as saponification, sonication or simple
incubation, can be used as exogenous methods to load EVs with a wide range of therapeutic
molecules, including siRNA, enzymes and chemotherapy drugs (474).

Additionally, the targeting capacity of EVs can be enhanced by deriving them from specific cell
lines, such as EVs from cardiac cell lines to target drug delivery to the heart (477), or by adding
targeting moieties to their surface to direct them to specific tissues or cells (179-
182,184,185,196).

However, there are several key challenges that must be overcome before EV-based therapies
can reach their full potential. One major issue is the inherent variability in EVs, including
differences in size, cargo, surface markers, and biogenesis pathways. This heterogeneity
complicates efforts to standardize EVs, making it difficult to establish consistent production,
characterization, and dosing protocols. Achieving large-scale production of EVs with consistent
quality and yield remains a significant barrier (194). While there are ongoing efforts to enhance
scalability, such as the use of bioreactors for cell culture, these solutions are still in development
(478,479).

Another challenge is ensuring precise targeting of EVs to avoid unwanted uptake by non-target
tissues, which can reduce their therapeutic efficacy. Without effective targeting strategies, EVs
may be distributed systemically, leading to a broader distribution that diminishes their
effectiveness (132,195). On the other hand, modifying EV surfaces with exogenous peptides,
antibodies, or synthetic molecules to improve targeting can also trigger immune responses,
which must be carefully managed (196,197).

EV-based therapies also face concerns related to their stability during storage and transport. EVs
may lose their functionality over time, which could limit their clinical utility (198,199).
Additionally, the regulatory landscape for EV therapies is still evolving. Currently, it relies heavily
on existing frameworks for biologics and cell therapies, which may slow down the approval
process for clinical applications (157). To address these issues, ongoing research into improving
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EV engineering, isolation, and characterization methods is crucial. Innovations in these areas will
help to expand the clinical potential of EV-based therapies while tracking concerns such as
immunotoxicity, bioavailability, and regulatory approval.

In this section, we explore the production of EVs loaded with GLA (EV-GLA) obtained from
different cell factories, the use of various isolation methodologies to enhance the EV-GLA yield,
and the use of these EVs to enhance ERT in endothelial cell cultures. In addition, we investigate
the benefits of targeting EV-GLA with F7 cell-penetrating peptide to improve EV-GLA
internalization and in vitro efficacy.

7.1.1. EVs for protein delivery: loading and surface modifications

EVs can be loaded with proteins using either exogenous or endogenous approaches. Exogenous
loading involves directly incorporating therapeutic proteins into EVs through techniques such as
fusion, electroporation, osmotic shock, sonication, saponification, or freeze—thaw cycles. These
methods allow precise control over the amount of protein introduced (173,480-482), ensuring
a defined therapeutic dose. However, they may also compromise EV membrane integrity (483),
potentially affecting the stability and efficacy of the delivery system (194). Despite this
limitation, exogenous loading remains particularly valuable for proteins that require high
concentrations or lack a natural association with EVs. The efficiency of this method varies
depending on the specific loading technique, and standardization remains a challenge (484).
Additionally, exogenous loading can involve covalent attachment of therapeutic proteins to the
EV surface, as demonstrated by the conjugation of anti-EGFR peptides to enhance EV
accumulation in EGFR-positive cancer cells (485).

In contrast, endogenous loading takes advantage of the natural vesicle biogenesis machinery
within producer cells, enabling the incorporation of therapeutic proteins during EV formation.
This approach is well-suited for unmodified therapeutic proteins, such as lysosomal enzymes,
and can be further enhanced by genetic engineering strategies. For instance, proteins can be
fused with EV-associated molecules like Alix and TSG101 (luminal loading) (486) or fused with
membrane proteins such as CD9, CD63 (487,488), or plasma membrane proteins (membrane
loading) to facilitate their inclusion in EVs (489). Endogenous loading is particularly effective for
larger molecules that are naturally secreted via vesicular pathways, including signaling proteins,
inflammatory mediators, and surface receptors (486).

An advantage of endogenous loading is that it preserves the biological properties of EVs by
eliminating the need for post-isolation modifications. However, its efficiency depends on factors
such as the specific therapeutic protein and the ability of the producer cell to package and
secrete it efficiently. Various strategies have been developed to enhance endogenous loading,
including overexpressing therapeutic proteins fused to surface-associated markers like Lamp2
or CD63, or soluble proteins such as Alix or syntenin (486). The choice of anchoring protein plays
a critical role in determining the amount of therapeutic protein incorporated into each EV (490).

Optimizing EV biodistribution is essential for maximizing their therapeutic effects. When
administered intravenously, EVs are often sequestered by organs such as the liver, kidneys,
spleen, and lungs. While this natural tropism can be beneficial for targeting diseases affecting
these organs, additional modifications are often required to improve delivery to specific tissues.
Surface engineering strategies, such as ligand attachment, can enhance EV targeting to desired
sites. Notable examples include the use of the RVG peptide to facilitate CNS targeting (179,196),
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anti-EGFR antibodies for selective cancer cell uptake (184), and cell-penetrating peptides (CPPs),
which enhance intracellular delivery of nanoparticles and proteins (491-495).

Further modifications can improve EV stability and circulation time. The addition of polyethylene
glycol (PEG) to the EV surface has been shown to prolong systemic circulation by reducing
opsonization and clearance (180,496,497). Additionally, immune evasion strategies, such as
overexpressing CD47 (181) to prevent phagocytosis or downregulating major histocompatibility
complex (MHC) molecules (197), can further enhance EV longevity and therapeutic efficacy.

7.1.2. EVs for protein delivery in LSDs

EVs offer distinct advantages as carriers for therapeutic proteins, making them a promising
strategy for delivering lysosomal enzymes (20). Their natural involvement in endosomal
trafficking pathways and intrinsic enrichment in lysosomal proteins position them as effective
tools for treating lysosomal storage disorders (LSDs). In fact, many lysosomal proteins, such as
enzymes and transmembrane proteins, are naturally found within EVs (132,498,499). Several
studies have explored the therapeutic potential of EVs in preclinical models, demonstrating their
ability to transport functional enzymes to target cells and correct enzymatic deficiencies (Table
7.1).

In MPS IVA (Morquio A syndrome) and MPS VII, EVs derived from umbilical mesenchymal stem
cells (MSC) have been employed as carriers for the GALNS enzyme, without the need to load the
enzyme into the EVs. These vesicles have successfully delivered the enzyme to deficient
fibroblasts, demonstrating that some lysosomal enzymes are naturally present and functional
inside the EVs. Additionally, EVs from the same cell source have shown the ability to reduce
glycosaminoglycan (GAG) accumulation in the corneas of MPS VII mice, demonstrating their
potential for treating lysosomal deficiencies affecting connective tissues (498,500).

For Batten disease, EVs derived from macrophages and loaded with the TPP1 enzyme, either
exogenously through sonication and saponification (195,501) or endogenously via transfection
of the source cell (501,502), have been evaluated in both, in vitro and in vivo models, where they
effectively restored enzyme activity and improved disease outcomes (195,501). Interestingly,
EVs exogenously loaded with TPP1, showed the most efficient enzymatic delivery into target
cells.

In Sandhoff syndrome, which is characterized by a deficiency in B-hexosaminidase, Calzoni and
colleagues discovered that the enzyme is naturally found in EVs. By overexpressing a specific
subunit of this enzyme in HEK 293 cells, they demonstrated that the derived EVs showed the
ability to partially correct in vitro the enzyme deficiency in Sandhoff patient fibroblasts (503). In
addition, an increase in enzymatic activity was observed in EVs endogenously loaded with N-
sulphoglucosamine sulphohydrolase enzyme (SGSH) from HEK 293 (132). In Gaucher disease,
EVs derived from HEK 293 cells endogenously expressing the glucocerebrosidase (GBA) enzyme
fused with VSV-G have shown that functional enzymes can be delivered to the endocytic
compartments of targeted cells (504). VSV-G served as a targeting moiety, due to its strong
affinity for VLDL-receptor, which is commonly present on the surface of human cells, thereby
enhancing the internalization of EVs into the endocytic compartment (504).

Beyond enzyme replacement therapies, EVs have also been explored for cystinosis, a metabolic
disorder caused by defective cystine transport. Microvesicles (MVs) naturally or endogenously
loaded with cystinosin (CTNS) transmembrane protein derived from MSC (499), and MVs derived
from Baculovirus infected Spodoptera cells, endogenously loaded with human CTNS (505), have
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shown an effective reduction of cystine storage in cell culture. Similarly, in infantile sialic acid
storage disease, MVs endogenously loaded with mRNA and the sialin transporter protein,
derived from Baculovirus-infected Spodoptera cells, have been effective in rescuing sialin-
deficient fibroblasts (505).

Table 7.1. Summary of LSDs in which EVs were used as therapeutics in preclinical models. Edited from (20).
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EV-based therapeutics are also under active development for Niemann-Pick type C1 disease
(NPC1). Evox Therapeutics, a biotechnology company specializing in EV therapeutics, is currently
developing engineered EVs derived from MSC and endogenously loaded with NPC1 transporter.
This is achieved through fusion with syntenin/CD63 to facilitate its integration into the EV
membrane and deliver the therapeutic transporter to neurons affected in NPC1 patients (507).
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In FD, EVs endogenously loaded with GLA (EV-GLA) from CHO cells have demonstrated
therapeutic efficacy in both, in vitro and in vivo disease models (132). Specifically, EV-GLA were
endocytosed by cultured endothelial cells derived from KO Fabry mice and delivered to
lysosomes. Enzyme activity measurements of recipient cells revealed an increase in GLA activity
compared to cells treated with the free GLA enzyme. In in vivo studies using KO Fabry mice, it
was demonstrated that EV-GLA was distributed among targeted tissues, including kidneys and
brain. Additionally, after a single intravenous administration of EV-GLA, Gb3 levels were reduced
more efficiently than with the free enzyme in both the kidneys and brain of KO Fabry mice.

7.1.3. CHO DG44 and HEK 293F as recombinant GLA cell factories

CHO cells and HEK cells are widely used as “cell factories” for producing recombinant proteins.
This is because, compared to production in prokaryotic cells, CHO and HEK cells can perform
post-translational modifications (PTMs), such as glycosylation, which is crucial for regulating
protein activity, cell adhesion, and immune evasion (508). Additionally, both cell types are easy
to culture and can be scaled up, enabling high yields of protein production (509). However, PTMs
can vary depending on the choice of cell factory, potentially affecting protein stability and
function (508,510,511). For example, agalsidase beta (Agal B) and agalsidase alfa (Agal A), the
two recombinant GLA enzymes approved for ERT in Europe, are expressed using different
mammalian cell systems (116). Agal A is produced in a human cell line of unspecified origin,
while Agal B is obtained from CHO cell line. This later cells allow for higher levels of sialylation
and phosphorylation, enhancing cellular uptake through M6PR interactions (116). Agal A and
Agal B also differ in their pharmaceutical forms and dosing regimens as previously explained in
general introduction. This suggests that the varying PTMs linked to the choice of “cell factory”
may influence the enzyme stability.

To induce the expression of the therapeutic protein in producer cells, such as CHO and HEK, the
gene encoding the specific protein is introduced into these mammalian cells, in a process that is
called transfection. There are different transfection methods, including electroporation,
recombinant viruses or the use of chemical approaches such as cationic polymers, lipid-based
components or phosphate compounds (512). Furthermore, therapeutic protein expression can
be performed either transiently or stably.

Transient gene expression (TGE) methods typically enable the production of substantial
amounts of protein in a relatively short time (a few weeks) (513). These methods involve the
introduction of foreign genetic material into cells via delivery vehicles such as polyethylenimine
(PEI), which leads to a mixed population of transfected and non-transfected cells. The foreign
plasmid DNA (pDNA) is not integrated into the cell genome, meaning that the expression of the
recombinant protein decreases over time due to environmental factors and dilution during cell
division (512,514). HEK cells are widely used for TGE due to their rapid growth rate and their
ability to grow in suspension culture under serum-free conditions. This allows for higher protein
yields compared to adherent cells. Additionally, they can be easily transfected and manipulated
(515). Despite the scalability of TGE, it is an expensive method due to the high quantity of pDNA
required, often 1 mg or more per liter of culture. In addition, the yield of recombinant protein
may be decreased by different factors such as the cytotoxicity associated with PEI (516-520).

Stable gene expression (SGE) implies the integration of the foreign pDNA into the cell genome.
This allows for the continuous expression of the recombinant protein over multiple cell divisions.
After transfection, a mixed population of transfected and non-transfected cells is obtained.
However, after several months, a selection process is carried out to identify the best clones
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based on their productivity and protein quality, which involves eliminating non-transfected cells
and low-efficiency clones (521-523). The most popular cell line for SGE is CHO cells, which,
similarly to HEK cells, are able to grow in suspension culture under serum-free conditions. The
main disadvantage of this method is the significant amount of time required to generate the
optimal stable clone. Nevertheless, stable gene expression has been shown to result in higher
productivity compared to TGE on several occasions (513,521,524).

In this thesis, CHO DG44 and HEK 293F cells were used as cell factories to obtain free GLA enzyme
and EVs loaded with GLA (EV-GLA) through SGE and TGE, respectively. CHO cells are typically
preferred for stable transfections, as they offer long-term stable gene expression with high
expression levels. However, CHO cells are more challenging to transfect for transient expression
and their expression levels tend to be lower than those of transiently transfected HEK cells (525).
On the other hand, HEK 293 cells are commonly used for TGE due to their ability to grow in
serum-free conditions and to be transfected in suspension cultures (526). High yields of secreted
recombinant proteins are typically produced using HEK 293 cells (524), especially in serum-free,
suspension-adapted cultures like HEK 293F, which are commonly used in industrial applications.
Additionally, serum-free media not only improve efficiency but also eliminate the presence of
EVs found in serum that could interfere in EV-GLAH6 isolation and simplify downstream
processing by reducing impurities from the media.

7.1.3.1  Stable expression of GLAcmycH6 in CHO DG44

Stable clone of CHO DG44 for the expression of GLAcmycH6 was previously developed at IBB-
UAB by Dr. José Luis Corchero before this thesis (210,211). The detailed protocol for transfection
with pOptiVec-GLA plasmid, resulting from pOptiVEC™-TOPO® plasmid, as well as the process
for selecting positive clones, was outlined in Merlo-Mas et al. (210,211) (Fig. 7.1). The GLA
construct includes the full-length human GLA gene (UniProt P06280; AGAL_HUMAN) and both
c-myc and 6-His tags at its C-terminus. This His tag enabled the purification of the soluble protein
from the cell media through a HisTrap™ column using an AKTA start™ chromatography system.

GLAcmycH6 gene construct —_

Genome integration
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Fig. 7.1. Scheme of the stable expression of GLAcmycH6 and EV-GLAmycH6. The pOptiVEC-GLAcmycH6 plasmid was
used for stable expression of GLA in CHO DG44 cells by integration into genomic DNA and obtention of free enzyme
and EV-GLAcmycHS6 in the extracellular space.
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7.1.3.2  Transient expression of GLAH6 in HEK 293F

TGE of GLA in HEK 293F cells was performed via PEI-mediated transfection using the GLAH6
expression vector (Fig. 7.2). As outlined in Corchero et al. (210), the pOpinE-GLA expression
vector encodes the same human GLA gene sequence used for CHO cells (UniProt P06280;
AGAL_HUMAN), with 6-His tag at the C-terminus to enabled the isolation of free GLAH6 enzyme
through AKTA start™ chromatography system.

—

GLAHG6 gene construct

] e 1 -

POPInE-GLAH6
6622 bp
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protein

2 s B

Free GLAH6
protein

Fig. 7.2. Transient expression of GLAH6 and EV-GLAH6. The pOpinE-GLAH6 plasmid was incorporated into HEK 293F
cells and free enzyme and EV-GLAH6 was obtained in the cell media. Unlike in the stable expression, the pOpinE-
GLAH®6 plasmid is not integrated into the cell genome, resulting in transient expression of GLAH6.

7.1.4. Methodologies for EVs isolation and purification

Research on the use of EVs as drug delivery systems has increased in recent years due to the
advantages they offer as therapeutic vehicles. These advantages include their low
immunogenicity, safety, high stability in circulation, and ability to target specific cells. However,
one of the major limitations in the translation of EVs is finding an efficient isolation method that
minimizes time consumption and optimizes both purity and yield of EVs (527). To this end,
several isolation techniques have been explored over years (Fig. 7.3 and Table 7.2).

Ultracentrifugation (UC) is considered the gold standard for EVs isolation (Fig. 7.3A) (528). It
involves several differential centrifugation steps in order to separate exosomes from dead cells,
cell debris and other types of vesicles such as apoptotic vesicles and MVs (163,529,530). Despite
its effectiveness, UC has several limitations, including low recovery rates, potential vesicle
damage due to high shear forces, and co-isolation of protein aggregates and contaminants (168).

Density gradient ultracentrifugation (DGU) isolates EVs based on their size, shape and density
(Fig. 7.3A). In a density gradient solution, typically sucrose or iodixanol (531), particles
accumulate at different levels within the gradient depending on their specific densities
(532,533). After isolation, washing steps are required to remove the gradient solution, as it can
interfere with EV functional analysis (534). This methodology is particularly useful in research
focused on the basic biology and heterogeneity of EVs, as it can distinguish exosomes from other
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types of EVs (535-538). Despite its effectiveness in distinguishing exosomes from other EV
subtypes, the clinical application of this method is limited due to its low yield, high cost, and
labor-intensive nature (539).
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Fig. 7.3. Scheme of the different EV isolation procedures. A) Isolation by ultracentrifugation (UC) and density gradient
ultracentrifugation (DGU). B) Isolation by precipitation (Pp). C) Immunoaffinity isolation (IA). D) Flow cytometry
isolation method (FC). E) Ultrafiltration isolation method (UF). F) Size exclusion chromatography isolation (SEC). G)
Asymmetric flow-field flow fractionation (AF4). H) Microfluidic isolation method (Mf). Adapted from Monguio-
Tortajada et al., Goss et al. and Lattmann et al.(534,540,541).

Precipitation (Pp) methods (Fig. 7.3B) often use polyethylene glycol (PEG)-based volume
exclusion to precipitate EVs. This approach allows high recovery but often results in low purity,
as co-precipitation of protein aggregates and residual precipitating agent is common (542,543).

99



Therefore, Pp methods are generally not recommended for EV characterization and functional
studies of EVs (544). Precipitation methods are easy, cost-effective and simple to perform, and
are being explored as alternatives to UC due to their ease of standardization and scalability.
However, UC typically provides a lower recovery but higher purity of EVs compared to
precipitation commercial kits (545,546).

Immunoaffinity isolation (IA) separates specific EVs based on their surface protein expression.
These methods can also be combined with magnetic isolation to improve the purity of EV
samples, making them suitable for content or functional analysis (547) (Fig. 7.3C). With this
method, isolated EVs obtained represent only a subset of the entire EV population, specifically
those expressing the selected markers. This methodology is not suitable for large-scale
productions, due to its low yield and high cost (168).

Flow cytometry (FC) isolation methods (Fig. 7.3D) require that EVs be labelled with fluorescent
markers, as particles with the size of EVs are not detectable by cytometer light detectors. In
addition, appropriate size standardization beads are needed to correlate scatter data with EV
diameter accurately (548), and there is a need to serially dilute the EV sample to ensure the
concentration is low enough for accurate EV quantification (549). This isolation methodology is
still being optimized for EV isolation.

Table 7.2. Summary of the characteristics of EV isolation methodologies. Adapted from Monguid-Tortajada et al.
(534).

uc DGU Pp 1A FC mf FFF UF SEC
Purity Low High Low High Medium High High Medium High
EV yield Medium Low High | Medium Low Low High Medium High
Suitable for functional studies Yes No Yes No No No Yes Yes Yes
Ease of use Medium Low High | Medium Low Medium Low High High
Automatable No No Yes Yes Yes Yes Yes Yes Yes
Time requirement Medium High Low High Medium | Medium | Medium Low Low
Scalability Yes No Yes Yes No No Yes Yes Yes
Use of specialized equipment Yes Yes No No Yes Yes Yes No No
Cost Low High Low High Medium | Medium High Medium Low

Size exclusion chromatography (SEC) isolates EVs based on size differences using a column filled
with a stationary phase of porous beads of Sepharose, Sephadex (550) or Sephacryl (551,552).
The porous structure allows the separation of large particles from small ones, as larger particles
cannot penetrate the pores as easily as smaller particles (Fig. 7.3F). This results in larger particles
eluting faster than smaller particles. SEC provide higher recovery and purity of EVs, as well as
better preservation of EV structure, compared to other methods such as UC and precipitation
methods (544,553-555) (Table 7.2). However, SEC can also co-isolate some lipoproteins, such
as chylomicrons, VLDL or LDL, due to their similar size to EVs (556,557).

Field-flow fractionation (FFF) isolates EVs by applying a force field perpendicular to the sample
flow, causing particles to distribute at varying distances from the channel based on their size
(558,559) (Fig. 7.3G). One example of this methodology is asymmetric flow-field flow
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fractionation (AF4). This technique uses a small volume during separation, offers high resolution
and reproducibility but it is not adequate for large-scale separations.

Microfluidic (Mf) methods for EV isolation (Fig. 7.3H) offers several advantages, including
automation, minimal sample requirements and the ability to handle high-throughput tasks.
Microfluidics can separate EVs based on size, surface markers, or innovative sorting mechanisms
such as acustic, electrophoretic or electromagnetic fields. These methods are still under active
research and hold significant potential for the future of EV isolation (560-562), but they are not
yet optimal for large-scale productions.

Overall, UF methodology seems to be the best option to isolate EVs for drug delivery purposes,
as it allows large-scale isolations of EVs with good purity (543). Additionally, SEC can be used
after pre-concentration and diafiltration, such as TFF (563-565) and UF (566-569), to improve
EV purification.

In this section, two different UF methodologies, BF and TFF, were combined with SEC to isolate
EV-GLA from SN of two different cell factories (CHO DG44 and HEK 293F). EV-GLA samples
obtained by TFF and BF were then compared with EV-GLAcmycH6 samples obtained by Pp, as
previously described (132) (Fig.7.4).
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Fig. 7.4. Scheme of EV-GLA isolation and purification methodologies. A) Isolation by precipitation. B) Isolation by
benchtop filtration (BF) and purification by size exclusion chromatography (SEC). Figure adapted from Kian Leong Tan
et al. (214). C) Isolation by tangential flow filtration (TFF) and purification by size exclusion chromatography (SEC).
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7.2. Characterization of EV-GLAcmycH6 obtained from CHO
DG44

EV-GLAcmycH6 from CHO DG44 supernatants were isolated and purified by 3 different methods:
Pp using Total Exosome Isolation Reagent (Invitrogen) (Fig. 7.4A), BF plus SEC (Fig. 7.4B), and TFF
plus SEC (Fig. 7.4C).

For SEC purification, EVs were stained with 75 uM 3,3'-Dioctadecyloxacarbocyanine Perchlorate
(DiOC) for 30 min at 37°C under shacking conditions, and then applied to the SEC column.
Analyzing the fluorescence signal of different fractions, we observed a clear peak of fluorescence
between fractions 7 and 11, containing the EVs (Fig. 7.5A). A second peak between fractions 15
and 22 was only observed in BF samples and probably corresponded to non-vesiculated DiOC
aggregates (Fig.7.5A). However, these impurities did not affect to the final isolated sample, as
these fractions were not collected.

Nanoparticle tracking analysis (NTA) was used to quantify and characterize the size of EVs (Fig.
7.5B). Mean sizes ranging from 154.5 to 182.0 nm were identified across the samples. The
concentration of EVs was also determined by NTA, showing higher concentrations and a greater
number of particles detected per analyzed frame in samples isolated and purified by TFF + SEC
(5.1-10' + 2.9-10° particles/mL) and BF + SEC (3.9-10"! + 2.3-10° particles/mL), compared with
those obtained by Pp (1.2-10" + 6.3-10% particles/mL) (Fig. 7.5B). To determine the EV yield
(particles/L) obtained from each isolation method, both the initial volume of supernatant
processed and the final volume of the EV-containing sample were considered. For the Pp sample,
200 mL of supernatant was processed, resulting in a final EV suspension volume of 0.5 mL. In
contrast, for the samples isolated using TFF + SEC and BF + SEC, 140 mL of supernatant were
used in each case, yielding a final volume of 0.5 mL. Results showed that TFF + SEC (1.8-10* +
1.0-10%° particles/L) and BF + SEC (1.4-10? + 8.2-10° particles/L) yielded a higher number of EVs
compared to those obtained by Pp (3.1-10™ + 1.6-10° particles/L) (Table 7.3). These results
showed differences compared to other studies that tested different isolation methodologies for
EVs from cell culture media and reported higher EV production yields with Pp methodologies
(570-572). Other authors reported that SEC exhibited higher recovery of EVs compared to
precipitation methods (544,553-555), which aligns with the lower EV yield observed with Pp
methodologies in our hands. It is important to note that none of the studies reported in the
literature followed the same methodology outlined in Fig. 7.4. Specifically, we performed
previous steps of concentration such as UF (300 kDa) on samples from Pp, and BF (100 kDa) and
TFF (500 kDa) followed by a SEC on samples from BF and TFF (Fig. 7.4). In contrast, the
comparative studies reported in the literature used Pp or SEC without prior UF concentration
steps.

Molecular characterization of EV-GLAcmyH6 by Western blot (WB) showed the presence of EV
markers such as Alix, TSG101 and CD81 (Fig. 7.5C and 7.5D). All three EV-GLAcmycH6 samples
obtained by the different isolation methods, exhibited high presence of the GLA enzyme
(132,573). Additionally, B-tubulin was no detected in the purified EV-GLAcmycH6 samples,
confirming that there was no contamination of cytosolic content.

NTA and WB findings demonstrate that all three isolation and purification methods successfully
produced samples enriched with small EVs (sEVs) or exosomes (<200 nm) (Fig. 7.5B) (574,575).
Importantly, NTA analysis with a lower limit of detection between 70-90 nm (575), may
underestimate the presence of EV subpopulations smaller than 70 nm—still within the exosome
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size range— (576-578). NTA analysis further revealed that EV-GLAcmycH6 obtained via the Pp
method exhibited a more heterogeneous size distribution compared to those obtained by TFF +
SEC and BF + SEC (Fig. 7.5B). However, these results could be influenced by the low number of
particles detected per analyzed frame in the Pp samples, due to the low concentration of EVs
(Fig. 7.5B). Therefore, the results suggesting that TFF and BF allow for more precise EV isolation
compared to precipitation-based methods should be interpreted with caution. Nevertheless,
other authors have reported high EV yields when using UF methods, including TFF (579-581).
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Fig. 7.5. Characterization of EV-GLAcmycH6 obtained by different procedures of isolation and purification from
stable clone CHO DG44. A) SEC profile of EV-GLAcmycH6 isolated by BF + SEC and TFF + SEC. B) Size distribution and
concentration of EV-GLAcmycH6 (particles/mL) quantified by nanoparticle tracking analysis (NTA). Blue values
correspond to the size of the main peaks in the histogram. Results are expressed as Mean + SEM. C) Characterization
by Western blot (WB) of precipitated EV-GLAcmycH6 as shown in (12). Cell extract of stable clone CHO DG44 was
included as a control. Fifteen pg of total protein were loaded per lane. D) Molecular characterization by WB of EV-
GLAcmycH®6 isolated by BF + SEC and TFF + SEC. Cell extract of stable clone CHO DG44 was included as a control.
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Twelve pg of total protein were loaded per lane. E) Production yield of GLA expressed as ug of GLA/L of supernatant
in different EV-GLAcmycH6 as determined by ELISA. F) Enzymatic activity of EV-GLAcmycH6 isolated by Pp, BF or TFF
vs. free GLAcmycH6 and the clinically approved agalsidase alfa (Agal A). G) Comparison of in vitro efficacy of EV-
GLAcmycH6 obtained by different methods at 0.1 pug/mL of GLA in MAEC cells. Gb3 loss was normalized by in vitro
efficacy of free Agal A. Statistical significance levels were schematically assigned ns (0.05 < p), *(0.01 < p < 0.05),
#%(0.001 < p < 0.01), ***(0.0001 < p < 0.001), ****(0.0001 < p).

Conversely, the production yield of GLA (ug/L), quantified by ELISA, showed significantly higher
enzyme yields in EVs obtained by Pp (4.3 £ 0.5 pg/L) (p < 0.0001) than in those isolated by BF +
SEC (1.9 £0.2 pg/L) and TFF + SEC (0.7 £ 0.1 pg/L) (Fig. 7.5E and Table 7.3). These results can be
explained by presence of soluble GLA enzyme, co-precipitated with the EVs (570). In the case of
BF and TFF, EV-GLAcmycH®6 resulting from BF + SEC exhibited higher amount of GLA than those
obtained by TFF + SEC (p < 0.0001), likely due to the different cut-offs in both techniques, (100
kDa for BF and 500 kDa for TFF). To confirm this hypothesis, additional experiments employing
a 100 kDa cut-off in the TFF process could be performed to compare the GLA yield with that
achieved using both the 500 kDa TFF and BF methods.

Then, the enzymatic activity (EA) of different EV-GLAcmycH6 productions were compared to that
of free enzymes (Agal A and GLAcmycH6). To improve the exposure of the encapsulated enzyme
to the EA substrate, EV-GLAcmycH6 isolates were diluted 1:5 with CelLytic™ MT Cell Lysis
Reagent and sonicated following previously stablished procedures (132). Importantly, free
enzymes were processed under the same conditions to ensure valid comparison. The results
showed similar EA among the different EV-GLAcmycH6 isolation methods (5,105 to 6,110
umol/h-mg). Activity in EV-GLAmycH6 was significantly higher than the soluble GLAcmycH®6, and
the recombinant Agal A approved for clinical use (p < 0.0001) (Fig. 7.5F and Table 7.3). These
results are aligned with previous ones in our lab (132,202), and indicate that the
encapsulation/lipid association of the GLA protein enhances its stability and EA. Interestingly,
EV-GLAcmycH6 from BF + SEC and TFF + SEC showed similar EA, which was slightly higher than
that exhibited by the Pp method (Fig. 7.5F). However, these differences were not statistically
significant.

Table 7.3. Summary of different productions of EV-GLAcmycH6. EV were isolated and purified by precipitation (Pp),
tangential flow filtration (TFF) and bench-top filtration (BF) followed by size exclusion chromatography (SEC). All
results were represented as Mean + SEM.

Production yield Enzymatic activity In vitro efficacy
) . GLA . . . . n
Isolation Size|(nm) EVs concentration concentration Enzymatic Ratio to Ratio to Ratio to Ratio to
method (EVs/L) (1g GLA/L) activity (EA/L) | Agal. A | free GLA Agal. A free GLA

Pp 182.4+4.7 | 3.1.10°+ 1.6-10° 43+0.5 2.0-10°+9.7-107 | 2.8+0.3 14+1 1.1+0.001 | 1.1+0.02

BF +SEC | 154.5+1.3 | 1.4-102+8.2:10° 1.9+0.2 1.7-10° +1.5-10% | 4.0+ 0.3 17+1.5 1.3+0.001 | 1.5+0.01

TFF+SEC | 171.3+1.0 | 1.8:10'2+1.0-10%° 0.7+0.1 1.7-10°+9.7-107 | 4.0+ 0.2 17+1 1.5+0.044 | 1.7+ 0.03

7.2.1. Capacity of EV-GLAcmycH6 to reduce Gb3 accumulation in
endothelial cells derived from KO Fabry mice

After characterizing the different isolated EV-GLAcmycH6 variants, in vitro efficacy experiments
were conducted using MAEC cells derived from GLA KO mice (see section 5.4). These
experiments aimed to confirm that EV-GLAcmycH6 also had the capacity to clear intracellular
Gb3 deposits. MAEC cells were incubated with different samples of EV-GLAcmycH6 and free
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enzymes (GLAcmycH6 and Agal.A) at 0.1 pg/mL of equivalent GLA, along with fluorescently
labelled NBD-Gb3. The results, expressed as the ratio to Agal. A, showed a better Gb3 reduction
in cells treated with different versions of EV-GLAcmycH6 compared to the free enzymes. Among
the different isolates, EV-GLAcmycH6 obtained by TFF + SEC showed the highest Gb3 clearance
capacity, followed by BF + SEC, and lastly, Pp. Specifically, Gb3 clearance ratios relative to Agal
Awere 1.5+0.1,1.3 £ 0.0, and 1.1 + 0.0, respectively (Fig. 7.5G). These differences correlated
with the crude EA of each EV formulation (Fig. 7.5F). This increased in vitro efficacy was also
observed in EV-GLAcmycH6 isolated by Pp (132), and could be due to the protection of the
intraluminal enzymes from degradation by external proteases (501) or to the increase in the
intrinsic stability of the enzyme when immobilized in lipid environments (202).

Moreover, EV-GLAcmycH6 isolated by BF + SEC and TFF + SEC showed significantly better in vitro
efficacy (Fig. 7.5G) compared to those obtained by Pp (p < 0.0001) (Fig. 7.5E). This is probably
due to the fact that precipitation-based methods have been shown to alter EV characteristics,
whereas SEC purification is more effective at preserving EV integrity and function. In other
words, the presence of co-precipitated agents or protein aggregates in Pp samples could
interfere with in vitro efficacy or even compromise EV integrity (544). On the other hand, EV-
GLAcmycH6 obtained by TFF + SEC showed better Gb3 clearance than those isolated by BF + SEC
(p =0.01), likely due to the higher EVs concentration in the TFF + SEC samples.

7.3. Characterization of EV-GLAHG6 obtained from HEK 293F

Compared to CHO cells that stably express the exogenous GLA, HEK 293F cells were transiently
transfected with pOpinE-GLA and pAdVAntage every time EV-GLA had to be isolated. Cells were
transfected when their concentration reached 1-10° cells/mL and SN containing soluble GLAH6
enzyme and EV-GLAHG6 were collected 5 days later. The isolation of EV-GLAH6 and its separation
from the free GLAH6 enzyme were assessed using BF + SEC and TFF + SEC. The Pp method was
not used in this case, due to its lower EV purity and production yield observed with EV-
GLAcmycH6 from CHO DG4.

Both methodologies, BF + SEC and TFF + SEC, enabled the isolation of pure and functional EV-
GLAH6 from the SN of transfected HEK 293F cells (Fig. 7.6). NTA analysis results showed a
monodisperse population of EV-GLAH6 obtained by TFF + SEC, with a mean size of 144.4 £ 0.3
nm and a high concentration of EVs (1.7-10" + 2.7-10'° particles/L) (Table 7.4). EV-GLAH6
isolated by BF + SEC exhibited a similar mean size of 151.9 £ 53.6 nm but a more polydisperse
population and a lower number of EVs (5.7-10%° + 2.4-10 particles/L) (Fig. 7.6A and Table 7.4).
Of note, these results could be conditionate by the low particles/frame exhibited by BF + SEC
(Fig. 7.6A).

Table 7.4. Summary of different productions of EV-GLAH6. EVs were isolated and purified by tangential flow
filtration (TFF) and bench-top filtration (BF) followed by size exclusion chromatography (SEC). All results were
represented as Mean = SEM.

Production yield Enzymatic activity In vitro efficacy
Isolation size (nm) conceEr:{‘.:ation conc:nl-tl:ation Er\z'ymatic Ratio to Ratio to Ratio to Ratio to
method (EVs/L) (ug GLA/L) activity (EA/L) Agal. A free GLA Agal. A free GLA
BF + SEC | 151.9+53.6 | 5.7-10%° + 2.4-10%° 19+0.1 1.3-10% + 6.2-10° 0.4+0.0 0.8+0.0 1.4+0.0 2.3+0.6
TFF+SEC | 144.4+0.3 | 1.7-102+2.7-10%° | 75.2+27.2 6.3-10% + 7.4-107 0.2+0.0 0.2+0.0 0.7+0.2 19+04
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Molecular characterization by WB of both EV-GLAH6 samples confirmed the presence of GLA
and EV markers, such as Alix and CD63, with no detection of B-tubulin, indicating that the
obtained samples were enriched in EV-GLAH6 and free of cytosolic contaminants (Fig. 7.6B).
However, the intensity of the bands observed in WB indicated that EV-GLAH6 from BF + SEC
contained lower levels of GLAH6 and EV markers compared to those obtained by TFF + SEC,
demonstrating a lower presence of EVs in the BF + SEC samples.
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Fig. 7.6. Characterization of EV-GLAH6 from HEK 293F with transient expression of GLA isolated and purified by
different procedures. A) Size distribution and concentration of EV-GLAH6 (particles/mL) after different isolation and
purification procedures quantified by nanoparticle tracking analysis (NTA). Blue values correspond to the size of the
main peaks in the histogram. Results are expressed as Mean + SEM. B) Characterization by western blot (WB) of
different EV-GLAHG. Cell extract of HEK 293F with transient expression of GLA was included as a control. twelve ug of
total protein, previously determined by BCA assay, was loaded per lane. C) Production yield of GLA expressed as pg
of GLA/L of supernatant in different EV-GLAH6 determined by ELISA. D) GLA enzymatic activity of EV-GLAH6 obtained
from BF + SEC and TFF + SEC. E) Comparison of in vitro efficacy between different EV-GLAH6 and free enzymes at 0.1
pg/mL of equivalent GLA in endothelial primary cultures derived from Fabry KO mice after 48 h. Gb3 loss was
normalized by in vitro efficacy of free Agal A. Statistical significance levels were schematically assigned ns (0.05 < p),
*#(0.01 < p < 0.05), **(0.001 < p < 0.01), ¥**(0.0001 < p < 0.001), ****(0.0001 < p).

ELISA quantification of GLA (ug/L) showed a significantly higher enzyme presence in EV-GLAH6
from TFF + SEC (75.2 + 27.2 pg/L) compared to BF + SEC (1.9 + 0.1 pg/L, p = 0.01). Both samples,
contained significantly higher GLA levels than EV-empty isolated by TFF + SEC (0.1 + 0.0 pg/L, p
=0.003 and p = 0.01, respectively) (Fig. 7.6C, Table 7.4).

Despite the successful encapsulation of GLAH6, both EV-GLAH6 samples showed lower EA than
the soluble GLAH6 enzyme (Fig. 7.6D). Specifically, EV-GLAH6 from TFF + SEC showed
significantly lower EA than BF + SEC-derived EVs (p = 0.003) and free GLAH6 (p < 0.0001) (Table
7.4). Free GLAHG6 exhibited slightly higher EA than EV-GLAH6 obtained by BF + SEC, but this
difference was not statistically significant (p = 0.1). No EA was detectable in EV-empty samples.
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The low recovery of EV-GLAH6 using BF + SEC is consistent with previous studies that reported
a 40% loss in EV recovery when using 100 kDa filters for EV isolation (582). This loss may be due
to filter saturation, likely caused by the presence of cell debris or protein aggregates. Since
transfection-induced cytotoxicity increases cell debris, it is plausible that this affected BF-based
EV isolation efficiency (518,520,583,584). Interestingly, this issue was not observed in EV-
GLAcmycH6 isolated from CHO DG44 stable clones, suggesting that transient transfection in HEK
293F cells may introduce additional challenges in EV recovery. Another possible cause to
consider is the variability associated with these isolation procedures across different production
batches, which will be explained in further sections.

Both EV-GLAHG6 versions showed lower EA than free enzyme (Fig. 7.6D), contrary to what was
observed in EV-GLAcmycH6 versions where the activity of the enzyme increased with the
encapsulation (Fig. 7.5F). The differences observed between GLAH6 and GLAcmycH6, as well as
between EV-GLAH6 and EV-GLAcmycH6, were likely due to post-translational modifications
(PTMs) resulting from the different expression cell factories (HEK 293F or CHO DG44) (511,585).
However, additional experiments comparing EV-GLAH6 or EV-GLAcmycH6 obtained from TGE
and stable transfection are needed to confirm this hypothesis.

7.3.1. In vitro efficacy of EV-GLAHG6 in endothelial cells derived from
KO Fabry mice

To evaluate the ability of EV-GLAH6 to clear Gb3 accumulation, MAEC cells were treated with BF
+ SEC or TFF + SEC or free enzymes at 0.1 ug/mL of equivalent GLA. Agal A showed higher in vitro
efficacy than free GLAH6 (p < 0.0001). However, both BF + SEC and TFF + SEC-derived EV-GLAH6
significantly improved Gb3 clearance compared to free GLAH6. The Gb3 clearance ratios relative
to Agal A were 1.4 + 0.0 for BF + SEC-derived EV-GLAH®6, 0.7 + 0.2 for TFF + SEC-derived EV-
GLAHS6, and 0.4 + 0.1 for free GLAH6 (Fig. 7.6E).

Similar to what was observed in EV-GLAcmycH6 samples, encapsulation of GLAH6 enzyme inside
an EV improved its in vitro efficacy, likely due to improved enzyme stability and protection from
degradation (586). In addition, in vitro capacity to clear Gb3 accumulation in different EV-GLAH6
preparations was consistent with their EA (Fig. 7.6D).

7.4. Comparison between EV-GLAcmycH6 and EV-GLAHS6.

In this thesis, various productions of EVs were performed using two different cell factories: CHO
DG44 cells with stable expression of GLA and HEK 293F with transient GLA expression. Two
different GLA-coding plasmids were used: pOptiVEC-GLA for CHO cells and pOpinE-GLA for HEK
cells, with one enhancer plasmid (pAdVAntage) only used in HEK cells. pAdVAntage has been
shown to enhance transient protein expression in mammalian cells by increasing translational
initiation (587). Three different isolation procedures were tested (Pp, BF + SEC and TFF + SEC),
some of which were performed using SN from the same production. All results are summarized
in Table 7.7.

Table 7.5. Characteristics of free GLAcmycH6 and GLAH6. Values correspond to the Mean + SEM.

. . . GLA concentration Enzymatic activity
Name Cell source Coding plasmid GLA expression
ep P (ug/mL) (umol/h-mg)
GLAcmycH6 CHO DG44 pOptiVEC-GLA Stable 1460 + 104 456 + 57
GLAH6 HEK 293F pOpinE-GLA Transient 2250 + 108 1540 + 83
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Differences in EV-GLA production yields were observed depending on the cell factory. In detail,
EV-GLAH6 from HEK 293F showed better incorporation of GLAHG6 inside the EVs compared to
EV-GLAcmycH6 from CHO DG44. In contrast, EV-GLAcmycH6 appeared to be more active than
EV-GLAHSG, despite the higher EA observed in free GLAH6 compared to GLAcmycH6 (Table 7.5).
This was further supported by in vitro efficacy experiments, where EV-GLAcmycH6 isolated by
TFF + SEC showed higher efficacy than Agal. A, whereas EV-GLAH6 obtained by TFF + SEC did
not.

Table 7.6. Summary of different productions of EV-GLAcmycH6 and EV-GLAHG6. EVs isolated and purified by
precipitation (Pp), tangential flow filtration (TFF) and bench-top filtration (BF) followed by size exclusion
chromatography (SEC). Values in each cell corresponded to different productions. All results were represented as
Mean + SEM. (*) Concentration of GLA was quantified by WB in a single experiment.

EV-GLAcmycH6 EV-GLAH6
LR Pp BF + SEC TFF + SEC BF + SEC TFF + SEC
method
162.6+2.9
176.1+ 8.4
size (nm) 182.4+4.7 1713+ 1.0 156.9+ 4.9 165.8+4.3
154.5+ 1.3
1444435
1011 + .1010
EVs 7.6-10% £ 6.9-10° 9.2:107£3.0-10
concentration | 3.1-10°+1.6:10° | 1.4202£82:10° | 27, "> | 5.7:1010£2.410° | 11107 £4.3-10°
(EVs/L) : = 1.7-10%2 + 2.7-1010
GLA 34.6*
i .210.
Production | ¢, centration 43105 1.9+0.2 8 i N 8 2 1.9+0.1 24103
yield (ug GLA/L) ke 75.2+27.2
1.7-108 +2.7-107
H .1 Si 2- 8
aci;:lzizm(:z;u 2.010°£9.7107 | 1.7-10°%9.7-107 : ;_139 +i _E,-igs 1.3-10°+6.2-10° | 4.5-10°+2.3-107
v SR L 6.3-10° + 7.4.107
+
. 29+04 03£0.1
Ratio to Agal. A 28403 4.0+02 0.4+00 04400
4.0+03
Enzymatic 0.2+0.0
activity X 0.7+0.2
4+0.
Rat";tzfree 14+1 17+1 17740 +0195 0.8+0.0 04400
O 0.2+0.0
0.5+0.0
Ratio to Agal. A 1.140.0 13400 1.5+0.0 1.440.0 04400
In vitro 0.7 £0.2
efficacy el 0.9+0.0
at";:; ree 1.140.0 1.940.0 13400 23406 0.8+0.2
1.9+04

These findings suggest that stable clone of CHO DG44 cells likely produced more stable and
active EV-GLA than TGE in HEK 293F. This could be explained by differences in the glycosylation
of the two enzymes, due to the different cell sources (38), or because stable expression of GLA
might offer advantages in terms of enzymatic activity and stability compared to TGE. However,
additional experiments are needed to confirm this hypothesis, such as comparing EV-GLA
obtained through TGE with EV-GLA obtained via stable expression, both produced by the same
cell line.

All methodologies used to obtain functional EV-GLA from different cell sources produced EVs
with similar mean size ranging from 155 to 182 nm. Additionally, all methodologies yielded
comparable production rates, with a few exceptions, such as EV-GLAcmycH6 obtained from Pp
and EV-GLAHG6 obtained by BF + SEC, which showed lower EV recovery compared to the other
methodologies.
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It is important to note that there is variability among different productions of the same type of
EV following TFF + SEC isolation, in terms of EV concentration, GLA concentration, EA and in vitro
efficacy (Table 7.6).

7.5. Targeted EV-GLAHG6 with cell penetrating peptide F7
7.5.1. rF7-EV-GLA obtained from HEK 293F cells

In an attempt to enhance cell internalization and overall biodistribution of the EVs, a cell
penetrating peptide (CPP) was incorporated into the EV surface by fusing its sequence to the EV
membrane protein Lamp2b. CPPs are short peptides (5-30 aa) with a positive charge that are
used to improve the cell internalization of different nanoparticles and proteins (491-495). The
strategy of incorporating targeting moieties to EV surface through the fusion with Lamp2b
protein, was reported by other authors (196,588). The chosen CPP was F7, a peptide isolated
from the CD300 immunoglobulin family (589), already protected in the group for its use in
different drug delivery systems (213).

F7-functionalized EV-GLAH6 (rF7-EV-GLA) were obtained after transient co-transfection with
pOpinE-GLAH6 and pcDNA3-F7-Lamb2b (4:1 ratio of total DNA). After 5 days post-transfection,
EVs were isolated and purified by TFF + SEC. The rF7-EV-GLA were compared to non-targeted
EV-GLAH6 and EV-empty obtained from non-transfected cells. The number of cells was lower in
the transfected cultures compared to non-transfected cells. Specifically, in cells co-transfected
with GLAH6 and Lamp2b-F7 plasmid (3.4-10° cells/mL) compared to those transfected with only
GLAH6 plasmid (1.3-10° cells/mL) and non-transfected cells (2.4-10° cells/mL). These results
showed a clear reduction in cell viability associated with the transfection process, probably due
to the cytotoxicity of PEl and the inherent toxicity of the F7 peptide (517,590).

NTA revealed a monodisperse population for EV-empty, EV-GLAH6 and rF7-EV-GLA with mean
sizesof 157.3+1.3nm, 144.4 £ 0.3 nm and 141.9 + 2.3 nm, respectively. As for the EV quantities
high concentrations of EVs were obtained (Fig. 7.7A and Table 7.5) with similar yields among
samples: 1.9-:10" + 1.0-10'°, 1.7-10™ + 2.7-10'° and 1.7-10"? + 9.4-10™ particles/L, for EV-empty,
EV-GLAHG6 and rF7-EV-GLA, respectively (Table 7.7).

Table 7.7 Characteristics of EV-empty, EV-GLAH6 and rF7 targeted EV-GLAH6. EVs were isolated and purified by

tangential flow filtration (TFF) followed by size exclusion chromatography (SEC). All results were represented as Mean
+ SEM.

EV-empty

EV-GLAH6

rF7-EV-GLAH6

Size (nm)

157.3+1.3

144.4+0.3

1419+23

Production yield

EVs concentration (EVs/L)

1.9-10%2 + 1.0-10%

1.7-10'? £ 2.7-10%°

1.7-10'? £ 9.4-10%°

GLA concentration (pg

0.4+0.0

75.2+27.2

8.63+1.6

GLA/L)
Enzymatic activity (EA/L) Not detectable 6.3:10% + 7.4-107 1.5-10°+2.1-108
Ratio to Agal. A Not detectable 0.2+0.0 0.4+0.1
Enzymatic activity
Ratio to free GLA Not detectable 0.2+0.0 0.6+0.1
Ratio to Agal. A 0.01+0.0 0.7+0.2 0.9+0.0
In vitro efficacy
Ratio to free GLA 0.11 £ 0.06 19+0.4 3.4+0.1
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As mentioned before, it is important to note that the size and concentration of EVs are not
entirely accurate (575). In fact, TEM images confirmed the presence of EVs smaller than 100 nm,
which likely correspond to exosomes (Fig. 7.7B).

During the isolation process, a portion of each EV sample was stained with DiOC (75 uM) to
identify fractions with the highest fluorescence signal, corresponding to the highest EV content
(Fig. 7.7C). The SEC fractions enriched in EVs were F8-9 for EV-empty and F7-11 for EV-GLAH6
and rF7-EV-GLA, aligning with previous studies where CD63, CD81, and CD9-enriched fractions
were found in similar SEC fractions (544,591). All together, these results confirmed similar size
distribution and morphology between the different EVs obtained.

Molecular characterization of EV-GLAH6 and rF7-EV-GLAH6 by WB revealed the presence of EV
markers such as Alix and CD81 indicating that the samples were EV-enriched (Fig. 7.7D). In
addition, both samples showed the presence of GLAH6, but stronger signal was detected in EV-
GLAH6 compared to rF7-EV-GLA (Fig. 7.6D). This lower presence of GLAH6 in rF7-EV-GLAH6 was
also observed in other productions and in lysates from transfected cells, as well as in the SN,
probably due to the reduced amount of pOpinE-GLA (80%) added in the co-transfection with
pcDNA3-F7-Lamb2b, compared to the full transfection with pOpinE-GLA (100%). Furthermore,
the high level of cell mortality associated with the co-transfection of GLAH6 and the Lamp2b-F7
plasmid may have contributed to a reduced cell population, thereby affecting overall protein
expression levels. These results were further confirmed by production yield of GLA quantified
by ELISA and WB (Table 7.7).

Bands corresponding to Lamp2b were detected only in rF7-EV-GLAH6, confirming successful
expression of the Lamp2b-F7 fusion protein (Fig. 7.7D). The band sizes (~100-110 kDa) were
consistent with those reported for Lamp2b in other EV studies (588,592,593). The absence of
Lamp2b in EV-GLAHG6 is probably due to the low amount of total protein loaded in each sample
(2 pg). For a better detection of the endogenous Lamp2b the lysosomal fraction of proteins
should have been isolated.

ELISA confirmed that both EV-GLAH6 and rF7-EV-GLAHG6 contained significantly higher GLAH6
concentrations than EV-empty, demonstrating that GLAH6 overexpression enhanced its
encapsulation in EVs (Table 7.5). Additionally, both EV-GLAH6 and rF7-EV-GLAH6 exhibited
detectable EA. However, rF7-EV-GLAH6 showed significantly higher EA than EV-GLAH6
(p =0.004). Both EVs demonstrated significantly lower EA compared to free GLAH6 enzyme
(p=0.003 and p < 0.0001, respectively) (Fig. 7.7E). These results are consistent with those
observed in Fig. 7.6D, where EV-GLAH6 from TFF + SEC exhibited significant lower EA values
compared to free GLAH6 enzyme.
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Fig. 7.7. Characterization of EV-GLAH6 and rF7-EV-GLAH6 used for in vitro assays. A) Size distribution and
concentration of EV-GLAH6 (particles/mL) after different isolation and purification procedures quantified by
nanoparticle tracking analysis (NTA). Blue values correspond to the size of the main peaks in the histogram. Results
are expressed as Mean = SEM. B) TEM images of EV-empty, EV-GLAH6 and rF7-EV-GLAH6 corresponding to the
concentrated fractions of the SEC. Scale bars were represented in every image. C) SEC purification of EV-empty, EV-
GLAH6 and rF7-EV-GLAHG6 stained with DiOC at 75 uM after TFF. Total of 26 fractions of 0.7 mL were collected and
fractions of higher DiOC fluorescence signal were concentrated (fractions 8-9 for EV-empty and 7-11 for EV-GLAH6
and rF7-EV-GLAHG6). D) Molecular characterization of EV-GLAH6 and rF7-EV-GLAH6 by WB. Two micrograms of total
protein were loaded to determine the presence of GLA, Alix and Lamp2B in every sample and 1.5 pg for CD81. E) GLA
specific enzymatic activities of EV-GLAH6 and rF7-EV-GLAH6 compared with both free enzymes. Statistical significance
levels were schematically assigned ns (0.05 < p), *(0.01 < p < 0.05), **(0.001 < p < 0.01), ***(0.0001 < p < 0.001),
*%%%(0,0001 < p).

7.5.2. Internalization of rF7-EV-GLAH6 and EV-GLAHG6 in endothelial
cells

Internalization assays were conducted using flow cytometry in HMEC-1 cells to determine if the
presence of rF7 enhances the internalization of EV-GLAHG6. EVs were stained with DiOC at 75 uM
and passed through a SEC column to remove unincorporated dye.

After 3 h of incubation with 1-10° EV/well, cells treated with rF7-EV-GLA showed the highest
fluorescent signal (Fig. 7.8A). In detail, the results showed a significantly higher percentage of
positive DIOC cells (%DiOC cells) in samples treated with rF7-EV-GLA (41.0 + 3.0%) compared to
EV-GLAHG6 (23.7 £ 3.7%) (p = 0.01) and EV-empty (6.5 + 1.3%) (p < 0.0001). Interestingly, EV-
GLAHG6 also showed higher %DiOC cells than EV-empty (p = 0.004).
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These results indicate that rF7 significantly enhances EV-GLAHG6 internalization. Similar
improvements in cell internalization were observed in our group using polymeric micelles (PM)
and solid lipid nanoparticles (SLN), decorated with F7 through chemical conjugation (594). These
assays were performed with other cell types, such as RAW 264.7 and MDA-MB-231, which
enhanced the robustness of the results.

As for the effect of GLA in cell internalization, the enhancement of internalization of GLA
containing systems vs. controls was also observed with RGD-targeted liposomes (section 5.3).
GLA located on the external surface could interact with M6PR, promoting EV internalization via
this pathway. However, to further confirm this hypothesis additional assays should be
conducted, such as blocking the M6PR internalization with an excess of M6P or comparing
cellular uptake of EV-empty and EV-GLAHG6 in the presence of endocytosis inhibitors.

To explore the specific route of internalization of both EV-GLAH6 and rF7-EV-GLA, EVs were
stained with DIOC (75 uM) and internalization was assessed in HMEC-1 cells after 6 h of
incubation in the presence of endocytic inhibitors, as detailed in section 5.3.2. No significant
cytotoxicity was observed for the chosen inhibitor concentrations (cell viability > 90%), further
ensuring the validity of the results. To ease the interpretation, fluorescence values (positive cells
or MIF) in the presence of endocytic inhibitors were referred to those obtained without
inhibitors (ratio to control).

Results show that no endocytosis inhibitor was able to completely block EV uptake (Fig. 7.8B
and 7.8C). However, Dyn and EIPA significantly reduced the internalization of both EV-GLAH6
and rF7-EV-GLAH6 in HMEC-1 cells (Fig. 7.8B and 7.8C). Interestingly, rF7-EV-GLAH6
internalization is more sensitive to the presence of endocytic inhibitors. In detail, Dyn (50 uM)
and EIPA (100 puM) reduced EV-GLAHG6 internalization by 28.2% (p = 0.0006) and 27.2%,
respectively, as measured by the percentage of DiOC-positive cells, while Nys (25 uM) reduced
internalization by only 6.2%. No changes in EV-GLAHG6 uptake were detected in cells treated with
CPZ (10 uM). On the other hand, both Dyn and EIPA reduced rF7-EV-GLAH6 internalization by
37% (p = 0.02 and p = 0.03, respectively), CPZ reduced internalization by 10.7%, and Nys a 7%
(Fig. 7.8B). Furthermore, results analyzed by MFI showed a similar reduction in EV-GLAH6
internalization caused by Dyn and EIPA (43%) (p = 0.001 and p = 0.04, respectively), with only an
8% reduction observed for Nys (Fig. 7.8C). In contrast, Dyn and EIPA individually caused a 50%
loss of rF7-EV-GLAHG6 internalization (p = 0.002 and p = 0.001, respectively), but no reduction
was observed in cells treated with Nys or CPZ (Fig. 7.8C).

These results demonstrate that the predominant route of endocytosis of both EV-GLAH6 and
rF7-EV-GLA in HMEC-1 is macropinocytosis. This is probably due to the mean size of the EV-
GLAH6 and rF7-EV-GLAH6 (144.4 + 0.3 nm and 1419 * 2.3 nm, respectively), as
macropinocytosis is the main endocytic route for nanoparticles in this size range (278). This
primary endocytic pathway was also observed in the internalization of EVs from different cell
sources and in various target cells, further supporting macropinocytosis as one of the main
routes for EV endocytosis (595,596). On the other hand, caveolae dependent endocytosis
involves only 6 - 8% of internalization of both EV-GLAH6 and rF7-EV-GLAH®6.
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Fig. 7.8. Internalization of EV-GLAH6 and rF7-EV-GLAH6 and in vitro clearance of Gb3 in endothelial cells. A)
Percentage of DiOC positive HMEC-1 cells after 3 h of incubation with EV-GLAH6 and rF7-EV-GLAH6 by flow cytometry.
EV-empty was included as a control. B) Ratio of DiOC positive HMEC-1 cells in presence of different endocytosis
inhibitors referred to control (absence of inhibitors) after 6 h of incubation. C) Ratio of MFI in presence of different
endocytosis inhibitors referred to control (absence of inhibitors) after 6 h of incubation. D) In vitro efficacy of EV-
GLAHSG, rF7-EV-GLAH6 compared with free enzymes at 0.1 pg/mL of equivalent GLA in endothelial GLA KO cells after
48 h of incubation. Statistical significance levels were schematically assigned ns (p > 0.05) *(0.01 < p < 0.05), **(0.001
< p <0.01), ***(0.0001 < p < 0.001), ****(0.0001 < p).

Slight differences were observed in the internalization of rF7-EV-GLAH6 and EV-GLAHG6 in the
presence of CPZ (Fig. 7.8B, 7.8C). The %DiOC cells showed that clathrin-dependent endocytosis,
which is inhibited by CPZ, is involved in 10.7% of rF7-EV-GLAHG6 internalization, while in the case
of EV-GLAHG6, endocytosis appears to be clathrin-independent, as CPZ does not seem to affect
EV-GLAHSG internalization (Fig. 7.8B). However, the differences in %DiOC-positive cells between
rF7-EV-GLAH6 with CPZ and without CPZ were not significant. Moreover, clathrin involvement
in rF7-EV-GLAHG6 internalization was not evident based on MFI analysis (Fig. 7.8C), indicating that
the clathrin-dependent endocytic pathway has minimal impact on the internalization of rF7-EV-
GLAHS®.

It is worth mentioning that fibroblasts from Fabry patients exhibit impaired clathrin-dependent
endocytosis (597) and, consequently, altered M6PR-dependent endocytosis, which is the main
pathway for free GLA cellular uptake (268,269). Based in our results, EV-GLAH6 and rF7-EV-
GLAHG6 use clathrin-independent endocytosis pathways, presenting themselves as promising
candidates for improving GLA delivery to cells affected by Fabry disease.

7.5.3. In vitro efficacy of rF7-EV-GLAH6

To determine whether the enhanced internalization of F7 decorated EVs translates into
improved Gb3 clearance, in vitro efficacy experiments were conducted using MAEC cells. Cells
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were treated with 0.1 pg/mL of equivalent GLA of Agal A, free GLAH6, EV-GLAH6 and rF7-EV-
GLA and the efficacy of different treatments was referred to that shown by Agal. A.

The results showed that after 48 h, both EV-GLAH6 and rF7-EV-GLAH6 were able to clear Gb3
accumulation in MAEC KO cells more efficiently than free GLAH6 (Fig. 7.8D). rF7-EV-GLAH6
showed significantly higher in vitro efficacy (0.9 + 0.0 ratio to Agal. A) than GLAHG6 (0.3 + 0.0 ratio
to Agal. A) (p < 0.0001) and non-targeted EV-GLAH6 (0.7 + 0.1 ratio to Agal. A) (p = 0.03).
Additionally, EV-GLAH6 was significantly more efficient in reducing Gb3 levels than GLAH6 (p =
0.0008) (Fig. 7.8D).

Altogether, these results confirmed that the encapsulation of GLAH6 inside the EVs improved its
in vitro efficacy (Fig. 7.8D). Furthermore, targeting the EV-GLAH6 with CPP rF7 significantly
enhances its in vitro efficacy, probably due to a better internalization (Fig. 7.8A).

7.6. Summary and conclusions

This section explores the use of EVs as drug delivery systems for the GLA enzyme. EV-GLA was
obtained from two different cell sources with distinct GLA expression strategies: CHO DG44 cells
with stable GLA expression and HEK 293F cells with transient expression of the enzyme. Three
different isolation procedures were tested (Pp, BF + SEC and TFF + SEC) to identify the optimal
methodology for isolating functional EV-GLA from the SN of both cell types. In addition, EV-GLA
from HEK cells (EV-GLAH6) was targeted with rF7 to enhance its cellular uptake.

All isolation methodologies (Pp, BF + SEC and TFF + SEC) successfully yielded functional EV-GLA
from SN of both cell types. BF + SEC and TFF + SEC outperformed Pp in terms of EV concentration
and in vitro efficacy, although in terms of GLA quantity, Pp method exhibited production yield
compared to BF + SEC and TFF + SEC. The EA of the obtained EV-GLA was similar across all
methodologies (Table 7.3).

In the case of EV-GLAcmycH6 from stable clone CHO DG44, all methodologies allowed the
obtention of EV-GLA with higher EA and in vitro efficacy compared to the free enzyme (Table
7.3). However, Pp showed lower EV concentration compared to the other isolation
methodologies, but it also exhibited the highest amount of GLA, probably due to the co-
precipitation of free GLAcmycH6 enzyme. The EA/L of the obtained EV-GLA was similar across
all methodologies, except for one batch from TFF + SEC, which exhibited better EA/L than Pp
(Table 7.3). Importantly, EV-GLAcmycH6 obtained by BF + SEC and TFF + SEC exhibited the best
purity qualities and in vitro efficacy compared to those obtained by Pp (Fig. 7.5G and Table 7.3).

For EV-GLAHSG resulting from TGE of GLA in HEK 293F, both BF + SEC and TFF + SEC allowed the
obtention of functional EV-GLA. Although their EA was not higher than the free enzyme, there
was an improvement in in vitro efficacy due to the encapsulation of the enzyme in the EVs. For
the isolation of EV-GLAHG6, TFF + SEC showed more advantages than BF + SEC in terms of EV
concentration, amount of GLA protein and EA/L (Table 7.4). However, EV-GLAH6 from BF + SEC
showed better in vitro efficacy than those obtained by TFF + SEC (Fig. 7.6E and Table 7.4).

An increase in enzymatic activity and improvement of in vitro efficacy due to the encapsulation
in EVs has been reported by other researchers using EVs derived from HEK cells endogenously
loaded with other lysosomal enzymes, such as SGSH (132), GBA (504) and HexA (503). This
demonstrates that the strategy of encapsulating lysosomal enzymes in EVs could be valuable for
enhancing ERT in several LSDs.
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Additionally, other authors have demonstrated that the strategy of loading proteins into EVs
through genetic engineering of the source cells can be applied to non-lysosomal proteins, such
as cytokines (598—600) or growth factors (601,602). Therefore, this therapeutic strategy is not
limited to LSDs and can also be applied to improve the treatment of other diseases, including
cancer, cerebral ischemia, acute lung injury and more.

When comparing EV-GLAcmycH6 with EV-GLAHG6, the BF + SEC method appears to work better
for isolating EV-GLAcmycH6 than EV-GLAH6 (Table 7.7). This is likely due to the high mortality
associated with the transfection process in HEK 293F cells, which led to the presence of cell
debris that could reduce the efficiency of EV-GLAHG6 isolation by clogging the filter during BF +
SEC. On the other hand, EV-GLAH6 from HEK 293F contained a higher amount of GLA loaded
into the EVs compared to EV-GLAcmycH6. However, the latter appeared to be more active than
EV-GLAHG6 in terms of EA and, in some cases, in vitro efficacy (Table 7.6). In addition, EV-
GLAcmycH6 demonstrated an improved EA compared to the free enzyme, a result not observed
with EV-GLAHG6 (Table 7.7). This suggests that stable clone of CHO DG44 produced more stable
and active EV-GLA than transiently transfected HEK 293F cells. However, additional experiments
are needed to confirm this hypothesis.

Additionally, there is some variability associated with the EV-GLA production process, as
differences can be observed between different productions of the same type of EV, even using
the same isolation methodology. These differences are evident in terms of EV concentration,
GLA concentration, EA and in vitro efficacy (Table 7.6).

Targeting EV-GLAH6 with rF7 enhanced its cellular uptake and in vitro efficacy in endothelial
cells (Fig. 7.8A and 7.8D), despite its low EA (Fig. 7.7E). This demonstrated that targeted EVs can
enhance in vitro efficacy and may represent a promising strategy to improve in vivo outcomes.
In fact, several targeting strategies reported in the literature, using Lamp2b as the protein to
incorporate targeting molecules, such as RVG (196), RGD (603) and other peptides onto the EV
surface, have shown promising in vivo results, improving therapeutic delivery to target tissues
(604-607). However, no significant differences were observed in the endocytosis of EV-GLAH6
compared to the “targeted” EVs (rF7-EV-GLAH6) in HMEC-1 cells, which occurred primarily
through macropinocytosis (Fig. 7.8B and 7.8C). This lack of difference could be attributed to the
long incubation time (6 h), which may have been too prolonged to detect endocytosis
differences attributable to the targeting moiety.

In summary, EV-GLA has emerged as a promising tool to enhance ERT in Fabry disease, as the
encapsulation of the enzyme within the EV preserves its EA and improves its in vitro efficacy.
Furthermore, targeting EV-GLA with rF7 enhances its internalization and in vitro Gb3 clearance
in endothelial cells. However, factors such as the cell source, the transfection process used to
overexpress GLA and the isolation methodology, are important considerations that could impact
the function and efficacy of EV-GLA as a drug delivery system. In fact, stable clone from CHO
DG44 appears to be the best strategy for obtaining functional EV-GLA, with BF + SEC being the
optimal method for isolation. On the other hand, TFF + SEC is the preferred approach for
obtaining EV-GLA from transiently transfected HEK 293F.
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8. General discussion

As stated in previous sections, nanotechnology has emerged as a powerful tool to protect
recombinant enzymes and target them to the affected cells and organs (53,608). This thesis has
explored the use of nanoliposomes and EVs as two different nanocarriers for the same
therapeutic enzyme, the GLA. NanoGLA and EV-GLA were designed to improve ERT in FD,
allowing a head-to-head comparison of both therapeutic strategies in FD models.

There are four specific aspects that are crucial for any drug delivery systems (DDS) being used in
ERT: preservation of the enzymatic activity, proper cell/organ targeting, in vivo biodistribution
and manufacturing/scale-up. Through this discussion, these four aspects will be covered,
directly comparing the nanoliposomes and EVs and putting them in context with other DDS with
application in LSDs.

8.1. Crude enzymatic activity in nanoGLA and EV-GLA

Results from this thesis and previous publications by our group have demonstrated that
encapsulating the GLA enzyme in nanoliposomes or EVs preserved both its stability and
functionality (53,132,200,226). This effect may be due to the association of GLA enzyme with
lipid-membranes, which helps stabilize the enzyme and protect it from degradation (202).
Besides, the sequence of the GLA as well as its glycosylation might have a direct impact of the
final EA of the drug delivery system.

In this thesis, nanoliposomes containing MKC in their membrane composition were loaded with
a GLA variant lacking a His tag (rh-GLA) and exhibited lower EA levels compared to the free
enzyme. In contrast, liposomes without MKC, loaded with a different His-tagged GLA variant
from previous studies, showed higher EA levels than the free GLA enzyme (202). This suggests
that the GLA sequence may play a significant role in the enzyme’s functionality. Sequence-
related differences in GLA were also observed in EVs. As crude enzyme, GLAH6 exhibited higher
EA than GLAcmycH®6. These findings align with the observations reported by Dr. Aida Carrefio in
her PhD thesis (2024), in which GLA enzymes produced by HEK 293F cells through TGE exhibited
higher EA and protein solubility. In contrast, GLAcmycH6 produced in CHO cells via SGE showed
reduced structural stability at pH 5.5 and a greater tendency to aggregate. These differences in
crude EA may be due to variations in glycosylation patterns resulting from the different cell
sources (38). However, once encapsulated in EVs, results shifted. Although EV-GLAHG6 contained
a higher amount of GLA compared to EV-GLAcmycHS6, it showed lower EA than the free enzyme.
Conversely, EV-GLAcmycH6 exhibited higher EA than both the free GLAcmycH6 and EV-GLAHS6.
This suggests that the method of GLA expression may influence enzyme activity and stability
once encapsulated in EVs, with SGE potentially producing a more active and/or stable enzyme
under these conditions than TGE. These differences could be attributed to several factors,
including the amount of GLA encapsulated in the EVs, the enzyme's stability within the vesicles,
or differences in PTMs between the two enzyme variants. Regarding the cellular systems used,
EV-GLAcmycH6 obtained from the stable CHO DG44 clone exhibited higher EA and improved in
vitro efficacy compared to EV-GLAHG6 derived from transiently transfected HEK 293F cells. This
is likely due to the more consistent expression of GLA into EVs in the stable system.

116



In a boarder context, several studies have demonstrated that encapsulating lysosomal enzymes
into NPs other than nanoliposomes and EVs, such as ICAM-1-targeted polystyrene nanoparticles
(609-612) and PLGA nanoparticles (613,614) can improve EA delivery to cells and in vitro
efficacy. However, none of these studies reported an increase in crude EA as a result of enzyme
encapsulation compared to the free enzyme. For instance, Thekkedath et al. (246), Sun et al.
(247) and Aldosari et al. (248) demonstrated that encapsulation of enzymes in liposomes
increased the intracellular EA in cellular models more efficiently than free enzyme. However,
they did not compare the crude liposomal EA to the free enzyme, making it difficult to discern
whether the increase in intracellular EA by the use of the nanocarriers was due to the
stabilization of the enzyme, to the protection from degradation in extracellular space, due to an
increased cell internalization/delivery or to the combination of all this factors. Similar results
were observed for EVs encapsulating lysosomal enzymes for Sandhoff disease (503), Batten
disease (195,502,615), with lower EAs in the encapsulated versions. Two exceptions to these
observations are EVs endogenously loaded with SGSH or GBA fused to VSV-G to for the
treatment of MPS type Ill and GD, respectively. EV-SGSH showed a clear increase in EA compared
to the free enzyme (132) and EVs with GBA showed significantly higher GBA activity than
unmodified EVs (504). Interestingly enough, in both examples enzymes were endogenously
incorporated into EVs and vesicles were isolated by precipitation, meaning that free soluble
enzyme might accompanying the EVs and contribute to the enhanced EA.

Overall, these findings highlight the critical impact of both enzyme sequence and encapsulation
strategy on GLA EA. The composition of nanoliposomes significantly influences EA. Furthermore,
the expression system and cellular source used for GLA production play a key role in determining
its functionality. Notably, while encapsulation in EVs can modulate these effects, the observed
variability in EA suggests a complex interplay between expression method, enzyme sequence,
and vesicle environment. These findings underscore the importance of optimizing both the
enzyme production process and nanoparticle design to maximize therapeutic efficacy. Future
studies involving controlled comparisons of expression systems and encapsulation conditions
will be essential to further elucidate the factors that govern enzyme stability and functionality
within nanoliposomes and EVs, ultimately contributing to the development of more effective
treatments for LSDs.

8.2. Enhancing endothelial cell uptake and Gb3 clearance by

encapsulating the GLA enzyme

Our results demonstrated that the encapsulation of GLA in RGD-targeted nanoliposomes favors
enzyme's internalization into endothelial cells through M6PR- but also clathrin-independent
endocytic pathways. Regarding EVs, the results of this thesis demonstrate that the predominant
endocytic pathway for EV-GLAH6 in HMEC-1 cells is macropinocytosis. Just this already
represented a major advantage. Like other lysosomal enzymes used in ERT, soluble non-
encapsulated GLA primarily internalizes via MP6PR located on the cell membrane (10-12). In
contrast, our results show that the enzyme, when encapsulated in nanoliposomes or EVs, GLA
could enter in endothelial cells via alternative pathways, such as macropynocitosis and caveolae-
mediated endocytosis. This demonstrates that enzymatic encapsulation into nanoliposomes or
EVs could be a promising strategy for delivering ERT to cells from patients with LSDs with low
expression levels of M6PR, such as in Pompe disease (616,617), or diseases with impaired
clathrin-dependent endocytosis (268,269,597,618).

Other liposomal formulations have already showed an improvement in the internalization of
lysosomal enzymes compared to the free enzyme. Thekkedath et al. (246) and Sun et al. (247)
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developed two different liposomal formulations loaded with GBA and acid S-glucosidase
(GCase), respectively, to improve ERT in GD. The first demonstrated that phosphatidylcholine-
based liposomes loaded with glucocerebrosidase improved enzyme’s internalization in target
cells, such as Gaucher fibroblasts and macrophages, as observed by flow cytometer and confocal
microscopy (246). Additionally, Sun et al. reported an improvement in cellular uptake via M6PR-
independent pathways of their GCase loaded saposin C (SapC) and dioleoylphosphatidylserine
(DOPS) liposomes, in mouse fibroblasts derived from GCase KO mice (247). Furthermore, Hamill
et al. (249) entrapped recombinant human IDUA enzyme in guanidinylated neomycin (GNeo)-
targeted liposomes and showed that cellular uptake and lysosomal delivery of IDUA in MPS |
fibroblasts were significantly increased. Of note, in our hands, RGD-targeted liposomes are
internalizing mainly through clathrin-independent pathways. On the contrary, other authors
have reported that RGD-targeted liposomes are typically endocytosed via clathrin-mediated
endocytosis after an incubation period of approximately 1 h (313,314). The longer incubation
time used in our endocytosis experiments (6 h) could have hampered the observation the RGD-
dependent effects. Therefore, to confirm that the RGD peptide promotes clathrin-dependent
endocytosis of the nanoliposomes, shorter incubation times (30 min — 1 h) should be tested.

In the case of EVs, macropinocytosis seems to be the major cell entry pathway. This is likely due
to the average size of the EV-GLAH6 particles (144.4 + 0.3 nm), as macropinocytosis is the
primary endocytic route for nanoparticles within this size range (278). This observation is
consistent with the endocytic behavior of nanoliposomes, which have a similar size range
(115 £ 1t0 171 £ 2 nm) compared to EV-GLAHG. In fact, these findings align with previous studies
using EV-GLAcmycH6 derived from CHO cells isolated by precipitation (132), as well as other
reports involving various EVs and target cell types (595,596).

Regardless the initial EA, both, nanoliposomes and EVs encapsulating GLA are more effective at
reducing Gb3 accumulation in primary cultures from Fabry KO mice than the free enzyme. These
findings suggest that encapsulating GLA can enhance its cellular uptake, protect the enzyme
from degradation, improve its delivery to lysosomes, and ultimately lead to a more effective
reduction of Gb3 accumulation than the free enzyme.

Similar to our results, encapsulation of recombinant human acid sphingomyelinase (rh-ASM)
into bis(monoacylgly cerol)phosphate (BMP)-based liposomes was performed by Aldosari et al.
(248) to improve Niemann-Pick disease type B (NPB) therapy. Their in vitro studies using NPB
fibroblasts demonstrated a better clearance of accumulated sphingomyelin when rh-ASM was
encapsulated in a liposome compared to the free enzyme. Additionally, Sun et al. reported an
improvement in in vitro efficacy of their GCase-SapC-DOPS liposomes, in mouse fibroblasts
derived from GCase KO mice (247). As for the EVs, Calzoni et al. (503) overexpressed the a-
subunit of lysosomal B-hexosaminidase in HEK cells and demonstrated that derived EVs, isolated
by UC, were able to partially correct the enzyme deficiency in Sandhoff patient fibroblasts. In
Batten disease, macrophage-derived EVs carrying the enzyme TPP1 by exogenous (615) or
endogenous loading (195,502), and isolated by UC, have been shown to be effective in both in
vitro and in vivo models. Interestingly, natural EVs are also being investigated as ERTs for other
LSDs, such as MPS type IVA (Morquio A syndrome) (498).

Overall, these findings highlight the potential of encapsulating lysosomal enzymes, as an
effective strategy for improving substrate clearance in primary cell cultures and may enhance
ERT across various LSDs. AS for FD, our data show that encapsulated GLA can enter endothelial
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cells via clathrin-independent pathways, fact that could be particularly advantageous for ERT in
LSDs characterized by low M6PR expression or impaired clathrin-mediated endocytosis.

8.3. In vivo biodistribution of nanoliposomes and EVs

Glycosylation of lysosomal enzymes can promote accumulation in M6PR-rich tissues such as the
liver, thymus, heart and kidneys (619,620), resulting in rapid clearance from circulation. In this
thesis, encapsulation of the GLA was proposed as a potential strategy to address these
limitations. This approach enhanced cellular uptake through M6PR-independent pathways and
improved the enzyme’s in vivo BD by increasing its circulation time and bioavailability, likely by
reducing recognition by M6PR-expressing tissues and cells. Additionally, several factors are key
in determining the biodistribution (BD) of nanoliposomes and EVs.

In the case of nanoliposomes, factors such as nanopatrticle size, lipid composition, surface charge
and modifications, the composition of the protein corona (PC), and the route of administration
are all critical in governing their BD (621).

Small nanoliposomes (50—-100 nm) tend to have longer circulation times and can more easily
penetrate tissues, whereas larger liposomes (>200 nm) are more likely to be taken up by the
liver and spleen (621). The lipid composition and surface charge of nanoliposomes also affects
their interaction with biological membranes and proteins. Specifically, cationic nanoliposomes,
like those used in this thesis, can interact more readily with negatively charged cell membranes,
enhancing cellular uptake (621). Furthermore, surface modifications—such as PEGylation or the
incorporation of targeting molecules—can help nanoliposomes evade the immune system,
prolong circulation time, and improve biodistribution (621). The PC also plays a key role in the
BD of nanoliposomes, which will be discussed in a subsequent section.

Similar factors influence the biodistribution of EVs, such as vesicle size, membrane composition
and modifications, and the route of administration. As in the case of liposomes, smaller EVs, like
exosomes (30-150 nm), tend to circulate longer and penetrate tissues more effectively than
larger microvesicle (622) and intravenous administration often results in EV accumulation in
highly vascularized organs such as the liver, lungs, spleen, and kidneys (622). The lipid and
protein composition on the EV surface also influences their interactions with cells and tissues.
Importantly, surface proteins such as CD9, CD63, and CD81 can affect EV uptake and targeting
by different cell types (623). Moreover, modifying the EV surface with molecules like PEG can
help them evade immune detection, thereby prolonging circulation time and improving
biodistribution (623). Notably, the cellular source of EVs (e.g., mesenchymal stem cells, cancer
cells) can influence both their biodistribution and therapeutic potential. EVs derived from
different cell types may exhibit unique surface markers and cargo, affecting their interactions
with target cells (622).

8.3.1. PC composition as a key factor affecting BD of nanoparticles

The composition of the PC can significantly alter the BD of otherwise similar nanoparticles
(321,404,414). In the specific case of liposomes, proteins enriched in the PC include fibrinogen
chains (Fga, Fgb and Fgg), albumin, apolipoproteins (Apoal, Apoe, Apob, Apoc3, Apocl, Apoa4d
and Clu), complement factors (C3), immunoglobins (Ighg3) and others (Mugl, Thbs1, Hbb-bs,
Chd1, Hba-al, Tf, Serpina3k, Hpx, Ttr). As previously detailed in section 6, this PC composition is
similar to other liposomes reported by other authors (322,410,417,418). Some of these proteins
found in the nanoliposomal PC are well-known opsonins, such as Fg, C3 and Ighg3 (F) (624), or
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dysopsonins, like Alb and Apos (395). In this thesis, we found that some of these proteins vary
in their relative abundance in the PC due to the presence of rh-GLA or RGD on the liposomal
surface, which could explain some of the results observed in the BD assay.

Presence of rh-GLA increased dysopsonins such as Alb, Apoe, Apoal, Apoc3, Apocl and Apoa4
in the nanoliposomal PC. In contrast, it also decreased the abundance of Clu, a well-known
dysopsonin, associated with the “stealth” ability of the NP (395). The presence of RGD increased
the abundance of Alb and Apoal, but also enhanced the presence of C3 and Ighg3. This
increased presence of C3, Apoal and Ighg3 due to RGD could explain the higher retention of
targeted nanoliposomes in the spleen and liver, as reported by other authors using other
nanodrugs (321). This higher tissue-retention may explain the lower plasma and brain EA of
targeted nanoGLA compared to nanoGLA without RGD, as observed in the BD assay from section
5 in this Thesis.

The presence of RGD seems to have more impact on increasing the abundance of complement
factor proteins in the PC compared to the presence of rh-GLA. These results may be explained
by the increased presence of certain dysopsonins in the PC due to rh-GLA, which may prevent
the binding of Igs and complement factors to the nanoliposome, such as Apos and Alb
(398,624,625). This suggests a reduced presence of anti-liposome antibodies in nanoGLA
compared to empty liposomes. However, further experiments, such as determining total 1gG
and IgM levels by ELISA, are necessary to confirm this hypothesis.

Furthermore, the increased presence of IgG observed in the PC of nanoliposomes, associated
with both RGD and rh-GLA, along with complement factors such as C3 and C5, could contribute
to the nanoliposomal retention in liver and spleen (321). All these results may also explain the
higher presence of ADAs observed in plasma from KO mice treated with nanoGLA-3%RGD,
compared to free enzyme.

Unfortunately, parallel characterization of the PC composition in EV-GLA could not be
performed, and no information is currently available in the literature regarding PCin EVs derived
from CHO or HEK cells that would allow comparison with the PC composition we characterized
in nanoliposomes. Moreover, compared to synthetic NPs, PC characterization in EVs is a
challenging process due to protein contamination during EV isolation, EV heterogeneity in size
and component (626), and chemical composition variations in EVs depending on their cell
sources (627,628). In experiments carried out by other research groups, EVs derived from cancer
cells exhibited unexpected tissue distribution after being incubated with plasma, showing low
accumulation in the target sites, which indicates an effect of PC formation (629-631). Téth and
colleagues reported that certain proteins from human plasma, including C3, C4B, ApoA1l, ApoB,
ApoC3, ApoE, Fga, Ig heavy chains of y2 and y4 are common proteins found in the PC of EVs from
THP1 cells (631). Despite the presence of several opsonins in PC of EVs, the authors did not
observe any phagocytic activity from monocytes and neutrophils against EVs with PC. One
possible explanation for this is the presence of immune-evading mechanisms on the EV surface,
which promote their tolerability and prolonged circulation time (632). Interestingly, some of
these proteins, but of mouse, including C3, C4b, Apoal, Apob, Apoc3, Apoe and Fga are found
in the PC of our nanoliposomes, suggesting that the PC of EVs and nanoliposomes could have
similar compositions. However, this needs to be studied in detail. EVs exhibits higher intrinsic
heterogeneity in size and composition compared to nanoliposomes and this heterogeneity can
complicate the characterization of their PC. A single sample of EVs may contain subpopulations
with distinct protein corona compositions, making it challenging to draw clear conclusions.
Overall, this thesis paves the way for future experiments with EV-GLA, which could provide
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valuable insights into the composition of PCin EVs from CHO and HEK cells. It also explores how
factors such as the cell source, EV isolation methodology (Pp, BF + SEC and TFF + SEC), and the
presence or absence of a targeting moiety (rF7) may influence PC composition, following a
similar approach to that reported by Téth and colleagues using EVs derived from THP1 cells
(631).

In summary, the presence of rh-GLA on the nanoliposomal surface increases the adsorption of
dysopsonins, such as albumin and apolipoproteins, in the protein corona (PC) of nanoliposomes.
In contrast, RGD enhances the presence of opsonins, such as C3 and Ighg3. This differential PC
composition may explain the increased retention of RGD-targeted nanoliposomes in the liver
and spleen of KO Fabry mice after 30 min post-administration. These findings underscore the
importance of understanding PC composition for optimizing the design and functionality of
targeted nanoliposomes in biomedical applications.

8.4. Targeting strategies in nanoliposomes and EVs

In this thesis, we investigated two different targeted nanocarriers with two distinct targeting
strategies: RGD-targeted nanoliposomes and F7-targeted EVs. Both targeted systems exhibited
improved and faster cellular uptake in endothelial cells, as well as better in vitro efficacy,
compared to their non-targeted counterparts and the respective free enzymes. This highlights
the importance of incorporating targeting modifications into the surfaces of nanoparticles.
Targeting strategies are critical for improving the therapeutic outcomes of nanoparticles by
reducing side effects of therapeutical molecules, avoiding unspecific BD and improving drug
delivery to target cells and tissues (633—638).

8.4.1. Targeted liposomes to improve therapies in different diseases

In liposomal formulations, different targeting approaches have been explored, including the use
of antibodies, folate, aptamers or short peptide sequences.

The incorporation of specific antibody regions, such as fragment-antigen-binding (Fab), to the
liposomal surface has shown advantages, such as high specificity of the therapy and improved
pharmacokinetics (639—642). There are several examples of antibody-targeted liposomes that
are currently in preclinical stages (643) and phase Il clinical trials (NCT02833766) to treat breast
cancer, as well as some examples of patented liposomes (644,645) However, the presence of
these antibody regions can increase the immunogenicity of the liposome (634), effects that
could hamper the clinical implementation of antibody-functionalized liposomes.

Many liposomes have been functionalized with folate, also called vitamin B9. This strategy has
been applied in preclinical studies to different cancers (646,647). Folate is critical for the
methylation of DNA and RNA (648), and due to the increased DNA synthesis in tumor cells
necessary for their proliferation, they overexpress folate receptors (649). Several authors have
observed a significantly increased cellular uptake and specificity of these targeted liposomes in
vitro (650-652). However, other studies reported in vivo limitations of folate-targeted
liposomes, such as reduced circulation time after i.v. administration and inefficient drug delivery
to the tumor compared to non-targeted liposomes (651,653—655). These limitations may be due
to variability in folate receptor expression or competition with circulating free folate for receptor
binding, which can reduce the efficiency of the targeted liposomes.
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Aptamers have been also used for liposome functionalization. They are single-stranded
sequences of structured RNA or DNA that can interact with binding sites on a wide range of
molecules, similar to antibodies (656). They have shown high versatility, low cost, scalable
production, and low immunogenicity (657). Conjugating liposomes with aptamers has been
explored in a wide range of therapeutic targets, including cancer cells (658—661), corneal cells
(662), muscle tissue (663), and intestinal epithelium (664). However, aptamer-targeted
liposomes are still far from FDA approval, as designing and optimizing aptamers for specific
targets is a complex, time-consuming and expensive process, and there are concerns about
potential side effects and immune responses to aptamers, which need to be thoroughly
investigated (665,666).

Finally, peptides as targeting moiety exhibit higher specificity, bioactivity, and are less costly to
develop (667). Several peptide-targeted liposomes have been already patented as drug delivery
systems (668,669), while others still in preclinical stages (670). The RGD-targeted nanoliposomes
explored in this thesis are an example of liposomal nanocarriers that utilize peptide-targeting
strategies.

The RGD peptide (Arg-Gly-Asp) is one of the most commonly used peptides for targeting
liposomes due to its high affinity for integrin receptors, particularly avB3 integrins, which are
overexpressed in tumor cells and in endothelial cells of angiogenic blood vessels. Its relatively
easy synthesis also makes it a popular choice for targeted drug delivery (671,672).

Selecting the optimal type of RGD (e.g., cyclic or linear, and the number of amino acids) is crucial
for effective nanoparticle targeting. Cyclic RGD peptides generally exhibit higher binding affinity
and stability than linear RGD peptides due to their constrained structure. In contrast, linear RGD
peptides are easier to synthesize but may be less stable and have lower binding affinity (673).
Additionally, modifications in amino acid number (674,675) and structural changes such as
PEGylation or substitution of aspartate with other residues (e.g., lysine) (676,677) can enhance
the peptide’s stability, binding affinity, and overall efficacy. For these reasons, in this thesis, we
selected a cyclic RGD peptide with a substitution of aspartate (D) by lysine (K)—specifically the
c(RGDyK) cyclic targeting peptide—to improve GLA delivery to endothelial cells, which are
among the primary affected cells in Fabry disease (FD) (678,679).

RGD-targeted liposomes have been used for other researchers to improve cancer
therapies (670) and have shown higher internalization and efficacy in vitro in tumor cells, as well
as better efficacy and bioavailability in vivo compared to untargeted liposomes and free
drug (680,681). This demonstrates the high versatility of the RGD liposomal targeting strategy,
as it can be used for the treatment of diseases such as cancer, in addition to LSDs. However,
there are considerations for peptide-targeting strategy, such as optimizing procedures to
quantify the density of peptides on the liposomal surface to avoid batch-to-batch variation
(682). Moreover, a high density of peptides conjugated to the liposomes could lead to
aggregation and subsequent clearance from circulation (683).

In our hands, RGD-targeted nanoGLA demonstrated better internalization in endothelial cells
compared to non-targeted nanoGLA after short incubation periods, and this cellular uptake was
faster with higher percentages of RGD. However, in terms of in vitro efficacy with longer times
of incubation, a high density of RGD did not correlate with increased clearance of Gb3. This
suggests that there is an optimal concentration of the targeting molecule required to achieve
the best in vitro results. Beyond this optimal point, further increases in the density of the
targeting moiety, such as the RGD peptide, may not significantly enhance targeting and could
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potentially lead to issues such as receptor saturation, increased clearance by the immune
system, or compromised stability and functionality of the nanoparticles or their cargo (684). The
in vivo effect of RGD targeting in nanoliposomal BD will be discussed in a subsequent section.

Some authors have described the use of peptide-targeted liposomes to improve ERT in LSDs. For
example, Thekkedath et al. (246) developed lysosomotropic octadecylrhodamine B (RhB)-
targeted liposomes loaded with GBA to improve ERT in GD by enhancing the delivery of
glucocerebrosidase-loaded liposomes to the lysosome of Gaucher fibroblasts and
macrophages (246). Hayashi et al. (251) also developed peptide-targeted liposomes loaded with
GLA to treat FD. These liposomes were functionalized with a lineal chain of 16 histidines (H16),
which is known to act as a cell-penetrating peptide (685). In vitro studies showed that H16-
targeted liposomes loaded with GLA were internalized by an in-house GLA-KO cell line (251).
These authors used the proliferation capacity of these KO cells as a readout of liposomal efficacy
and gave no insight on the Gb3 levels or the EA of the liposomes, making difficult to direct
comparison of H16-targeted liposomes with the RGD-targeted nanoliposomes used in this
thesis. Previous studies by our group demonstrated that MAEC KO cells also exhibited a lower
proliferation rate compared to MAEC WT cells. Therefore, additional in vitro efficacy studies
focusing on their proliferative capacity could be conducted in the future.

Taking all this information into account, targeting liposomes represented a versatile and
powerful strategy to increase the specificity and improve drug delivery to target cells in various
diseases, such as cancer and LSDs. It is crucial to identify the optimal targeting strategy for each
disease or condition, as well as the ideal density and concentration of the targeting moiety to
load onto the liposomal surface. This ensures both stability and efficacy, since a higher density
of the targeting moiety may not necessarily correlate with enhanced treatment efficacy, as we
have observed with RGD-nanoliposomes.

8.4.2. Targeted EVs to improve therapies in different diseases

EVs are involved in several processes like tissue repair, immune response and inflammatory
resolution, as they are crucial for inter-cellular communication. They showed therapeutic
potential for diseases from different origin, such as cardiovascular, neurodegenerative,
metabolic, autoimmune and renal pathologies (686,687). Although EVs can be naturally targeted
to specific cells and tissues depending on their cellular source (477,688,689), they can also be
engineered modified to incorporate targeting moieties in their surface. Some of these targeting
strategies include chemical modification, lipid insertion, metabolic labeling, enzymatic ligation,
affinity binding and genetic engineering of the donor cells (633,687). A few of these methods
will now be discussed in detail due to their relevance to the targeting approaches used in this
thesis.

Chemical modification of EVs involves targeting reactive groups on the lipid or protein
membranes, such as amino, thiol, and carboxyl groups, which undergo biorthogonal reactions
with peptides tagged with reactive fragments. The most common method combines EDC/NHS
coupling and azide-alkyne cycloaddition (click chemistry) to modify EVs, as demonstrated by
Tian et al. (690) with curcumin-loaded MSC-EVs modified with the c(RGDyK) peptide for
targeting ischemic brain lesions in a mouse model (691). This opens up the possibility for future
experiments targeting our EV-GLA using the same targeting moiety as nanoGLA, enabling a more
precise comparison between the two nanocarriers. Chemical modification for inserting targeting
moieties is more robust than lipid insertion or affinity binding; however, it offers lower
specificity and may alter EV properties.
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Lipid insertion targeting strategy consists in the addition of targeting molecules (i.e. peptides or
aptamers) tagged with a lipid fragment, which is inserted into the EV membrane. This method
stands out from other modification techniques due to its simplicity, low cost, high efficiency,
and ability to be applied to nearly all EV types without compromising their structure (633). Wang
et al. (692) targeted EVs with RGD through 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
Polyethyleneglycol (DSPE-PEG), showing increased EVs arrival to the blood vessels. Other
researchers reported the successful use of lipid insertion for targeted drug delivery in EVs,
including treatments for lung cancer (693), glioblastoma (694), and Alzheimer’s disease (695).
Lipids like DSPE-PEG (692), DOPE-PEG (695), and cholesterol (696,697) are commonly used for
surface modification, enhancing the targeted delivery of therapeutic agents, and improving
outcomes while minimizing side effects in various cancer models and other diseases (633).
Interestingly, Wan et al. (698) found that cholesterol-PEG exhibited the highest labeling
efficiency in EVs derived from mouse dendritic cells, compared to other lipids such as DSPE-PEG
and FITC-tagged stearoyl-PEG (C18-PEG), when targeting these EVs with the AS1411 aptamer.
Therefore, this loading strategy could be applied in future experiments to load Chol-PEG400-
RGD onto EV-GLA, allowing for a direct comparison with RGD-targeted nanoGLA—both of which
are used in this thesis—through in vitro and in vivo studies.

Genetically engineered donor cells can modify the surface of EVs with targeting moieties by
fusing peptides or proteins to membrane or lipid-binding proteins. These targeting moieties are
then displayed on the surface of EVs, enabling targeted delivery. Key membrane proteins
commonly used for this purpose include Lamp2b, tetraspanins (CD63, CD81, CD9), PDGFR,
syntenin-1, PTGFRN, and CXCR4 (486). Lamp2b is the most frequently used protein for
decorating EVs with targeting moieties. It was first applied in the creation of Lamp2b-RVG-
exosomes, which were equipped with the neurotargeting peptide rabies virus glycoprotein
(RVG) to deliver BACE 1 siRNA for Alzheimer’s treatment (183). Since then, Lamp2b has been
widely used for the targeted delivery of various molecules such as siRNA, miRNA, mRNA,
circRNA, and aptamers to the brain for the treatment of neurological diseases (604,605,699—
704). For instance, Lamp2b-RVG exosomes were used to deliver circDYM to treat Major
Depressive Disorder (MDD) in mice, showing improved delivery to the brain. Additionally,
Lamp2b has been employed to display other targeting peptides, such as T7, E7, and RGD on
exosomes for cancer therapy (603,607,705—-709).

Gecdys et al. (709) reported the production of engineered RGD-targeted EVs from HEK 293FT
through the stable expression of Lamp2b-iRGD-HA fusion protein. The targeted EVs were then
isolated by precipitation and exogenously loaded with doxorubicin hydrochloride (DOX) and
siRNA against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene via electroporation,
for the treatment of glioblastoma. In vitro results showed that RGD-EVs exhibited higher
internalization and efficacy compared to empty EVs in glioblastoma cell models. Notably, this
approach enabled the stable production of Lamp2b-RGD-targeted EVs in HEK cells, which could
be directly applicable to our EV-GLA produced in both CHO and HEK cells. This strategy could be
valuable for future experiments, where we aim to compare the efficiency of stable versus
transient expression of both targeting moieties (RGD and F7) in terms of cellular internalization
and efficacy.

Affibodies (small proteins with high affinity for specific targets) can also be displayed on
exosomes by fusing them with Lamp2b, such as in the case of Her2-affibody-exosomes, which
deliver chemotherapeutic agents and reverse drug resistance in cancer cells (710,711). Besides
Lamp2b, tetraspanins like CD63, CD81, and CD9 are used to modify EVs, with these proteins
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facilitating the incorporation of targeting peptides. These proteins can be fused with other
molecules, such as Apo-Al or ApoB, to direct EVs to specific cells or promote brain penetration
(712). Other proteins, like PDGFR, PTGFRN, and CXCR4, also enable targeted delivery,
particularly for cancer therapies (713—-715) or immune modulation (716). For example, CXCR4-
rich EVs can deliver therapeutic agents to treat brain metastases in breast cancer (717).

Overall, Lamp2b has emerged as a key player in modifying exosomes for targeted delivery,
providing a versatile and effective platform for the development of engineered EVs for precision
therapies. In this thesis, the F7 cell penetrating peptide was fused to Lamp2b membrane protein,
enabling the incorporation of this targeting moiety to the EV-GLAH6 surface via genetic
modification of HEK 293F and improved their cellular uptake. However, it is crucial to control
the expression level of F7 and to quantify which EV subpopulations incorporate higher amounts
of F7, due to the high intrinsic heterogeneity among EV subpopulations. Each vesicle may
contain vastly different concentrations of membrane proteins (171), including Lamp2b, which
can significantly affect the interpretation of in vitro results. To address these issues, the
overexpression of Lamp2b-F7 fusion protein can be detected by WB through the detection of
Lamp2b and compared to EVs without overexpression, as previously described by other authors
(183,709). However, characterizing the EVs subpopulations with higher or lower levels of
Lamp2b-F7 can be more challenging. One strategy is to modify the fusion protein by adding a
purification tag, such as His-tag, to enable immunoaffinity purification of EVs with the highest
expression of Lamp2b-F7. Another strategy is to use single-particle immunofluorescence-based
characterization techniques, such as nanoscale flow cytometry (FCM) (718) and ExoView (719),
to characterize the expression of Lamp2b in the EV samples.

The F7 targeting strategy improved the cellular uptake of EV-GLAH6 and enhanced their in vitro
efficacy in MAEC KO cells. These findings are consistent with ongoing studies by our group, which
have shown increased internalization of other types of nanoparticles (NPs) functionalized with
the F7 peptide—such as polymeric micelles and solid lipid nanoparticles (SLNs)—even enhancing
their ability to cross the blood—brain barrier (BBB) in in vitro models (594).

As observed with nanoliposomes, targeting EVs represented a versatile and promising strategy
to increase specificity and improve drug delivery in various diseases. However, unlike
nanoliposomes, the targeting process in EVs is more complex, as it involves methodologies that
could compromise the integrity of the EV. Genetic modification of donor cells appears to be the
best approach for obtaining modified and targeted EVs while preserving their biological
properties and structural integrity.

8.4.3. Targeted nanoliposomes for improved GLA biodistribution

An enhanced in vitro internalization and efficacy does not necessarily correlate with better
results in vivo. In fact, this is the case with some folate- or antibody fragment-targeted liposomes
(634). Therefore, it is crucial to validate the advantages of targeted nanoparticles both in vitro
and in vivo, using the non-targeted system as a counterpart. In this thesis, we have analyzed the
BD of RGD-targeted nanoliposomes loaded with GLA in Fabry KO mice to validate whether the
presence of RGD improves GLA delivery to target tissues in FD, such as kidneys, heart and brain.

The results in this thesis show that, after 30 min post-administration, nanoliposomes in blood
preserve better the EA of the GLA compared to the free enzyme, in accordance with previous
findings (200). Other authors using different liposomes and enzymes have also reported similar
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results, showing that liposome increase the circulation time and bioavailability of enzymes
(151,720,721), .

Furthermore, high densities of RGD on the liposomal surface had an impact in nanoGLA BD,
enhancing its delivery to tissues such as the kidneys and heart, but also in liver and spleen. This
higher retention of liposomes in the liver and spleen is a common observation when NPs are
administered intravenously (722). However, our results suggested a relevant role of the RGD in
the nanoliposomal retention in the spleen, suggesting a recognition of RGD-targeted
nanoliposomes by the immune system. This was also observed by other authors using other
RGD-targeted liposomes (299,723). In fact, several studies by other authors have reported the
immunogenicity of the RGD in other NPs (302,303,431). This was supported by the results of this
thesis in the characterization of the PC in the different nanoliposomal formulations, in which an
increased relative abundance of complement factors such as C3 and immunoglobulins such as
IgG was observed in the PC due to the presence of RGD. Taken together, these results suggest
that a high RGD density in nanoliposomes may act as a double-edged sword: while potentially
beneficial in BD, its in vivo efficacy could be limited due to increased immune system
recognition, promoting nanoliposome retention in the spleen and accelerating nanoparticle
clearance from circulation. This could be particularly critical following repeated administrations,
where potential side effects—such as complement activation-related pseudoallergy (CARPA)
syndrome—might occur, possibly requiring immunomodulators after nanoliposomal infusions.
Consequently, the most suitable nanoliposomal system for future in vivo experiments appears
to be nanoGLA-3%RGD, as supported by previous studies (200) and its granted Orphan Drug
Designation (ODD) (272). This nanoformulation retains the targeting benefits of RGD with only
3% of density of the targeting moiety.

Surprisingly, no effect of RGD was observed on brain delivery, despite some authors reported
high RGD-targeted nanoparticles delivery in the brain, including micelles (724,725) and other
liposomes with different membrane composition (726). These discrepancies in BD may be due
variations in their PC composition, which varies depending on the surface properties of the
nanoparticles (332). This aspect will be discussed further below.

Compared to EVs, the other DDS explored in this thesis, other authors have reported that both
liposomes and EVs show similar BD after being administered intravenously (188,189). After 30
min post-administration, most of the EVs are retained mainly in the liver, followed by the spleen,
kidneys, and lungs (191,192). In fact, in previous in vivo experiments conducted by our group
using EV-GLAcmycH®6 isolated by precipitation, high retention of EVs was observed in liver and
spleen 1 h after i.v. administration (132), demonstrating similarities with nanoliposomal BD.
However, EV-GLAcmycH6 was able to deliver EA into Fabry target organs, such as kidney, more
efficiently than free GLA enzyme, without the need of a targeting moiety (132). This is a
significant advantage compared to nanoliposomes, which require a targeting moiety, such as
RGD, to deliver higher levels of EA than the free enzyme. However, this superiority of EVs over
nanoliposomes needs to be confirmed through additional in vivo experiments using EV-GLA from
other cell sources (e.g. HEK 293F) and other isolation methodologies (BF + SEC and TFF + SEC)
that reduce the potential contamination of EV-GLA samples with soluble GLA associated with
precipitation procedures (727). These experiments are currently ongoing.

Overall, the results of this thesis showed that targeting nanoliposomes and EVs with RGD and
F7, respectively, improved their in vitro performance—such as internalization into endothelial
cells and Gb3 clearance in MAEC KO cells—compared to their non-targeted counterparts.
However, the role of the targeting peptide in vivo has only been evaluated for nanoliposomes.
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In this case, nanoliposomes increased EA levels in the plasma of Fabry KO mice 30 minutes post-
administration, regardless of the presence of RGD. The presence of RGD on the surface of
nanoGLA enhanced EA in Fabry target tissues, including the kidney and heart, but also led to
retention of the nanoliposomes in the liver and spleen. No effect of RGD was observed in the
brain. This may be due to the influence of RGD on the composition of the PC.

8.5. Scaled production and clinical translation of
nanoliposomes and EVs

EVs and liposomes are both being explored for therapeutic purposes, but they face distinct
challenges in their clinical translation. EVs, naturally occurring nanoparticles produced by cells,
have garnered attention for their ability to mediate intercellular communication and carry RNA
species, such as microRNAs, which can regulate target genes (728). However, despite their
promising potential, EVs have not yet been approved by the FDA or EMA for therapeutic use,
although over 100 EV-based products are in clinical trials (729). In contrast, liposomes have been
in clinical use since 1993, with multiple liposomal-based drugs already approved by the US FDA
and EMA (730-733). Liposomes are well-established in drug delivery, especially in encapsulating
molecules like doxorubicin (e.g., in Doxil®) (731). The clinical success of liposomes reflects the
ability of pharmaceutical manufacturers to address challenges in manufacturing, drug loading,
and delivery.

In terms of manufacturing, production of therapeutic EVs is far more complex than producing
therapeutic liposomes. EVs must be isolated, characterized, and purified, and these processes
are less standardized compared to liposome production, which benefits from established
techniques (732). Large-scale production of EVs faces challenges in achieving high yields, as
multiple purification steps can lead to significant loss of material. As discussed in previous
sections, to address these issues, this thesis explored the production of EV-GLA obtained from
different cell factories and using 3 different isolation methodologies (Pp, BF + SEC and TFF + SEC)
to enhance the EV-GLA yield with high concentration of GLA and optimal EA and in vitro efficacy.
Results of this thesis demonstrated that BF + SEC and TFF + SEC offered significant advantages
over Pp in terms of EV concentration, in vitro efficacy, and purity. Although Pp yielded higher
qguantities of GLA protein, this likely reflects co-precipitation of free, non-encapsulated enzyme,
a phenomenon previously reported to confound EV analysis and therapeutic assessment
(169,534,734). Therefore, more specific and selective purification methods, such as SEC-based
protocols, are essential to ensure accurate characterization and consistent biological effects.
When comparing the two EV variants, EV-GLAcmycH6 showed greater EA and better in vitro
efficacy but lower producton yield. These results highlight the critical importance of both the
cellular source and isolation methodology in determining the functional quality of therapeutic
EVs. Furthermore, in the case of EVs, despite their favorable properties, often face challenges
with drug loading efficiency (168).

Encapsulation efficiency is also a key consideration for both nanoliposomes and EVs for clinical
translation. In terms of loading capacity, nanoliposomes generally exhibit higher encapsulation
efficiency compared to EVs (735,736). For liposomes, factors influencing drug loading include
the nature of the drug (e.g., hydrophilic or hydrophobic), the drug-to-lipid ratio, the preparation
method, and the liposomal composition and size (737). In our case, we modified the
nanoliposomal surface with the cationic surfactant MKC to enhance GLA loading, due to the
enzyme’s negative net charge in the aqueous phase during the DELOS-susp procedure. This
improvement in GLA encapsulation efficiency with MKC was previously reported by Tomsen-
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Melero et al. (227). Notably, MKC is also present in several approved therapeutic products,
including Celestone®, Soluspan®, and Lorazepam® (738). Given the high doses of therapeutic
molecules—such as recombinant lysosomal enzymes—required for clinical applications,
strategies to enhance their encapsulation efficiency in nanoliposomes are essential for future
clinical implementation. Regarding protein loading, EVs typically suffer from lower loading
efficiency and capacity compared to liposomes, making it harder to deliver sufficient therapeutic
doses (732). Thus, strategies to improve enzymatic loading to reach clinical dosages, such as co-
expression of the lysosomal enzyme with EV proteins (e.g. Alix, TSG101, Lamp2, CD9 or CD63)
(183,486—488) or by exogenous loading methods (e.g. saponification, electroporation, etc.)
(173,480-482), are necessary to advance their clinical translation. Although engineered EVs and
new drug loading techniques are being explored, liposomes offer a more straightforward
solution to drug encapsulation.

Unfortunately, the nanoliposomes used in this thesis were not quantified by NTA, which
prevented a direct comparison between nanoGLA and EV-GLA in terms of GLA loading to assess
their enzyme encapsulation efficiency. However, this comparison can be approached by
referencing other studies in the literature that utilized different nanoGLA formulations (227).
For example, the study by Tomsen-Melero et al. reported a theoretical ratio of 11.4 molecules
of GLA per vesicle.

In contrast, using the same calculation method as in reference (227), the EV-GLAH6 samples
isolated in this thesis demonstrated higher theoretical ratios of GLA molecules per vesicle.
Specifically, EV-GLAH®6 isolated via BF + SEC and TFF + SEC showed ratios of 265 and 200 GLA
molecules per vesicle, respectively. Conversely, EV-GLAcmycH6 displayed a wide range
depending on the isolation method: 846.5 GLA molecules/vesicle for Pp, 8.3 for BF + SEC, and
2.38 for TFF + SEC.

These findings suggest that both the cellular source and the isolation methodology significantly
influence GLA loading, likely due to differences in the cells' capacity to encapsulate the GLA
enzyme and the presence of soluble GLA in certain EV samples, particularly those isolated by Pp.
This supports the notion that EVs may outperform nanoliposomes in terms of GLA loading
capacity. Nonetheless, further comparative studies involving the specific nanoliposomes used in
this thesis are needed to validate this hypothesis.

From a pharmacological perspective, EVs show slower clearance from circulation compared to
liposomes, primarily due to their natural biocompatibility and ability to evade the immune
system (739). Strategies such as PEGylation have been effective for liposomes to increase blood
circulation, and similar approaches are currently being investigated for EVs (740). Additionally,
liposomes can be easily modified to incorporate targeting moieties in their surface (741,742),
but EVs required of more complex procedures such as genetic modifications of the cell source
or other procedures that could compromise the EV integrity.

In summary, while both EVs and liposomes show promise in drug delivery, liposomes are further
along in clinical translation, particularly due to established production methods and better drug
loading capabilities. EVs, on the other hand, face more complex manufacturing and regulatory
challenges due to their heterogeneity in size and composition, but offer other advantages
compared to liposomes such biocompatibility and an enhanced ability to evade the immune
system (188,189,193) and intrinsic tissue-specific targeting capabilities based on their producer
cell origin (633,687).
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9. General conclusions

From the work carried out in this PhD thesis, the following conclusions can be withdrawn:

1.

Encapsulation of the a-galactosidase A (GLA) in DPPC:Chol:MKC nanoliposomes (named
nanoGLA), slightly reduces its enzymatic activity (EA). The incorporation of Chol-PEG400-
c(RGDfk) (RGD) does not affect the EA and the final formulation is stable up to 2 weeks post-
production.

RGD-functionalized nanoliposomes exhibit enhanced endothelial cell uptake, with higher
RGD densities (6% vs. 3%) accelerating internalization. However, these differences diminish
over longer incubation periods. The RGD-mediated internalization advantage persists even
in the presence of the protein corona (PC). Both nanoGLA-0%RGD and nanoGLA-3%RGD are
able to enter cells through M6PR-independent pathways.

In vitro, RGD-functionalized nanoGLA is more effective at reducing Gb3 accumulation in
endothelial cells compared to non-targeted nanoliposomes.

In vivo, RGD-targeted nanoGLA enhances EA in Fabry target tissues including kidney and
heart, 30 min post-intravenous administration. All nanoGLA formulations are able to
increase the EA in plasma and deliver EA to the brain, independently of RGD presence.
Repeated administrations of nanoGLA-3%RD induces the expression of anti-drug antibodies
(ADAs) in Fabry KO mice, to a higher extent than agalsidase alfa (Agal. A).

PC formation in nanoliposomes, as monitored by DLS, occurs rapidly (within 30 min), and is
maintained stable over time, irrespective of RGD or GLA presence. The majority of proteins
forming the PC in the different nanoGLA formulations are small proteins (< 60 kDa) and
negatively charged in plasma (IEP < 7.5). The incorporation of rh-GLA increase the presence
of dysopsonins, such as albumin and apolipoproteins, in the PC of nanoliposomes. The
incorporation of RGD increases the presence of opsonins such as C3 and Ighg3. This
differential PC composition might explain the higher retention of RGD-targeted
nanoliposomes in liver and spleen of KO Fabry mice.

The quantity and activity of GLA encapsulated in extracellular vesicles (EVs) varies with the
GLA construct (GLAcmycH6 or GLAH6) and the cell source (CHO DG44 or HEK 293F) used.
EVs loaded with GLA (EV-GLA) produced in HEK 293 cells (EV-GLAH®6) exhibits higher quantity
of GLA per EV compared to EV-GLA produced in CHO DG44 cells (EV-GLAcmycH6), but with
lower crude EA.

EV-GLA show higher in vitro efficacy compared to free enzyme, regardless of the isolation
method and the cell source. Bench-top filtration (BF) with size exclusion chromatography
(SEC) and tangential flow filtration (TFF) with SEC outperformed precipitation (Pp) in terms
of EV yield and in vitro efficacy of GLA. Variability in EV isolation was observed between
batches, influencing EV concentration, GLA concentration, EA, and in vitro efficacy.
Therefore, further investigation is required to optimize the isolation method, cell source,
and GLA construct to isolate EV-GLA with the highest quality in terms of GLA content and
functionality.

Targeting EV-GLAH6 with recombinant F7 (rF7) enhanced its uptake by endothelial cells and
improved its in vitro efficacy, although incorporation of rF7 through co-transfection of HEK
293F cells, reduces the loading of GLAH6 into the EVs.

Based on these global conclusions, this PhD. thesis has contributed to the optimization of drug
delivery systems to improve ERT strategies that enhance enzyme delivery, stability, and efficacy
in Fabry disease, with broader implications for other LSDs.
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