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Abstract

Extracellular vesicles (EVs) are cell-derived, membranous nanoparticles released by cells that
facilitate the intercellular transfer of proteins and nucleic acids. This intrinsic delivery property
of EVs, together with their low immunogenicity and potential for repeat administration, makes

them promising delivery vehicles for novel therapeutics.

The loading of cargo molecules into EVs constitutes one of the main challenges limiting
clinical translation of EV-based therapies. Post-translational modification (PTM) of proteins with
ubiquitin-like protein 3 (UBL3) has been previously implicated in the sorting of specific proteins
into EVs. Initially, we assessed the utility of UBL3 as an EV-scaffold to enhance EV-loading of
Cas9/sgRNA complexes by fusing Cas9 to UBL3 (to mimic the UBL3 PTM). This approach was
shown to be successful in terms of the loading of Cas9 and sgRNA into the EVs, although no

functional activity of the complexes was observed in the recipient cells after EV transfer.

PTMs such as myristylation, ubiquitination, and prenylation have also been shown to
play a role in EV-protein sorting. We were motivated to identify additional PTMs (and other
sequence features) associated with EV loading that may be exploited for therapeutic purposes.
To this end, we developed a novel bioinformatics analysis: integrated proteomics and feature
annotation analysis (IPFA) that enabled the identification of EV-enriched annotated PTMs,
protein motifs, and domains by combining protein feature annotations from UniProt with
experimentally-observed EV-enriched proteins observed in proteomics data. This analysis
identified several promising features, of which N-glycosylation was selected as the most
promising PTM associated with EV protein enrichment. Specifically, the majority of N-
glycosylation-annotated transmembrane proteins were EV-enriched, and nearly half of all EV-
enriched transmembrane proteins were annotated as being N-glycosylated.

v



Candidate protein features that were identified with the IPFA analysis were then
experimentally assessed for their capacity to mediate functional cargo protein delivery. PTTG1P
(Pituitary tumor-transforming gene 1 protein-interacting protein), a single-pass transmembrane
protein with two annotated N-glycosyation sites, was selected as a putative EV-sorting scaffold.
PTTGIIP was found to be highly enriched in EVs in an N-glycosylation dependent manner.
Highly efficient functional delivery of Cre recombinase to reporter cells and mouse xenograft
tumors was accomplished using PTTG1IP as an EV scaffold. Indeed, cargo molecules fused to
PTTGIIP scaffolds were successfully delivered to recipient cell cultures with improved
efficiency relative to the commonly used CD63-based scaffold. The PTTGI1IP platform was
further utilized for successful Cas9 and Cas9/sgRNA complex delivery to reporter cells. Several
PTTGIIP variants with improved properties for therapeutic delivery were also developed (i.e.,
reduced size, enhanced loading potential, and enhanced intrinsic cleavage for cargo release),
demonstrating the potential for further engineering PTTG1IP beyond its native human amino
acid sequence. To achieve functional delivery, PTTGI1IP-cargo fusion constructs were designed
to include self-cleaving sequences (i.e., an intein from Mycobacterium tuberculosis or an
intrinsic cleavage sequence derived from PTTGIIP itself) to facilitate cargo release from the EV
scaffold. Furthermore, co-expression of the fusogenic protein VSVG (vesicular stomatitis virus

glycoprotein) was utilized to enhance cellular uptake and promote endosomal escape.

In summary, PTTG1IP was identified as a suitable EV-loading scaffold using IPFA, and
its ability to efficiently package and deliver protein and protein/RNA complexes was
demonstrated in both cell cultures and in vivo. Notably, PTTG1IP EV-sorting was shown to be
dependent on its N-glycosylation PTMs, providing a validation of the robustness of the IPFA

approach. The PTTG1IP-based platform offers significant advantages over other EV-loading



strategies, (such as favorable membrane topology, the potential for further engineering, and
functional delivery capability), which will enable the development of improved EV-based

therapeutics.
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1. Introduction

Extracellular vesicles (EVs) are lipid bilayer-enclosed nanoparticles secreted by the majority of
cells!? which mediate cell-to-cell communication in both physiological and pathological
conditions®. EVs contain membrane proteins, soluble proteins, metabolites, mRNA and
noncoding RNA species, and are able to transfer their contents to recipient cells in order to
induce a physiological response*. EVs constitute a heterogeneous population in terms of size,
density, function and content™. EV composition is highly variable, and is dependent on the cell

type of origin, specific EV biogenesis pathway and physiological status of the producer cell>’.

Findings suggesting the existence of EVs emerged in the 1940s from blood clotting
studies. Early observations by Chargaff and West identified a particulate fraction in blood that
was separated by sedimentation and was able to induce blood coagulation®. In 1967, Peter Wolf
et al. further explored the nature of this particles, which he referred as “platelet dust”'’. He
described their platelet-cell origin, pro-coagulant activity, and phospholipid content. A possible
role of vesicles from bone cartilage matrix on calcification was also proposed at around the same
time by Anderson and Bonnuci!"!2. While several studies had identified vesicular structures in
biofluids, it was only in 1971 that the term “extracellular vesicle” was used for the first time to

describe membranous vesicles released by Ochromonas danica, a flagellated alga'>.

In 1974, Nunez et al. observed that EVs were released from bat thyroid glands'®.
Importantly, the authors were the first to propose that EVs can be released from the cells by the
fusion of multivesicular bodies (MVBs) with the plasma membrane. This notion was supported
by the close proximity observed between the MVBs and the apical membrane in thyroid glands.

EVs were also identified in non-mammalian organisms such as yeast!®> and bacteria'®. In the



1980s, two different studies by Stahl et al. and Johnstone et al. shed light into the mechanism
underlying exosome secretion. Transferrin receptor (TFRC) loss during reticulocyte maturation

1718 Moreover, electron

was shown to be the result of its release in vesicular structures
microscopy images demonstrated that the vesicles originated in the MVB lumen and were

released to the extracellular space upon fusion of the MVB with the plasma membrane.

The conception of EVs as waste disposal entities arose in 1991 from a study by Johnstone
et al, in which the authors reported that membrane proteins were released from cells via EVs in
response to cellular stress!®. They speculated that this represented a mechanism to dispose of
obsolete membrane proteins. Despite this, new insights into EV biology and function were
obtained in the following years. These included the observation that EV secretion was increased
in several pathological conditions and the identification of key EV components such as CD9,
ARF and Rab4?%?!, It was not until 1996 that the therapeutic potential of EVs was demonstrated
in a study showing that EVs from immune cells were able to release functional antigen
presenting vesicles, thus indicating that they could be harnessed as anti-tumor vaccines®*. This
was later shown in a study by Zitvogel et al. in which dendritic cell-derived EVs were capable of
priming cytotoxic T-cells leading to tumor suppression in vivo®. A major breakthrough in the
EV research was the demonstration in 2006-2007 that EVs were able to transfer RNA and
protein cargo to recipient cells, hence establishing their role in cell-to-cell communication®*2°,

These findings led researchers to explore their use as drug delivery vehicles, opening a new

avenue for the therapeutic application of EVs.



1.1. EV heterogeneity

EVs are highly heterogeneous in nature both at a physical (e.g., size, density) and biochemical
level (e.g., molecular composition, cargoes), and thus should be regarded as a diverse population
with distinct properties®. EVs can be classified into three main categories depending on their
biosynthetic origins: exosomes, microvesicles, and apoptotic bodies. Exosomes have a size range
of 50-150 nm in diameter and are generated in the late endosome?®’. They are formed as a result
of inward budding of the limiting membrane of MVBs, giving rise to intraluminal vesicles
(ILVs). Once these ILVs are released into the extracellular space via the fusion of MVBs with
the plasma membrane, they are referred to as exosomes®’. In contrast, microvesicles are formed
by direct outward budding (i.e., blebbing) of the plasma membrane and are typically between
100-1,000 nm in diameter?’. Apoptotic bodies are vesicles released by dying cells as a product of
apoptotic cell blebbing?®. Despite their differences in biogenesis, it is technically very
challenging to distinguish and separate exosomes and microvesicles once they have been
secreted into the extracellular space due to their highly similar biophysical properties (i.e., size,
density, membrane topology), and often common biochemical composition?”. The terms
“exosome” and “microvesicles” are often used interchangeably to describe heterogeneous
mixtures of vesicles, leading to misconception and confusion in the EV-field. To address this
issue, the International Society for Extracellular Vesicles (ISEV) recommended the use of the
more general term “extracellular vesicles” when the biosynthetic origin of the vesicles has not

been established?”.



1.2. Exosome biogenesis

Exosomes derive from endosomal compartments and are formed in multi-step processes
involving several sorting machineries. Early endosome maturation is triggered by endocytic
vesicle fusion and gradual acidification, leading to the formation of late endosomes. ILVs are
then formed by inward budding of the limiting membrane from late endosomes, giving rise to
MVBs*. MVBs can then be transported to the plasma membrane, where ILVs are released to the
extracellular space as exosomes upon the fusion of MVBs with the plasma membrane.

Alternatively, MVBs can be degraded by fusing with the lysosomes or the autophagosomes?’.
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Figure 1.1. Exosome and microvesicle biogenesis.

Microvesicles arise from outward budding of specific plasma membrane microdomains. This
process that involves membrane and cytoplasm remodeling mediated by flippases and P2X7
receptors, and small GTPases ARF6 and ARF1, respectively. Exosomes derive from endosomal
compartments that originate from endocytosis events in the plasma membrane. These events
result in early endosome formation and progressive maturation into late endosomes, which is
triggered by fusion with secretory vesicles from the trans-golgi network and gradual acidification.
Molecular cargo is then clustered into defined regions of the late endosome membrane by
ESCRT-dependent and ESCRT-independent mechanisms that induce membrane curvature and
scission. As a result, intraluminal vesicles are formed by inward budding of the limiting
membrane from late endosomes, giving rise to multivesicular bodies (MVBs). MVBs can then be
transported and fuse with the plasma membrane to release ILVs into the extracellular space as
exosomes. Alternatively, MVB contents can be degraded by fusion with autophagosomes with

subsequent amphisome formation or to lysosomes.

1.2.1. MVB formation

The ESCRT complexes (endosomal sorting complex required for transport) were the first to be
identified as key components promoting membrane remodeling, scission, and subsequent
formation of ILVs®!. In the canonical ESCRT-dependent pathway, ubiquitinated membrane
cargoes derived from plasma membrane internalization or the golgi apparatus are clustered into
specific microdomains in the endosomal membrane®. This is mediated by ESCRT-0, that is
recruited to endosomal membranes by phosphatidylinositol 3-phosphate (PtdIns(3)P)**, and
associates with both clathrin and ubiquitinated cargo forming a clathrin lattice**. ESCRT-I is
then recruited by direct interaction between HRS (Hepatocyte growth factor-regulated tyrosine
kinase substrate, ESCRT-0 component) and TSG101 (Tumor susceptibility gene 101 protein,
ESCRT-I component)*’, which in turn recruit ESCRT-II to promote membrane budding?®. This is

followed by the further recruitment of ESCRT-III complex via interaction with ESCRT-II, which



triggers fission of the budding microdomains into ILVs®’. After scission, ESCRT-III is
disassembled from the MVB membrane by VPS4 (Vacuolar protein sorting-associated protein

4A)%8.

Alternative mechanisms that only require ESCRT-III have also been described, the most
studied of which is the syndecan-syntenin-ALIX pathway. In this pathway, the transmembrane
protein syndecan (SDC2) in the endosomal membrane interacts with syntenin (SDCBP2), which
in turn binds to ALIX (PDCP6ID), that recruits ESCRT-III promoting membrane invagination
and scission®®. In a different mechanism, ALIX is recruited to endosomal membranes by

lysobisphosphatidic acid (LBPA), followed by ESCRT-III recruitment and ILV formation®.

The finding that MVB formation is not abolished by ESCRT complex depletion indicated
the existence of ESCRT-independent mechanisms regulating exosome biogenesis*!. The
hydrolysis of sphingomyelinase into ceramide by neutral sphingomyelinase 2 (nSMAse2) was
found to mediate the formation of membrane microdomains and triggers membrane budding®.
Recently, a ceramide-dependent mechanism to generate epidermal growth factor receptor (EGFR)
positive exosomes involving small GTPase RAB31 was uncovered®. In this mechanism, RAB31
activation by EGFR promotes RAB31 recruitment to ceramide and cholesterol-rich endosomal
membranes via interaction with flotillin, promotes ILV formation, and drives EGFR
incorporation into nascent ILVs. Interestingly, other receptor tyrosine kinases were also able to
activate RAB31 to trigger their sorting to ILVs*. Tetraspanins also play a role in ESCRT-
independent mechanisms. The tetraspanin CD63, one of the most well-known EV markers, was
found to influence protein sorting and ILV formation in melanocytes*. Ablation of the
tetraspanin CD9 was also reported to reduce EV secretion in dendritic cells*>. However, the

46,47

reports on the effect of CD9 on EV release are contradictory™*’, possibly due to cell-type

6



differences. Interestingly, both of the tetraspanins CD9*® and CD81# structures exhibit a reverse

cone-like shape, which would be implicated in membrane curvature induction®’.

In summary, several ESCRT-dependent and ESCRT-independent mechanisms exist that
regulate exosome biogenesis. The contribution of each mechanism may depend on cell type,

physiological state and specific cargoes.

1.2.2. MVB transport to the plasma membrane

The mechanisms determining the fate of ILVs and MVBs once formed are still not well
understood. It has been recently reported that some ILVs are able to retrofuse with MVB
membrane, a process that co-exists with ILV release as exosomes and ILV degradation by
lysosomes>!. ISGylation (covalent attachment to interferon-stimulating gene 15) has also been
shown to influence exosome secretion by promoting lysosomal degradation of MVBs>2.
Moreover, the E3 ubiquitin-protein ligase MGRNT1 has been reported to inhibit the fusion of
MVBs with lysosomes via TSG101 ubiquitination>’. Interestingly, anchoring of MVBs to
microtubules by the microtubule-binding protein HOOK has been shown to prevent fusion of

MVBs with lysosomes and autophagosomes under non-autophagic conditions™*.

Intracellular trafficking of organelles (including late endosomes) requires the coordinated
action of the cytoskeleton (i.e., microtubules and actin filaments), molecular motors (i.e.,
kinesins, dynein and myosins) and small GTPases®. MVB transport along microtubular
networks is inferred from the finding that polarized secretion of exosomes takes place during
immune synapses between T-cells and antigen presenting cells®. In addition, viral egression
from insect cells via MVBs requires the actin-myosin transport system®’. The molecular motors

driving this process have not yet been established. However, several important players have been



identified. Kinesin-like protein KIFC2 was found to associate with MVB-like structures in
neuronal cells®®, suggesting a possible function as a motor for MVB trafficking. Nevertheless,
the role of kinesins in other cell types remains to be determined. Several Ras-related proteins
have been implicated in regulating MVB transport to the plasma membrane and thus exosome
release. Small GTPases RAB27A and RAB27B have been reported to regulate MVB plasma
membrane trafficking and docking in various cell types™®’. Other Ras-related proteins such as
RAB11%, RAB35%, RALA®, and RALB® have also been shown to promote MVB motility.
However, the effect of specific Ras-related proteins on EV release is cell-type dependent. This is

reflected by the distinct outcomes from RAB inhibition when different cell lines are evaluated®®.

1.2.3. MVB fusion with the plasma membrane

In the last step of exosome biogenesis, multivesicular bodies fuse with the plasma membrane,
releasing ILVs into the extracellular milieu as exosomes. This process is mediated by SNARE
(soluble N-ethylmaleimide-sensitive fusion attachment protein receptor) complexes. The
SNARE protein VAMP7 was reported to promote exosome secretion in human leukaemia cell
line K562%, however, VAMP7 inhibition did not prevent exosome release in MDCK cells®®.
Syntaxin-1A (STX1A) was also shown to control exosome release in a variety of cell lines®’.
More recently, SNARE protein SNAP23 (synaptosomal-associated protein 23) was reported to
positively regulate exosome secretion in A549 and HeLa cells®®. Additional SNARE proteins
have been reported to play a role in exosome secretion in non-mammalian cells. Synaptobrevin
homologue Ykt6% and syntaxin 5% were shown to be involved in exosome release in Drosophila
and C. elegans, respectively. The diversity of mechanisms regulating both MVB formation and
fusion with the plasma membrane reflect the complexity of exosome biogenesis and contribute to

extracellular vesicle heterogeneity.



1.3. Microvesicle biogenesis

Microvesicles are formed by outward blebbing of the plasma membrane. The release of
microvesicles requires membrane and cytoplasm remodelling events that enable vesicle fission
from the plasma membrane*. Activation of small GTPases ARF6 and ARF1 has been reported to
trigger myosin phosphorylation and actomyosin contraction, leading to vesicle scission and
release in cancer cells’. Lipid composition of the plasma membrane also has a major influence
on membrane budding. Translocation of phosphatidylserine to the outer leaflet of the plasma
membrane by flippases has been shown to promote membrane curvature’®’!. Moreover, ATP-
mediated activation of P2X7 receptors leads to the mobilization of acidic sphingomyelinase to
the plasma membrane outer leaflet, where it catalyzes the formation of ceramide, altering the
membrane structure and promoting microvesicle release’. Similarly, loss of tat-5 flippase in
C.elegans leads to an increase in phosphatidylethanolamine exposure on the outer leaflet of the
plasma membrane, triggering microvesicle shedding”. Interestingly, microvesicle release
required ESCRT-0 and ESCRT-I, but was unaffected by ESCRT-II or ESCRT-III depletion”. In
further support of the role of ESCRTs in microvesicle biogenesis, the ubiquitin ligase adaptor
ARRDCI1 was found to recruit ESCRT complex to microvesicle budding sites leading to
microvesicle release via an interaction between the PSAP motif on ARRDCI1 and ESCRT-I

component TSG10174,

1.4. EV cargo sorting

EV protein cargo sorting and EV biogenesis are closely related processes that usually take place
in parallel*. Packaging of protein cargo relies on ubiquitination-dependent ESCRT machinery,
interaction with lipidic components of the budding membrane sites or association to EV-enriched

proteins.



ESCRT proteins have a pivotal role in the sorting of ubiquitinated membrane cargo.
ESCRT-0 components contain ubiquitin interacting motifs that cluster ubiquitinated cargo in
clathrin-rich membrane microdomains®*>. ESCRT-I and ESCRT-II components also contain
ubiquitin binding domains and contribute to ubiquitin-dependent cargo sorting as part of the ILV
formation pathway>*. Notably, soluble protein galectin-3 (LGALS3) was found to be sorted to
EVs independently of ubiquitination by direct binding with ESCRT-I component TSG101 via

P(S/T)AP motifs on TSG1017°.

The capacity of ALIX to bind polyubiquitin chains (Lysine 63-linked) has been shown to
promote MVB sorting of protein cargo’®. In yeast, the ALIX homologue BRO1 acts as a
ubiquitin receptor by sorting and probably clustering ubiquitinated membrane proteins in a
manner analogous to that of ESCRT-0"7. ALIX has also been implicated in EV-loading of
tetraspanins and G-protein-coupled receptors*®’#7°. ALIX has been reported to sort CD63, CD8]1,
and CD9 to EVs by interacting with LBPA in the MVB membrane and subsequently recruiting
ESCRT-III*. In the case of CD9, this interaction was found to rely on CD9 ubiquitination,
although direct binding of ALIX to ubiquitin was not explored. Similarly, ALIX was found to
bind to G-protein-coupled receptors P2Y1 and PAR1 (via YPX3L motif interaction) to facilitate
their EV packaging’®”. An ALIX paralog containing the Brol domain, HD-PTP, has also been
proposed to influence the sorting of ubiquitinated membrane proteins by binding to ubiquitin and
then recruiting ESCRT-III and VPS4%. Notably, an overlap exists between EV release and the
viral budding. Several viruses have been shown to exploit ESCRT-dependent EV biogenesis for
their sorting into EVs, which relies on late domain motifs found on viral proteins that recruit

ALIX and ESCRT-I components®!.
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CD63, one of the most abundant proteins in EVs, has also been implicated in EV loading.
For example, CD63 has been reported to mediate EV packaging of the luminal domain of PMEL
transmembrane protein in melanocytes in an ESCRT- and ceramide-independent manner52.
Other tetraspanins such as TSPAN6®, CD9%, and CD82% have also been reported to target
protein cargo to the EVs. However, the mechanism behind EV sorting has not yet been described.
Moreover, interaction with EV-enriched ubiquitin ligase adaptor NDFIP1 was found to sort
NEDD4 family proteins to the EVs®. In a similar mechanism, ubiquitin ligase adaptor ARRDC1
was involved in sorting DMT1 (divalent metal ion transporter) to the EVs®®. Both ubiquitin
ligase adaptors contain PPXY motifs that bind to WW-domains present in protein cargoes to be

sorted.

Autophagy machinery has recently emerged as an important regulator of extracellular
vesicle loading and secretion®’. In a mechanism closely related to microautophagy, the chaperone
HSPAS was reported to associate with phosphatidylethanolamine in the MVB membrane and to
bind to proteins containing KFERQ motif, thus promoting exosomal-loading of soluble cytosolic
proteins containing these motifs®. Notably, this mechanism relied on TSG101 and ESCRT-III.
The MVB membrane has a distinct lipid composition that promotes its interaction with proteins
containing lipidic moieties. Protein myristoylation®, GPI-anchoring”, farnesylation’!, geranyl-
geranylation and palmitoylation®” have been shown to target proteins to specific membrane
microdomains in the MVBs and plasma membrane, hence promoting their EV loading. Notably,
ubiquitin-like protein UBL3, which 1is itself modified with geranyl-geranylation and

palmitoylation was found to mediate sorting of several RAS proteins to EVs®2.

Multiple studies have reported that EVs contain various types of RNA%. Interestingly,
EV RNA profiles differ from those of the parental cells, thus suggesting the existence of active
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mechanisms for sorting specific RNAs to the EVs?>. RNA secondary structure can itself act as a
determining factor for EV packaging. Secondary structures such as loop regions and G-
quadruplex structures have been found to interact with lipidic components of membranes
facilitating their sorting to EVs®>°*, Alternatively, many studies have reported a pivotal role of
RNA binding proteins (RBPs) in sorting RNA cargoes with specific sequence motifs to the EVs.
Although several RBPs have been described for mRNAs or IncRNAs, most of the studies have
focused on microRNA (miRNAs) sorting mechanisms®. Heterogeneous nuclear
ribonucleoproteins (hnRNPs), particularly hnRNPA2B1, have emerged as important mediators
of RNA EV-sorting”. hnRNPA2B1 binds to GGAG/CCCU motifs in miRNAs and IncRNA
resulting in their selective EV packaging’. Another hnRNP family member, SYNCRIP is also
involved in the sorting of miRNAs containing GGCU motif®’. A role in EV-sorting of mRNAs
containing defined motifs was also proposed for the methyltransferase NSUN2 and the RBP
YBX1%. Many additional RBPs that facilitate RNA sorting into EVs have been described to date

(mostly for miRNA sorting), though their recognition motifs have not been identified®’.

Two mechanisms have been proposed for the selective sorting of RNAs by RBPs to EVs.
The first mechanism relies on the direct transport of RNAs to the sites of EV biogenesis (MVBs
or plasma membrane)”. In support to this notion, several RBPs identified in EVs have been
shown to interact with CD81 or CDS81 binding partners!®’. Another example is the loading of
RBPs HNRNPK and SAFB into EVs via interaction with autophagy mediator LC3'°!. The
second mechanism is based on the fact that EVs encapsulate cytoplasmic material near EV
formation sites and that cell contents are distributed asymmetrically. Thus, it is possible that
RBPs located nearby EV biogenesis sites are packaged non-selectively”. For example, the

presence of RBPs in the cytoplasm of contact sites between the endoplasmic reticulum and the
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MVBs was found to facilitate their indirect sorting into exosomes'??

. Nevertheless, a recent study
by Jeppesen et al. showed that several commonly reported EV RBPs such as hnRNPA2B1, MVP
or Lupus La protein were not detected in EVs when density gradient was used to purify EVs

instead of conventional ultracentrifugation methods!®. This study highlights the importance of

EV isolation methods to avoid contamination of non-vesicular components in EV preparations.

1.5. EV uptake

EV-mediated intercellular communication typically requires docking at the plasma membrane of
recipient cells in order to activate an intracellular signaling pathway, or to promote vesicle
internalization (either by endocytosis or through direct fusion with the plasma membrane).
Endocytosis pathways including phagocytosis, macropinocytosis, and caveolae, clathrin or lipid-
raft dependent endocytosis are the most common EV-uptake mechanisms?°. Internalized EVs are
initially trapped inside newly formed endosomes that are destined to either fuse with the
lysosome (leading to EV degradation), be recycled back to the plasma membrane for re-release,
or (less frequently) escape from the endosome and release their molecular cargo into the cytosol
of the recipient cell?”!1%, Target cell specificity is most likely determined by interactions between
molecules expressed at the EV-surface and molecules displayed on the target cell plasma
membrane (i.e., membrane-exposed protein receptors, lipids or sugars), which may dictate
tropism towards certain tissues or facilitate uptake by specific cell types'®®. With respect to EVs,
these protein mediators include tetraspanins, integrins, proteoglycans, and other extracellular
matrix components?”1%:197 For example, breast milk EVs are be taken up by monocyte-derived
dendritic cells via interactions with DC-SIGN on the monocytes (Dendritic Cell-Specific

Intercellular adhesion molecule-3-Grabbing Non-integrin) and MUCI1 on the EVs (Mucin-1),
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while EVs originated from other sources lacking MUCI are not internalized by dendritic cells
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Figure 1.2. Uptake and fate of EVs in recipient cells.

EVs can be internalized by several pathways including phagocytosis, micropinocytosis, clathrin,
caveolin or lipid raft-dependent endocytosis or receptor mediated endocytosis. After
internalization, EVs will enter the endosomal pathway, through which EVs can either be re-
released to the extracellular space or can reach the MVBs. EVs may be degraded by fusion of the
MVBs with the lysosome or may release their contents into the cytoplasm by fusing with the
limiting membrane of the MVBs. Non-internalized EVs can also release their cargo to the
cytosol by directly fusing with the plasma membrane. Alternatively, EVs can remain bound to

specific receptors in the cell surface to activate intracellular signalling pathways.
1.6. Biological function of EVs

EVs have been implicated in intracellular communication between neighboring cells as well as
distant cells from different tissues or organs. EV-mediated communication may involve the
intracellular delivery of EV cargo (particularly miRNAs) or cell-surface interactions to trigger a

biological response in the recipient cell.

Under physiological conditions, EVs participate in the regulation of multiple homeostatic
processes during cell development!®. For example, EVs from neural stem cells have been
reported to control neuronal stem cell differentiation via miR-9 delivery!”. A role of EV in
cardiovascular protection has also been proposed in numerous studies showing that cardiac-
progenitor-cell derived EVs were enriched in cardioprotective miRNAs (e.g., miR-146a-3p) and
improved cardiac function after myocardial infarction!!®!'2, Moreover, EVs have emerged as
major mediators of cell immunity. EVs from antigen-presenting cells have been found to possess
MHC (major histocompatibility complex) class-II molecules that are able to induce activation of
T cells by directly presenting the peptide antigens in the EV surface?*!!3, The influence of EVs

in antigen presentation has been assessed in the context of bacterial infection, where macrophage
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derived EVs were reported to trigger antibacterial immune responses by promoting bacterial

antigen presentation''*

. Moreover, EVs have been proposed to protect from bacterial toxins by
displaying toxin receptors on the EV surface and thus inhibit bacterial toxins binding to target
cells!’®>. EVs may also help to prevent infection by means of miRNA delivery. EV-mediated

delivery of a specific set of miRNAs from trophoblasts to non-placental cells resulted in a

reduction of viral replication in the recipient cells by inducing autophagy''®.

Under pathological conditions, EVs are involved in oncogenesis, immune suppression
and facilitating viral infection. During oncogenesis, tumor cells release specific EV
subpopulation that modulate the tumor microenvironment, alter immune cell activity and
promote tumor proliferation (e.g., inducing angiogenesis)!!”. Tumor cells have also been
reported to exploit EVs to inactivate T lymphocytes or natural killer cells, and to trigger
regulatory T lymphocyte differentiation to suppress immune reactions''®!'°. EV-mediated
transmission of miR-212-3p was implicated in tumor immune evasion by down-regulating
MHC-II transcription factor RFXAP in dendritic cells. The presence of immunomodulatory
molecules such as PD-L1 (programmed cell death ligand 1) or FasL (Fas cell surface death
receptor ligand) on the EV surface has also been reported'?’. For example, PD-L1 displayed on
melanoma-derived EVs was found to suppress T cell antitumor immunity in vivo'?!. In viral
infections, viruses exploit the exosome biogenesis machinery to encapsulate into EVs to escape
immunity and enhance their infectivity’!. Furthermore, EVs have been involved in
inflammation!%. For example, EVs secreted by mast cells of asthmatic mice were found to
contain immunomodulatory molecules including MHC class I and ICAM-1, which triggered the

activation and recruitment of B and T cells, leading to lung inflammation'??.
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Within the nervous system, EVs play a dual role both promoting or preventing the
aggregation of abnormally folded proteins!®. Several studies have suggested that misfolded
proteins associated with neurodegenerative conditions such as Alzheimer’s disease or
Parkinson’s disease are secreted and delivered via EVs, thus participating in the propagation of
abnormal protein aggregates in the brain'?*. Conversely, it has also been reported that EVs can
have neuroprotective roles in these diseases, by promoting the clearance of misfolded protein

aggregates123 .

Despite the overwhelming number of studies reporting the role of EVs in a myriad of
biological processes, caution should be exercised when interpreting EV-mediated biological
effects. Most studies do not consider EV stoichiometry and use very high EV concentrations
(>103 EVs/ cell for in vitro settings'?®) that do not reflect physiological conditions to evaluate a
given effect, which may lead to misleading results'?®. In addition, EV preparations are often
contaminated with protein aggregates or serum components (due to suboptimal EV purification
methods) that may at least partially account for the observed biological effects'?®. This was
illustrated by Whittaker et al., in a study showing that non-vesicular paracrine factors that co-
isolated with EVs were responsible for the biological activity that was attributed to mesenchymal
stem cell EVs!?’. Moreover, in many studies the effect induced by EVs is attributed to EV-

mediated miRNA transmission'%

. However, the typical EV-miRNA concentrations reported in
EV studies are usually below the estimated threshold required for achieving functional effects in
cells (~100-2,000 copies miRNA/cell!24-139)126131 "The notion that functional miRNAs are not
transmitted via EVs was further supported in a thorough study that analysed functional miRNA

delivery in cell culture, in which no functional delivery of miRNA could be detected'3!.

17



1.7. Intrinsic therapeutic properties of EVs

EVs derived from some cell types have been shown to exhibit an intrinsic capacity to promote
tissue regeneration and repair, which may further augment their therapeutic potential as drug
delivery vehicles'*. In particular, much research has focused on mesenchymal stem cell-derived
EVs (MSC-EVs) for tissue regeneration applications!*3. MSCs have been reported to elicit their
regenerative activity by suppressing pro-inflammatory processes and by reducing oxidative stress
and fibrosis'**. In this manner, the ability of endogenous stem cells to repair injured tissues is
enhanced via EV-mediated cell-to-cell communication'®. The therapeutic effect of human MSC-
EVs has been shown extensively in preclinical animal models of numerous pathologies. For

example, MSC-EVs have been found to promote regeneration of renal tissue in acute kidney

136 133

injury models’~®, cardiac tissue in myocardial infarction models'>”, neural cells in ischemic

stroke and traumatic brain injury models'®’

, and hepatic tissue in models of acute liver injury,
hepatic failure and hepatic ischemia!*®!%®. EVs possess several advantages over cell-based
therapies for regenerative medicine applications, such as lower immunogenicity, longer shelf-life,
and there is no possibility of stem cell-induced tumor formation'**. Indeed, in some cases the
beneficial effects of MSC cell therapy have been recapitulated using MSC-EVs alone in vivo'*4.
To date, two clinical trials involving the use of MSC-EVs derived from bone marrow and
umbilical cord have shown promising results for treating graft-versus-host disease'*’ and chronic
kidney disease'*!, respectively. In addition, several clinical trials to determine the safety and
efficacy of long-term treatment with human MSC-EVs are ongoing!®’. Specifically, human

umbilical cord MSCs EVs and miR-124-loaded MSC-EVs are being assessed to treat macular

holes (NCT03437759) and acute ischemic stroke (NCT03384433), respectively.
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1.8. Therapeutic application of EVs

EVs are able to deliver cargo to recipient cells, making them attractive candidates for drug
delivery?. Suitable cargoes include hydrophobic small molecule drugs, or macromolecular
therapeutics comprised of nucleic acid or protein-based therapeutics. EVs possess numerous
advantages when compared to other delivery systems such as viral delivery or synthetic
nanoparticles. Given that EVs are autologous, they exhibit lower toxicity and immunogenicity

143

than virus or cell-based therapies'*’. As compared to the synthetic lipid nanoparticles, EVs can

exploit existing biological mechanisms to enhance cargo loading, targeting, and delivery. In
addition, EVs confer protection against enzymatic degradation (if the cargo is encapsulated
inside EVs) and thereby improve drug stability in the circulation'**. For instance, several
chemotherapeutic drugs have been delivered via EVs in order to improve their solubility,

stability, and delivery to target tissues'*>!*®. These include curcumin, a hydrophobic drug with

146 145

low bioavailability'*®, paclitaxel'”’, and doxorubicin'*. Moreover, several studies have shown

that EVs have the potential to cross tissue and cellular barriers, most notably the blood brain
barrier (BBB), that represents one of the most important factors limiting the delivery of drugs to

the central nervous system!*1%,

Small interfering RNAs (siRNAs) and miRNAs are short RNA molecules that primarily

act as post-transcriptional regulators of mRNA expression'®!. Their therapeutic potential has

been widely reported in numerous studies'''*?

, although their systemic delivery to extrahepatic
target tissues remains a major challenge. siRNAs and miRNAs have been delivered using EVs to
a variety of cell types both in vitro and in vivo'>*. EVs have also successfully delivered multiple

)155

types of therapeutic proteins such as Cas9 (CRISPR associated protein 9)'°°) enzymes'®,

receptor decoys'”’, or antigens for vaccination'®.
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1.9. EV delivery challenges

EVs hold a great promise as therapeutic vehicles, however, several challenges must be addressed
before the potential of EVs as therapeutics can be fully realized: poor efficiency of EV-loading, a
lack of efficient EV-targeting to specific cells/tissues, a need to promote endosomal escape once
EVs are internalized by the recipient cell, and a lack of standardized methods for EV production

and isolation'®3.

1.9.1. EV clearance from circulation

In vivo clearance studies revealed that EVs are rapidly cleared after systemic administration.
More precisely, the half-life of EVs has been estimated to be around 5 minutes in rodents'>%!6
and about 40 minutes in primates'®'. After clearance from the circulation, the main sites of EV
accumulation have been shown to be liver and spleen, followed by the lungs'®*!62, Nevertheless,
EV biodistribution in mice was shown to depend on the EV producer cell type and the route of
administration. For example, tail vein injections led to EV accumulation in the spleen and liver,
while intraperitoneal injection promoted accumulation in pancreas and gastrointestinal tract!®2,
Interestingly, the presence of EV surface markers such as CD47175, or PEG modification'®4,
have been reported to reduce EV clearance by immune cells by acting as ‘don’t eat me’ signals.
However, PEGylated nanoparticles suffer from an immunogenic response known as the
“accelerated blood clearance phenomenon” by which nanoparticles are rapidly cleared from

blood upon repeated administration'®>. This phenomenon is due to the induction of IgM

antibodies against PEG modification'®.

Importantly, it should be considered that most biodistribution studies are based on a

single injection of large quantities of EVs, thus not reflecting the native conditions of EV release
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(i.e., continuous release of EVs into circulation). Further research is required to understand the
mechanisms behind long-range EV transmission across circulation to optimize EV dosage and

route of administration by mimicking the natural process.

1.9.2. EV targeting

A major challenge limiting use of EVs for therapeutic purposes is the delivery of sufficient
quantities of EVs to specific target cells, while preventing their accumulation in off-target tissues,

143 Although the mechanisms are not well-described,

where they may induce undesired effects
after systemic delivery therapeutic EVs need to be transported across the vascular endothelium
via extravasation or transcytosis to reach their target tissue or organ. For example, several studies
have reported that tumor-derived EVs are capable of traversing the BBB by transcytosis!'®®. EV
protein and lipid composition is influenced by the producer cell type, which may explain the
variation in biodistribution shown by EVs from different cell sources. Along these lines, a study
by Hoshino ef al. revealed distinct integrin combinations that were responsible for tissue specific
uptake and accumulation'®’. In this study, expression of integrins a6f4 and a6p1 were associated
with lung metastasis, while integrin avp5 was linked to liver metastasis'®’. Tetraspanins have
also been implicated EV uptake modulation. EVs containing TSPANS and integrin 04 (ITGA4)
were shown to preferentially interact with CD54 ligand present on endothelial and pancreatic
cells triggering EV uptake!®®. Interestingly, several studies have suggested that EV delivery is
accentuated in pathological conditions due to a shift in biodistribution towards inflamed tissues.
EV uptake was reported to be increased in tumor tissue as compared to neighboring healthy

tissues'®?. In addition, systemic inflammation was shown to increase BBB EV permeability in

mice!'%°.
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To modulate the tropism of EVs and promote their uptake by target cells, the EV surface
can be modified to display protein or peptides with targeting abilities. One of the most
commonly utilized peptides is rabies virus glycoprotein (RVG) peptide, a 29 amino acid peptide
which has been used to target EVs to tissues expressing the acetylcholine receptor, and thereby
promoting EV transport across the BBB since the endothelial cells present at the BBB express
these receptors'®. The target cells of RVG-modified EVs include neurons, endothelial cells,
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cardiomyocytes, and kidney cells'®. A landmark example of EV-mediated delivery of

therapeutics across the BBB involved the expression of RVG-LAMP2B fusion peptide in the EV

surface!?.

This strategy enabled the delivery of siRNA to neurons, microglia, and
oligodendrocytes, with concomitant silencing of BACEI protein expression in wild-type mouse
brain after systemic injection'*”. RVG-LAMP2B constructs have also been investigated for
delivery to other acetylcholine receptor-rich organs such as kidney and muscle. Intramuscular
injections of RVG-EVs loaded with the anti-fibrotic miRNA mimic miR-29 were able to reduce

unilateral ureteral obstruction (UUO)-induced muscle loss and renal fibrosis in a UUO mice

model induced by ligation of the left ureter!”’.

Moreover, additional peptides have also been used to target various cell types such as
tumor cells and cardiomyocytes. CendR peptides contain the (R/K)XX(R/K) motif and exhibit a
high binding affinity for neuropilin-1 receptor (NRP1), which is also highly expressed in tumor
cells!”!. CendR peptides induce extravasation and tissue penetration, which may compensate for
the high interstitial pressure in solid tumours'’?>. CendR-modified EVs demonstrated efficient
doxorubicin delivery to av integrin-positive breast cancer cells and to tumor xenografts in vivo
171

after intravenous injection, where they inhibited tumor growth with low off-tumor toxicity

GEI11 peptide, which targets EGFR-expressing tumor cells, fused to PDGFR in the EV
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membrane was also reported to enhance the delivery of synthetic let-7a miRNA mimics to
EGFR-expressing breast cancer cells!’®. This strategy resulted in an increase in EV tumor
accumulation after an intravenous injection of GE11-modified EVs. To target cardiac muscle,
two separate studies used LAMP2 fused to cardiac-targeting peptides identified by phage
display!’#!”>. Both LAMP2-peptide fusion constructs improved the delivery to cardiomyocytes
in cell culture and to mice hearts in vivo'’*!7>. In one of the studies, decreased cardiomyocyte
apoptosis was observed after EVs displaying cardiac-targeting peptides were administered via
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intramyocardial injection in wild-type C57BL/6 mice "*. Nanobodies have also been successfully

displayed on EV surfaces via association with lipids in the EV membrane. This strategy has been

utilized to increase EV uptake by EGFR or HER2 expressing cells for anti-tumor therapy'’®7%.

Alternative cloaking strategies have involved the use of click chemistry or the interaction
between streptavidin and biotin to anchor specific targeting moieties to EVs. Click chemistry is
one of the most common methods to chemically modify EVs and refers to a set of reactions that
are simple, stereospecific, high yield, irreversible, bioorthogonal, and can be carried out in
physiological buffers!”. To deliver a chemotherapeutic drug to tumor cells, Lee et al. used
paclitaxel-loaded EVs decorated with a CGKRK cell-penetrating peptide attached via copper-
free click chemistry'®®. CGKRK penetrates tumor cells and tumor endothelium by binding to
heparan sulphate, which is highly abundant on the tumor cell surface!®!. Paclitaxel-loaded
CGKRK-EVs exhibited increased tumor cell cytotoxicity in vitro when compared to non-
targeted EVs'®’. Antes et al. employed a membrane anchoring strategy based on biotin and
streptavidin to decorate EVs with peptides that confer targeting to myoblasts and ischemic heart
tissue!®2. This strategy is based on a glycerol-phospholipid-polyethylene glycol-streptavidin

conjugate (DMPE-PEG-STVDN) that was added to the isolated EVs. The DMPE-PEG moiety
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serves as an anchor by embedding in the EV membrane, while the streptavidin is exposed on the
EV surface and available for binding to biotinylated molecules. Membrane intercalating PEG
derivatives have also been utilized to anchor targeting moieties within the same EVs to improve
targeting. Wang et al. used DSPE-PEG (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-PEG)
to attach RGD targeting peptides to EVs. The authors used a double targeting approach involving
RGD peptide and folic acid that improved EV delivery to tumor cells. Folic acid is able to bind
to the folate receptor, that is highly expressed in cancer cells, and thereby promote receptor-

mediated endocytosis'®>.

1.9.3. Endosomal escape

Native EVs have been reported to possess an inherent capacity to deliver functional molecules to
recipient cells. However, the intrinsic cargo transfer efficiency of EVs appears to be low!3!:1%4,
Albanese et al., assessed EV-mediated functional delivery of B-lactamase (actively loaded by
CD63 fusion) between 5 different donor and 17 different recipient cell lines'®'. Delivery
efficiency was below 1% in all combinations and was lower that 0.1% for most of them. Notably,
when endosomal escape was enhanced, functional delivery increased for most cell combinations
up to 99%"3!. Several pathways have been proposed to mediate EV cytosolic delivery of cargo,
but the mechanisms involved are not well characterized. To achieve efficient cargo delivery, EVs
must escape from the endosome and release their contents to the cytoplasm before they are
degraded by the lysosome or re-exported from the cell. Most studies have shown that following
uptake, EVs accumulate in endo-lysosomal compartments before reaching the lysosome!8>:186,
Recently, Joshi et al. showed that some EVs are able to fuse with the limiting membrane of

endosomes in a process facilitated by acidification, resulting in EV cargo release to the

cytoplasm'®’. This was further confirmed by Bonsergent et al., who reported that only 4% of the
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EVs were taken up after a 20h incubation'*. Of those EVs that were taken up, 30% were able to
release their contents into the cytoplasm in an acidification-dependent manner. Alternatively, gap
junctional protein connexin 43 (GJA1) has been involved in mediating direct fusion of EVs with
the plasma membrane as well as serving as a channel for transferring low molecular weight
cargoes into the cytosol'®®. This property was exploited to promote delivery of EV-loaded RNA
to recipient cells by overexpressing a constitutively active connexin 43 mutant (S368A) in the

EV surface!'®’.

Bacteria and viruses have evolved multiple strategies for target cell entry and escape
from the endolysosomal pathway, with the potential for exploitation in EV bioengineering
applications. These strategies include pore formation in the endosomal membrane, endosomal
membrane disruption, fusion with the endosomal membrane, and the proton sponge effect!%!1!,
In the latter, acidification of the endosomal lumen leads to protonation of the entrapped
molecules, inducing an inflow of H', ClI” and water into the endosomes, which results in

endosome bursting'!.

Several viral peptides have been identified that are able to promote endosomal escape,
such as TAT peptide (transactivator of transcription), a commonly used cell penetrating peptide
(CPP) derived from human immunodeficiency virus 1 (HIV-1) and flock house nodavirus (FHV)

191

arginine-rich peptide!!, which have also been utilized in the context of EV modification'*>. TAT

and other arginine-rich peptides have been shown to increase the uptake and cytosolic delivery of
various conjugated cargo ranging from small molecules to oligonucleotides and proteins.'?*>~1%
Modification of EVs with arginine-rich peptides has also been used to enhance delivery. Nakase

et al. used arginine-rich peptides to increase EV uptake efficiency and cytosolic delivery. EV

membranes were modified using an amine-to-sulthydryl crosslinker (Rn-EMCS), that enabled
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the conjugation of octaarginine peptide to membrane proteins'”’. Modification with an arginine-

rich peptide induced uptake of EVs loaded with saporin (ribosome-inactivating protein) by

macropinocytosis and enhanced the cytotoxic anti-tumor effects in CHO cells'*®

. Arginine-rich
peptides facilitate delivery by promoting electrostatic interactions between positively charged
arginine-rich peptides and the plasma membrane, that exhibits a negative charge due to the
presence of proteoglycans. In addition, octaarginine peptide improves uptake by inducing
clustering of the proteoglycan syndecan-4 at the plasma membrane, resulting in its binding to
protein kinase C alpha (PKCa) in the cytoplasm. Both syndecan-4 clustering and PKCa binding
triggers a signaling cascade that induces macropinocytosis and cellular uptake of the peptide,

suggesting a similar uptake mechanism for octaarginine-modified EVs'®”.

Non-cationic peptides which have been reported to promote endosomal escape include
GALA peptide, an amphipathic 30 amino acid viral fusion protein mimic that has been reported
to promote endosomal escape in HeLa cells'*®*®. Under acidic conditions, GALA peptide
converts from a random coil to an amphipathic alpha-helix, exposing negatively charged
glutamic acid residues and a hydrophobic region formed by an EALA repeat. This region
mediates the interaction with neutral and negatively charged lipid bilayers, which promotes the

fusion of the EV and endosome membranes?.

In addition to peptides, EV pseudotyping has also been used to facilitate EV targeting and
endosomal escape. Pseudotyping is a well-known strategy used in virology to modify the tropism
of viruses by expressing foreign envelope proteins on their surfaces. Vesicular stomatitis virus
glycoprotein (VSVG) protein has been extensively used for EV pseudotyping to promote vesicle
endosomal escape due to its fusogenic properties, natural EV-membrane sorting capacity and

broad tropism?*' 2% VSVG is a trimeric protein that binds to low-density lipoprotein receptor
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(LDLRs) on the cell surface and mediates the fusion between the EVs and the endosomal
membrane in response to low pH2°>2%®_ Baboon endogenous virus envelope (BaEV) protein in
combination with VSVG has also been used to enhance cytosolic delivery to T-cells, B-cells, and
hematopoietic stem and progenitor cells?*’2%, BaEV binds to human sodium-dependent neutral
amino acid transporter type 1 or 2 and thus has a different tropism than VSVG*?. Notably,
envelope proteins dictate the tropism of EVs due to their intrinsic targeting capacities. Thus, this
should be taken into account when pseudotyped EVs need to target specific tissues given that the
addition of targeting moieties would only serve to broaden the EV tropism, but may not
necessarily increase the selectivity. Despite their high efficiency, viral derived proteins are
immunogenic, thus limiting their potential therapeutic use. Therefore, the use of endogenous
fusogenic proteins has gained interest since they would represent a non-immunogenic alternative
to viral proteins. Special consideration should be taken when attempting to replace VSVG, since
it not only influences endosomal escape, but also mediates uptake by recipient cells expressing
LDLR. Therefore, the uptake efficiency of EVs may as well be compromised in the absence of
VSVG. Recently, Segel et al. explored the use of mouse syncytins A (Synd) and B (SynB)
(homologous to human syncytins) as an alternative to VSVG to promote endosomal escape?!’.
Although syncytin A-pseudotyped EVs were able to deliver cargo to recipient cells, this required
the addition of Vectofusin-1, a short histidine-rich amphipathic peptide known to enhance the

infectivity of viral vectors, hence limiting the in vivo application of syncytins?!°.

1.9.4. EV loading

The use of EVs as therapeutic delivery vehicles requires strategies that allow for efficient cargo
loading. Two different approaches for EV loading have been developed: exogenous loading,

whereby EVs are first isolated and then subsequently loaded with the cargo, and endogenous
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loading whereby EV-producer cells are genetically modified to promote loading of the cargo

during EV biogenesis.

1.9.4.1. Exogenous loading

Exogenous loading techniques are based on the passive association of hydrophobic molecules
with the EV membrane, membrane disruption methods that transiently increase EV membrane
permeability, chemical modification of the EV surface, liposome fusion, and strategies that
actively promote cargo association with the EV membrane?'!. EV-loading of hydrophobic
molecules can be achieved by simple incubation methods that enable moderate loading
efficiencies. Most research has focused on loading hydrophobic drugs such as curcumin or
paclitaxel to improve their biodistribution and absorption. Saari et al. reported that loading of
paclitaxel to EVs derived from prostate cancer cells by simple incubation increased paclitaxel
cytotoxic effect!¥’. Similarly, paclitaxel-loaded MSC-derived EVs were able to elicit a strong
anti-tumor activity in in cell culture?'?. In a separate study, curcumin was loaded to the EVs by
simple incubation and was delivered to mice models of brain inflammation via intranasal
administration. Treatment with EVs was reported to protect from lipopolysaccharide (LPS)-
induced brain inflammation, to delay the progression of induced experimental autoimmune

encephalomyelitis, and to reduce tumor proliferation in a tumor mode?'?

. Amphipathic molecules
composed of a lipidic moiety and EV cargo can also be anchored to the EV membrane by simple
incubation?'*. This strategy has been used to functionalize EV membranes with targeting
peptides or for siRNA loading. RGD targeting peptide was displayed in the EV surface via
conjugation with lipidic DSPE-PEG molecule, that spontaneously inserts in the EV membrane'”".

siRNAs have also been passively loaded to EVs via cholesterol conjugation to increase their

hydrophobicity and EV membrane interaction. For example, O’Loughlin et al. explored the use
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of cholesterol-conjugated siRNAs and were able to show dose-dependent silencing of Hu antigen
R (HuR), in HEK293T cells after treatment with EVs incubated with the modified siRNAs?">.
Despite the simplicity of passive incubation, this method is only compatible with hydrophobic
molecules (or cargo that can be conjugated to hydrophobic compounds), and the efficiency of

passive EV loading is usually lower than the expected for active loading?!!.

Mechanical methods for permeabilizing the EV membrane have been found to be
efficient for encapsulation of both small molecules and macromolecules. The main approaches to
induce membrane permeabilization include sonication, electroporation, extrusion and saponin
incubation?'*. Sonication applies ultrasound to induce mechanical disruption of the plasma
membrane of EVs to enhance membrane permeability?!®. This method has been explored for the
loading of hydrophobic drugs such as paclitaxel and doxorubicin, siRNA, and proteins. In a
study by Lamichhane ef al., EVs loaded with siRNA via sonication were able to reduce the
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expression of HER2 in breast cancer cells”'’. Nevertheless, sonication even at low power has

been reported to alter the size, membrane integrity and uptake of EVs by recipient cells®.

Electroporation is based on applying a transient electric field that generates pores in the
membranes inducing their permeabilization and thus facilitating cargo loading into the EV
lumen?'®. Numerous studies have used this method to encapsulate nucleic acids such as RNA and

DNA, as well as chemotherapeutic drugs into EVs?!"”

. Usman et al. used this technique to load
EVs with antisense oligonucleotides targeting miR-125b, or Cas9 mRNA together with single-
guide RNA (sgRNA)*°, RNA delivery was found to inhibit miRNA activity and promote
CRISPR-Cas9 genome editing in cell culture and mice??°. However, electroporation has been

observed to promote aggregation of EVs and siRNAs. In a study by Kooijmans et al.,

electroporation induced siRNA aggregation due to the release of metal ions from the metal
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electrodes. Chelation of the metal ions by EDTA prevented siRNA aggregation and co-isolation
together with EVs, dropping the loading efficiency from 20% to 0.05%*!. Consequently, some

studies have introduced EDTA during electroporation to prevent cargo aggregation®!’.

In
addition, Johnsen et al. found that electroporation increased EV particle size nearly 5-fold due to

EV aggregation®??,

Artificial generation of drug loaded EVs from cell membranes has been achieved by
extrusion. In this technique, cells are sequentially extruded together with the drugs to be loaded
through a series of micrometer-pore membranes to generate exosome-mimetic nanovesicles
(EMNVs) loaded with drugs®®’. This strategy enabled the delivery of EV-encapsulated
chemotherapeutic drugs to tumor cells and xenograft mice models which resulted in tumor
growth inhibition??}. Alternatively, EMNVs derived from MSCs have also been produced by
ultrasonication®?*, Freeze thaw has also been used alone or in combination with other methods
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such as sonication to load cargo into the EVs®'. However, concerns regarding potential

deleterious effects on EV contents and membrane integrity have been raised®?.

Membrane permeabilization can also be achieved by non-mechanical approaches using
mild surfactants such as saponin that induce pore formation in EV membranes. This technique
has been utilized to load gold nanoparticles, porphyrins, and proteins®'®. In a study that explored
several physical methods for catalase EV-loading (incubation, saponification, sonication,
extrusion and freeze-thaw), saponification showed one of the higher EV-loading efficiencies
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together with sonication and extrusion““°. Moreover, EVs loaded with catalase via saponification

or sonication elicited a robust neuroprotective effect in Parkinson disease mouse models??®.

Despite these positive results, saponin is difficult to remove from EV preparations and it has only
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been assessed in a few studies“”. Hence, possible effects of saponin on EV integrity and uptake

should be assessed in further studies to determine its suitability as an EV-loading method.

227,228 )229

Common transfection reagents such as lipofectamine and polyethylenimine (PEI
have also been used to enhance EV-loading of nucleic acids. However, the loading efficiency of
this method is limited, and it may lead to contamination of EV samples with transfection reagent
micelles?!!. Negatively charged cargo such as RNA and DNA, have been loaded into the EVs by
generating a pH gradient across luminal and extracellular faces of the EV membrane?*. This
method has been used to enhance EV loading of miRNA, siRNA, and single-stranded DNA at

230 Alternative methods to

levels comparable to those obtained by sonication or electroporation
combine liposomes and EVs have been developed to modify the EV membrane composition and
luminal cargo. Fusion of drug-loaded liposomes and EVs via freeze-thaw or PEG-mediated
fusion enabled the generation of hybrid particles with EV and liposomal properties®*!->*2, Hybrid

EVs showed improved delivery efficiency of a chemotherapeutic drug as compared to liposome

encapsulated drug??.

The EV membrane can be covalently modified with functional moieties such as targeting
peptides or fluorescent molecules using chemical compounds. Amine groups found on proteins
exposed in the EV surface or less frequently, amines of phosphatidylethanolamine that are

present on the EV surface can be functionalized by click-chemistry'”

. Alternatively, modified
lipids containing reactive groups can be integrated in the EV surface by simple incubation®?.
Several simple click-chemistry reactions have been developed to functionalize EVs. These
include thiol-malemide chemistry, azide-alkyne cycloaddition chemistry, EDC/NHS chemistry,
and amidation chemistry!'”®. For example, Di et al. used a hydrophobic membrane association

strategy to functionalize EVs using maleimide-modified DSPE-PEG lipid®>**. This method
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enabled the addition of several thiol-modified moieties to the EVs via maleimide conjugation by

click chemistry.

The presence of specific proteins or lipids enriched at the EV surface can be exploited for
extraluminal cargo EV loading. Peptides and proteins that associate with EV-enriched
components can be directly fused to protein cargo or can be conjugated with nucleic acids to
enhance loading efficiency. The C1C2 domain of lactadherin®*, CP05%*°, apolipoprotein A-I
mimetic peptide 4F>*°, and GAPDH G58'%? peptide have been reported to achieve efficient EV
cargo loading. C1C2 domain binds to phosphatidylserine that is present in the EV membrane?**
and has been used to display targeting peptides as well as protein antigens for vaccination??’. In a
study by Antes et al., EV-producer cells were engineered to express three copies of an ischemic
tissue-targeting peptide sequence fused to the C1C2 domain of lactadherin'®?. Using this
approach, increased EV uptake levels were observed in ischemic mouse heart tissue.
Apolipoprotein A-I mimetic peptide 4F has a high affinity for phospholipids and thus readily

236 Ye et al. used this peptide to functionalize methotrexate-

associates with the EV lipid bilayer
loaded EVs with therapeutic KLA peptide (KLAKLAKKLAKLAK) and targeting
apolipoprotein B (APOB) LDL receptor binding domain (APOB LDLR) peptide to increase
glioma targeting and EV-mediated therapeutic effects?’. KLA peptide is a proapoptotic peptide
238 while APOB-LDLR peptide enables EV transport across the BBB and binding to the LDL
receptor>®, that is highly expressed in glioma cells**’. EVs displaying KLA and APOB-LDLR
peptides showed enhanced uptake in a glioma cell line, promoted BBB traversal, and reduced
growth of glioma spheroids?*’. In addition, glioma xenograft mice treated with KLA-APOB-

LDLR-EVs exhibited increased survival relative to unmodified control EV-treated mice. CP05

peptide binds to CD63 protein on the surface of EVs and can therefore be utilized to modify the
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surface of CD63" EVs. Gao et al. used CPO05 peptide for both loading and targeting purposes; by
conjugating it to a dystrophin splice correcting antisense oligonucleotide (CP05-PMO) and to
M12 muscle targeting peptide (CP05-M12) to treat a mouse model of Duchenne muscular
dystrophy (the mdx mouse)®*°. Systemic injection of EVs displaying both PMO and M12 peptide
increased dystrophin protein expression by 18-fold in the muscle of mdx mice compared to

235

CP05-PMO alone without apparent toxicity™>. More recently, CP05 peptide has also been used

241 and

for peptide display of neuroprotective and anti-angiogenic peptides for optic neuropathy
retinal angiogenesis®*?, respectively. In addition, a switchable platform based on CP05 and PEG
separated by a labile linker has been described for controlled PEG release from EVs under
ultrasound irradiation®**. G58 peptide from GAPDH is able to associate to the EV surface via
phosphatidylserine interaction!®2. To load siRNA on the EV surface and to promote endosomal
escape, Dar ef al. used G58 peptide fused to a dsRNA-binding motif derived from TARBP2
(TAR RNA-binding protein 2) and to FHV (flock house nodavirus) arginine-rich peptides. EVs
displaying G58-TARBP2-FHYV significantly enhanced siRNA-mediated silencing in cell culture.
Moreover, treatment with siRNA-loaded EVs displaying RVG and G58-TARBP2-FHV, induced
significant silencing of the Htt gene in mouse brain cortex and a significant reduction of p62
inclusion bodies, a molecular feature of Huntington’s disease pathology'®?. In addition to
peptides and proteins, other molecules have been investigated for EV membrane association.
Interaction of DNA aptamers with specific proteins on the EV surface was exploited by Wan et

al. for EV surface functionalization®**

. Although delivery to recipient cells was not assessed, this
method allowed the assembly of DNA nanostructures via a DNA hybridization chain reaction

initiated by the aptamer trigger.
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Recently, a novel method has been developed that enables the loading of plasmid DNA
on the EV surface using highly charged proteins. So-called supercharged proteins contain
positively charged amino acid residues on the protein surface that bind to both plasmid DNA
cargo and to the negatively charged EV membrane. Modified EVs were able to mediate
functional delivery of Cre plasmid to recipient cells. Furthermore, this strategy enabled

successful plasmid delivery to mice brains.

1.9.4.2. Endogenous loading

Endogenous loading relies on the cellular machinery of EV producer cells to sort therapeutic
cargo to the EVs. Direct cell transfection (e.g., for nucleic acids) or co-incubation (e.g., for
membrane-permeable molecules) methods can be utilized to introduce the desired therapeutic
molecules into the producer cells before EV sorting?®>. For RNA and protein therapeutics, the
cellular machinery can be harnessed not only to sort the cargo into the EVs but also to generate
the therapeutic RNAs or proteins by engineering the producer cells. To further enhance loading,
several strategies have been developed that promote therapeutic cargo association with
molecules that are naturally enriched in the EVs. Proteins that have been used as EV-scaffolds
include single-spanning transmembrane proteins (LAMP2A?%, LAMP2B!'*1%°  PDGFR!7,
PTGFRN?%, TFRC?, VSVG27:248250) tetraspanins (CD63'8249-253 CDY254256 CDg§1253:256),

and soluble proteins (BASP1%4%) (Table 1.1).

Single spanning transmembrane proteins can be modified on both their extraluminal and
intraluminal domains, thus enabling the display of targeting moieties on EV surface as well as
the loading of therapeutic cargo in the EV lumen. However, this is not the case for VSVG, since
modification of its extracellular domain drastically reduces its fusogenic activity?>’. Notably,

several studies have reported lower EV-mediated delivery when using VSVG for both
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intraluminal cargo delivery and to promote endosomal escape as compared to combining VSVG

207250 Trimer formation followed by a complex

with a second EV-sorting molecule
conformational change is required for VSVG to promote membrane fusion, a process that may
be disrupted due to the C-terminal fusion of VSVG to a cargo protein***2?%®. Despite this, LAMP2
and the transmembrane domains of PDGFR and TFRC have been used to display targeting
peptides on the EV surface. Several studies have reported that LAMP2, PDGFR and TFRC EV-
loading capacity is notoriously low (no enrichment as compared to passive loading)®*®>>’.
Conversely, PTGFRN was recently found to be highly enriched in the EVs, and direct fusion to
GFP enabled the loading of ~1,000 GFP molecules/EV?*. Nevertheless, PTGFRN has only been
assessed for EV-surface display of signaling proteins and thus its ability to deliver therapeutic
cargoes intracellularly has yet to be established. Tetraspanins, particularly CD63, have been
extensively used for EV-mediated delivery of RNA and protein cargo due to their high EV-
loading capacity?>*2362%° Members of the tetraspanin family share the same membrane topology,
which comprises four membrane-spanning domains, two extracellular loops and intracellular C
and N-termini. Although tetraspanins have extracellular domains that could be exploited for
cargo loading or peptide display, these are notoriously difficult to engineer without affecting the

259,260

protein structure or EV-loading capacity , and therefore their use has been restricted to

intraluminal cargo loading.

Recently, BASP1 has been shown to enable EV-loading with remarkably high efficiency,
even when compared to tetraspanins. BASP1 contains a myristoylation sequence and a polybasic
region that promote its association to membranes and mediate its sorting into EVs. Although
several cargoes including Cas9 and ovoalbumin have been successfully loaded via direct fusion

to BASPI, functional delivery has only been tested for vaccination purposes?*®. Other proteins
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including MARCKSL1, MARCKS?*¥, and TSPAN14?®! have also been reported to be highly
efficient for protein cargo loading. However, their capacity to deliver the EV-sorted cargo has

not been tested yet.

The association of lipidic molecules with specific microdomains in the plasma membrane
or MVB membrane that will become EVs has been exploited to enhance EV sorting by fusing

lipidic tags to the desired protein cargo. GPI-anchor!”’, palmitoylation®®?, farnesylation?>2%3,

264265 and a combination of myristoylation and palmitoylation?”’->3 have been

myristoylation
successfully used for cargo protein and RNA delivery. GPI-anchors associate with the EV-
surface and therefore have been used for extraluminal cargo loading. On the other hand,
palmitoylated, farnesylated and myristoylated proteins are embedded in specific sites on the
intracellular plasma membrane and on the MVB membrane that will give rise to EVs, thus
enabling intraluminal EV sorting. While the EV-sorting capacity of myristoylation, and
myristoylation in combination with palmitoylation, was shown to be highly efficient and

comparable to tetraspanin sorting in several studies comparing EV-scaffolds?3%264265

palmitoylation and farnesylation have shown low EV-loading capacities?*6-26°,

Gag polyprotein is a viral structural protein that multimerizes at the cell membrane
triggering the assembly or retroviral particles. Late domain motifs present in Gag sequence
recruit ESCRT components that induce the release of virus-like particles (VLPs) to the
extracellular space?®®. Several studies have taken advantage of Gag structural properties to
package therapeutic cargo into VLPs by associating such cargo with Gag via direct fusion or
indirect interaction®%”-233-26728 - Similarly, the Gag-like protein PEG10, derived from an LTR
retrotransposon expressed by mammalian cells, has been used for mRNA delivery in vitro?'°.

PEG10 was found to bind preferentially to its own mRNA, thereby facilitating its secretion in
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extracellular vesicles. This ability was harnessed by Segel ef al., who identified specific
sequences in PEG10 mRNA untranslated region to which PEG10 binds to and used them to
modify mRNA cargo to promote their selective encapsulation into PEG10 extracellular vesicles.
Importantly, this strategy enabled the functional delivery of Cre and Cas9 mRNA to recipient

cells?'?

. Moreover, PEG10 represents an alternative to Gag proteins that, due to their viral origin,
are potentially immunogenic. Two EV-enriched ubiquitin ligase adaptor proteins harboring
ESCRT-interacting late domain motifs, ARRDCI and NDFIP1 have also been explored as EV
scaffolds'>>2%, Both proteins are involved in EV sorting of NEDD4 ubiquitin ligase via the
interaction between the WW-domain of Nedd4 and PPXY late-domain motifs in ARRDCI or
Ndfipl. Co-expression of cargo proteins fused to WW-domains together with its interacting
partners ARRDC1 or Ndfipl promoted intraluminal EV-packaging of cargo molecules and
enabled functional delivery of protein and RNA'>>2%, Interestingly, ARRDCI1 expression has

been shown to induce budding of ARRDCI1 containing microvesicles from the plasma membrane

via interaction with ESCRT-I component TSG101%7°,

To load therapeutic RNAs into EVs, RNA-binding domains (RBDs) can be fused with
EV membrane proteins which can then recruit the cargo RNAs based on their fusion to a specific
RBD recognition site. Viral RBPs HIV-1 transactivator of transcription (tat)'*>** and MS2 RNA
bacteriophage coat protein?*>?%2 have been employed for RNA loading due to their ability to bind
to specific stem loop RNA structures. Modification of pre-miRNA and mRNA cargoes with
transactivation response element (TAR) enabled their binding to Tat fused to LAMP2B or
ARRDCI, respectively, and subsequent encapsulation into EVs?*?2. However, no functional
delivery of RNA was reported for pre-miRNA loaded EVs?*. On the other hand, MS2 RBP was

able to package modified mRNA or miR-21 sponges into EVs, but functional delivery was only
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reported for miR-21 sponge EVs?**2%2, This may be explained by the use of different EV-
scaffolds to load the RBPs. Similarly, CD63 fusion with archaeal ribosomal protein L7Ae which
binds to the C/D box RNA structure has also been used for successful mRNA EV-packaging and
delivery'®. Alternatively, in a study by Li e al, human RBP HuR was fused to CD9 to enable
EV-loading and functional delivery of miRNA or mRNA molecules containing HuR-binding
AU-rich elements (AREs) in their sequence®**. Cas9/sgRNA complex has also been packaged
into the EVs via RBPs. To do so, the sgRNA sequence was modified with an aptamer and the
aptamer binding protein was fused to CD63 or VSVG, so that unmodified Cas9 would be

indirectly dragged into EVs by binding to the sgRNA?,

Once EVs are uptaken by the recipient cells, the protein cargo must be released from the
EV-scaffold in order to reach the required intracellular location (e.g., the nucleus for Cas9). To
achieve this, most studies have employed strategies that rely on either trigger-inducible release
systems or reversible protein-protein interactions. The latter include fusion of the EV-scaffold
with split GFP, GFP or mCherry and fusion of the protein cargo with the split GFP partner, GFP
or mCherry nanobodies, respectively>*®2!. Inducible release systems are based on fusing the EV
scaffold and the protein cargo to dimerization partners whose binding is induced under certain
conditions. In this manner, the EVs are produced in the presence of blue light or small molecules
that promote dimerization and thus facilitate EV-cargo loading. Once the trigger is withdrawn
(blue light is stimulus is turned off or the small molecule is washed out in the recipient cells), the
cargo will be released from the EV scaffold. Blue light inducible dimer pairs that have been
explored for EV-mediated delivery include CIBN2-CRY?223%253:262263 anqd LOVpep-ePDZ?,
while small-molecule induced include FKBP-FRB?07-252256 and DmrA-DmrC?*-263, Alternatively,

another strategy is the introduction of cleavage sites for HIV or murine leukemia virus (MLV)
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proteases between Gag and the therapeutic protein. This has been used to release protein cargo

into nascent VLPs produced in cells expressing the viral proteases¢”2%,

While the use of release systems to liberate EV cargoes for functional EV-mediated
delivery is predominant, the requirement of endosomal escape enhancing strategies is
controversial. Some studies have reported successful functional delivery of a variety of cargoes
including RNA, protein, and RNA/protein complexes without additional endosomal escape
enhancing molecules (Table 1.1). Conversely, other studies have found that functional delivery
is not detected unless endosomal enhancing compounds or viral fusogenic proteins are used. For
example, Heath et a/ showed that functional delivery of Cre loaded into EVs using CD81 as
scaffold and blue light release system, required either VSVG co-expression or the addition of
endosomal escape enhancing compounds (e.g., chloroquine)?®. Notably, studies using the same
EV-scaffold proteins which should promote loading into the same EV subpopulations have
yielded opposite results. Yim ef al., reported highly efficient delivery of various proteins to three
different recipient cell types (up to 95% functional Cre delivery in neurosphere-derived cells)

23 However, in two other

using CD9 as EV-scaffold and no endosomal escape molecules
separate studies assessing Cas9 and Cre EV delivery to HEK293T cells, functional delivery
could not be detected?*®?>°. These results, however, could be explained by the difference in
recipient cell lines used by the studies. Similarly, significant EV-mediated delivery of
Cas9/sgRNA complexes was reported by Ye et al. in two separate studies in the absence of
endosomal escape enhancing compounds when CD63 was used as the EV scaffold®%>!,
Conversely, Albanese et al., reported no significant functional delivery of CD63-fused -

lactamase unless VSVG was co-expressed to promote endosomal escape'’!. Importantly, this

study assessed delivery between a wide variety of donor and recipient cells, including HEK293T
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to A549 delivery, which was reported by Ye ef al. Along these lines, functional delivery of
farnesylated tetracycline transactivator (tTA) to HEK293T cells by EVs was found to require
VSVG co-expression’”® while a separate study showed EV-mediated functional delivery of
farnesylated TALE-VP16 (transcription activator-like effector fused to VP16 transactivation
domain) to HEK293T cells without additional endosomal escape enhancing compounds®®.
However, a release system was not included in tTA study, which may have influenced functional
delivery. Although the requirement for VSVG or other endosomal escape compounds may be
dependent on donor-recipient cell types and EV cargoes, conflicting results have been reported
by studies using the same EV scaffold, release system, donor-recipient cell lines and cargo
protein211,264. It should be noted that direct comparison of different studies can be challenging

due to the use of different EV isolation methods, delivery reporters, and EV concentrations,

which may at least partially account for the diverging outcomes.

Ultimately, the method for EV loading and the complexity of the system is determined by
multiple factors such as the nature of the therapeutic cargo, targeting requirement or the
therapeutic purpose of EV treatment. For example, synthetic drugs can only be packaged via
exogenous loading methods, while protein and RNA can be loaded either endogenously or
exogenously. In the case of EVs used for vaccination or cell signaling purposes, the complexity
of the delivery platform could be simplified, since cargo release or endosomal escape would not
be required for their functionality. Moreover, if targeting of a specific tissue is required for the
therapeutic application, EVs would need to be modified with targeting moieties. To do so,
distinct EV scaffolds could be combined for targeting and cargo loading (i.e., LAMP2B for
targeting peptide display and CD63 for therapeutic protein loading). However, due to the

heterogeneous nature of EVs, special attention should be taken to ensure that the various
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moieties are present on the same EV particles. To facilitate this, EV-scaffolds that enable cargo
loading on both their extraluminal and intraluminal domains could be employed. Similarly, co-
expressing VSVG or other endosomal escape proteins with EV-scaffold proteins does not imply
that they will be found on the same vesicles due to vesicle heterogeneity, thereby adding another

layer of complexity to the delivery system.
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Table 1.1. Overview of EV-scaffolds for EV-mediated delivery.

Protein Fusion Intraluminal EV-surface Endosomal | Loading . . Ref
- Release L. In vitro effect In vivo effect
Scaffold proteins Cargo Cargo Escape efficiency
65-fold 245
pre-miR-199a enrichment No mRNA inhibition was
LAMP2A LAMP2A-TAT | (fused to TAR - - - compared to | detected in SK-Hep1 or Huh7 -
RNA) passive cells
loading
RV % BACEL1 sil ing i i 149
. . G . 60% MmRNA silencing in Neuro2A 50/? CE1 silencing in m.lce
Direct fusion targeting - - - cells brain at mRNA and protein
SiRNA peptide levels
electroporated 149
. . (electropor ) MPS . 40% mRNA silencing in C2C12 No significant change in mRNA
Direct fusion targeting - - - ;
. cells expression
peptide
TR - )
LAMP2B Significant ntuc mRNA (?Iellvery Reduced neurotoxicity and
to HEK293T cells expressing . L
CHRNA7 neuroinflammation in a
Direct fusion mRNA (fused to RVG . " . Parkinson's disease mouse
L . Connexin - EV-mediated delivery of R
to RVG L7Ae-binding C/D | targeting - - . model after EV-mediated
- . 43 S368A catalase mRNA resulted in a .
peptide box) peptide . S delivery of catalase mRNA by
reduction of neurotoxicity in subcutaneously iniected EV-
CHRNA7Y expressing Neuro2A vin
producer cells
cells.
Display of therapeutic molecules 246,271
on the EV surface resulted in Intratumoral administration of
IL-12, IL-7, increased (CD40L delivery to B- murine IL-12-PTGFRN EVs (3
CD40L, 95% GFP cells), similar (anti-CD3 delivery doses of 100 pg or 200 pg EVs)
PTGFRN Direct fusion | GFP anti-CD3 - - Ioadoin to splenocytes, IL-12 delivery to improved both tumor growth
antibody g PBMCs), or reduced (IL-7 inhibition and survival
fragments delivery to T-cells) in vitro compared to recombinant IL-
potency compared to soluble 12
protein using 5x10'! EVs/ml
- SiRNA 20% and 15% 173
PDGFR (transfected in EV | EGF, GE11 loading of . . .- . Tumor growth supression in
. 20% silencing efficiency in K I .
transmembrane . . producer cells) (N-terminal EGF and . mice treated with 4 systemic
. Direct fusion . . - - HCC70 cells treated with siRNA- S
domain - Let-7a miRNA fusion to GE11 loaded GE11-PDGFR (TM) EVs injections of 1 ug Let-7a-
(pDisplay) (EV-loaded by PDGFR TM) peptides, loaded EVs displaying GE11
lipofection) respectively
N 247
Transferrin . Rever5|b.le A(C 1% EV- . .- .
. - Cas9 (C-terminal heterodimerizer ) 8% indel efficiency in Cas9
membrane CherryPicker . ) loading of .
. fusion to Dmrc) - induced DmrA- VSVG . reporter CHME-5 cell line after -
anchor domain red-DmrA CherryPicker . .
. - SgRNA DmrC spinoculation.
(CherryPicker) . . red
interaction
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Protein Fusion EV- Endosomal Ref
. Intraluminal Cargo surface Release Loading efficiency In vitro effect In vivo effect
Scaffold | proteins Escape
Cargo
- 98% delivery of B-lactamase 28
to Hela cells.
Reducti f PCSK9
C-terminally fused to GFP1-10: ) - 66.9% Cre delivery to eauc I.on 0. .
26-fold higher EV- . expression in mouse liver
- B-lactamase K HEK293T reporter cells using K
VSVG- loading of Cre than and decline of serum LDL
-Cre - - VSVG X . 4000 EVs/cell.
GFP11 with passive cholesterol levels after 3
- saCas9/sgRNA loadin - Successful knockdown of svstemic iniections with
- AGO2/shRNA s PINK1 in HEK293T or Hela cells 1‘)’(109 e )
by EV-loaded AGO2-shRNA or
saCas9/sgRNA complexes.
VSVG- 40-fold enrichment 2
mMRNA (fused to 3x MS2- compared to No functional mRNA delivery
M52 binding HAL motifs) ) ) Vsve assive RNA to PC-3 cells )
VSVG | RBP & pass!
loading
Reversible 207
:Anzzulc?e? 1.5% indel efficiency in
VSVG- . . HEK293T cells expressing
N- | fi FRB - FKBP12-FRB VSV - -
FKBP12 Cas9 (N-terminal fusion to ) (T2098L V6 sgRNA targeting DMD1 treated
. with Cas9-loaded EVs
variant)
interaction
VSVG- 273
astacr;'ner - saCas9 2.5% EV-mediated delivery of
b:)ndin - sgRNA (fused to the RNA - - VSVG - saCas9 to HEK293T reporter -
.g aptamer) cells
protein
- Significant activation of gene 2
Fused to FRB: Rever5|b!e 70-fold Cre exprfessmn in HEK293T cells
rapamycin . mediated by EV-loaded tTA
CD81- - Cre . enrichment as . . -
. . - induced FKBP- | VSVG (173-fold increase in activation -
FKBP - Tetracyclin transactivator compared to . .
(tTA) FRB assive loadin compared to passive loading).
interaction P & - Robust EV-mediated Cre
delivery to HEK293T cells.
- 256
cpsi 34.1 Cre
Chloroauine molecules per EV
Reversible or q (in presence of 30% or 70% Cre delivery to
CD81- ‘rapamycm undisclosed rapa.mycm, active HEK293T.ceIIs in prgsence of
Cre (fused to FRB) - induced FKBP- loading) chloroquine or undisclosed -
FKBP endosomal R
FRB - 8.9 Cre molecules | endosomal enhancing
. ) escape . .
interaction per EV (without compound, respectively
compound

rapamycin, passive
loading)
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Protein

Fusion

EVS.

Endo.

Ref

Scaffold | proteins Intraluminal Cargo Cargo Release Esc Loading efficiency In vitro effect In vivo effect
R e 189
- Significant nLuc mRNA delivery to n:(::loc;?g:::;c;?;(rl‘c;;yaand
HEK293T cells expressing CHRNA7. parkinson's disease mouse
CD63- mRNA (fused to L7Ae- RVG ) Connexin ) - EV-mediated delivery of catalase model after EV-mediated
L7Ae* binding C/D box) peptide 43 S368A mRNA resulted in a reduction of .
L . delivery of catalase mRNA by
neurotoxicity in CHRNA7 expressing L
subcutaneously injected EV-
Neuro2A cells.
producer cells
-fol ich Lo
CD63-MS2 | mRNA (fused to 3x MS2- 6-fold enrichment |\, ¢ nctional mRNA delivery to PC-3
RBP binding HAL motifs) : ; : compared to cells :
passive RNA loading
- spCas9 (N-terminal fusion ] ] 250
CD63-GFP | to GEP nanobody) ) ) ) ) EV-mediated delivery of Cas9/sgRNA )
to A549 reporter cells
- SgRNA
-39.7% or 24.2% base editing rate of 73
ABE/sgRNA-loaded EVs in HEK293T
cells or MDA-MB-231 cells,
respectively.
- Efficient indel induction in various
aptamer 2-5 fold Cas9 or ABE | gene targets ranging from 15.7% to
binding - saCas9 enrichment in EVs 51.4% in HEK293T cells or 14% to 0.2% indel efficiency in
protein- - spCas9 containing modified | 33.8% in MDA-MB-231 treated with tibialis anterior muscle of
CD63 CD63- - adenine base editor (ABE) - - VSVG sgRNAs as spCas9/sgRNA EVs. mdx mice after
aptamer - sgRNA (fused to the RNA compared to EVs - DMD Exon 51 deletion in HEK293T intramuscular injection of
binding aptamer) containing cells by EV-mediated delivery of Cas9/sgRNA EVs
protein unmodified sgRNAs. | saCas9 and two sgRNAs targeting
different sites.
- 96kb deletion in HEK293T cells by
EV-mediated delivery of
saCas9/sgRNA and spCas9/sgRNA
targeting two different sites.
- 1% Cas9/sgRNA delivery to | !
- 1% or 0.5% Cas9/sgRNA delivery to | Mouse verafters
reporter A549 cells or HBE cells intravenous injections with
CD63- - Cas9 (N-terminally fused to . ) ! EVs (50 pg EVs per injection).
K respectively, by A549-derived EVs.
mCherry, mCherry or GFP nanobodies) - - - - K - 1% and 0.5% Cas9/sgRNA
- 0.5% Cas9/sgRNA delivery by HBE- : .
CD63-GFP - sgRNA . delivery to mouse brain and
derived EVs to reporter A549 cells. R R
liver, respectively, 24 days
after subcutaneous injection
with B16 EV producer cells.
Reversible Significant activation of gene 252
i ion in HEK293T cell i
CD63- Tetracyclin transactivator rapamycm expression in 93T ce .s medlat}ad
FKBP (¢TA) (fused to FRB) - induced VSVG - by EV-loaded tTA (44-fold increase in -
FKBP-FRB activation compared to passive
interaction loading).

44




Protein Fusion Intraluminal EV-surface Endo. Loading . . Ref
. Release .. In vitro effect In vivo effect
Scaffold | proteins Cargo Cargo Esc efficiency
- Bax-loaded EVs 253
(0.1mg/ml) induced a rapid
release of cytochrome ¢
from mitochondria in Hela
cells.
- Treatment with IkB-
Fused to CRY2: Blue light induced 40-fold loaded EVs (0.1mg/ml)
CIBN- - Bax reversible enrichment reduced TNF-alpha induced | Successful delivery to brain neurons after
GFP-CD9 - Super-repressor - interaction - compared to translocation of the p65 ventrolateral injection with 50 pl of
kB between CIBN extrusion-loaded subunit of NF-kB in Hela 10mg/ml EVs.
- Cre and CRY2 EVs cells.
- Efficient Cre delivery to
Hela, HT1080, primary rat
embryonic neurons, and
differentiated neurosphere
derived cells (95% delivery
D9 using 2x10'°EVs/ml).
- miR-155, N - Successful knockdown of mRNA target in 24
- Significant knockdown of . L
- Cas9 mRNA liver and spleen after systemic injection of
mRNA target after .
(fused to 3x HuR- . . . 100 pg miR-155 EVs.
- 7-fold miR-155 treatment with miR-155 .
binding ARE ; ) - Treatment with EV-loaded Cas9/sgRNA
CD9-HuR enrichment as EVs in THP1 cells. S
sequences) - - - . resulted in significant C/EBP alpha
RBP compared to - Supression of C/EBP alpha oo .
- sgRNA assive loadin expression in adinogenic suppression in liver after systemic injection.
- anti-miR-155 P s P P .g - Reduced liver inflammation and fibrosis in
stem cells after delivery of R
(fused to 3x ARE EV-loaded Cas9/sgRNA a liver injury mouse model after treatment
sequences) g ) with 200 ug EVs twice a week for 3 weeks.
- No detection of Cas9 25
S delivery to HEK293T
CIBN- rB;l\J/:rlsligl:\IZmduced reporter cells after
CD9, - Cas9 ) interaction ) 20 Cas9 treatment with 5.5x10* )
gaRi92— - sgRNA between CIBN molecules per EV | EVs/cell.
and CRY2
2-fold higher uptake by 177
GFP Direct . 15-25% loading A431 cells under flow
. . Nanobodies - - - - L -
motif fusion efficiency conditions as compared to
non-targeted EVs.
AS1411 Blue light induced ) 22
Palm tag- . - Increased expression of
miR-21 sponge aptamer reversible 14-fold compared . .
CIBN, . . . . miR-21 target protein PTEN
Palm (fused to MCP- (conjugated | interaction - to passive RNA -
CRY2- . . tumor suppressor, and
MCP binding MS2) to between CIBN loading apoptosis in K562 cells
cholesterol) | and CRY2 pop ’
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Protein Fu5|0|:1 Intraluminal EVS. Release Endosomal Loading efficiency In vitro effect In vivo effect Ref
Scaffold proteins Cargo Cargo Escape
263
Fused to - Blue light induced
CAAX motif DmrC, 'rever5|b'le . . o
fused to CIBN CRY2PHR or interaction between Higher packaging of BFP by Significant HEK293T reporter
" | ePDZb: CIBN and CRY2 farnesylated dimerization cell activation upon
LOVpep or - L - . . -
DmrA C- - BFP - Rapamycin induced domains as compared to treatment with EV-loaded
Farnesylation termini - TALE-VP16 reversible LAMP1 fusion TALE-VP16
transcriptiona interaction between
| activator DmrA-DmrC
Tetracyclin . - 203
Direct fusion transactivator - - VSVG - Highly efficient HEK.ZQST
reporter cell activation
(tTA)
45.4% Cas9/sgRNA delivery 265
VSVG, to HEK293T reporter cells
Direct fusion - Cas9 ) ) chloroquine ) after treatment with 3x10° )
- sgRNA and Cas9/sgRNA EVs in presence
polybrene of chloroquine and
polybrene
- 85-fold EV-enrichment of 264
NLuc fused to Myr tag as
- GFP (fused compared to passive
Myr to Myr tag) loading.
v vr tag . . - 50-fold EV-enrichment of
- Nluc (fused Not required since .
. NLuc when co-expressing . .
to Myr tag or cargo loading only Myr tae-GEP fusion protein Functional delivery of Cre
Myr tag-GFP | unnmodified) - | relies on co- - yrtae P and Cas9 to HEK293T -
. ) as compared to passive
-Cre expression with Myr loading reporter cells
(unmodified) tag - 5-fold EV-enrichment of
- Cas9 .
(unmodified) Cas9 when co-expressing
Myr tag-GFP fusion protein
as compared to passive
loading.
Reversible AP21967 o o o
Myr Palm tag- | Cas9 (fused ) induced FKBP12-FRB VSVG ) il.lill(/oz;;qreleelflgfelfnrcgs:n )
FKBP12-GFP | to FRB) (T2098L variant) > CAPrESSINg
. . sgRNA targeting DMD1
interaction
- 42% or 19% Cas9/sgRNA 25
delivery to HEK293T or
Myr Palm H 2 cell ivel
Blue light induced epG2 cells, respgctlve v "
CIBN-Mvr - Cas9 (fused reversible after treatment with 5.5x10
palm Y to CRY2) - interaction between - 30 Cas9 molecules per EV EVs/cell. -
- sgRNA -5.8% Cas9 or 4.4%

CIBN and CRY2

Cas9/sgRNA-mediated gene
editing of PCSK9 in HEK293T
cells.

46




Protein Fu5|or‘1 Intraluminal Cargo EVS. Release Endosomal Loe}d}ng In vitro effect In vivo effect Ref
Scaffold proteins Cargo Escape efficiency
N B . 246
s g 2 R
Direct (MCP) 97% GFP P & 4
BASP1 ) . - - - . - and systemic T cell responses which
fusion - Ovalbumin loading L . .
Cas9 were significantly higher than with
soluble OVA.
- 274
C-terminally fused to 10 f°|d Induction of antigen-specific cellular
o enrichment . ;
ubiquitin: of A85B- immune response against Ag85B and
Ubiquitin | Direct - GFP & ESAT6 in liver and spleen of mice after
. - - - ESAT6 as - .
tag fusion - HER2 (extracellular compared to three intranasal treatments of EV-
domain) ass?ve loaded Ag85B-ESAT6 (20 ug EVs/mouse)
- Ag85B-ESAT6 P . at two week intervals.
loading
— — - 269
e sy tovee | (o8 T O D
Ndfipl - Cre (fused to WW-tag) - - - - reporter cells (250 pg EVs/ well treated intranasally with Cre-loaded EVs
of 12-well plate).
(72 pg/mouse).
- Induction of p53-dependent 155
expression of MDM2 and p21
in H1299 cells after EV-
. - GFP (direct fusion) medla.\ted delivery of p53 . T .
Direct . . protein or mRNA. Rescue of irradiation-induced apoptosis
. - p53 (direct fusion) 540 e . . .
fusion, - Significant EV-mediated in thymus and spleen of TP53 KO mice
ARRDC1 - mRNA (fused to TAR) - - - molecules of . . -
ARRDC1- - Cas9 (fused o 2 or 4x GEP per EV Cas9/sgRNA delivery to after intravenous injection of ARRDC-
TAT WW-tag)/sgRNA P HEK293T reporter cells (13.4% p53 EVs (6x10 EVs/ mouse).
else or 4.9% GFP knockdown
efficiency with 4WW-Cas9 or
passively loaded Cas9,
respectively).
- 60% Cre N2a reporter cell 210
activation by VSVG-
pseudotyped EVs.
- 10% Cre delivery to tail-tip
- Cre mRNA (flanked by fibroblast cells by SYNA-
PEG10 ) PEG10 mRNA UTR) ) ) VSVG or (SYNA ) pseudotyped EVs and )

- spCas9 mRNA (flanked
by PEG10 mRNA UTR)

and Vectofusin-1)

Vectofusin-1.

- 60% or 30% indel efficiency in
Cas9 N2a reporter cells
expressing or not sgRNA,
respectively, treated with
VSVG-pseudotyped EVs.
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Protein Fusuot\ Intraluminal Cargo EVSS. Release Endosomal Lo‘a‘dlng In vitro effect In vivo effect Ref
Scaffold | proteins Cargo Escape efficiency
208
- Efficient induction of dsDNA breaks in U20S
and human primary fibroblasts.
- 77% or 67% indel efficiency in HEK293T cells
or human iPSCs, respectively.
- 60-65% GFP indel efficiency in GFP reporter
- spCas9 (N-terminall bone marrow cells.
p v - 76% FTO indel efficiency in primary bone - Indel formation in mouse
fused to Gag-MLV L
cleavage site) VSVG and marrow cells. zygotes after injection in the
. - 50% MYD88 indel efficiency in human perivitelline space with
. - dCas9-VPR (N-terminally MLV baboon R
Direct . primary hepatocytes and human Cas9/sgRNA EVs.
. fused to Gag-MLV - protease retroviral - N K -
fusion cleavage site) cleavage envelope hematopoietic stem cells. - 7-13% HPD indel efficiency
s RNi & Ivco rri)tein - 50% FLAG gene knock-in efficiency in in mouse liver after retro-
) DgNA donor template glycop HEK293T cells treated with EV-packaged orbital injection of
(loaded usin olpbrene) Cas9/sgRNA and donor ssDNA template. Cas9/sgRNA EVs.
& poly - 4kb gene knock-in in HEK293T cells treated
with EV-packaged Cas9/sgRNA and donor
dsDNA template.
- 400-fold transcription activation of TTN in
GAG MCF-7 cells using EV-loaded dCas9-
VPR/sgRNA as compared to control EVs.
-15%, 25% or 50% activation of HEK293T, 207
C2C12, or Hu5 reporter cells, respectively.
-22% or 29% indel efficiency in 404C2 i
- 7% DMD 45 sk
(targeting DMD1) or 1383D2 iPSC cells % DMD exon 45 skipping
. . efficiency in the
(targeting DMD23), respectively. astrocnemius muscle of
. - 48% CCRS indel efficiency in Jurkat T- & .
Reversible lymphocyte cells reporter mice after
Myr Palm - spCas9 (N-terminally AP21967 -'50% knockout of GFP expression in U937 |ntramusctIJIar |nJect.|on with
tag. fused to FRB) induced monocvte reporter cells EVs targeting two different
bop1y. | -SBRNAsynthesizedas | - FKBP12-FRB | VSVG - ot AN el afficiency in iPSC. sites of exon 45.
TAR-Psi-ribozyme-sgRNA- (T2098L 7 . ¥ - 1.1% DMD exon 23 skipping
Gag ribozyme mRNA variant) derived cortical neurons. in tibialis anterior muscle of
¥ X . - 25-80% indel efficiency of DMD1, DMD23,
interaction a DMD mouse model after

SAMHD1, CCR5 and EMX1 in HEK293T cells.

- 92% DMD exon 45 skipping in DMD iPSC-
differentiated skeletal muscle cells and
rescue of dystrophin protein expression upon
treatment with EVs targeting two different
sites of exon 45.

intramuscular injection with
EVs targeting two different
sites of exon 45.
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GAG

-90-95% B2M indel efficiency in Jurkat
and A549 cells treated with
Cas9/sgRNA-loaded EVs.

- 40% knock-in efficency in HEK293T
reporter cells after EV-mediated delivery
of Cas9/sgRNA and donor DNA

268

- Cas9 (N-terminally fused to Gag- VSVG or HIV
HIV cleavage site) HIV envelope template.
Direct ) - Succesful B2M knockout in CD4+ and
fusion - s8RNA protease protein (for CD8+ primary human T-cells at levels
- Donor template DNA cleavage CD4+ T cells p y .
(electroporated) only) comparable to electroporation.
P v - Treatment of primary human T cells
with separate Cas9/sgRNA-EVs targeting
B2M or TRAC resulted in 23.9% CD4+
and 9.55% CD8+ double-knockout cells.
- 15% knockout of BM2 in CD4+ T-cells
treated with Cas9/sgRNA EVs.
Reversible I A . »2
rapamvein Significant activation of gene expression
Gag- Tetracyclin transactivator (tTA) inguce\{j VSVG in HEK293T cells mediated by EV-loaded
FKBP (fused to FRB) FKBP-FRB tTA (4.4-fold increase in activation
. . compared to passive loading).
interaction

* RVG-LAMP2B and CD63-L7Ae were used in combination in the same study.
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1.10. Methods for EV isolation

Several techniques for EV concentration and isolation have been developed to date, however,
there is no clear consensus on the most appropriate method?’>. Each technique has both
advantages and disadvantages in terms of purity, yield, EV integrity, and time-efficiency. In
addition, the choice of method will be determined by the use of the isolated EVs. For instance, if
the EVs will be used for diagnostic purposes, yield would be prioritized while purity and vesicle
integrity preservation would not be essential. Conversely, if the EVs are to be used for functional
assays the EV isolation method should preserve EV structure and enable the isolation of highly
pure EVs. According to a worldwide survey from 202077, ultracentrifugation (UC) remains the
most commonly used EV isolation technique. Nevertheless, in the last few years size-exclusion
chromatography (SEC) has emerged as an alternative method for EV isolation alone or in

combination with ultrafiltration®’®.

1.10.1. Ultracentrifugation

The principle of UC is to separate the components of a sample based on their size and density,
and that of the media®’’. In differential centrifugation (dUC), successive centrifugation steps
enable the removal of dead cells and cell debris, and the subsequent EV enrichment. Briefly,
dead cells and cell debris are pelleted at 300g for 10 minutes. Next, large EVs are pelleted by
centrifugation at 2,000g, medium-sized EVs are pelleted by centrifugation at 10,000g, and small-
EVs are pelleted at 100,000g. Pelleted EVs are then washed in PBS and centrifuged again to
obtain the final pellet. When the technique was first described, 10,000¢ and 100,000g pellets

were assigned to microvesicles and exosomes, respectively?’®

. Nevertheless, subsequent studies
showed that different types of vesicles are co-purified by dUC, thus indicating that this method is

not able to separate microvesicles from exosomes®”. dUC allows for the isolation of EVs with
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moderate yields and purity. However, ultracentrifugation procedures can cause vesicle

aggregation and co-purification of nucleic acids or protein aggregates?8-282,

To circumvent this, density gradient centrifugation (DG) techniques were developed to
minimize potential non-EV contaminants in dUC EV preparations. In DG, EVs are added to a
density gradient solution such as iodixanol or sucrose and subsequently separated based on their
buoyant density by centrifugation?®®. Although this method increases EV purity, it is time-

consuming and generates low yields?’®.

1.10.2. Size exclusion chromatography (SEC)

SEC separates sample components based on their molecular size. In SEC, the sample is added to
a column containing porous polymer beads (e.g., Sepharose, Sephacryl). As the sample migrates
through the column, the smaller particles will enter the porous beads leading to longer elution
times while the larger particles will elute faster since they will not get trapped in the pores?”’.
When combined with ultrafiltration methods such as tangential flow-filtration (TFF), SEC is able
to achieve higher EV purity than UC-based methods due to lower EV aggregation, lower EV
damage, and decreased co-purification of non-EV material while sustaining acceptable

yield5284’285

1.10.3. Ultrafiltration

Ultrafiltration is based on the use of polymer membranes with defined molecular weight cut-off
(MWCO) filters to concentrate EVs according to their size. The particles larger than the MWCO
are unable to cross the membrane and are therefore retained in the filters, while the particles
smaller than the MWCO will be eluted along with the permeate?’’. As compared to UC, this

method uses low-speed centrifugation and thus is less disruptive?®®. UF can be divided into dead-
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end filtration and TFF depending on the flow direction. In dead-end filtration, the liquid flow
direction is perpendicular to the filter surface, whereas in TFF the flow direction is parallel to the
filter surface. Due to the retained particles rapidly depositing on the filter surface during dead-
end filtration, the pores of the membrane get clogged, and the filtration rate is greatly reduced.

Therefore, TFF is more appropriate for filtering large volumes of sample?®’.

1.10.4. Precipitation

Polymer-based precipitation methods use reagents that bind to water molecules thereby reducing
the solubility of EVs and other non-EV components, which tend to sediment and can be isolated
using low-speed centrifugation. The most commonly used reagent for polymer-based EV
isolation is PEG, although alternatives such as organic solvents or sodium acetate have also been
described?*®*2%°, This method has gained popularity in the recent years given that it is simpler and
more time-efficient than the other techniques described above and due to the availability of
commercial kits. However, this method is highly non-specific and co-isolates protein aggregates

and other non-EV material such as lipoproteins?®.

1.10.5. Immunoaffinity

Immunoaffinity techniques use specific antibodies that bind to surface molecules present in the
EVs to selectively capture them. Antibodies for immunoaffinity isolation can be attached to a
variety of surfaces such as magnetic beads, chromatography resins, or microfluidic devices®*'.
Common EV markers such as tetraspanins CD63, CD81 or CD9 are generally used to isolate
EVs!®291 Nevertheless, this technique can also isolate specific EV subpopulations by targeting
EV-surface proteins that are exclusively expressed in a given EV subpopulation. For example,

EVs released from epithelial tumor cells were isolated from other circulating EVs using anti-
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EpCAM antibodies®’. Immunoaffinity methods allow for the isolation of highly pure EVs,
although the yields are very low?’. In addition, this method is unsuitable for isolating EVs that
will be used in functional experiments due to the difficulty in separating the EVs from the

antibody-coated matrix**2,
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1.11. General aims

e To engineer EVs in order to enhance EV loading of protein and protein/RNA cargoes.
e To develop a novel platform based on engineered EVs for functional delivery of protein and

protein/RNA cargoes.
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2. Materials and methods

2.1. Cell culture

All cell lines were maintained in a humidified incubator at 37°C and 5% CO2 and were tested for
mycoplasma contamination on a weekly basis. 1x TrypLE Express Enzyme (Thermo Fisher

Scientific, MA, USA) was used to detach cells for passaging or seeding.

2.2. Gibson Assembly

Plasmid backbone was linearised by restriction enzyme digestion, in a 20 pl reaction containing
the appropriate 1x NEB Buffer (NEB, Ipswich, Massachusetts, United States). Samples were
incubated at 37°C for 1 hour and digestion was assessed by agarose gel electrophoresis. The
linearized backbone was then excised from the agarose gel and purified using the QIAquick Gel
Extraction Kit (Qiagen, Hilden, Germany). Inserts containing the appropriate overhangs were
obtained from IDT as gBlocks or were amplified by PCR. Plasmid assembly was performed with
NEBuilder HiFi DNA Assembly (NEB) as per manufacturer’s instructions. Briefly, a reaction
mixture containing 50 ng of backbone, 2 - 4-fold molar excess of insert (depending on the size)
and 1x NEBuilder HiFi DNA Assembly Master Mix was incubated for 30 min at 50°C. Next, 2
ul of the assembly reaction were transformed into competent bacteria and DNA was isolated as

described below.

2.3. Transformation and plating

High Efficiency DH5a Competent Cells (NEB) were transformed with ligated plasmids on ice

for 30 mins, heat shocked at 42°C for 45 sec, incubated on ice for 2 mins, plated on Luria Broth
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(Thermo Fisher Scientific) agar plates containing 1 pug/mL Ampicillin (Sigma-Aldrich, MO,
USA) and incubated overnight at 37°C. Colonies were picked and grown in LB containing 1
pug/mL Ampicillin at 37°C overnight on an orbital shaker. Cultures were pelleted at 1,690 g for
10 mins at 4°C, and plasmid DNA extracted using QIAprep Spin Miniprep Kit or HiSpeed

Plasmid Maxi Kit (Qiagen).

2.4. EV isolation

HEK293T cells were transfected with different constructs as indicated. 24 hours later, the
medium was replaced with Opti-MEM (Thermo Fisher Scientific, Waltham, Massachusetts,
United States) and 48h later, cell culture supernatant was collected and centrifuged consecutively
at 500 g and 2,000 g to remove cell debris and large particles, respectively. The media was then
filtered through a 0.45 pum filter (STARLAB, Hamburg, Germany) and concentrated using a 10
KDa vivaflow TFF membrane (Sartorius, Gottingen, Germany) to 10-15 ml. Then, using 10 KDa
Amicon spin filters (Merck Millipore, Burlington, Massachusetts, United States) media was
concentrated further to 1-2 ml by centrifugation at 3,500 g. Following this, concentrated media
was subjected to size exclusion chromatography using HiPrep Sephacryl S-400 HR 16/60
column (GE Healthcare, Chicago, Illinois, United States) connected to the AKTA prime system
(GE Healthcare) and eluted at 0.5 ml/min flow rate using PBS as the eluent. EV and protein
fractions were selected based on 280 nm absorbance. The yield of vesicles was measured using

nanoparticle tracking analysis or single-vesicle analysis.

2.5. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed to determine the size distribution and

concentration of isolated EVs with the NS500 nanoparticle analyser and NTA 2.5 analytical
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software (NanoSight, Malvern, Worchestershire, UK). EV samples were recorded in triplicate
for 30 seconds with a 7 second delay between each recording. Camera level was set at 14 and

detection threshold was set at 4. The other post-acquisition settings were automated.
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3. Results I — Assessment of UBL3 EV scaffold
for EV-mediated delivery of RNA and Cas9-
VPR complex

3.1. Introduction

Several miRNA-based therapies have shown promising results in preclinical studies'>!

. However,
the delivery of therapeutic oligonucleotides by conventional methods such as synthetic
nanoparticles or viral vectors is hampered by poor delivery efficiencies, limited tissue targeting,
and often, toxic side effects?>*. Thus, EVs have been explored as alternative delivery system for
efficient and safe miRNA delivery!'?%!31:25429 ' miRNAs are short ~22nt RNA molecules that act
as post-transcriptional regulators in many biological processes. In the cytoplasm, mature
miRNAs associate with RNA-induced silencing complex (RISC) components such as AGO2 to
form the miRISC complex or become associated with other miRNA binding proteins. Numerous
miRNAs have been found in the extracellular space, although the majority are not associated
with EVs?**, The stability of miRNAs released to the extracellular space in physiological
conditions vary widely between different miRNAs. Highly stable miRNAs are likely stabilized

by extracellular-ribonucleoprotein complexes. However, mechanisms of miRNA secretion and

function of these extracellular miRNAs remain elusive®.

As outlined in detail in the introduction, EV-mediated secretion of miRNAs has been
reported to rely on miRNA association with RBPs that are sorted to the EVs. miRNA
encapsulation into EVs has been achieved by exogenous methods such as electroporation,

211

sonication, and the use of transfection reagents” '. However, these methods are prone to artefacts
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as exemplified by the formation of siRNA aggregates observed with EV electroporation
protocols?!!. Endogenous strategies have also been explored for miRNA loading and delivery to
recipient cells. These strategies have relied on the expression of miRNAs modified to harbor

specific RNA sequences that bind to RBPs which are fused to EV scaffold molecules?#°-34262,

CRISPR-Cas9 technology holds great promise for the treatment of genetic conditions.
However, its potential has been hampered by a lack of efficient and safe delivery methods**®.
Due to their unique properties, such as biocompatibility and ability to cross biological barriers,
EVs have recently emerged as novel vehicles for CRISPR/Cas9 delivery. At the time this study
was conceived, only three strategies had been reported for EV-mediated delivery of Cas9. In the
first study, Cas9/sgRNA complexes were loaded into cancer derived EVs via electroporation and
delivered to ovarian cancer tumor xenografts in mice*”’. Delivery of EVs loaded with
Cas9/sgRNA targeting PARP-1 (Poly (ADP-ribose) polymerase 1) resulted in significant
suppression of PARP-1 expression and apoptosis induction®”’. In the second study, hybrid
liposome-EV nanoparticles containing Cas9/sgRNA plasmids were generated by incubation of
liposomes, EVs and plasmid DNA?%. Importantly, treatment with encapsulated Cas9/sgRNA
plasmids was able to induce indel formation in MSCs®*®. In the third study, Cas9/sgRNA
complexes were loaded into ARMMs (ARRDCI1 microvesicles) by fusing Cas9 to WW

domains'>.

These domains can interact with ARRDCI1, which is highly enriched in
microvesicles when overexpressed in EV producer cells?”. This strategy enabled efficient

delivery of EV-loaded Cas9/sgRNA complexes to HEK293T reporter cells (10% reporter cell

activation)'>.

More recently, numerous platforms have been described for delivering Cas9/sgRNA

complexes via EVs. While Chen et al. reported efficient EV-mediated delivery of Cas9/sgRNA
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to recipient cells using EVs obtained by simple overexpression of Cas9 and sgRNA in EV

300

producer cells’™, other studies have relied on active loading methods to achieve successful

delivery. The association of Cas9 protein to EV-scaffolds such as VSVG?”, CD63%%%!,

207.252.267 or myristoylation and palmitoylation tags?’7-2>3265 has been reported as an efficient

Gag
method for EV loading and delivering both Cas9 and sgRNA. Notably, in these studies, a
reversible interaction between Cas9 and the EV scaffold was used to promote Cas9/sgRNA
release in EVs or recipient cells. Alternatively, an aptamer-modified sgRNA has been actively
loaded into EVs through its interaction with an aptamer-binding protein fused to an EV protein
scaffold®”®. In this manner, Cas9 protein was indirectly recruited into the EVs via sgRNA
binding?”®. Similarly, Cas9 mRNA has been modified to promote its binding to EV-enriched
RBPs or to RBPs fused to EV protein scaffolds*!%?*. Segel et al. harnessed the ability of the
Gag-like protein PEG10 to bind to its own mRNA and to form EV-loaded capsid-like particles to
promote Cas9 mRNA sorting to EVs?!®. This was achieved by the addition of a minimal
sequence from PEG10 mRNA to Cas9 mRNA. In this study, treatment with EVs loaded with

Cas9 mRNA resulted in highly efficient functional delivery to recipient cells?!°.

In this chapter, we investigate methods to enhance EV-cargo loading for EV-mediated

delivery of small RNAs and Cas9/sgRNA complexes.
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3.2.

Hypotheses and aims

Hypotheses:

EVs can be engineered to deliver small RNAs to recipient cells

EVs can be engineered to deliver dCas9-VPR/ sgRNA complex to recipient cells

Actively load EVs with AGO2 and small RNA (i.e., miRNA or shRNA) cargo
EV-mediated delivery of small RNA cargos to recipient cells
Actively load EVs with dCas9-VPR and sgRNA

EV-mediated delivery of dCas9-VPR/sgRNA complexes to recipient cells
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3.3. Materials and methods

3.3.1. Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were cultured at 37°C with 5% CO2 in Dulbecco's
Modified Eagle Medium GlutaMAX (DMEM) (Gibco) supplemented with 10% foetal bovine
serum (FBS) and 1% Antibiotic-Antimycotic (PSA: Penicillin, Streptomycin and Amphotericin

B) (Gibco). Cells were cultured as described in Chapter 2.

HEK293T cells for EV production were seeded 24h before transfection in 150mm plates.
Cells were transfected with 43 pg of plasmid DNA using PEI (Sigma-Aldrich) at a 4:1 ratio
PEL:DNA in Opti-MEM (Gibco). 24h later media was removed and replaced by fresh Opti-MEM
(Gibco). EVs were isolated as described on Chapter 2. For EV-transfer experiments (transfected
controls), HEK293T dCas9-VPR reporter cells were seeded at a density of 1x10° cells/well in a
24 well plate. Cells were either transfected with 250 ng dCas9-VPR fusion constructs and 250 ng
of sgRNA plasmids or with 250 ng of sgRNA plasmids only. 24h later media was removed and
replaced by fresh DMEM (10% FBS and 1% PSA) (Gibco). 48h after transfection, cells were
harvested and analyzed by Flow Cytometry. HEK293T dCas9-VPR reporter cells were a kind

gift from Oana Pelea and were cultured as described above.

3.3.2. Plasmids

pCMV-AGO2-eGFP was made by cloning full length DNA fragment of AGO2 into pEGFP-n1
vector (Clontech, catalogue number 6085-1) between Agel and BseRI sites. To generate pCMV -
AGO2-eGFP-UBL3, pCMV-AGO2-eGFP-CP05 and pCMV-AGO2-eGFP-C1C2, full length

DNA fragment of UBL3, CPO5 peptide (CRHSQMTVTSRL) or DNA fragment coding for
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aminoacids 53 — 387 from lactadherin, respectively, were cloned into pCMV-AGO2-eGFP
between BsrGI and Notl sites. pLKO.1-puro Luciferase shRNA Control Plasmid DNA was
obtained from Sigma-Aldrich. pCMV-dCas9-VPR-eGFP was made by cloning PCR amplified
sp-dCas9-VP64-p65-Rta (VPR) from SP-dCas9-VPR (Addgene plasmid #63798) into pEGFP-nl
vector between Agel and BseRI sites. pCMV-dCas9-VPR-eGFP-UBL3 was constructed by
cloning PCR amplified sp-dCas9-VP64-p65-Rta (VPR) from SP-dCas9-VPR (Addgene plasmid
#63798) into pCMV-AGO2-eGFP-UBL3  linearized using forward primer 5’
tcttcgacacatctetgtttggeggttctgggggc 3 and reverse primer 5
tacttcttgtccatggtggegaccggtggatecegg 3'. U6-P2-sgRNA plasmid and dCas9-VPR-eCFP reporter

plasmid were a kind gift from Oana Pelea. Constructs were confirmed by DNA sequencing.

3.3.3. Western Blot

Cells were lysed in 1x RIPA buffer (Thermofisher Scientific) containing 1x cOmplete protease
inhibitor cocktail (Merck). Acetone precipitation was used for EV samples, where acetone at -
20°C was added 4:1 and incubated for 24h at -20°C for subsequent centrifugation at 5000 g
20min. The resulting pellet was resuspended in 1x RIPA buffer (Thermofisher Scientific)
containing 1x cOmplete protease inhibitor cocktail (Merck) and 10% NuPage sample reducing
agent (Invitrogen). Protein concentration was measured by Bradford assay (Sigma) following
manufacturer’s instructions. 5 pug of total protein was heated at 70°C for 10min and then resolved
on a 4-12% NuPAGE gel (Thermofisher Scientific) by SDS-PAGE. Gels were run at 150 V for
2 h in 1x NuPAGE Tris-Acetate SDS Running Buffer (Thermo Fisher Scientific). Protein was
transferred onto a PVDF membrane (Merck) at 60 V for 1 hr 30 min in 1x NuPAGE Transfer
Buffer (Thermo Fisher Scientific). Membranes were blocked in Intercept (PBS) Blocking Buffer
(Sigma-Aldrich) for 30 mins at room temperature and incubated in Blocking Buffer with primary
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antibodies at 4°C overnight. Blots were washed with PBS supplemented with 0.1% Tween-20
(PBS-T) three times and incubated with secondary antibody for 1 hr at room temperature.
Antibody information is described in Table 3.1. Blots were imaged imaged using a LI-COR

Biosciences Odyssey Fc instrument (LI-COR, NE, USA).

Table 3.1 Primary and secondary antibody information

Expected
Application Antibody Host ID Manufacturer Dilution

Size (kDa)
Primary Anti-GFP Rabbit ab290 Abcam 1:1000 27
Primary Anti-BActin Mouse MA5-15739 ThermoFisher 1:2000 42
Primary Anti-ALIX Rabbit ab186429  Abcam 1:2000 97
Secondary Anti-Rabbit Goat 926-32211  LI-COR 1:5000 N/A
Secondary Anti-Mouse Goat 926-32210 LI-COR 1:5000 N/A

3.3.4. Quantitative RT-qPCR

Total RNA was isolated using Trizol (Invitrogen) according to the manufacturer’s protocol. cel-
miR-39 (non-mammalian miRNA added as an exogenous spike control) was added to all
samples before extraction for normalization. RNA used for sgRNA analysis was subjected to
DNase I (Thermo Fisher Scientific) treatment prior to cDNA synthesis. cDNA was synthesized
using High-Capacity RNA-to-cDNA (Applied Biosystems) for mRNA or TagMan miRNA
cDNA Synthesis Kit (Applied Biosystems) for miRNAs per the manufacturer's instructions. 1:10
cDNA was used for each PCR reaction, performed with PowerUp SYBR Green Master Mix

(Thermo Scientific) for mRNA or TagMan Fast Advanced Master Mix (Thermo Scientific) for
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miRNAs on a StepOnePlus real time PCR system (Applied Biosystems). Quantification cycles
(Cq) were normalized to Cq of GAPDH or cel-miR-39, for cell samples and EV samples
respectively, and fold enrichments were calculated as compared to the control values. Number of

EVs (quantified by NTA was used to normalize EV samples.

3.3.5. EV-treatment of dCas9-VPR reporter cells

HEK293T reporter cells were seeded at a density of 100,000 cells/well in 24 well plates 12h
before EV treatment. Cells for sgRNA" control (cells that expressed sgRNA) were transfected
with U6-P2-sgRNA plasmid 24h before EV transfer. Cells in 500 pl Opti-MEM/ well were
treated with 250 ml EVs at 1x10'! EVs/ml filtered with 0.45 mm PES syringe filters (Sigma
Aldrich). To promote endosomal escape of EVs, 25uM chloroquine (Sigma-Aldrich) was added
to the cells together with the EVs when indicated. 24h after EV transfer, cells were harvested and

analyzed by Flow Cytometry.

3.3.6. Flow-cytometry analysis of dCas9-VPR reporter cells

Complete media was aspirated, cells were washed with PBS followed by 10min incubation with
50 ml trypsin-EDTA. Trypsin was inactivated using 500 ml FACS buffer (PBS containing 10%
FBS). Cells were pipetted up and down several times to remove cellular clumps, followed by
filtration using Falcon 70 mm White Cell Strainer and transfered to Falcon Round-Bottom
Polystyrene Tubes (Stemcell Technologies). Cells were stored on ice prior to sample analysis

using the BD LSR Fortessa Analyzer (BD Biosciences).

Data analysis was performed using FlowJo software (BD Biosciences). Live HEK293T

reporter cells were identified by plotting SSC-A (side-scattering area) and FSC-A (forward
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scattering area) values, while single-cells were identified by plotting SSC-H (side-scattering
height) against SSC-A values. Reporter cells that stably integrated the reporter construct are
expected to constitutively express eGFP. Therefore, eGFP positive cells were selected by
plotting SSC-H parameter against eGFP intensity (measured at 488-530nm). For experiments
where cells were transfected with U6-P2-sgRNA, successfully transfected cells were selected
according to iBlue expression in addition to eGFP expression. This was carried out by plotting
SSC-H parameter against iBlue intensity (measured at 640-670nm). Reporter activation was

analysed measuring mScarlet-I intensity (561-610nm).

3.3.7. NanoFCM analysis

NanoFCM is a flow cytometry technique that enables the quantification of EV samples as well as
the size and fluorescence assessment of single EVs. To detect VSVG'™ EVs, EVs from cells
transfected with VSVG were labeled with primary anti-VSVG antibody (ab1874, Abcam) and
secondary goat anti-rabbit (BioRad) by incubation at room temperature for 1h. Labeled EVs
were then separated from unbound antibodies by size-exclusion liquid chromatography. Labeled
EVs and GFP EVs were analyzed and quantified using Flow Nanoanalyzer instrument
(nanoFCM). Samples containing vesicles were diluted in phosphate-buffered saline (PBS) for

analysis.
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3.4. Results

The delivery of therapeutic oligonucleotides such as miRNA to intracellular targets has proven
notoriously difficult!>**°!, Native EVs contain very low levels of miRNAs**?, therefore an active
loading strategy is required to load miRNAs to EVs. AGO2 is essential for miRNA-induced
silencing complex function as it binds to mature miRNAs and is able to cleave the target
transcripts directly’®. Thus, we reasoned that by fusing AGO2 to peptides/proteins that are
targeted to, or associate with EVs, we could increase AGO2: miRNA complexes in EVs. For this
purpose, we made four constructs where the N-terminus of AGO2 was fused to either eGFP-
C1C2, eGFP-CP05, eGFP-UBLS3 or eGFP (Fig 3.1). The C1C2 domain of lactadherin associates
with the outer EV membrane by interaction with phosphatidylserine’** while CP05 peptide binds
to the highly abundant EV transmembrane protein CD63%*°. Hence, we hypothesised that both
fusions could redirect soluble AGO2: miRNA complexes to associate with the EV membrane.
UBLS3 acts as a post-translational modification factor that regulates protein sorting to small
EVs”, thus UBL3 fusion could target AGO2:miRNA complexes into EVs. The eGFP-only

construct served as a control for passive EV-loading.
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Figure 3.1 AGO2 EV- loading strategy.

(a) Scheme of constructs tested in this study. (b) AGO2 EV-loading methods. Clockwise from
top left: AGO2-eGFP-CI1C2 fusion, where C1C2 enables the association to the EVs by binding
to phosphatidylserine in the EV membrane; AGO2-eGFP-CP05, where CP05 promotes EV-
loading via its interaction with CD63 in the EV surface; AGO2-eGFP-UBL3, where UBL3 sorts
proteins into the EVs via its two prenylation motifs; AGO2-eGFP, that serves as a stochastic
loading control. AGO2, argonaute 2; C1C2, C1C2 domain of lactadherin; UBL3, ubiquitin-like

protein 3.

To test the EV-loading ability of AGO2-fusion proteins, we transfected HEK293T cells with the
various constructs and then isolated the EVs from conditioned media using tangential flow
filtration followed by size exclusion liquid chromatography (LC). EV LC-fraction fluorescence
from cells transfected with AGO2-eGFP-UBL3 was notably higher than that of AGO2-eGFP,
while a slight increase in fluorescence was observed in cells transfected with AGO2-eGFP-CP05
and AGO2-eGFP-CIC2 as compared to AGO2-eGFP (Fig 3.2a). Western blotting of cell lysates
and EVs showed that AGO2-eGFP-UBL3 protein levels in EVs were higher than those of
AGO2-eGFP while the levels in cells remained similar (Fig 3.2b), consistent with the
fluorescence data. In AGO2-eGFP-UBL3 EV sample there were additional higher and lower
molecular weight bands besides the main band (which had the expected size). Lower molecular
weight bands may represent cleavage products while the higher molecular weight bands could
represent covalent protein modifications. AGO2-eGFP-CP05 levels were also higher in EVs as
compared to AGO2-eGFP, although to a much lesser extent (Fig 3.2b). Together these data
suggest that AGO2-eGFP-UBL3 and AGO2-eGFP-CP05 are enriched in EVs as compared to

untargeted AGO2-eGFP, although AGO2-eGFP-CP05 was enriched to a much lesser extent.

We next assessed endogenous miRNA loading of EVs isolated from HEK293T cells

transfected with the AGO2-fusion constructs. The levels of three endogenous miRNAs were
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measured: miR-21, miR-100 and miR-106. These miRNAs are present in EVs at low, medium,
and high levels, respectively>®>. miR-21 and miR-106 showed a ~5-fold enrichment in EVs from
AGO2-eGFP-CPO05 and a ~2.5-fold increase in EVs from AGO2-eGFP-UBL3 transfected cells,
as compared to AGO2-eGFP EVs (Fig 3.2¢). miR-100 was enriched ~2.5-fold in EVs from
AGO2-eGFP-CP05 and ~5-fold in EVs from AGO2-eGFP-UBL3 cells (Fig 3.2¢). Despite these
data show moderate levels miRNA of enrichment in EVs, we would expect higher level of
miRNAs in EVs from AGO2-eGFP-UBL3 cells than in EVs from AGO2-eGFP-CP05 according
to the AGO2-fusion protein levels shown in the western blot. This data does not seem to indicate
that the enrichment observed in EV miRNAs is linked to the increase of AGO2-fusion-proteins

in EVs.
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Figure 3.2 Assessment of endogenous miRNA loading to EVs via AGO2-fusion-proteins.

(a) Fluorescence of the fractions derived from size-exclusion liquid chromatography of EV-
containing conditioned media from HEK293T cells transfected with AGO2-eGFP, AGO2-eGFP-
CP05, AGO2-eGFP-UBL3, AGO2-eGFP-C1C2. Fluorescence relative to 280 nm absorbance
values. Untransfected cells were used as control. (b) Western blot of native AGO2 and AGO2-
fusion-proteins in HEK293T cells and EVs. Cell lysates and isolated EVs were blotted against
ACTB and ALIX respectively. Both cell lysates and isolated EVs were blotted against GFP. (c)
Levels of miR-21, miR-100, miR-106 were measured in EVs and cells by RT-qPCR.

To evaluate if we could increase the miRNA content of EVs using an exogenously expressed
shRNA, we tested AGO2-eGFP-UBL3 and AGO2-eGFP-CP05 fusion constructs in HEK293T
cells stably expressing shLuc-shRNA. Only AGO2 constructs that were enriched in EVs in
previous experiments were assessed. EV-fractions from AGO2-eGFP-UBL3 cells exhibited
increased fluorescence, suggesting that this construct is enriched in EVs (Fig 3.3a). However, no

increase in shRNA levels was observed in EVs (Fig 3.3b).
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Figure 3.3 shRNA levels are not increased in EVs from cells transfected with AGO2-fusion-
proteins despite an increase in EV-protein levels.

(a) Relative fluorescence of the fractions derived from size-exclusion liquid chromatography of
EV-containing conditioned media from HEK293T cells stably expressing shLuc transfected with
AGO2-eGFP, AGO2-eGFP-CP05, AGO2-eGFP-UBL3. Fluorescence relative to 280 nm
absorbance values. Untransfected cells were used as control. (b) Levels of shLuc were measured

in EVs and HEK293T cells stably expressing shLuc by RT-qPCR. Statistical significance was
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tested by one-way ANOVA and Bonferroni post hoc test. Data are presented as mean + SEM, n =
3 replicates, ** P <0.01.

Having shown that AGO2 fused to UBL3 was highly enriched in EVs, we decided to focus on
the delivery of dCas9-VPR using UBL3 considering the therapeutic relevance of Cas9 delivery.
This Cas9 variant is a fusion of nuclease null Cas9 with a tripartite activator (VP64-p65-Rta) that
activates transcription®”®. AGO2 and Cas9 have different mechanisms of RNA binding, thus the
fact that AGO2 was not able to sort miRNAs to EVs in our experimental conditions did not
imply that Cas9 would be sorted to the EVs without its associated sgRNA. We decided to use
dCas9-VPR (VP64-p65-Rta) due to the availability of a HEK293T reporter cell line that

expresses GFP in response to dCas9VPR transcriptional activation.

As we did for the AGO2 constructs, to assess dCas9-VPR-eGFP-UBL3 loading to EVs
we transfected HEK293T cells with sgRNA and dCas9-VPR-eGFP or dCas9-VPR-eGFP-UBL3
and then isolated the EVs from conditioned media using size exclusion LC. EV LC-fractions
from cells transfected with dCas9-VPR-eGFP-UBL3 had higher fluorescence values as
compared with dCas9-VPR-eGFP (Fig 3.4a), indicating that UBL3 promotes dCas9-VPR-eGFP
EV-sorting. In the same Western blot of cell lysates and EVs showed that dCas9-VPR-eGFP was
only detected in EVs when it was fused to UBL3 (Fig 3.4b). We next tested sgRNA sorting to
EVs in cells transfected with dCas9-VPR constructs. A ~6-fold increase was observed in dCas9-
VPR-eGFP-UBL3 EVs sgRNA levels as compared to those in dCas9-VPR-eGFP EVs, without
significant changes in intracellular sgRNA expression (Fig 3.4c). We then estimated by RT-
qPCR using an sgRNA standard curve that on average 4 out of 100 EVs had a molecule of

sgRNA for dCas9-VPR-eGFP EVs and 35 out of 100 EVs had a molecule of sgRNA for dCas9-
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VPR-eGFP-UBL3 EVs (Fig 3.4d). All together, these data indicate that both dCas9-VPR-eGFP-

UBL3 protein and sgRNA are enriched in EVs from cells expressing dCas9-VPR-eGFP-UBL3.
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Figure 3.4 dCas9-VPR fused to UBL3, and sgRNA are enriched in EVs from dCas9-VPR-
eGFP-UBLS3 transfected cells.

(a) Relative fluorescence of the fractions derived from size-exclusion liquid chromatography of
EV-containing conditioned media from HEK293T cells co-transfected with single guide RNA
(sgRNA) and dCas9-VPR-eGFP or dCas9-VPR-eGFP-UBL3. Fluorescence relative to 280 nm
absorbance values. Untransfected cells were used as control. Data represent three independent
replicates and is presented as the mean = SEM. *P < 0.05 (b) Western blot of dCas9-VPR-eGFP
and dCas9-VPR-UBL3 in HEK293T cells and EVs. Cell lysates and isolated EVs were blotted
against ACTB and ALIX respectively. Both cell lysates and isolated EVs were blotted against
GFP. (c¢) Level of sgRNAs were measured in EVs and cells by RT-qPCR. (d) sgRNA copies per
vesicle were measured by absolute quantification RT-qPCR using a known concentration of
sgRNA plasmid as standard. Data are presented as mean + SEM, n = 3 independent replicates,

*P <0.05, ***P <0.001.

We next assessed whether the dCas9-VPR and sgRNA loaded into the EVs could be delivered to
recipient cells. To do so, we used HEK293T reporter cells that express mScarlet red fluorescent
protein in response to dCas9-VPR transcriptional activation (Fig 3.5a). To determine if dCas9-
VPR-fusion-proteins retained their function, we measured the transcriptional activation of
mScarlet in reporter cells transfected with the construct. dCas9-VPR-eGFP and dCas-VPR-
eGFP-UBL3 transcriptional activity were not significantly different to that of dCas9-VPR (Fig
3.5b), suggesting that eGFP or eGFP-UBL3 fusion did not alter dCas9-VPR function. To assess
dCas9-VPR EV transfer, we incubated reporter cells with EVs from HEK293T cells transfected
with dCas9-VPR-eGFP-UBL3 and sgRNA plasmids and performed flow cytometry analysis 48h
later. Treatment with dCas9-VPR-eGFP-UBL3 and sgRNA EVs did not lead to a detectable
increase in mScarlet expression as compared to dCas9-VPR-eGFP and sgRNA EVs (Fig 3.5¢).
To rule out the possibility that the lack of activity was due to low sgRNA levels in the EVs, we

incubated the EVs with reporter cells expressing the sgRNA. To do so, reporter cells were
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transfected with sgRNA plasmid 24h before EV transfer. No activity was detected in reporter
cells (Fig 3.5d). These results indicate that EV-loaded dCas9-VPR-eGFP-UBLS3 is not able to

activate transcription at detectable levels in our reporter system.
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Figure 3.5 Delivery of dCas9-VPR via EVs is not able to activate reporter cell transcription
at detectable levels.

(a) Scheme of the HEK293T reporter cell line. dCas9-VPR binds to CTS (CRISPR-Cas9 target
sites) guided by its sgRNA and promotes the transcriptional activation of mScarlet. eGFP is
constitutively expressed by CMV promoter. (b) Flow cytometry data showing reporter cells
transfected with dCas9-VPR (positive control), dCas9-VPR-eGFP, dCas9-VPR-eGFP-UBL3 and

untransfected cells (negative control). (¢) Flow cytometry data of reporter cells treated with

1x10" EVs per well (24-well plate). EVs were isolated from cells transfected with; dCas9-VPR-
eGFP and scramble sgRNA, dCas9-VPR-eGFP and targeting sgRNA, dCas9-VPR-eGFP-UBL3
and scramble sgRNA, dCas9-VPR-eGFP-UBL3 and targeting sgRNA. (d) Flow cytometry data

of reporter cells expressing sgRNA treated with 1x10" EVs per well (24-well plate). EVs were
isolated from cells transfected with; dCas9-VPR-eGFP and scramble sgRNA, dCas9-VPR-eGFP
and targeting sgRNA, dCas9-VPR-eGFP-UBL3 and scramble sgRNA, dCas9-VPR-eGFP-UBL3
and targeting sgRNA. Only single cells that are positive for GFP were plotted. Data represent

three independent replicates and is presented as the mean + SEM.

Once EVs have been taken up by recipient cells, the majority enter the endocytic pathway and
become entrapped in the endosomes!®*. Thus, EV content must be released to the cytosol before
EVs are re-exported to the extracellular space or degraded by lysosomal enzymes. To increase
cytosolic delivery of EV cargo, producer cells can be modified to express membrane proteins
that integrate in the EV membrane and promote endosomal escape. One of the most commonly
used is VSVG, a viral protein that promotes EV uptake by receptor mediated endocytosis and
facilitates the fusion of the EV and endosome membranes with the subsequent release of EV

contents to the cytoplasm?%2,

To enhance functional delivery of dCas9-VPR to recipient cells by EVs, we co-expressed
dCas9-VPR-eGFP-UBL3 and sgRNA in HEK293T cells stably expressing VSVG with the aim

of producing EVs with both dCas9-VPR and VSVG. To determine whether dCas9-VPR-eGFP-
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UBL3 and VSVG were present in the same EVs, we measured the percentage of EVs positive for
dCas9-VPR-eGFP-UBL3, VSVG or both by nano flow-cytometry. As observed in Fig 3.6b, c,
10.9% of EVs were dCas9-VPR-eGFP-UBL3 positive and these EVs had a median size of ~100
nm. Regarding VSVG, 17.7% of EVs were positive for VSVG and these EVs showed a median
size of ~60 nm (Fig 3.6a, ¢). Only 2.5% of EVs were double positive, meaning that only a minor
proportion of EVs contained both dCas9-VPR and VSVG (Fig 3.6¢). The above results suggest
that dCas9-VPR-eGFP-UBL3 and VSVG are primarily expressed in mutually exclusive

subpopulations of EVs.
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Figure 3.6 dCas9-VPR-eGFP-UBL3 and VSVG protein are present on different EV
subpopulations.

Nano flow-cytometry (nano-FCM) analysis of EVs from stable HEK293T cells expressing
vesicular stomatitis virus glycoprotein (VSVG) transfected with dCas9-VPR-eGFP-UBL3. (a)
Size distribution of VSVG positive EVs. VSVG presence in EVs was assessed using fluorescent
antibodies against VSVG. (b) Size distribution of EVs positive for dCas9-VPR-eGFP-UBLS3.
Cas9-fusion-protein was detected by GFP fluorescence. (¢) VSVG positive, dCas9-VPR-eGFP-
UBL3 positive and double positive EVs.

To determine if endosomal escape was the factor limiting EV-dCas9-VPR delivery, we assessed

the transfer of dCas9-VPR-eGFP or dCas9-VPR-UBL3 loaded EVs in presence of chloroquine.
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Chloroquine is a membrane-permeable endosomal escape enhancing molecule that promotes

cytosolic release of endosomal content by the proton sponge effect'®

. During endosome
maturation, chloroquine becomes protonated, which induces CI" and H20O influx, endosome
swelling and ultimately endosome rupture, thereby releasing endosomal cargo to the

cytoplasm!®1:2%,

To this end, we used a reporter plasmid that expresses eCFP in response to dCas9-VPR
transcriptional activation (Fig 3.7a, b). In this set of experiments, we decided to use an
alternative dCas9 reporter cell line given that the reporter cell line used in previous experiments
showed a high background signal (Fig 3.5). As observed in Fig 3.7¢, incubation of reporter cells
with EVs from dCas9-VPR-eGFP-UBL3 did not lead to a detectable increase in eCFP expression
as compared to dCas9-VPR-eGFP or untreated control. Similar results were obtained when we
incubated the EVs with reporter cells expressing the sgRNA. No dCas9-VPR activity was
detected in reporter cells (Fig 3.7d). These results suggest that endosomal escape is not the only

factor limiting the functional delivery dCas9-VPR loaded EVs.
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Figure 3.7 Endosomal escape is not the only limiting factor hindering functional EV-
delivery of dCas9-VPR.

(a) Scheme of the dCas9-VPR reporter plasmid. dCas9-VPR binds to CTS guided by its sgRNA
and promotes the transcriptional activation of eCFP. (b) Flow cytometry data showing reporter
cells transfected with dCas9-VPR, sgRNA and reporter plasmid (positive control) and

untransfected cells (negative control). (¢) Flow cytometry data of reporter cells treated with

110" EVs per well (24-well plate) with or without 25 uM chloroquine. EVs were isolated from
cells transfected with; dCas9-VPR-eGFP and scramble sgRNA, dCas9-VPR-eGFP and targeting
sgRNA, dCas9-VPR-eGFP-UBL3 and scramble sgRNA, dCas9-VPR-eGFP-UBL3 and targeting
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sgRNA. (d) Flow cytometry data of reporter cells expressing sgRNA treated with 1x 10" EVs per
well (24-well plate) with or without chloroquine. EVs were isolated from cells transfected with;
dCas9-VPR-eGFP and scramble sgRNA, dCas9-VPR-eGFP and targeting sgRNA, dCas9-VPR-
eGFP-UBL3 and scramble sgRNA, dCas9-VPR-eGFP-UBL3 and targeting sgRNA. Data

represent n = 2 and is presented as the mean + SEM.
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3.5. Discussion

In this study we sought to develop a strategy to sort dCas9-VPR/sgRNA complexes into EVs and
to deliver functional dCas9-VPR/sgRNA complexes to recipient cells via a UBL3 tag. UBL3 is
protein that acts as a post-translational modification (similar to ubiquitin) and regulates protein
sorting to the EVs®. UBL3 itself is modified by palmitoylation and prenylation
(geranylgeranylation), which enable its anchoring to membranes®®’. It has been shown that
UBLS3 fusion is capable of sorting GFP to the EVs, indicating that proteins could be sorted to

EVs by UBL3%.

At first, the aim was to deliver miRNAs or shRNAs to recipient cells via AGO2-
UBL3/miRNA complex sorting to EVs. Despite that AGO2-eGFP-UBL3 was highly enriched in
EVs (Fig 2b), miRNA and shRNAs levels in the EVs were not concomitantly increased (Fig 2c,
Fig 3b). It may be possible that AGO2 fused to UBL3 is sorted to the EVs before having the
opportunity to bind to miRNAs/shRNAs due to time or space constraints. Another possibility

could be that AGO?2 is not the main protein binding to miRNAs or shRNAs in native EVs.

Nevertheless, considering AGO2 targeting to the EVs was highly enhanced via UBL3
fusion, we decided to investigate delivery of dCas9-VPR/sgRNA complexes using the same
UBL3 strategy. The CRISPR-Cas9 system represents a potent tool for gene editing and

transcription regulation due to its high efficiency and specificity®*®

. However, this potential is
hampered by the lack of efficient delivery methods*”. When fused to UBL3, dCas9-VPR-eGFP
and sgRNA were successfully loaded to the EVs (Fig 4) and 10.9% of EVs were positive for

GFP fluorescence (Fig 6c). However, functional activity of dCas9-VPR was not detected when

EVs were transferred to recipient reporter cells (Fig S5). This could be in part due to the high
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background mScarlet levels in reporter cells that may have masked EV dCas9-VPR function

signal.

In order to deliver functionally active cargo, dCas9-VPR EVs need to be taken up and
their contents released to the cytoplasm, whereby dCas9-VPR can then be transported to the
nucleus in order to activate transcription. Having ruled out that the lack of detectable activation
was due to low sgRNA levels in EVs by using reporter cells transfected with sgRNA (Fig 5d),
we decided to tackle the likely possibility that EV cargo was not reaching the cytosol of recipient
cells due to endosomal entrapment. For this reason, we decided to produce EVs in stable cells
expressing VSVG, a well-known endosomal escape protein expressed in EV membrane that
facilitates both uptake and EV-endosome membrane fusion, releasing EV content to the
cytoplasm?®2. Although 10.9% and 17.7% of EVs were positive for dCas9-VPR-UBL3 and
VSVG respectively, only 2.5% of EVs contained both proteins, suggesting that they are not
mostly expressed in the same EV subpopulations. In fact, the two subpopulations differed in
median size of EVs (Fig 6a, b). To determine if the factor limiting EV delivery of dCas9-VPR
was the cytosolic release of cargo from endosomes, we performed the EV transfer experiments in
presence of chloroquine, an endosomolytic molecule that has been previously used to enhance
functional delivery of cargo proteins via EVs?®. Efficiency of EV transfer to reporter cells was
too low and could not be detected (Fig 7). This indicates that endosomal escape might not be the

only factor restricting functional delivery of EV cargo. Although some studies indicate EVs are

185 104,184,202
b

uptaken by recipient cells'®°, several studies have reported low EV uptake efficiencies
thus it is possible that EV uptake by reporter cells was too low to promote cell activation at

detectable levels. Another possibility that could account for the lack of detectable activity and

that was not explored is the association of UBL3 to the EV membrane. UBL3 sorting to the EVs
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is related to its ability to associate to membranes®>. Although UBL3 could potentially detach
from the EV membrane?'”, it is still possible that EV-delivered dCas9-VPR-eGFP-UBL3 is not
functional due to dCas9-VPR being retained at the EV-membrane and unable to reach the

nucleus.

Other studies have attempted to load and deliver Cas9/sgRNA complex via EVs with
variable degrees of success. Some have relied on centrifugation of EVs together with recipient
cells (spinoculation) in order to deliver Cas9/sgRNA cargo**’>!!. However, despite the uptake
efficiency of this method being high, it can only be used for in vitro delivery. Cas9/sgRNA
sorting to EVs has also been achieved by simple overexpression of dCas9-VPR protein and
sgRNA3312 Nevertheless, in this and other studies, functional delivery of Cas9 was not
detected in EVs unless Cas9 was tagged with an EV-targeting protein'>>2°723_ Several recent
studies have successfully delivered Cas9 ribonucleoprotein using Gag viral proteins®®’-*¢7,
ARRDCI1' or CD63%°%?7 as EV-scaffold proteins. In most of these studies, a release system
was required to accomplish functional delivery of Cas9. These were based on aptamer-aptamer
binding protein interaction, GFP-GFP nanobody interaction, small molecule induced
dimerization or the introduction of a viral protease restriction site. This was not the case for the
strategy based on ARMMs (arrestin domain containing proteinl-mediated microvesicles), in
which ARMMs were capable of packaging and delivering Cas9/sgRNA complex in vitro with
moderate efficiency when Cas9 was fused to ARRDC]l-interacting WW-domains!*>. Another
study used a myristoylation tag on Cas9 to successfully deliver Cas9/sgRNA complex to

265

recipient cells in vitro™. However, chloroquine and polybrene transfection reagent were added

265

during the EV transfer, limiting the therapeutic use of this strategy”>. As for the requirement of

an endosomal escape protein, some studies have also included VSVG202:203:247.272300311 oy
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BaEVRLess?”® (baboon endogenous virus envelope glycoprotein) at the EV surface to enhance

uptake and cytoplasmic delivery.

The majority of the aforementioned studies used nuclease-competent Cas9 and use cells
stably expressing GFP as reporter cells for activity detection, while in our study we used
transcriptional activating dCas9. Our system is less sensitive than those using nuclease-
competent Cas9 due to promoter leakage and the fact that dCas9-VPR must be present at the
activation site to trigger the expression of the reporter fluorescent protein, whereas with
nuclease-competent Cas9 a single cutting event triggers the expression of the fluorescent reporter.
Thus, these differences together with the fact that EV-uptake is cell-type dependent'®® and
differing EV-isolation methods might explain the lack of activity detection in our system as
compared to other studies. Importantly, these studies normally do not report the concentration of

EVs used in the EV-transfer experiments, thus hindering possible comparisons with our study.
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3.6. Conclusions

The EV-delivery strategy assessed in this chapter was unsuccessful, nevertheless we were
able to identify the key parameters limiting EV-mediated functional delivery. These include the
requirement of an EV surface protein that mediates uptake by the recipient cells, an endosomal
escape moiety that promotes cytosolic release of the cargo protein and an EV-release system to
enable cargo protein transport to its final intracellular location. In addition, our results exposed
the importance of single vesicle analysis to ascertain if the various protein components are
present in the same vesicles. These findings provided motivation to search more broadly for

alternative EV-loading approaches that would meet the aforementioned requirements.
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4. Results II — In silico 1dentification of novel

protein features to enhance cargo loading

into the EVs
4.1. Introduction

The enrichment of specific proteins in EVs compared to their parental cell levels is suggestive of
the existence of mechanisms for regulating the sorting of protein cargo to EVs!®. Although these
mechanisms are beginning to be deciphered, they still are not fully understood. Interestingly,
protein features including post translational modifications (PTMs), protein motifs, and protein

domains have been shown to play a major role in EV-protein sorting and EV biogenesis>'.

Motifs can either facilitate binding interactions between specific protein partners or may
constitute signals for enzyme-mediated covalent addition of PTMs. For example, late domain
motifs in viral Gag proteins can be recognized by the ALIX and ESCRT-I component TSG101,
which mediate in their sorting and release in EVs®*!>216, In addition, the CAAX motif found in
Rab GTPases promotes their geranylgeranylation, a modification that enables their binding to
cellular membranes®!'’”. Similarly, protein domains can also play a role in protein-protein binding,
and promote interactions between proteins and other macromolecules such as carbohydrates or
lipids®'®. For example, the C1C2 domain of lactadherin binds to phosphatidylserine, which is

enriched in EV membranes and has been implicated in sorting of lactadherin to EVs?**,

PTMs are covalent modifications of proteins that occur after protein biosynthesis. They
are able to modulate protein properties such as their activity, subcellular location, and interaction

with other molecules. The main classes of PTMs include irreversible amino acid modifications
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(e.g., deamidation), proteolysis, and the addition chemical moieties (e.g., phosphorylation,
hydroxylation), complex molecules (e.g., lipidation, glycosylation), or other polypeptides (e.g.,
ubiquitination, sumoylation). Although the majority of post-translational modifications are
reversible, the enzymes involved in PTM processing are highly regulated. Ubiquitination has
emerged as a key player in protein cargo clustering and sorting to EVs®!®. Several types of
ubiquitination have been described depending on the number of ubiquitin molecules added
(monoubiquitination or polyubiquitination) and on the amino acid in ubiquitin by which the
polyubiquitin chains are linked (i.e., K6, K11, K27, K29, K33, K48, K63, or M1)*%. While K48-
linked polyubiquitin chains have been implicated in the targeting of proteins for proteasomal
degradation, K63-linked chains have been shown to be involved in endocytic traffic and ILV

formation®?!

. The latter is mediated by the recognition of K63 by ubiquitin interacting motifs in
ESCRT-0 components™. One of the most common PTMs is protein glycosylation®’2. This
modification is involved in protein stability, trafficking, and cell surface recognition processes>'®.
Interestingly, lectin microarrays have indicated that EVs from various cell sources exhibit a
common glycan signature. EVs are enriched in polylactosamine, a2-6 linked sialic acid, high
mannose, and complex N-linked glycans*?*. Conversely, blood group A and B-antigens were less
abundant on EVs than on the cell surface’®. These differences between parental and EV
membranes have been suggested to derive from the segregation of a specific subset of
glycoproteins into the membrane microdomains from which EVs arise. The oligomerization of
glycoproteins mediated by lectin recruitment has been reported to regulate endocytosis and

325

intracellular vesicle trafficking®?*. In particular, galectins have been found in EVs®*> and have

been reported to be involved in lipid raft organization and endocytosis*?°.
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Protein lipidation has also been implicated in EV protein sorting. Shen et al., showed that
the addition of myristoylation or prenylation/palmitoylation tags to TyA, a cytoplasmic protein,
promoted TyA sorting into EVs*?’. In addition, UBL3 modification by geranylgeranylation and

palmitoylation was reported to be essential for EV-packaging of UBL3.

In this chapter, we develop a bioinformatics analysis to identify novel protein features to

enhance cargo loading into EVs.
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4.2. Hypotheses and aims

Hypothesis:

- There exist novel protein features (domains, post-translational modifications, and/or

motifs) that promote protein loading to the EVs.
Aim:

- In silico identification of novel protein domains, post-translational modifications, and/or

motifs that could be used as scaffolds to sort proteins into the EVs.
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4.3. Materials and methods

4.3.1. Bioinformatics analysis

For the bioinformatics analysis, custom scripts were generated in Python (version 3.8) to find
statistically significant EV-enriched UniProt*?%-annotated features on proteins using matched EV
and producer cell mass spectrometry data (from HEK293T cells, MSCs and adipocytes). This
analysis was named integrated proteomics and feature annotation analysis (IPFA). Numpy,
seaborn, functools, math, matplotlib, scipy, json, and request Python packages were used. To
identify features that were significantly EV-enriched (P value < 0.05), the Kolmogorov-Smirnov
test followed by Benjamini-Yekuteli post hoc test was applied. This test compared the
distributions of “EV vs cell abundance ratio”. of proteins with a given feature and that of all
proteins in the dataset and determine if the distributions were significantly different. In order to
deal with the missing data problem, a value of one was added to every mass spectrometry area
measurement (abundance). As such, the mathematical distances between samples were

maintained and any zeros effectively removed.

4.3.2. Proteomics data generation (published by Sork et Al.)

Proteomics mass spectrometry data used in this study was previously published®®. Briefly, EVs
were isolated from cell culture supernatants of HEK293T cells (n = 3), MSCs (n = 3), and
adipocytes (n = 3) by dUC. Conditioned medium centrifuged at 300 g 5 min, followed by a spin
at 1500 g 10 min, and a 0.22 um filtration step. EVs were pelleted by two consecutive
centrifugation steps at 110000 g 90 min. The resulting EV pellet was resuspended in PBS and

stored at —80 °C for proteomic analysis. EVs and cells were analysed by LC-MS/MS as
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described previously?®*. Protein abundance was calculated from the MS Area of the given protein

over the total MS Area of the sample proteome.
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4.4. Results

4.4.1. Development of a bioinformatics analysis to identify
potential EV-sorting features

As shown previously in Chapter I, PTM-mimicry by UBL3 results in efficient AGO2 and dCas9-
VPR protein sorting to EVs. Therefore, we were motivated to develop an in silico approach to
identify protein features with utility for EV-loading, preferentially features that could be used for
sorting proteins in a soluble form. To this end, we integrated proteomics data (from EVs and
producer cells) with protein annotation data (i.e. UniProt motifs, domains, and PTMs). Data for

HEK293T cells, MSCs and adipocytes was published previously®®.

Custom Python scripts were used to identify EV-enriched protein features using mass
spectrometry proteomics data and protein data from UniProt (Fig 4.1). The first step of the
analysis was the extraction of protein motif, domain, and PTM annotations from the UniProt
database. For PTMs and motifs, data were manually curated to remove duplicates and pool
together identical features. Additionally, groups of related (e.g. glycosylation) PTMs were
pooled and included as additional features. Data from protein features were then integrated with

publicly available mass spectrometry proteomics data’*

and features that appeared on less than 5
proteins filtered out for reasons of statistical power. We considered EV-enriched features as
those that were significant by Kolmogorov-Smirnov test, and which exhibited an increase in the

EV vs cell abundance ratio relative to the median ratio for all proteins. EV-enriched features

matching these criteria are shown in Fig 4.2, 4.3, 4.4.
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Figure 4.1 Bioinformatics analysis scheme.

Protein motif, domain (as annotated on SMART database), and post-translational modification
(PTM) data were extracted from the UniProt database. Motif and PTM data were then manually
curated to remove duplicates and pool together identical features. In the case of PTMs, additional
groups of related PTMs were pooled and included in the analysis as separate categories. Protein
feature data were integrated with mass spectrometry proteomics data*® (from HEK293T cells,
MSCs, and adipocytes) and only features that appear on at least 5 proteins were included in the
analysis because of the difficulty to detect statistically significant changes of feature annotations
when data was scant. Distributions of proteins with a given feature and that of all proteins were
then compared by Kolmogorov-Smirnov test followed by Benjamini-Yekuteli post hoc test to
identify features that were significantly EV-enriched (P < 0.05). The distribution of EV vs cell
abundance ratio (logio) of proteins with significantly EV-enriched features was then represented

and relevant features were manually selected.
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4.4.2. Protein motif analysis
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Figure 4.2. In silico identified EV-enriched annotated motifs.

Violin plots representing the EV vs cell abundance ratios (logio) of proteins with statistically
significant EV-enriched (P < 0.05) annotated motifs identified in HEK293T cells (a), MSCs (b)
and adipocytes (c¢). The number of proteins with the given motif in the dataset is depicted next to
plot. Violin plot of the EV vs cell abundance ratios (logio) of all proteins in the dataset is
included as a reference. The median abundance ratio for all proteins in the dataset is represented

as a dashed line.

Using the IPFA approach, PTAP, cell attachment site, and effector region motifs were found to

be enriched in EVs and common across the 3 cell lines (Fig 4.2).

100



4.4.3. Protein domain analysis
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Figure 4.3. In silico-identified EV-enriched domain annotations.

(a) Venn diagram of statistically significant EV-enriched annotated domains (P < 0.05) in
HEK293T cells, MSCs, and adipocytes. The number of domains identified for each group are
shown in the diagram. Violin plots representing the EV vs cell abundance ratios (logio) of
proteins with statistically significant EV-enriched domain annotations identified in (b)HEK293T
cells, (¢)MSCs, and (d) adipocytes. Only EV-enriched annotated domains common across all
three cell lines are shown. The number of proteins with the given domain in the dataset is
depicted next to plot. Violin plot of the EV vs cell abundance ratios (logio) of all proteins in the
dataset is included as a reference. The median abundance ratio for all proteins in the dataset is

represented as a blue dashed line.
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Table 4.1. List of EV-enriched common domains identified with the IPFA analysis.
Includes SMART database ID, name, description, and comment on proteins containing the

domain in our dataset.

The IPFA analysis was applied in this case to identify protein domains that could influence
protein EV-sorting. 44, 52, and 60 EV-enriched domain annotations were found on HEK293T
cells, MSCs, and adipocytes, respectively (Fig 4.3a). Among the identified domains, 25 were
common across all 3 cell lines according to our analysis (Fig 4.3a, Table 1). To select the most
relevant domains for our objective, we manually filtered the domains by inspecting the
subcellular location and type of proteins that harboured each of the EV-enriched domains. As
expected, various domains (11) were present almost exclusively in extracellular matrix (ECM)
proteins or in proteins known to be secreted to the extracellular space (Table 4.1), and so they
are unlikely to have a role in luminal EV-sorting. The tyrosine kinase catalytic domain, the G
protein alpha subunit, and the proteasome subunit A N-terminal signature were only present on
specific protein families and had a known role unrelated to protein sorting. Among the other 11
domains, five were present mostly on membrane proteins, three on membrane and ECM proteins,
and three on soluble proteins (Table 4.1). The latter include the SPRY, the MIT and the ERM

domain.
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4.4.4. Protein PTM analysis

To identify EV-enriched PTMs we performed the IPFA analysis. 53, 39, and 75 EV-enriched
domains were found on HEK293T cells, MSCs, and adipocytes, respectively (Fig 4.4a). Among
the identified PTMs, 25 were common across all 3 cell lines (Fig 4.4a). Most of the identified
PTMs were either types of glycosylation (Table 4.2) or types of lipidation (Table 4.2). Notably,
N-linked GIcNAc asparagine (N-GIcNAc) was highly enriched and present in ~10% of all
proteins in the three datasets (Fig 4.4b, ¢, d). Although to a lesser extent than glycosylation,
lipidation was also present on numerous proteins (~5%). Hydroxyproline, pyrrolidone carboxylic
acid, and specific kinase phosphorylation were also identified. The other 8 PTMs that were
identified (Table 4.2) are not suitable for facilitating EV-sorting (eg. ADP-ribosylarginine by

cholera toxin).
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Figure 4.4. In silico identified EV-enriched annotated PTMs.

(a) Venn diagram of statistically significant EV-enriched PTM annotations (P < 0.05) in
HEK293T cells, MSCs, and adipocytes. Number of PTMs identified for each group are shown in
the diagram. Violin plots representing the EV vs cell abundance ratios (logio) of proteins with
statistically significant EV-enriched PTM annotations identified in (b) HEK293T cells, (c¢) MSCs,
and (d) adipocytes. Only EV-enriched PTM annotations common across all three cell lines are
shown. The number of proteins with the given PTM in the dataset is depicted next to plot. Violin
plot of the EV vs cell abundance ratios (logio) of all proteins in the dataset is also shown. Median

value of all proteins in the dataset is represented as a blue dashed line. *P < 0.05.
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Table 4.2. EV-enriched PTMs identified with our bioinformatics analysis.
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NGIcNAc* Proteins HEK293T MSC Adipocytes

Total NGIcNAc* 388 528 435
Transmembrane 218 (56%) 261 (49%) 212 (47%)
Secreted 136 (35%) 219 (41%) 164 (38%)
Transmembrane or 334 (86%) 448 (84%) 350 (80%)
secreted

Table 4.3. Number and percentage of transmembrane, secreted, and transmembrane or
secreted N-glycosylation annotated proteins in HEK293T cells, MSC and adipocyte
datasets.

NGIcNAc" corresponds to proteins with N-glycosylation.

It has been previously reported that N-glycosylation is primarily found on membrane-bound and
secreted proteins®!®. Thus, we assessed the nature of N-glycosylation annotated proteins in the
dataset to determine if that was also the case. As expected, most N-glycosylated proteins were
transmembrane or secreted proteins (86% HEK293T cells, 87% MSCs, 80% adipocytes) (Table
3). To assess the effect of N-glycosylation on EV-enrichment, we compared the EV vs cell
abundance distribution of transmembrane and secreted proteins with or without N-glycosylation
(Fig 4.5). Both secreted and transmembrane N-glycosylation annotated proteins were EV-
enriched as compared to all proteins. However, while secreted proteins were EV-enriched
regardless of N-glycosylation, only N-glycosylation annotated transmembrane proteins were EV-
enriched. (Fig 4.5). Notably, ~70% of N-glycosylation annotated transmembrane proteins were
EV-enriched and most of the EV-enriched transmembrane proteins were annotated as N-

glycosylated (63% HEK293T cells, 47% MSCs, 49% adipocytes) (Table 4.4).
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Figure 4.5. N-glycosylation annotation is predominantly found on secreted and
transmembrane proteins.

Violin plots representing the EV vs cell abundance ratios (logio) of transmembrane, secreted,
NGIcNAc transmembrane, NGIcNAc secreted, and NGIcNAc proteins in (a) HEK293T cells, (b)
MSCs, and (¢) adipocytes. The number of proteins for each group are shown. Violin plot of the
EV vs cell abundance ratios (logio) of all proteins in the dataset is also shown. Median value of
all proteins in the dataset is represented as a blue dashed line. Difference in log10 Ratio (EVs vs
cells) distribution between transmembrane and NGIcNAc transmembrane is statistically

significant in the three cell types analysed (P < 0.05).
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Transmembrane proteins

Total EV-enriched Total
HEK293T 527 254 218
MSC 683 415 261
Adipocytes 593 302 212

Table 4.4. N-glycosylation annotated transmembrane proteins are EV-enriched and

NGIcNAc® Transmembrane proteins

EV-enriched

159

196

148

% NGIcNAC*
EV-enriched

73%

74%

70%

constitute almost half of total EV-enriched transmembrane proteins.

Number of total and EV-enriched transmembrane proteins with or without N-glycosylation
annotation in HEK293T cells, MSC, and adipocyte datasets are shown in the first and second
columns. Percentage of N-glycosylated transmembrane proteins that are EV-enriched and

percentage of EV-enriched transmembrane proteins with N-glycosylation are shown in columns

3 and 4. NGIcNAc" corresponds to proteins with N-glycosylation.
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4.5. Discussion

In this chapter, the main objective was to identify novel EV-loading motifs, domains and PTMs
that could be used to generate scaffolds for protein EV-sorting. Ideally, we would select EV-
loading features that could be used to target proteins inside the EVs and that are found on soluble
proteins. In this way, protein EV-cargoes would be protected from the extraluminal environment
and would not be retained in the membrane. Numerous studies have investigated the involvement
of specific motifs, domains and PTMs in protein EV-sorting in vitro**®>*. However, to our
knowledge no other study has attempted to identify EV-sorting features in silico. This approach
would enable a fast and cost-efficient analysis of large volumes of protein feature data. To do so,
we used custom python scripts to analyze mass spectrometry proteomics data from HEK293T

cells, MSCs, and adipocytes combined with UniProt protein feature annotations.

Despite the previously mentioned advantages of the IPFA analysis, it presented several
limitations. The main assumption of our approach was that EV-enrichment was indicative of EV-
sorting functionality. Even though this assumption is supported by the identification of well-
known EV-sorting features, this analysis might have identified features where this is not the case.

Given that the mass spectrometry data®%’

were generated using ultracentrifugation isolated EVs,
protein components from the ECM may have co-precipitated with the EVs during the
ultracentrifugation procedure. Thus, protein features identified in the EV samples were expected
to not be only those found inside or outside the EVs, but also those associated with
contaminating extracellular proteins®**3*°, Common features from proteins that belong to a same
EV-enriched protein family would be detected in the analysis regardless of their potential EV-

sorting role (e.g., if the GTPase protein family is EV enriched due to prenylation, other GTPase

common features such as the effector region will also be detected by our analysis). Thus, if

114



several EV-enriched features tend to appear together, the analysis would not distinguish between
the potential EV-sorting feature from the other EV-enriched features. Regarding the PTM
analysis, UniProt-annotated PTMs include predicted, and experimentally validated PTMs. For
predicted PTMs, the presence of the feature annotation does not mean that the PTM exists in the
experimental samples. In the case of validated PTMs, these may or may not be present on the
protein depending on the physiological context. In future studies, IPFA analysis could be
performed using mass spectrometry data from SEC purified EVs to avoid the interference of
extracellular protein contaminants in the analysis. Moreover, a deeper proteomics analysis could

be performed to detect additional proteins that the present proteomics analysis may have missed.

4.5.1. Protein motif analysis

The PTAP, cell attachment site, and effector region motifs were identified as potential
EV-enriched motifs using the IPFA analysis (Fig 4.2). The PTAP motif is a viral late domain
motif found in many enveloped viruses that promotes viral budding by interacting with the

316 This motif has also been

ESCRT machinery via TSG101 (tumor suppressor gene 101) binding
shown to promote galectin 3 (LGALS3) recruitment to the EVs’. Cell attachment site refers to
the RGD motif (Arg-Gly-Asp), a well-known cell adhesion motif found in several ECM
components including fibronectin and laminin®*'. Integrins on the cell surface recognize and bind
this motif, thus establishing a physical connection between the cells and the ECM?*!. Proteins
containing this motif were mainly ECM proteins, suggesting that RGD motif was not enriched in
the EVs but in proteins secreted to the extracellular milieu that may co-precipitate with EVs
during ultracentrifugation. Effector region refers to the G2 motif found in small GTPases that
acts as a binding site for effector and GTPase-activating proteins®*2. However, most proteins in

the GTPase family harbor a CAAX motif in their C-terminus, which mediates EV-membrane
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association by isoprenylation®**. Thus, the EV-enrichment observed in the analysis is most likely
caused by the CAAX motif rather than the effector region. Out of the three candidate motifs
identified, we decided to select PTAP for further assessment given that it could be easily fused as

a tag on proteins and that it was found on soluble proteins.

4.5.2. Protein domain analysis

We identified 25 EV-enriched annotated domains that were common in the three cell
lines analyzed (Fig 4.3). Of those, we focused on the 3 domains that are not associated to the
ECM and occur in soluble proteins (Table 4.1). These were the MIT, SPRY, and ERM domains.
The first is found in vacuolar sorting proteins, spastin, and sorting nexins, and mediates the
binding with MIT-interacting motifs found on ESCRT-III proteins***. The SPRY domain is a
protein interaction domain involved in several signaling pathways, although its binding partners
have not been identified**>. ERM domains mediate membrane association by binding to the
cytoplasmic domain of transmembrane proteins. However, to detach from transmembrane
proteins ERM domain must bind an inactivating domain through a complex conformational
change, which rules it out as an EV-sorting domain®*°. Thus, MIT and SPRY domains were

selected for further analysis.

4.5.3. Protein PTM analysis

PTMs increase protein complexity by regulating their activity, stability, subcellular
localization, and molecular interactions. A wide variety of PTMs have been identified in EVs,
some of which play important roles in EV biogenesis and cargo sorting*?***7, We identified 29
EV-enriched annotated PTMs that were common across the three cell lines analyzed (Fig 4.4). 7

of the PTMs identified were types of lipidation, more specifically, palmitoylation, prenylation,
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and GPI-anchors (Table 4.2). Lipidation is involved in regulating many aspects of protein
function, such as protein association with membranes, protein-protein interactions, and protein
stability*3®. Prenylation is the addition of polyisoprenyl groups to cysteine residues at the protein
C-termini. There are two types of prenylation: farnesylation (three isoprene molecules) and
geranylgeranylation (four isoprene molecules). Palmitoylation is the addition of a palmitoyl
molecule via thioester bonds on protein cysteine residues and regulates protein stability*!°. GPI-
anchors are added onto the C-termini of proteins and consist of a phosphatidylinositol group
linked through a glycan moiety. These three modifications have been previously shown to
mediate EV-sorting by promoting protein association with membranes and have been used to

92.177.246.339.340 " These results support the bioinformatics approach

load protein cargo to the EVs
used in this study given that it is able to identify previously described EV-sorting features.
Notably, the ubiquitination PTM was not identified although it is one of the most well-described
EV-sorting PTMs. This may be because the ubiquitination type is not specified in UniProt and

there are many types of ubiquitination of which only some promote EV-sorting>%’.

Protein glycosylation was also identified in the analysis as an EV-enriched feature, more
specifically: N-linked glycosylation, O-linked glycosylation and heparan sulphate modification
(Fig 4.4). The most prevalent modification was N-linked glycosylated asparagine, that was found
to be annotated in ~10% of all proteins in the dataset and was highly EV-enriched (Fig 4.4).
Most of the annotated N-glycosylated proteins were either secreted or transmembrane proteins
(Table 4.3). Secreted proteins are not expected to reside in EVs and there is a high possibility
that they appear as EV-enriched due to co-precipitation with EVs during UC isolation, so we
focused on transmembrane N-glycosylation annotated proteins. Interestingly, 70% of N-

glycosylation annotated transmembrane proteins were EV-enriched and nearly half of all EV-
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enriched transmembrane proteins were annotated as N-glycosylated in the three cell lines
analyzed (Table 4.4). Thus, we decided to select transmembrane protein N-glycosylation for
further assessment given that it was the most frequent EV-sorting feature identified in our
analysis. To apply N-glycosylation (of transmembrane proteins) for EV-sorting, an N-
glycosylation signal could be added on the desired EV-protein cargo. However, this strategy
could only be used for transmembrane therapeutic cargoes. Thus, a more robust approach would
be to fuse the therapeutic protein to the smallest transmembrane protein with N-glycosylation in
our dataset. In addition, to avoid membrane retention, a release system could be introduced

between the N-glycosylated transmembrane EV-scaffold and the protein cargo.

Glycosylation plays a critical role in the secretory pathway by controlling intracellular
trafficking and proper folding of newly synthesized proteins in the ER*'®32% These sugars can
also influence protein-protein interactions by promoting or inhibiting protein binding (eg.

protecting lysosomal proteins from enzymatic degradation)*!

. N-glycosylation has been reported
to influence the sorting of several transmembrane proteins to the EVs, however, the extent of this
effect is currently unknown. Mutation of IGSF8 (Immunoglobulin superfamily member 8)
complex N-glycosylation sites was shown to be detrimental for its recruitment into EVs*?. In a
similar manner, TACSTD2 (Tumor-associated calcium signal transducer 2) N-glycosylation
mutants showed impaired EV-loading and increased surface expression**. Blockage of different
steps of the N-glycosylation pathway has also been used to study protein sorting to EVs. N-
glycosylation inhibition by tunicamycin prevented EV-sorting of endoglin®***. Complex N-
glycosylation blockage by swainsonine significantly reduced CD133 secretion and resulted in its

accumulation in early endosomes**. Interestingly, N-glycosylation modulated CD133

(Prominin-1) secretion by reducing its mono-ubiquitination and inhibiting the interaction
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between CD133 and TSG1013*. Moreover, blockage of N-glycosylation by 2-deoxyglucose
(glycolysis inhibitor) or STT3A silencing (gene that mediates N-glycosylation modification)
resulted in a reduction of EV secretion**. In the same study, treatment with 2-deoxyglucose also
inhibited hepatocyte growth factor receptor, ADAMI10 and LAMPI1 sorting to the EVs.
Nevertheless, it should be considered that studying the effect of N-glycosylation on single
proteins by blocking the entire N-glycosylation pathway may lead to confounding results given
that the effect seen on EV-sorting may not be due to the N-glycosylation presence on the studied
protein but on other proteins that may also affected by N-glycosylation in different manners (e.g.,

protein folding).

Our data suggests that N-glycosylation may have a widespread effect on transmembrane
protein sorting to the EVs. EV biogenesis and protein cargo sorting relies on the formation of
specific membrane domains where budding and excision events take place. This together with
the fact that membrane protein organization and microdomain formation is dependent on N-

347351 may suggest a mechanism by which N-glycosylated transmembrane proteins

glycosylation
are specifically sorted to the EVs. However, EV-sorting of some N-glycosylated proteins such as
CD63 has been reported to be independent of its N-glycosylation status**®, and not all N-
glycosylated proteins are enriched in the EVs (Table 4.4), indicating that the potential

mechanism may not apply to all proteins. This is to be expected given that protein trafficking is a

complex process that is regulated by many factors of which N-glycosylation is only one.
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4.6. Conclusion

We developed a bioinformatics approach that enabled the identification of EV-enriched
annotated protein motifs, domains and PTMs that could potentially be used for cargo protein
loading to the EVs. The PTAP motif, the MIT and SPRY domains, and N-glycosylation of
transmembrane proteins were selected for further in vitro analysis in the next chapter.
Additionally, we showed that the majority of N-glycosylation annotated transmembrane proteins
were EV-enriched, and that N-glycosylation annotation is present in nearly half of EV-enriched
transmembrane proteins, which suggests a possible role of N-glycosylation in transmembrane
protein sorting to the EVs. These findings are supported by the identification of features that

have been successfully used to sort cargo proteins to EVs in other studies.
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5. Results III — Development of a novel

platform for functional cargo delivery based

on PTTGI1IP EV scaffold
5.1. Introduction

EVs have the potential to overcome the limitations associated with current therapeutic delivery
systems, and to become a new generation of drug delivery vehicles. However, this potential is
hampered by a lack of efficient EV engineering strategies to enhance EV loading and functional
delivery of therapeutic cargo®**. Exogenous EV loading methods such as chemical modification
are usually time consuming and require additional purification methods to remove unbound

moieties. We were therefore motivated to explore methods for endogenous EV-loading.

To enhance endogenous EV loading, EVs have been engineered by fusing the therapeutic
cargo to membrane interacting moieties (e.g., palmitoylation, myristoylation or prenylation) or to
EV-enriched proteins (e.g., tetraspanins, LAMP2, ARRDCI, PTGFRN, and Gag protein).
Nevertheless, some of these EV-scaffolds exhibit low EV-loading efficiencies and most of them
are not amenable to further EV engineering for the display of functional moieties on the

extraluminal surface of the EVs due to their topology?46-29323%:261,

Once EVs reach their recipient cells, their protein cargos must be released from the EV-
scaffold in order to reach the required intracellular location. As outlined in the introduction,
trigger-inducible release systems or reversible protein-protein interactions between the EV
scaffold and the cargo protein have been investigated for this purpose?*®?°!. In inducible release

systems, the EV scaffold and the protein cargo are fused to dimerization partners whose binding
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is induced under certain conditions (such as illumination with blue light or the presence of a
specific small molecule drug). Alternatively, cleavage sites for viral proteases have been
introduced between Gag protein and the therapeutic cargo for VLP loading and release (e.g.,
Cas9)*7268 This strategy also requires the expression of the viral protease in the EV producer
cells. However, existing EV-release strategies have several disadvantages. Reversible
dimerization systems and blue light release systems that have been assessed to date for EV-
delivery are based on non-human proteins and are therefore potentially immunogenic. In addition,
viral proteases and small molecules used in inducible release systems may be packaged into the
EVs and co-delivered to recipient cells, where they may cause undesired effects and constitute

non-self antigens.

For functional delivery, EV-loaded cargo molecules must escape from the endosome into
the cytoplasm before EVs are degraded by endosomal acidification and fusion with the lysosome
or re-exported via exocytosis™2. EV endosomal escape has been reported to be a highly
inefficient process and thus represents one of the main bottlenecks for efficient delivery of EV
therapeutic cargo!*""'**. To circumvent this, fusogenic peptides, endosomolytic compounds such

as chloroquine, and fusogenic proteins have been exploited to enhance endosomal escape of EVs.

In this Chapter, we assess the EV-sorting capacity of the EV-scaffold candidates
identified with the IPFA analysis in Chapter II and we develop a novel EV-delivery platform
based on the most efficient scaffold. Importantly, we show that our system has a higher
efficiency than commonly used CD63-based platforms for functional delivery of both protein
and protein/RNA complexes. Furthermore, we describe engineered variants of our EV scaffold

that could overcome some of the limitations of current therapeutic EV-loading platforms.
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5.2.

Hypotheses and aims

Hypotheses:

Aims:

Candidate features identified with the IPFA analysis can be utilized for EV-loading of

cargo proteins
Novel EV-loading scaffolds can be used for functional delivery to recipient cells

N-glycosylation has a role on EV-loading of transmembrane proteins

To achieve active loading of EVs using the protein features identified in silico

Assessment of the effect of N-glycosylation in PTTG1IP EV-sorting

Development of an EV-based platform for functional protein delivery
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5.3. Materials and methods

5.3.1. Plasmids
Plasmid name Insert Backbone Restriction Cloning method
sites
pCMV-GG- GG-mEGFP-cMyc pEGFP-N1 Bmtl Gibson cloning
mEGFP-cMyc Notl
pCMV-mEGFP- mEGFP-GG-cMyc pEGFP-N1 Bmtl Gibson cloning
GG-cMyc Notl
pCMV-PTTG1IP- | PTTG1IP GG-mEGFP- Bbsl Golden gate cloning
GFP-cMyc cMyc
pCMV-SPRY7- SPRY7 GG-mEGFP- Bbsl Golden gate cloning
GFP-cMyc cMyc
pCMV-GFP- SPRY7 MmEGFP-GG- Bbsl Golden gate cloning
SPRY7-cMyc cMyc
pCMV-MIT-GFP- | MITD1 GG-mEGFP- Bbsl Golden gate cloning
cMyc cMyc
pCMV-GFP- PTAP motif MmEGFP-GG- Bbsl Golden gate cloning
PTAP-cMyc cMyc
pCMV-PTTG1IP- | PTTG1IP-N45Q pCMV- Sacll Gibson cloning
N45Q-GFP-cMyc PTTG1IP-GFP- | BsmBI
cMyc
pCMV-PTTG1IP- | PTTG1IP-N54Q pCMV- Sacll Gibson cloning
N54Q-GFP-cMyc PTTG1IP-GFP- | BsmBI
cMyc
pCMV-PTTG1IP- | PTTG1IP-2NQ pCMV- Sacll Gibson cloning
2NQ-GFP-cMyc PTTG1IP-GFP- | BsmBI
cMyc
pCMV-PTTG1IP- | PTTG1IP-130- pCMV- Pstl and Agel Gibson cloning
130-164Del-GFP- | 164Del PTTG1IP-GFP-
cMyc cMyc
pCMV-PTTG1IP- | PTTG1IP-2YA pCMV- Bbsl Gibson cloning
2YA-GFP-cMyc (Y165A) PTTG1IP-GFP- | Agel
(Y174A) cMyc
pCMV- GG-Cre- | GG-Cre-cMyc pEGFP-N1 Bmtl Gibson cloning
cMyc Notl
pCMV-PTTG1IP- | PTTG1IP-Cre GG-Cre-cMyc Bbsl Golden gate cloning
Cre-cMyc
pCMV-PTTG1IP- | PTTG1IP-intein-Cre | GG-Cre-cMyc Bbsl Golden gate cloning
intein-Cre-cMyc
pCMV-PTTG1IP- | PTTG1IP-SC GG-Cre-cMyc Bbsl Golden gate cloning
SC-Cre-cMyc
pCMV-PTTG1IP- | PTTG1IP-130- pCMV- Sacl Gibson cloning
130-164Del- 164Del PTTG1IP-intein- | Agel
intein-Cre-cMyc Cre-cMyc
pCMV-PTTG1IP- A  PTTG1IP-130-180aa | pCMV- Agel Gibson cloning
130-180aa-Cre- PTTG1IP-Cre-
cMyc cMyc
pCMV-PTTG1IP- | PCR-amplified pCMV- BamHI Gibson cloning
intein-Cas9- spCas9 from PTTG1IP-Cre- Notl
cMyc pSpCas9-2A-Puro cMyc

(PX459)
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pU6- sgRNA sequence pU6-Neo_Bbsl- | Bbsl Golden gate cloning
spCas9sgRNA previously described | spCas9sgRNA
by De Jong et al.3%

Table 5.1. Plasmids generated in this study.
Cloning method, insert, backbone and restriction sites on the backbone are specified on the table.

Construct sequences are described on Appendix 8.2.

Plasmid name Source

pEGFP-N1 Addgene #6085-1

pCAG-CD63-intein-Cre Samir EL Andaloussi (Karolinska Institutet,
Sweden).

pCAG-CD63-intein-Cas9 Samir EL Andaloussi (Karolinska Institutet,
Sweden).

pCMV-VSVG plasmid (pMD2.G) Addgene #12259

pU6-Neo_Bbsl-spCas9sgRNA Previously generated in the Wood lab

Table 5.2. Plasmids not generated in this study and their source.

The intein sequence from Mycobacterium tuberculosis was communicated by Samir EL
Andaloussi. Oligonucleotides were synthesized by Integrated DNA Technologies. All constructs

were confirmed by DNA sequencing.

5.3.2. Cell culture

Human embryonic kidney (HEK) 293T cells, T47D Cre reporter cells, HeLa Cre reporter cells,
B16 Cre reporter cells, and HEK293T CRISPR/Cas9 reporter cells were cultured at 37 °C with 5%
COz in Dulbecco's Modified Eagle Medium GlutaMAX (DMEM, Gibco) supplemented with 10%
foetal bovine serum (FBS) and 1% Antibiotic-Antimycotic (PSA: Penicillin, Streptomycin and
Amphotericin B) (Thermo Fisher Scientific, Waltham, MA, United States). Cells were cultured

as described in Chapter 2.

For single vesicle analysis, HEK293T cells were seeded on 12-well plates (100,000 cells per well)

24h before transfection. Cells were transfected with 700 ng of plasmid DNA/well using PEI
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(Sigma-Aldrich) at a 4:1 ratio PEI:DNA in Opti-MEM (Thermo Fisher Scientific). The next day,

media was replaced with Opti-MEM and 48h later conditioned media was collected.

5.3.3. EV production

For cell culture experiments, at least four 150 mm plates of HEK293T cells per condition were

transfected with 35 pg DNA/plate using PEI (Sigma-Aldrich, Missouri, United States) at a 4:1

ratio PEI:DNA in Opti-MEM (Thermo Fisher Scientific). 24h later, media was replaced with
Opti-MEM (Thermo Fisher Scientific) and 48h later, cell culture supernatant was collected for
subsequent EV isolation (performed as described on Chapter 2).

For the in vivo experiment, 60 150 mm plates of HEK293T cells per condition were transfected

with 35 pg DNA/plate. 24h later, media was replaced with Opti-MEM (Thermo Fisher Scientific)

and 48h later, cell culture supernatant was collected for subsequent EV isolation.

5.3.4. EV transfer to Cre reporter cells

T47D, HeLa, and B16 traffic light Cre reporter cells (30,000 cells per well) were seeded onto 96-
well plates with complete culture medium (DMEM + 10% FBS + 1% PSA). The next day, cells
were treated with EVs in 65 pl of Opti-MEM (Thermo Fisher Scientific). 24h later, the media
was changed to culture medium (DMEM+10% FBS+1% PSA) and cell activation was

analyzed after 24h.

5.3.5. EV transfer to Cas9 reporter cells

HEK293T stoplight light Cas9 reporter cells**? (30,000 cells per well) were seeded onto 96-well
plates with complete medium and incubated at 37 °C under 5% CO2. The experiments were

performed in two different ways. In one set of experiments, the sgRNA was transfected to
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reporter cells 24h prior to the EV transfer. Reporter cells were transfected with 45 ng of sgRNA
encoding plasmid /well using PEI (Sigma-Aldrich) at a 4:1 PEI:DNA ratio in complete media.
24h later media was removed, and cells were treated with EVs from donor cells transfected with
Cas9 constructs in 65 ul of Opti-MEM (Thermo Fisher Scientific). In the other set of
experiments, the sgRNA was transfected to EV-producer cells together with Cas9 cells so it
could be packaged into the EVs. In this case, reporter cells were treated 24h after seeding with
EVs in 65 pl of Opti-MEM (Thermo Fisher Scientific). In both cases, media was changed to

complete medium 24h later and cells were analyzed 48h after EV transfer.

5.3.6. Flow cytometry

Cells were washed with PBS followed by 15 min incubation with 50 pl TrypLE Express
(Thermo Fisher Scientific). Trypsin was inactivated using 100 ul FACS buffer (PBS containing
10% FBS) and cells were kept on ice until analysis. Cells were analyzed on CytoFLEX LX flow
cytometer (Beckman Coulter) and data analysis was performed using FlowJo software (BD
Biosciences, Heidelberg, Germany). Activated reporter cells were identified by GFP expression
48h after EV-transfer (measured at 488-525nm). At least 10.000 cells were counted for each

sample.

5.3.7. Single vesicle analysis

Single vesicle analysis is a nano flow-cytometry technique to detect, measure and quantify
nanoparticles based on their side scatter and fluorescence. Before single-vesicle analysis,
conditioned media was centrifuged first at 500 g to remove cells and subsequently at 2,000 g to
remove large particles. After 0.22 uM filtering (STARLAB), conditioned media was analyzed on

a NanoAnalyzer N30 instrument (nanoFCM INC, Xiamen, China). 2,000—12,000 single particle
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events were counted for 1 min using light scattering and 488/24 nm blue laser set to 10 mW and
10% SS decay, at a sampling pressure of 1.0 kPa. Data were analyzed using NanoFCM
Professional Suite v1.8 software (nanoFCM INC). EV size and concentration were determined
by interpolation from a standard curve. Non-transfected HEK293T cells conditioned media was

used as a fluorescence negative control to set the threshold for GFP positivity.

5.3.8. N-glycosylation assays

PNGase F and Endonuclease H treatments were performed to assess the N-glycosylation status
of PTTG1IP. PNGase F cleaves all types of N-linked glycosylation while Endo H cleaves only
high mannose and hybrid types of N-linked glycosylation. Recombinant PNGase F, and Endo H
kits (NEB) were used according to manufacturers instructions.

Briefly, for both treatments 20 ug protein lysate from HEK293T cells transfected with the
appropriate experimental plasmid constructs was denatured for 10 min at 100°C with 10x
Glycoprotein Denaturing Buffer (NEB). For PNGase F, this was followed by incubation with
1 ul PNGase F (NEB), 2 ul 10% NP-40 (NEB) and 2 pl 10x GlycoBuffer 2 (NEB, MA, United
States) buffer at 37 °C 1h. For Endonuclease H treatment, after denaturation, samples were
incubated with 1.5 ul EndoH and 2 ul 10x GlycoBuffer 3 (all NEB) buffer at 37 °C 1h.

Glycosylation status was determined as a shift in protein size by western blot.

5.3.9. Immunofluorescence microscopy

100,000 HEK293T cells were seeded on 12-well plates coated with Matrigel. The next day, cells
were transfected with 700 ng PTTG1IP variant plasmids using PEI (4:1 PEI DNA ratio). 24h
later, cells were fixed with PFA 4% (Thermo Fisher Scientific) for 10min, washed 3 times with

PBS, and permeabilized with 0.1% triton X-100 (Sigma Aldrich) for 15min. After incubating the
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cells for 1h in blocking buffer (1x PBS, 5% BSA, 0.1% triton X-100), cells were incubated
overnight in primary antibody. The next day, after 3 washes with PBS, cells were incubated with
secondary antibody for 2h. Plates were stored at 4°C until acquisition. Three images per well

were acquired using a 40x objective on an EVOS m5000 microscope.

Application Antibody Host ID Manufacturer Dilution
Primary Anti-EEA1 Rabbit 3288 Cell Signalling 1:200
Primary Anti-Rab5a Mouse 46449 Cell Signalling 1:200
Primary Anti-Rab7 Rabbit 9367 Cell Signalling 1:200
Primary Anti-Rabl11 Rabbit 5589 Cell Signalling 1:200
Secondary Anti-Rabbit (Alexa 555) Goat ab150078 Abcam 1:500
Secondary Anti-Mouse (Alexa 555) Goat Abcam abl150114 1:500

Table 5.3. Primary and secondary antibody information for immunofluorescence.

5.3.10. Galectin inhibition

For galectin inhibition experiments, 15 mM N-acetyl-lactosamine (Carbosynth, Newbury, United
Kingdom) was added to HEK293T EV-producer cells 4h after transfection with PTTG1IP-GFP

and was maintained throughout EV production.

5.3.11. Conditioned media transfer to reporter cells

Approximately 100,000 HEK293T cells/well were seeded on 12-well plates 24h before
transfection. The next day, cells were transfected in opti-MEM (Thermo Fisher Scientific). 24h
later, media was changed to fresh opti-MEM, and after 48h conditioned media was collected and

subjected to 10 min 500g centrifugation to remove cell debris and 10 min 2000 g centrifugation
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to remove large particles. After 0.45 uM filtration (STARLAB), conditioned media was directly
added to Cre reporter cells seeded on 96-well plates 24h before (seeding density 30,000
cells/well). The next day media was changed to complete media (DMEM + 10% FBS + 1% PSA)
and 24h after, reporter cell activation (GFP expression) was assessed by microscopy. Three

images per well were acquired using a 10x objective on an EVOS m5000 microscope.

5.3.12. Western Blot

Cells were lysed in 1x RIPA buffer (Thermo Fisher Scientific) containing 1x cOmplete protease
inhibitor cocktail (Merck, Darmstadt, Germany). Acetone precipitation was used for EV samples,
whereby cold (-20°C) acetone was added at a 4:1 ratio and incubated for 24h at -20°C. Protein
was pelleted by centrifugation at 5,000 g 20min. The resulting pellet was resuspended in 1x
RIPA buffer (Thermo Fisher Scientific) containing 1% cOmplete protease inhibitor cocktail
(Merck) and 10% NuPage sample reducing agent (Invitrogen). Protein concentration was
determined by Bradford assay (Sigma-Aldrich) according to manufacturer’s instructions. 5-10 ug
of total protein was heated at 70 °C for 10 min and then resolved on a 4-12% NuPAGE gel
(Thermo Fisher Scientific) by Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Gels were run at 150 V for 2h in 1x NuPAGE Tris-Acetate SDS Running Buffer
(Thermo Fisher Scientific). Protein was transferred onto a polyvinylidene fluoride (PVDF)
membrane (Merck) at 60 V for 1 hr 30 min in 1x NuPAGE Transfer Buffer (Thermo Fisher
Scientific). Membranes were blocked in Intercept (PBS) Blocking Buffer (Sigma-Aldrich) for 30
mins at room temperature and incubated in Blocking Buffer with primary antibodies at 4 °C
overnight. Blots were washed with PBS supplemented with 0.1% Tween-20 (PBS-T) three times

and incubated with secondary antibody for 1 hr at room temperature. Antibody information is
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described in Table 1). Blots were imaged using a LI-COR Biosciences Odyssey Fc instrument

(LI-COR, NE, USA).

Application  Antibody Host ID Manufacturer Dilution
ab290/

Primary Anti-GFP Rabbit Abcam/Biolegend 1:1,000
338001

Primary Anti-cMyc Mouse 626801 Biolegend 1:1,000

Primary Anti-Cre Rabbit ab216262 Abcam 1:500

Primary Anti-bActin Mouse MAS5-15739  ThermoFisher 1:2,000

Primary Anti-ALIX Rabbit ab186429 Abcam 1:2,000

Secondary Anti-Rabbit Goat 926-32211 LI-COR 1:5,000

Secondary Anti-Mouse Goat 926-32210 LI-COR 1:5,000

Table 5.4 Primary and secondary antibody information for western blot

5.3.13. In vivo EV-transfer

Mice were injected with 500,000 B16F10 Cre reporter cells/mouse 10 days before EV treatment.
On day 10, isolated EVs were injected to recipient mice by intra-tumoral injection (1x10'°
EVs/mouse, tumor size ~10mm). 4 days later, tumors were harvested and Cre activity was
analyzed by immunohistochemistry (ICH) and PCR. For ICH, half of the tumor tissues were
fixed with PFA for making slides. For PCR, the other half of tumor tissues were lysed using lysis
buffer (0.1% TritonX-100) and TissueLyser homogenizer (Qiagen). DNA for PCR was isolated

from 50 puL of tissue lysate using the Maxwell RSC tissue DNA Kit (Promega).
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5.3.14. Cre loxP site recombination analysis

To amplify the loxP-Cre recombination site in B16 Cre reporter cells, forward primer 5'
CGCAAATGGGCGGTAGGCGTG 3 and reverse primer 5’
GTGGTGCAGATGAACTTCAGGGT 3" were used. The forward primer was located in the
CMYV promoter, before the first loxP site, while the reverse primer located after the second loxP
site at the 5’ of GFP. PCR was performed using genomic DNA isolated from tumors as the
template with HotStarTaq Plus Master Mix Kit (Qiagen) according to the manufacturer’s
protocol. PCR products were analyzed on a 1% agarose gel using VersaDoc 3000 Gel Imaging
System (Bio-Rad). The intensity of the bands was quantified by densitometric analysis using

ImageJ 1.53k software (NIH).

5.3.15. Immunohistochemistry of tumor xenografts

The tumor xenograft tissue slides were fixed at 65°C for 1 hour. Deparaffininization and
rehydration were performed by incubating the slides in several solvents as follows: xylene 20
min, 100% ethanol 3 min twice, 95% ethanol 3 min, 70% ethanol 3 min, and 50% ethanol 3 min.
Next, slides were rinsed with running cold tap water for 5 min followed by antigen retrieval
using citrate buffer at pH 6.0 (Sigma Aldrich). Afterwards, slides were washed 3 times with PBS
(5 min each), and then slides were blocked using blocking buffer for 30 min at 37°C. Slides
were then incubated overnight with anti-GFP antibody (1:200 dilution, Abcam, ab290). The next
day, after 3 washes in PBS, slides were incubated with secondary antibody Goat Anti Rabbit IgG
H&L (Alexa Fluor® 488) (1:500 dilution, Abcam, ab150077) for 30 min at 37°C. After 3 washes
with PBS, slides were mounted using ProLong™ Diamond Antifade Mountant with DAPI

(Thermo Scientific) and images were taken using a confocal microscope (Nikon, Japan).
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5.3.16. Statistics

GraphPad Prism software (GraphPad, San Diego, California) was used to generate graphs and
calculate standard error of the mean (SEM). Student’s ¢ test was performed to assess statistical
differences between two groups. One-way ANOVA followed by Bonferroni post hoc test was
performed when analyzing more than 2 groups. Results were considered significant at a

confidence of 95%, indicated on graphs with asterisks (* P < 0.05).
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5.4. Results

5.4.1. PTTGIIP enables highly efficient EV-loading in a N-
glycosylation dependent manner

Selected candidate features identified with the IPFA analysis (PTAP motif, SPYR domain, MIT
domain and N-linked glycosylation) were assessed for EV-loading by fusing them to GFP and
analyzing their sorting to EVs by western Blot and single vesicle analysis (Fig 5.1). In the case
of the MIT domain and N-linked glycosylation of transmembrane proteins, we decided to test the
smallest protein containing the feature that could be found in our dataset to avoid altering protein
conformations that may be important for domain or PTM functionality. MIT domain-containing
protein 1 (MITDI) and PTTG]1 Interacting Protein (PTTGI1IP) were selected for MIT domain
and N-glycosylation features, respectively. Importantly, PTTGIIP also has a PSI domain which
was also identified to be EV-enriched in the IPFA bioinformatics analysis (Results II Fig 4.3).

For the PTAP motif and SPRY domain, these protein features were fused directly to GFP.
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Figure 5.1 Assessment of EV-loading features from bioinformatics analysis.

(a) Scheme of the GFP-fusion constructs that were assessed. (b) Percentage of GFP" EVs
quantified by single-vesicle analysis of conditioned media from HEK293T cells transfected with
GFP-fusion constructs. (¢) Median fluorescence intensity of GFP* EVs. (d) Western blot of GFP-
fusion constructs in HEK293T cells and EVs. Cell lysates and isolated EVs were blotted against
ACTB and ALIX respectively. Both cell lysates and isolated EVs were blotted against GFP.
Statistical significance was tested by one-way ANOVA and Bonferroni post hoc test. Data are

presented as mean + SEM, n = 3 replicates, * P < (.05, ** P <0.01, **** P <(0.0001.

GFP signal was observed to be highly enriched in the EVs when fused to PTTG1IP (~75%
of GFP" vesicles) as compared to GFP alone (no scaffold) (~3% of GFP" vesicles) (Fig 5.1 b,d).
In addition, the median fluorescence intensity of PTTG1IP-GFP vesicles was significantly higher
(~58%) that that of GFP, indicating a higher amount of GFP loading per vesicle (Fig 5.1¢). GFP
fusion to SPRY domain also increased GFP EV-loading, although to a much lesser extent (~23%
of GFP" vesicles). Of note, the number of secreted EVs were similar in all conditions (data not

shown).
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PTTGIIP, also known as PTTG1-binding factor (PBF), is a 180 amino acid single-pass
type I transmembrane protein. According to UniProt, PTTG1IP has two putative N-glycosylation
sites at residues N45 and N54. N-glycosylation sites annotated in UniProt may not be
experimentally validated and N-glycosylation status can depend on the biological context. Thus,
to confirm PTTGI1IP N-glycosylation status, we mutated residues N45 (N45Q), N54 (N54Q) or
N45 and N54 (2NQ) to glutamine to remove potential N-glycosylation sites and subjected
HEK293T lysates from cells transfected with PTTG1IP mutants to PNGase F and Endonuclease
H (EndoH) treatment (Fig 5.2a). PNGase F cleaves all N-glycosylation sites and EndoH cleaves
only those of high mannose or hybrid types. N-glycosylation removal can be observed by
western blot as a shift in protein mobility (N-glycosylated proteins have a higher molecular
weight). Treatment with PNGase F resulted in a shift of protein size from ~55 kDa to ~48 kDa,
indicating that PTTG1IP is glycosylated (Fig 5.2b). Single N-glycosylation mutants also showed
a higher molecular weight than 2NQ mutant (Fig 5.2b). Altogether, the shifts in molecular
weight of the three mutants as compared to the WT suggest that both sites are N-glycosylated.
To further explore the nature of the N-glycosylation sites, PTTG1IP mutants were treated with
EndoH. As shown in Fig 5.2b, a band shift is only observed for PTTGIIP N45Q, suggesting that

N54 N-glycosylation is of high mannose or hybrid type while N45 is of complex type.
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Figure 5.2. N-glycosylation promotes PTTG1IP EV-sorting.

(a) Scheme of PTTGIIP N-glycosylation mutants fused to GFP. (b) Western blot of WT
PTTGI1IP and NGIcNAc mutants fused to GFP in HEK293T cells. Cell lysates were treated with
PNGase F to remove all N-glycosylation or with Endonuclease H (EndoH) to remove high-
mannose and hybrid N-glycosylations. Lysates were blotted against ACTB and GFP. Molecular
weight of N54Q and N45Q mutants was higher or slightly higher, respectively, than that of 2NQ
mutant. (¢) Western blot of WT PTTG1IP and NGIcNAc mutants fused to GFP in HEK293T EVs
and cells. Cell lysates and isolated EVs were blotted against ACTB and ALIX respectively. Both
cell lysates and isolated EVs were blotted against GFP. (d) Percentage of GFP" EVs quantified
by single-vesicle analysis of conditioned media from HEK293T cells transfected with GFP-
fusion constructs. (¢) Median fluorescence intensity of GFP"™ EVs. Statistical significance was
tested by one-way ANOVA and Bonferroni post hoc test. Data are presented as mean + SEM, n =
3 replicates, * P <0.05, ** P <0.01, *** P <0.001.

To determine if PTTG1IP EV-sorting was influenced by its N-glycosylation, we assessed
EV-loading of PTTG1IP-GFP N-glycosylation mutants in HEK293T by western Blot and single
vesicle analysis. PTTG1IP 2NQ-GFP EV-loading (~80% GFP" vesicles) was markedly reduced
as compared to WT (~25% of GFP" vesicles) (Fig 5.2¢,d,e). Median fluorescence intensity of
2NQ mutant was also half of that of WT (Fig 5.2e), which indicates that 2NQ GFP" vesicles
have half the amount of GFP per vesicle. The N45Q and N54Q mutants also showed reduced
loading (~45% of GFP" vesicles) as compared to WT PTTGI1IP. Importantly, the expression
level of PTTG1IP mutants in cells were similar to that of WT PTTGI1P, indicating that the lower
sorting to EVs is not due to a lower expression by cells (Fig 5.2¢). Moreover, both WT PTTGI1IP
and N-glycosylation mutants were localized in the endosomal compartment, suggesting that
PTTGIIP processing and endosomal trafficking were not influenced by the N-glycosylation

status (Fig 5.3a,b). Direct comparison of WT PTTGI1IP and double glycosylation mutant by co-
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expression could not be performed since PTTG1IP has been shown to homodimerize, which

would alter the intracellular localization results.

PTTG1IP MERGE

PTTG1IP - 2NQ MERGE
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Figure 5.3. Localization of PTTGI1IP and PTTGIIP double glycosylation mutant with
endosomal markers.

(a) Immunofluorescence microscopy of WT PTTGI1IP-GFP (green), and EEA1, RAB7, and
RABI11 markers (red) in HEK293T cells. (b) Immunofluorescence microscopy of PTTGIIP-
GFP double glycosylation (2NQ) mutant (green) and EEA1, Rab7, and Rab11 markers (red) in
HEK293T cells. Endosomal markers were detected using Alexa-555 tagged antibodies. EEAI,
RAB7, and RABI11 label early, late, and recycling endosomes, respectively. Arrowheads indicate
examples of co-localization. Images were taken at 40x magnification, and scale bars indicate 100

pm.

N-glycosylation dependent trafficking of glycoproteins is mediated by carbohydrate-
binding proteins (lectins)?!'®3?*. Notably, members of the galectin protein family have been
shown to bind N-glycosylated proteins and have been identified in EVs’. To determine if the
effect of N-glycosylation on PTTG1IP EV-sorting was mediated by galectins, we evaluated
PTTGI1IP-GFP packaging when EV-producer cells were treated with galectin inhibitor N-acetyl-
lactosamine (LacNAc) (Fig 5.4). No significant variation in GFP EV-loading was observed in

EVs from treated cells as compared to non-treated (Fig 5.4).
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Figure 5.4. Galectin inhibition does not alter EV-secretion of PTTG1IP.

HEK293T EVs from cells treated with galectin inhibitor were assessed by western blot and
single vesicle analysis. (a) Western blot of HEK293T cells and EVs transfected with PTTG1IP-
GFP and treated or not with 15 mM N-acetyl-lactosamine. Cell lysates and isolated EVs were
blotted against ACTB and ALIX respectively. Both cell lysates and isolated EVs were blotted
against GFP. (b) Percentage of GFP" EVs quantified by single-vesicle analysis of conditioned
media. (¢) Median fluorescence intensity of GFP" EVs quantified by single-vesicle analysis.

Data are presented as mean + SEM, n = 2 replicates.
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5.4.2. PTTGIIP has a higher EV-loading capacity than CD63

CD63 is a well-described EV-enriched membrane protein of the tetraspanin family that is
commonly used as a scaffold for EV-loading of therapeutic cargo!¥-230272:354355 To compare the
EV-loading capacity of PTTG1IP to that of CD63, we analyzed GFP loading of CD63-GFP and
PTTGI1IP-GFP fusion proteins by single-vesicle analysis (Fig 5.5a,b) and western blot (Fig 5.5¢).
Of note, on EV samples from cells expressing PTTG1IP-GFP, multiple lower bands (~20-37 kDa)
were detected in addition to the expected band corresponding to the full construct (~50 kDa) (Fig
5.1d, 5.2¢, Fig 5.4a). These bands may represent cleavage products of the full construct or
unspecific bands; however, this was not further tested. The percentage of GFP positive vesicles
was ~30% higher when GFP was fused to PTTG1IP as compared to CD63, while there was no
difference in the median fluorescence intensity (Fig 5.5 a,b). This indicates that PTTG1IP is able
to load a higher percentage of vesicles with GFP although the number of GFP molecules per
vesicle was similar with both scaffolds. Altogether, these results show that PTTG1IP-based

scaffolds have a higher EV-packaging capacity than CD63.
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Figure 5.5. PTTGI1IP has a higher EV-loading capacity than CD63.

PTTGIP and CD63 EV-loading was compared by single vesicle analysis and WB. (a) Percentage
of GFP" EVs quantified by single-vesicle analysis of conditioned media from HEK293T cells
transfected with PTTG1IP-GFP or CD63-GFP. (b) Median fluorescence intensity of GFP™ EVs
quantified by single-vesicle analysis. (¢) Western blot of GFP-fusion constructs in HEK293T
donor cells and EVs. Cell lysates and isolated EVs were blotted against ACTB and ALIX
respectively. Both cell lysates and isolated EVs were blotted against GFP. Statistical significance

was tested by Student’s t-test. Data are presented as mean + SEM, n = 3 replicates, *** P < 0.001.
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5.4.3. PTTGIIP can be further engineered to improve its
applicability as an EV-scaffold

PTTGI1IP is composed by a signal peptide and a PSI domain harboring two N-glycosylation sites
in its extracellular N-terminus, a transmembrane domain and an intracellular C-terminus
consisting of an unstructured domain followed by a coiled coil region and two endocytosis
signals (Fig 5.6a). To improve the suitability of PTTGI1IP as a scaffold for cargo loading to the

EVs, we engineered two different PTTG1IP variants.

In the first variant, PTTG1IP-2YA, the two endocytosis signals of PTTGIIP (YXXL) at
the C-terminus were mutated to YXXA (Fig 5.6b). It has been previously shown that disrupting
the endocytosis signal (YXX® motif, where ® is a hydrophobic residue L, I, M, F, V) of CD63
re-directs the protein towards the microvesicle pathway rather than to the MVB-associated
exosome pathway'2. In the second variant, the coiled coil region of PTTG1IP (130 to 164 amino
acids) was deleted, as its intracellular domain has been reported to interact with p53 and alter its
activity®>® (Fig 5.6b). To determine the EV-loading capacity of the variants, we transfected
HEK293T with WT PTTGI1IP-GFP, PTTG1IP-2YA-GFP and PTTG1IP-130-164Del-GFP and
assessed their loading to EVs by single vesicle analysis. Both variants result in a similar
percentage of GFP+ particles (~80%) (Fig 5.6¢c). Nevertheless, the EV-median fluorescence
value for the PTTGI1IP-2YA mutant was approximately twice the value of WT PTTGIIP,
indicating that PTTG1IP-2Y A was capable of loading double the amount of GFP per vesicle (Fig

5.6d)
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Figure 5.6. EV-loading assessment of PTTG1IP-engineered variants.

(a) Schematic showing PTTGI1IP protein domain structure and length. (b) Scheme of PTTGI1IP
variants fused to GFP. PTTG1IP-2YA has its two YXXL endocytosis motifs mutated to AXXL

and PTTG1IP-130-164Del has a deletion from amino acid 130 to164. (¢) Percentage of GFP*

EVs quantified by
with GFP-fusion

single-vesicle analysis of conditioned media from HEK293T cells transfected

constructs. (d) Median fluorescence intensity of GFP™ EVs. Statistical
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significance was tested by one-way ANOVA and Bonferroni post hoc test. Data are presented as

mean + SEM, n = 3 replicates, *P < 0.05.

5.4.4. Assessment of Cre recombinase delivery to reporter cells

To assess the ability of PTTGIIP to functionally deliver protein cargo to recipient cells, we
investigated the delivery of Cre recombinase to reporter cells using a variety of fusion constructs
using PTTGI1IP as loading scaffold (Fig 5.7a). To achieve functional delivery in recipient cells,
several steps need to be accomplished. Firstly, the EVs need to be loaded with sufficient protein
cargo in the producer cells. Secondly, when the protein cargo is loaded by fusing it to membrane
proteins, such as PTTG1IP or CD63, this cargo needs to be released so that it is able to reach its
intracellular location in the target cell. Lastly, once taken up by the recipient cells (in most cases
through the endocytic pathway), the EVs must escape endosomes before they are either re-
exported to the extracellular space or degraded by the lysosomes. To overcome the cargo-release
limitation, we introduced two different self-cleaving sequences from Mycobacterium
tuberculosis®®” or Shewanella oneidensis®*® (Fig 5.7a). Ideally, these sequences should self-
cleave at lower pH so that this only takes place once the cargo is in the EVs. To promote
endosomal escape, we used VSVG, a viral protein that mediates fusion of the EV and endosome
membranes at lower pH therefore promoting endosomal escape?’?. Importantly, VSVG and the
cargo protein must be on the same EVs to achieve functional delivery. This will depend on the
protein scaffold used for cargo loading and on whether VSVG and the scaffold protein are found

on the same vesicle subpopulations.
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Figure 5.7. EV-mediated delivery of Cre to reporter cells by PTTG1IP-based constructs.
HEK293T cells were transfected with various PTTG1IP constructs and the capacity to transfer
Cre protein was tested in reporter cells. (a) Scheme of tested Cre fusion constructs. SC is a self-
cleaving endopeptidase from Shewanella oneidensis. The intein is a self-cleaving sequence from
Mycobacterium tuberculosis. (b) Western blot of Cre-fusion constructs in HEK293T EVs and
cells. Both cell lysates and isolated EVs were blotted against MYC. Cell lysates and isolated EVs
were blotted against ACTB and ALIX respectively. Bands corresponding to full-length construct,
and Cre (double band) are indicated. (¢) Timeline of EV-transfer experiment to Cre reporter cells.
24h after donor cell transfection with Cre constructs and VSVG, media is replaced with fresh
Opti-MEM and EVs are isolated 48h later by SEC. Isolated EVs are then transferred to recipient
cells in 96-well plates (5x10° EVs/ml). 24h later media is replaced with DMEM 10% FBS and
after 24h cells are analysed for GFP expression by flow cytometry. (d) Scheme of the Cre
reporter cells. RFP is constitutively expressed by reporter cells while GFP is only expressed
when the floxed stop cassette is excised by Cre. (e) GFP positive cells quantified by flow
cytometry 48h after EV-transfer to T47D cells. (f) GFP positive cells quantified by flow
cytometry 48h after EV-transfer to HeLa cells. Statistical significance was tested by one-way
ANOVA and Bonferroni post hoc test. Data are presented as mean + SEM, n = 3 replicates, ***P
<0.001, ****P <0.0001.

To test delivery of Cre to recipient cells, we first transfected several Cre constructs (Fig
5.7a,b) together with VSVG to HEK293T donor cells and the resulting EVs were transferred to
Cre reporter cells (Fig 5.7¢). These reporter cells constitutively express RFP and contain a floxed
stop signal followed by GFP. Upon Cre delivery, loxP sites recombine to excise the stop signal
and GFP is expressed (Fig 5.7d). T47D or HeLa reporter cells were treated with 5x10° EVs/ml
and reporter activation was assessed 48h after by flow cytometry. PTTG1IP-intein-Cre showed
the highest activation (~98% in T47D and ~85% in HeLa cells) while PTTG1IP-Cre induced
activation of ~40% in T47D and ~10% in HeLa cells (Fig 5.7e,f). Conversely, for Cre alone (no

scaffold), activation was ~3% in T47D and ~1% in HeLa cells (Fig 5.7e,f). Notably, Cre was
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released in the EVs from PTTG1IP-Cre fusion protein without the need of a self-cleaving protein
as observed from the ~38 kDa band that corresponds to the expected size of Cre (Fig 5.7b).
Nevertheless, when the intein is placed between PTTGI1IP and Cre there was an increase of
released Cre in the EVs (Fig 5.7b). This was not the case for the other self-cleaving sequence
from Shewanella oneidensis. Importantly, while treatment with conditioned media from cells
transfected with PTTG1IP-intein-Cre and VSVG resulted in reporter cell activation, no Cre

activity was detected in the absence of VSVG (Fig 5.8).

Transfect EV-donor cells

24h

PTTG1IP-
intein-iCre
+VSVG

Change media to opti-MEM

l 48h
Collect media

500g 10min
2000g 10 min

0.45 pm filter

PTTG1IP-
intein-iCre

N

VSVG

Transfer to reporter cells

2

Figure 5.8. Conditioned media transfer to Cre reporter cells.

(a) Scheme of conditioned media preparation and transfer to reporter cells. (b) Fluorescence
microscopy of T47D cells treated with conditioned media from PTTGI1IP-intein-Cre + VSVG,
PTTGI1IP-intein-Cre, or VSVG transfected HEK293T donor cells. Images were taken at 20x

magnification, and scale bars indicate 100 pm.
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To take advantage of the natural cleavage of PTTG1IP, we generated a mutant whereby
the 130-180 sequence was duplicated at the C-terminus to further promote Cre release (Fig 5.9a).
Inspection of the Cre WB in Fig 5.7a, showed that free Cre and Cre released from PTTGI1IP
fusion protein were of similar sizes. We therefore reasoned that the site of intrinsic PTTG1IP

cleavage was located near to the fusion site (i.e. the C-terminus).

To compare the efficiency of the various PTTGI1IP variants (Fig 5.9a,b), we performed
an EV dose response of CD63-intein-Cre, PTTG1IP-intein-Cre, PTTG1IP-130-180aa-Cre and
PTTG1IP130-164Del-intein-Cre in B16 and T47D reporter cells. CD63-intein-Cre was included
as a control scaffold. PTTG1IP-intein-Cre and PTTG1IP130-164Del-intein-Cre showed the
highest potency followed by PTTGI1IP-130-180aa-Cre (Fig 5.9¢,d), while CD63-intein-Cre
showed the lowest potency, especially in B16 cells (Fig 5.9¢,d). Notably, PTTG1IP-intein-Cre
was almost two log units more potent than CD63-intein-Cre in T47D cells, and at least one log
unit more potent in B16 cells (Table 5.5). PTTG1IP-130-180aa-Cre efficiency was double of
that of PTTG1IP-Cre at the same EV concentration (~40% vs ~99% in T47D cells), suggesting
that Cre release was improved (Fig 5.7e, Fig 5.9¢,d). Notably, cleavage of PTTG11P-130-180aa-
Cre only occurred in the EVs, whereas only fully cleaved PTTG1IP-intein-Cre was detected in

cells (Fig 5.9b).
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Figure 5.9. EV-mediated delivery of Cre to reporter cells by PTTG1IP-engineered variants.
HEK293T cells were transfected with various PTTG1IP and CD63 constructs and the capacity to
transfer Cre protein in a dose-dependent manner was tested in reporter cells. (a) Scheme of tested
Cre fusion constructs. The intein is a self-cleaving sequence from Mycobacterium tuberculosis.
PTTG11IPDel has a deletion from amino acid 130 to 164. PTTG1IP-130-180aa has amino acids
130-180 duplicated on PTTGIIP C-terminus. (b) Western blot of Cre-fusion constructs in
HEK293T cells and EVs. Both cell lysates and isolated EVs were blotted against MYC. Cell
lysates and isolated EVs were blotted against ACTB and ALIX respectively. (¢) EV-transfer dose
response in T47D cells. (d) EV-transfer dose response in B16 cells. Dose curves were generated

using the variable slope model. Data are presented as mean + SEM, n = 3 replicates.
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logEC50 EC50 (EVs/ml)
T47D Bl16 T47D B16
PTTG1IP-intein-Cre 8.2 8.9 1.6x108 8x10°8
PTTG1IPDel-intein-Cre 8.7 9 5x108 1x10°
PTTG1IP-130-180aa-Cre 9.1 9.6 1.3x10° ~4x10°
CD63-intein-Cre ~10 >10.1 ~1x10%° >1.3x10%°

Table 5.5. LogECS0 and ECS50 (EVs/ml) values of Cre fusion constructs on Fig 5.9.

We next assessed if PTTGIIP 130-180 sequence could be used as an EV-cleavage
sequence in a protein context distinct to that of PTTG1IP. We compared the cleavage activity of
the intein with the activity of three EV-cleavage sequences from PTTG1IP when fused to CD63
(CD63-intein-Cre vs CD63-3xPTTGI11P130-180aa-Cre, Fig 5.10). Cre cleavage in the EVs was
observed with both PTTG1IP130-180aa and intein sequences, although a higher cleavage was

observed with the intein (Fig 5.10). This indicates that PTTG1IP 130-180 sequence can be used

to promote cleavage in the EVs in a distinct protein context.
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Figure 5.10. Amino acids 130-180 of PTTGI1IP are able to induce cleavage in EVs when
fused to CD63.

HEK293T cells were transfected with CD63-intein-Cre or CD63-3xPTTGI1IP(130-180aa)-Cre,
and Cre cleavage in the EVs was analyzed. Western blot of CD63-intein-Cre and CD63-

3xPTTG1IP(130-180aa)-Cre in HEK293T cells and EVs. Cell lysates and isolated EVs were
blotted against Cre, ALIX and ACTB.
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5.4.5. Assessment of Cre recombinase delivery to mice tumor
xenografts

Building on positive initial results in cell culture, we assessed EV-mediated Cre delivery in vivo

using mice harboring cell tumors from B16 Cre reporter cells (Fig S.11a).
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Figure 5.11. EV-mediated delivery of Cre to reporter mice.

(a) Timeline of EV-transfer experiment to Cre reporter mice. 24h after donor cell transfection
with Cre constructs and VSVG, media was replaced with fresh Opti-MEM and EVs were
isolated 48h later by SEC. 10 days before EV transfer, mice were injected with 5x10° B16 Cre
reporter cells/mouse. On day 10, isolated EVs were injected to recipient mice by intra-tumoral
injection (1x10'° EVs/mice). 4 days later, tumors were harvested and Cre activity was analyzed.
(b) Cre recombination activity in mice tumors treated with PTTG1IP-intein-Cre + VSVG, Cre +
VSVG or VSVG only (control EVs). Cre recombination site was amplified by PCR and the
products resolved by agarose gel electrophoresis. Cre recombination is indicated by a shorter 900
bp product (arrow) while non-recombined site is observed as a 1,700 bp product. Recombination
percentages are indicated for recombined samples (¢) GFP expression in mice tumors injected
via the intratumoral route with PTTG1IP-intein-Cre + VSVG EVs, Cre + VSVG EVs or PBS

examined by ICH. n = 3 mice. Scale bar indicates 150 pm.

EVs were isolated from HEK293T cells transfected with PTTG1IP-intein-Cre + VSVG,
Cre + VSVG, or VSVG alone. After intratumoral injection of 1x10'® EVs/mice, Cre activity was
analyzed by PCR and immunohistochemistry. PCR was perfomed using primers which span the
reporter cassette and produce a 1,700 bp amplicon. Successful Cre recombination (indicated by a
shorter 900 bp product (arrow) (Fig S.11b)) was detected in tumors harvested from the three
PTTG11P-intein-Cre treated mice with recombination efficiencies ranging from 46-90%, while
no recombination was detected in control treatment mice (i.e., mice treated with control EVs
containing non-fused Cre, EVs containing VSVG alone, or mice injected with PBS) (Fig S.11b).
Similarly, GFP signal was only detected in tumors from mice injected with PTTG1IP-intein-Cre
(Fig 5.11c¢). Together, these data suggest that PTTGIIP can be used as a scaffold for EV-

mediated protein delivery in vivo.
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5.4.6. Assessment of Cas9 and Cas9/sgRNA complex delivery
to reporter cells

Having shown that PTTG1IP can be used for loading and delivering cargo protein via EVs, we
next assessed the ability of PTTGI1IP in delivering more complex macromolecules, such as the
CRISPR-Cas9 system. The CRISPR-Cas9 system represents a potent tool for gene editing and

transcription regulation due to its high efficiency and specificity>®

. However, this potential is
hampered by the lack of efficient delivery methods®*. Thus, we explored the use of PTTG1IP to
deliver Cas9 and Cas9/sgRNA complexes to recipient cells. To assess Cas9 delivery, we used
HEK293T stoplight reporter cells*>>. These cells constitutively express RFP and express GFP
upon Cas9 cleavage and indel formation (in 2 out of 3 of the events) (Fig 5.12a, Fig 5.13).

To test Cas9 delivery, HEK293T cells were transfected with Cas9 or PTTG1IP-Cas9
together with VSVG and EVs were isolated 72h later (Fig 5.12b). 24h prior to EV transfer
reporter cells were transfected with sgRNA and 48h later Cas9 activity was assessed by flow

cytometry (Fig 5.12b). ~3% of reporter cells were GFP" after Cas9 EV-transfer while ~10% of

the cells were GFP" after PTTG11P-intein-Cas9 transfer (Figure 5.12¢).
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Figure 5.12. EV-mediated delivery of Cas9 to reporter cells.

(a) Scheme of the Cas9 stoplight reporter construct. mCherry is constitutively expressed under a
CMV promoter, followed by an F2A self-cleaving peptide sequence, a Cas9-binding linker
region and a stop codon. Two GFP open reading frames that are frameshifted by one or two
nucleotides are placed after the stop codon, separated by a F2A sequence. Upon Cas9 cleavage

and indel formation, the translation reading frame will be shifted and GFP will be expressed
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together with mCherry (in 2/3 of the editing events). (b) Timeline of EV-transfer experiment. 24h
after donor cell transfection with Cas9 constructs and VSVG, media is replaced with fresh Opti-
MEM and EVs are isolated 48h later by SEC. Isolated EVs are then transferred to recipient cells
(that were transfected with sgRNA 24h before) in 96-well plates (3x10° EVs/ml). 24h later media
is replaced with DMEM 10% FBS and after 24h cells are analyzed for GFP expression by flow
cytometry. (¢) GFP positive cells quantified by flow cytometry 48h after EV-transfer to sgRNA-
transfected reporter cells. (d) Timeline of EV-transfer experiment to reporter cells. In this case,
reporter cells did not express sgRNA. (e) GFP positive cells quantified by flow cytometry 48h
after EV-transfer to reporter cells. Statistical significance was tested by one-way ANOVA and

Bonferroni post hoc test. Data are presented as mean + SEM, n = 3 replicates, **P < 0.01.
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Figure 5.13. Assessment of Cas9 reporter cell activation after Cas9 and sgRNA transfection.
GFP positive cells quantified by flow cytometry 48h after Cas9, sgRNA or Cas9 and sgRNA
transfection to HEK293T stoplight reporter cells. Statistical significance was tested by one-way
ANOVA and Bonferroni post hoc test. Data are presented as mean + SEM, n = 3 replicates,

Fadxp < 0.0001.
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Notably, Cas9 delivery was twice as efficient with PTTG1IP-intein-Cas9 than with

CD63-intein-Cas9 (Fig 5.14).

% %

GFP* EVs

Figure 5.14. Comparison of PTTG1IP and CD63 for EV-mediated delivery of Cas9.

GFP positive cells quantified by flow cytometry 48h after PTTG1IP-intein-Cas9 or CD63-intein-
Cas9 EV-transfer to sgRNA transfected HEK293T stoplight reporter cells. Isolated EVs were
transferred to recipient cells in 96-well plates (2x10° EVs/ml). Statistical significance was tested

by Student’s t-test. Data are presented as mean + SEM, n =2, **P < 0.01.

To assess Cas9-sgRNA complex delivery, reporter cells were treated with EVs from
HEK293T cells transfected with Cas9 or PTTG1IP-Cas9, together with VSVG and sgRNA (Fig
5.15a). Efficiency in this case was 0.5% for Cas9 and 3% for PTTG1IP-intein-Cas9 (Fig 5.15b).
These results suggest that PTTGI1IP is a suitable scaffold for delivery of more complex

macromolecular cargoes.
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Figure 5.15. EV-mediated delivery of Cas9/sgRNA complexes to reporter cells.

(a) Timeline of EV-transfer experiment to reporter cells. 24h after donor cell transfection with
Cas9 constructs, sgRNA, and VSVG plasmids, media was replaced with fresh Opti-MEM and
EVs were isolated 48h later by SEC. Isolated EVs were then transferred to recipient cells in 96-
well plates (3x10° EVs/ml). 24h later media was replaced with DMEM 10% FBS and after 24h
cells were analyzed for GFP expression by flow cytometry. (b) GFP positive cells were
quantified by flow cytometry 48h after EV-transfer to reporter cells. Statistical significance was
tested by one-way ANOVA and Bonferroni post hoc test. Data are presented as mean + SEM, n =
3 replicates, ***P < 0.001.
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5.5. Discussion

A major challenge in developing EV-based therapies is the loading of therapeutic cargo into the

vesicles. Current methods for endogenous EV-protein loading often rely on tetraspanins?22%4,

177264327 " or viral proteins®®’3%° (e.g., Gag), that despite showing a high loading

lipidic tags
capacity are not suitable for further engineering on the extracellular side (i.e., addition of
targeting or endosomal escape peptides). Lipidic tags and viral scaffolds target proteins to the
lumen of the EVs, and engineering tetraspanins to display proteins or peptides on their
extracellular loops while maintaining their EV-sorting capacity has been proven to be

259,260

challenging . To accomplish EV-loading and targeting, several strategies based on

multimodular EV-engineering have been developed'®**

, where different scaffold proteins are
used to load the therapeutic cargo, and to display the targeting moiety. However, due to EV
heterogeneity, there is a risk that the different modules (i.e., therapeutic cargo, targeting moiety,
and endosomal escape moiety) are present in mutually exclusive EV subpopulations, thus
reducing the therapeutic efficiency of the EVs. There is therefore a need for more suitable EV
scaffold proteins that allow for highly efficient intracellular EV-loading and that are amenable to
EV surface modification. Here, we investigate the use of PTTGIIP scaffold for functional
protein delivery. We show that PTTG1IP EV-loading is dependent on its N-glycosylation status,
and we demonstrate that PTTGIIP is able to efficiently deliver Cre protein in vivo, and

SpCas9/sgRNA complexes in cell culture. Furthermore, we present various PTTGIIP variants

with improved properties for its therapeutic application.

5.5.1. Analysis of putative EV-sorting features
Candidate features identified with the IPFA analysis (PTAP motif, SPYR domain, MIT domain

and transmembrane protein N- glycosylation) were assessed for EV-loading by fusing them to
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GFP. To assess N-glycosylation EV-loading, we used PTTGIIP, the smallest protein with
annotated N-glycosylation PTMs in our dataset. The PTTG1IP EV-scaffold showed the highest
EV-loading capacity of the constructs tested (~80% GFP" vesicles) (Fig 5.1). The SPRY domain
also resulted in significant EV-enrichment, although to a lesser extent (~20% GFP" vesicles)
(Fig 5.1). This is perhaps not surprising, since soluble proteins tend to be less effective at loading
protein cargo to the EVs*>. Conversely, MIT domain and PTAP motif did not promote GFP EV-
enrichment. ESCRT-III interacts with several proteins involved in EV-membrane fission via the
MIT-interacting domains*4, thus it is possible that by overexpressing the MIT domain we are
interfering with EV-biogenesis. Banfer et al. reported that PTAP motif was required for galectin-
3 EV-sorting in MDCK cells”. However, in our experimental conditions we were not able to
detect increased EV-sorting using the PTAP motif. It is also possible that some of the tested
features require the overexpression of additional proteins that mediate their EV-loading (e.g.,

PTAP motif may require overexpression of its binding partner ALIX).

PTTGIIP was shown to harbor two N-glycosylation sites at N54 (high mannose or hybrid
N-glycosylation) and N45 (complex N-glycosylation), and its sorting to the EVs was highly
dependent on N-glycosylation modification, with double glycosylation mutant showing less EV-
loading than the single mutants (Fig 5.2). To determine that N-glycosylation impact on EV-
sorting was not influenced by other factors such as protein folding or degradation, we assessed
the intracellular location of WT PTTGIIP and PTTGIIP double mutant (2NQ). Given that
PTTGIIP is mainly found on intracellular vesicular structures and that it is enriched in the EVs,
we explored its co-localization with endosomal markers. Both WT and double N-glycosylation
mutant were found in early, late and recycling endosomes, suggesting that the absence of N-

glycosylation does not alter PTTGIIP localization. In addition, the cell expression levels of N-
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glycosylation mutants were similar to the western blot (Fig 5.2b, ¢), suggesting that protein
stability was not altered. These results suggest that the IPFA analysis that we developed, which
indicated that N-glycosylation has a role in EV-sorting, can be useful to identify EV-enrichment
associated PTMs. Glycan-dependent sorting of glycoproteins to specific cell locations is
mediated by carbohydrate-binding proteins (i.e., lectins)’***. Interestingly, members of the
galectin protein family have been shown to bind B-galactoside sugars and regulate membrane

326,360,361

glycoprotein organization and endocytosis , processes that are closely related to EV

protein sorting.

However, PTTG1IP EV-sorting was not affected by N-acetyl-lactosamine (LacNAc)
galectin inhibition (Fig 5.4). This result does not rule out a possible role of galectins in EV
protein sorting since the affinity towards different types of glycosylation is variable among

members of the galectin family>®?

, and not all galectins may influence protein trafficking in the
same manner (i.e., different galectins may have opposite effects). Thus, it is possible that by
inhibiting galectins non-specifically we are not able to observe the EV-sorting effect. A more

precise approach could be knocking down specific galectins to assess their contribution to EV-

loading individually.

Our results suggest that PTTGIIP trafficking to the endosomes is not affected by N-
glycosylation (Fig 5.3). A possible hypothesis could be that N-glycosylation targets PTTG1IP
towards EV-generating MVB whereas non-glycosylated PTTGI1IP is directed towards non-
productive endosomes. Alternatively, N-glycosylation may sort PTTG1IP to specific membrane
microdomains in MVBs or plasma membrane that would eventually become intraluminal
vesicles. In a similar way, N-glycosylation ablation of transmembrane protein CD133 (Prominin-

1) did not affect its endosomal location despite showing reduced EV-loading®®.
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5.5.2. EV-loading of PTTGI1IP variants

PTTGIIP is a transmembrane protein ubiquitously expressed in normal human tissues’®.

PTTGIIP is conserved across a wide variety of animal species and does not share significant
homology with other human proteins®**. Initial studies on PTTG1IP function suggested a role in
trafficking pituitary tumor-transforming gene 1 (PTTG) to the nucleus, where it induces
tumorigenesis via different mechanisms including transcription activation and p53

destabilization3¢3-363

. However, subsequent studies have shown that PTTGIIP is primarily
located on intracellular vesicles structures and not in the nucleus****¢, Both PTTG and PTTG1IP
are upregulated in several types of cancer’®’*%, However, it has been shown that PTTG1IP has
an independent transforming ability by inducing p53 degradation®®. Nevertheless, PTTG1IP
downregulation has been reported in lung cancer tissues>’® and has been associated with a higher
risk of breast cancer death’’!. In addition, PTTG1IP overexpression was shown to inhibit

proliferation in lung cancer cells®”’.

To minimize the possible pro-oncogenic effects of PTTGI1IP, we deleted the coiled coil
region on PTTGIIP C-terminus (amino acids 130 — 164). This region contains the NLS bipartite
signal that is required for its interaction with PTTG>% as well as the potential p53 binding site*®’.
We showed that PTTG1IP 130-164 deletion retained the EV-sorting capacity, suggesting that the
deleted region is not important for EV-sorting (Fig 5.6¢,d). Furthermore, PTTG1IP deletion
variant was almost as potent as WT PTTGIIP scaffold when assessed for Cre delivery (Fig 5.9

d,e). Thus, indicating that it could be potentially used as a safer alternative to WT PTTGIIP for

therapeutic application.

Mathieu et al. reported CD63 endocytosis signal (YXX¢) mutant was more abundantly
released in the EVs than WT CD63°72. This increase was due to a re-direction of CD63 from
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being released in exosomes via MVB to being released in microvesicles originating from the
plasma membrane. Thus, we mutated the two endocytosis signals on PTTG1IP (2Y A mutant) to
determine if EV-loading could be improved. In line with the previous study, PTTG1IP 2YA
mutant was able to load two times more GFP per vesicle than WT PTTGI1IP (Fig S.6¢, d). It is
possible that the mechanism by which CD63 loading is increased also applies to PTTGIIP,

although this hypothesis was not further explored.

5.5.3. EV-mediated delivery of PTTGI1IP-Cre

To determine if PTTGIIP scaffolds could be used to functionally deliver EV-protein cargo, we
assessed Cre packaging and delivery to reporter cells. To promote Cre release in the EVs, we
used two different self-cleaving sequences from Mycobacterium tuberculosis®’ (intein sequence)
and Shewanella oneidensis*® (SC sequence) that have been reported to cleave at low pH
conditions similar to those in the endosomal compartment. To mediate endosomal escape, we co-
expressed VSVG in the EV-producing cells. We showed that PTTG1IP promoted EV-packaging
of Cre and that cleavage by the intein sequence was much more efficient than with the SC
sequence (Fig. 5.7b). Importantly, PTTG1IP was able to deliver Cre to a variety of reporter cell
lines with high efficiency when intein was used as the release sequence (~85-99%) (Fig 5.7e.f,
Fig 5.9d,e). PTTG1IP-intein-Cre, PTTG1IPDel-intein-Cre (deletion variant) and PTTG1IP-130-
180aa-Cre variant (double cleavage sequence) were much more potent than CD63-intein-Cre in
the two reporter cell lines tested, particularly PTTG1IP-intein-Cre and PTTG1IPDel-intein-Cre
(Table 5.5, Fig 5.9d, e). The difference in potency between PTTG1IP and CD63 scaffolds may

be partially explained by the higher EV-loading capacity of PTTGI1IP as compared to CD63
(~30%) (Fig 5.5). However, a ~30% loading increase does not seem to enough to fully explain

such a variation in potency. It is possible that PTTG1IP has a higher co-localization with VSVG
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or that it somehow enhances EV uptake or endosomal escape. In line with previous
studies?*®2%2256 we did not detect Cre delivery in the absence of VSVG (Fig 5.8), thus indicating
that endosomal escape is a key step limiting EV delivery. Moreover, efficient Cre delivery
suggests that PTTG1IP and VSVG are found at overlapping EV subpopulations. However, this
hypothesis should be assessed by single vesicle analysis or high-resolution microscopy
techniques. Further studies should evaluate PTTGIIP-2YA variant functional delivery to

determine if the higher EV-loading translates into a higher efficiency.

Notably, some degree of Cre cleavage was detected in the EVs from PTTG1IP-Cre fusion
protein when no self-cleavage domain was present (Fig 5.7b). Although not as efficiently as
PTTG1IP-intein-Cre, PTTG1IP-Cre also resulted in reporter cell activation (Fig 5.7e, f). This
difference was most likely due to the lower cleavage rate when the intein was not present. Given
that the size difference between Cre and Cre released from PTTGI1IP construct, we speculated
that the potential cleaving sequence resided between amino acids 130 — 180. Duplication of the
potential cleaving sequence resulted in a two-fold Cre delivery improvement (Fig 5.7e, Fig 5.9¢),
suggesting that a cleavage site exists between amino acids 130-180 of PTTGI1IP. Importantly, we
also showed that the sequence could be applied to induce EV-cleavage in different protein
contexts such as CD63 (Fig 5.10). We suspect that this sequence contains a cleavage site for an
enzyme that cleaves predominantly in the EVs due to its intracellular location or pH
requirements. Enzyme cleavage sites are usually >8 residues long, thus, further studies could
focus on determining the minimal cleaving sequence in 130-180 PTTGI1IP. Once identified,
several repeats of the minimal site could be used to improve the cleavage activity. Similarly,
potential harmful interactions with PTTG and p53 could be avoided by deletions of non-essential

sequences at the PTTGIIP C terminus, since the binding sites have been reported locate at
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PTTGIIP C-terminus*®*. PTTGI1IP intrinsic cleavage sequence presents several advantages for
future construct engineering. Firstly, as opposed to the intein sequence, which is derived from
Mycobacterium tuberculosis, PTTGIIP cleavage sequence is human and thus most likely non-
immunogenic. This may avoid B-cell response when EVs are generated externally by producer
cells given that the sequence will be hidden inside the EVs, however if the EVs are to be
produced endogenously in situ as previously shown'¥>*73 the expression of a bacterial peptide
would most likely trigger an immune response towards the producer cells and its subsequent
elimination, hampering its therapeutic application. /n situ EV delivery consists in the production
of therapeutic EVs by endogenous or implanted cells in the patient. This approach is particularly
interesting for protein replacement therapies and for overcoming some of the main challenges of
EV-based therapies such as the limited half-life of exosomes in circulation and the difficulty to
reach the target tissues'*. Secondly, PTTG1IP-Cre cleavage was only detected in the EVs while
intein cleavage was detected in the cells. This is feature may also be valuable to prevent the
protein cargo from having an effect on the EV-producer cells. Previous studies have relied on

233.236 or on the introduction of viral cleavable

blue-light-/ small molecule-induced dimerization
linkers from MLV?® or HIV-1%2%7 to release protein cargo from the EV-loading scaffolds.
However, these strategies present several issues. Conditional dimerization strategies are based on
the production of EVs under blue light or the presence of a small molecule that promotes
dimerization of the loading scaffold and the protein cargo. Hence, these strategies could not be
applied to in situ EV therapies. Moreover, small molecules used to induce dimerization will also

be delivered to recipient cells. Viral cleavable sequences require the expression of viral proteases

in the donor cells, which besides being immunogenic may be packaged into EVs and delivered to

168



recipient cells. Hence, once optimized, PTTGIIP cleavage sequence would constitute a safer and

more convenient alternative for EV-based therapies.

Assessment of EV-delivery is often a time-consuming process that involves generating
large amounts of DNA and complex EV-isolation procedures. Unlike CD63-based scaffolds, the
PTTG1IP-intein-Cre construct was potent enough to activate Cre reporter cells using conditioned
media only (without the need to purify and concentrate EVs by SEC, Fig 5.8). This property
could be exploited for optimizing EV-delivery conditions such as endosomal escape
proteins/peptides, cargo release systems and additional PTTGI1IP variants in a high throughput

screening setting.

In vivo Cre delivery was demonstrated using EVs expressing PTTG1IP-intein-Cre and
VSVG in mice harboring B16 reporter cell tumor xenografts (Fig 5.10). Recombination
efficiency ranged from 40% to 90%, conversely, no activation was detected in mice treated with
Cre and VSVG EVs, suggesting that active loading is required for Cre delivery. Notably, the
high efficiency recombination levels detected by PCR were less apparent when assessed by
immunohistochemistry since not all cells in the tumor xenograft express the reporter. Once
injected, B16 cells proliferate during 10 days without selection pressure to form the tumors and

therefore, some will lose the reporter expression.

Other studies have attempted Cre delivery with variable levels of success. The WW
domain of E3 ubiquitin-protein ligase NEDD4 binds NDFIP1 (Nedd4 Family Interacting Protein
1) promoting its monoubiquitination and subsequent sorting into EVs?®. Sterzenbach et al.,
exploited this mechanism to enhance EV-loading by fusing Cre to a WW domain and
overexpressing NDFIP1 in the EV producer cells. Although this strategy resulted in reporter cell

activation, efficiency was low (1%)*%. In a separate study, co-expression of the myristylation
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sequence derived from CHMP6 protein was used for Cre EV-loading and delivery to reporter
cells in vitro*®*. Notably, in this case no endosomal escape fusion protein or membrane release
system were required to achieve Cre activity since Cre was not fused to the myristoylation tag
(the myristoylation tag fused to GFP was co-expressed with unmodified Cre). This differs from
another study where a release system as well as VSVG were needed for delivery of protein cargo
loaded by myristoylation?*’. Tetraspanins have also been assessed as EV scaffolds for Cre
delivery. CD9 in combination with CIBN-CRY2 blue-light dimerization system was used for
efficient in vitro and in vivo Cre delivery without the need of endosomal escape proteins®>.
Conversely, a different study using a CD9 and GFP-based dimerization platform showed
minimal Cre delivery (2.9%) without VSVG*%. Cre delivery was also achieved using CD81 and
rapamycin induced dimerization release system. In the two studies where this strategy was tested,

endosomolytic compounds?>®

or fusion-competent VSVG were essential for functional EV-
delivery??. VSVG has also been used directly as a scaffold for highly efficient in vitro Cre

delivery using a split GFP complementation strategy?*®.

5.5.4. EV-mediated delivery of Cas9 to reporter cells

We further explored the utility of PTTG1IP to deliver more complex macromolecules such as the
CRISPR-Cas9 system. Due to its high efficiency and specificity, CRISPR-Cas9 has emerged as a
powerful genome editing tool. However, its therapeutic potential is hampered by the lack of
efficient delivery systems*°. Given the complexity of CRISPR-Cas9 delivery, we first assessed
EV-mediated delivery of Cas9 protein by expressing sgRNA in the recipient cells. To deliver

Cas9, PTTGIIP was used as the EV-scaffold and the intein for protein release in the EVs. This

strategy enabled the activation of ~10% of Cas9 reporter cells, while conventional transfection
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of Cas9 and sgRNA resulted in ~20% activation (Fig 5.12). In line with Cre delivery results,

PTTGIIP was two times more efficient in delivering Cas9 as compared to CD63 scaffold (Fig
5.14). However, the difference in efficiency between PTTGIIP and CD63 was much more
pronounced with Cre delivery. PTTG1IP-intein strategy was also able to deliver Cas9/sgRNA
ribonucleoprotein complex to reporter cells, although the delivery efficiency was reduced as

compared to Cas9 protein transfer alone.

Both Cas9 and Cas9/sgRNA delivery are complex processes involving two different
components and thus a low delivery efficiency was expected. In addition, the sensitivity of the
reporter cells was low, as observed by the activation levels after Cas9 and sgRNA transfection
(Fig 5.13). Cas9 delivery requires binding of Cas9 to the sgRNA in the nucleus after the Cas9 is
delivered into the cytosol, while for Cas9/sgRNA delivery the sgRNA must be exported from the
nucleus to bind Cas9 in the cytoplasm before it is sorted to the EVs. sgRNA transport to the
cytoplasm is likely to be very inefficient, since sgRNA lacks nuclear export signals. Hence, in
order to optimize Cas9/sgRNA EV-delivery, further studies should focus on promoting sgRNA
export from the nucleus. Moreover, efficiency of sgRNA sequence could be enhanced
by extending the sgRNA duplex by 5 bp and mutating the TTTT stretch in the scaffold region to

prevent premature transcription termination®’*,

The CRISPR/Cas9 system can be delivered as DNA, mRNA, or as Cas9/sgRNA
ribonucleoprotein complexes. Delivery of Cas9/sgRNA complex presents several advantages
over DNA and mRNA delivery. Cas9/sgRNA complex delivery reduces off-target effects while
maintaining high efficiency given that the functional complex is immediately available in the cell
and is quickly degraded®®®37>. Recently, several studies have developed Cas9/sgRNA complex

delivery platforms based on EVs. Initial studies required centrifugation of EVs (spinoculation)
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and recipient cells to obtain functional delivery, which is not applicable for in vivo settings®>*3!!,

Several studies have developed platforms based on VLPs that resulted in high Cas9/sgRNA
delivery efficiencies??72%7-268 However, these methods rely on highly immunogenic proteins that
limit their therapeutic use. The three VLP strategies utilized Gag as the scaffold protein and viral
envelope proteins to induce endosomal escape. Viral proteases to promote Cas9 release from
Gag (MLV?7 and HIV proteases®®®), and Tat protein®”’ for active sgRNA loading were also used
in some of the VLP studies. Wang et al., exploited the interaction between EV-enriched
ARRDCI1 (Arrestin Domain Containing 1) and WW domains for EV-loading. In that study, Cas9
was fused to WW domains to recruit Cas9/sgRNA complexes to the EVs via ARRDCI

interaction'”’

. CD63 has also been used as a scaffold in combination with Cas9 release systems.
CD63 was fused to GFP?* or FP1%! proteins, which bound to GFP or FP1 nanobodies fused to
Cas9, respectively. Conversely, a different study fused the sgRNA to an aptamer and CD63 to an

aptamer-binding protein to recruit Cas9 to the EVs via sgRNA binding®”?

. Notably, in line with
our study, efficiency was higher when CD63-scaffold was combined with VSVG. Other
approaches were based on the addition of a myristoylation tag to Cas9. One of the studies
utilizing myristoylation required VSVG, chloroquine, and polybrene reagent to achieve

Cas9/sgRNA activation of reporter cells?®

. Conversely, the other myristoylation study by Fan et
al., reported Cas9 delivery complex without the need of endosomal escape compounds or Cas9
release systems>®*. In another study, Zhang, et al. used VSVG as a scaffold in combination with
a split GFP complementation system to successfully deliver Cas9/sgRNA complexes®*®. More
recently, Cas9 myristoylation together with palmitoylation and blue-light induced CIBN-CRY?2

dimerization was utilized by Osteikoetxea et al. to deliver Cas9/sgRNA complexes in cell culture

with high efficiency without VSVG?%. Notably, in this study the delivery efficiency was reduced
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from ~40% to ~4% when LC-purified vesicles were used instead of UC-purified vesicles,

exposing the importance of the EV isolation method on EV delivery. Intriguingly, myristoylation
and palmitoylation was suggested by the authors to enhance endosomal escape, since using CD9
as the scaffold instead of the lipid tag resulted in no reporter activation despite similar Cas9 EV-
loading levels*>>. Direct comparison of our study with other EV-based Cas9/sgRNA delivery
studies is difficult given that the EV concentration and gene editing efficiency were not reported
in most of the studies. Moreover, efficiency of EV delivery may depend on the EV isolation

method, donor-recipient cell line combinations and reporter system.

The PTTGI1IP-based platform offers several advantages over existing protein scaffolds
for EV-delivery. We have demonstrated PTTG1IP is able to efficiently deliver protein cargo in
cell culture and in vivo. EV-scaffolds based on tetraspanins, lipidic tags, VSVG, Gag, or
ARRDCI are not amenable for further engineering to display targeting or endosomal escape
peptides on the EV surface. Hence a second scaffold that co-localizes with the first should be
used for extracellular cargo loading, which would be notoriously difficult to accomplish due to
vesicle heterogeneity. Unlike VSVG and Gag viral scaffolds, PTTG1IP would presumably be
less immunogenic given that it is an endogenous protein. In addition, as compared to most single
spanning proteins such as LAMP2B, PDGFR, or IGFS8 that have a lower EV-loading capacity
than CD63%%2%! PTTGI1IP is able to package protein cargoes with high efficiency. Recently,
Dooley et al., identified single spanning protein PTFGRN as a highly EV-enriched protein that
enables highly efficient protein surface display®*’. Although PTFGRN could potentially be used
for delivery of intraluminal cargoes, this has not been proven yet. In contrast to scaffolds that
rely on EV-surface association (i.e., CP05%%, C1C2%*, GPI-anchor'”’ and GAPDH'*?), cargo

molecules fused to PTTG1IP C-terminus are protected from degradation. The majority of studies,
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including the present one, have evaluated EV-loading scaffolds in EVs derived from HEK293T
cells. Thus, it would be important to determine how EV-scaffolds perform on EVs from different

cell sources, especially for therapeutically relevant cell lines.

Nevertheless, the PTTG1IP-based platform presents several elements that would require
further optimization to fully harness its potential. Most importantly, our system requires VSVG
for functional delivery, thus future studies should evaluate human-derived fusogenic proteins to
replace VSVG. The suitability of PTTGIIP to display targeting moieties on the EV surface
should also be assessed in cell uptake experiments. Moreover, PTTG1IP cleavage sequence

should be further developed to achieve cleavage levels similar to those of the intein.
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5.6. Conclusions

We demonstrated that PTTGIIP EV-enrichment is dependent on its N-glycosylation status,
validating our IPFA analysis (Results II). We have shown that PTTG1IP can be used as a
scaffold to efficiently package protein cargoes. Importantly, we demonstrated highly efficient
EV-mediated functional delivery of Cre protein to recipient cells and mice xenografts, as well as
Cas9 and Cas9/sgRNA complex functional delivery to reporter cells. Moreover, we developed
various PTTGI1IP variants with improved properties for its therapeutic application. Thus,
demonstrating that PTTG1IP is amenable to further engineering. Our findings also indicate that
additional EV-modifications for membrane cargo release and endosomal escape (i.e. co-
expression of VSVG) have a major impact on functional protein delivery. This chapter provides
a proof-of-principle demonstration of the utility of PTTG1IP scaffold as a versatile platform for

loading and delivering macromolecular cargoes.
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6. Discussion and conclusions

6.1.1. Summary of main findings

The work presented in this thesis has explored novel strategies for EV-mediated functional

delivery of protein and protein/RNA complexes with the potential for therapeutic applications.

In Chapter 3, we aimed to deliver dCas9-VPR/sgRNA complexes via EVs using UBL3 as
an EV-sorting scaffold. UBL3 was previously found to be enriched in the EVs and was therefore
a promising candidate for protein EV-loading®>. We observed a large increase in dCas9-VPR and
sgRNA sorting to the EVs when UBL3 was fused to dCas9-VPR as compared to passive loading.
To avoid endosomal entrapment of the EV cargo and promote functional delivery, we co-
expressed the fusogenic protein VSVG and assessed EV-delivery in the presence of an
endosomal escape enhancing compound. However, we were not able to detect functional dCas9-
VPR or dCas9-VPR/sgRNA complex delivery to reporter cells. In addition, single-vesicle
analysis indicated that UBL3 and VSVG were predominantly found on mutually exclusive EV
subpopulations, thus limiting the use of VSVG for enhancing EV uptake and endosomal escape
of UBL3 EV-loaded cargo. We speculated that the lack of functional delivery was either due to
inefficient EV uptake, or due to the inability of UBL3-fused dCas9-VPR to release from the EV
membrane and reach the nucleus after EV uptake. Nevertheless, these findings led us to identify
the main requirements for functional EV delivery and provided the motivation to search for
alternative EV-sorting strategies that would enable efficient EV-loading, cargo release, and

VSVG co-expression on the cargo-carrying vesicles.
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UBL3 sorting into EVs is dependent on its association with the EV membrane via
geranylgeranylation and palmitoylation PTMs. Therefore, we hypothesized that other protein
features such as protein domains, motifs, or PTMs may exist that also promote EV-sorting. In
Chapter 4, we developed a bioinformatics approach (i.e., IPFA analysis) to identify UniProt-
annotated domains, motifs, and PTMs that were enriched in EVs in order to generate novel
scaffolds for protein sorting into EVs. IPFA analysis enabled the identification of several EV-
enriched annotated features. Notably, N-glycosylation was found to be the most prevalent EV-
enriched annotation feature. This modification was primarily present on EV-enriched
transmembrane proteins, suggesting a possible role of N-glycosylation in transmembrane protein
sorting to EVs. Moreover, IPFA analysis identified various other PTMs that had been previously
reported for EV-loading of therapeutic cargoes into the EVs, which further supports the validity
this bioinformatics approach. The following features were selected for further analysis due to
their applicability as EV-scaffolds; PTAP motif, SPRY domain, MIT domain, and N-

glycosylation of transmembrane proteins.

In Chapter 5, we developed a novel platform for functional EV delivery based on the most
efficient EV-loading scaffold identified with the IPFA analysis. Firstly, we assessed the capacity
of the candidate features identified with the IPFA analysis to sort protein cargo to the EVs. In
order to apply N-glycosylation for EV-loading of non-transmembrane protein cargoes, we used
PTTGI1IP, the smallest protein in our dataset with an N-glycosylation-annotated modification.
The same strategy was applied for the MIT domain, while the PTAP motif and SPRY domains
were directly used as EV-scaffolds. We observed that PTTGIIP had the highest EV loading
capacity among all the tested features. In addition, EV-sorting efficiency of PTTG1IP was found

to be higher than that of CD63, a tetraspanin commonly used for EV-sorting’?’. The IPFA
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analysis has identified a wealth of potential features that could translate into EV-loading
candidates with improved properties for therapeutic delivery. Our results also showed that N-
glycosylation of PTTG1IP was essential for its packaging into EVs, further confirming the utility
of IPFA analysis for the identification of EV-loading scaffolds. Interestingly, the ablation of
PTTGIIP N-glycosylation did not affect protein stability or intracellular location, which was
predominantly endosomal. Follow-up studies will address the mechanistic basis of PTTG1IP-
mediated EV loading. Proximity labelling combined with mass spectrometry >3 could be used to
identify possible protein mediators by comparing native PTTGI1IP, and non-glycosylated
PTTGIIP mutant binding partners. In addition, electron microscopy of MVBs from cells
expressing non-glycosylated PTTG1IP mutant might be used to determine if N-glycosylation has
an effect on PTTGIIP sorting to ILVs. Importantly, we demonstrated that PTTGIIP, in
combination with a cargo release system and VSVG co-expression, could be used for highly
efficient functional delivery of Cre protein to various cell lines in vitro, and in vivo to mouse
tumor xenografts. We further demonstrated the utility of this platform by delivering more
complex macromolecules such as Cas9/sgRNA to reporter cells. In addition, we also developed
two PTTGI1IP variants with improved EV-loading or diminished capacity to interact with p53,
which showed that the PTTGIIP sequence is highly amenable to further protein engineering.
Unexpectedly, PTTG1IP showed a certain degree of intrinsic cleavage activity which enabled
protein cargo release only in the EVs. We took advantage of this property and generated a
PTTGIIP variant in with this intrinsic cleavage activity was increased by including tandem
repeats containing the putative cleavage site. We also demonstrated that the PTTGI1IP intrinsic
cleavage site could be applied in other protein contexts (i.e. CD63) for protein cargo release.

PTTGIIP intrinsic cleavage sequence or a bacteria-derived intein (a self-cleaving sequence from
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Mycobacterium tuberculosis) were successfully used as release systems for functional
experiments, although the intein sequence showed a higher cleavage efficiency. The self-
cleaving intein used in this study and other previously described cargo release systems are based
on non-human sequences that may activate the immune system. Thus, the PTTG1IP cleavage
sequence represents a potentially safer alternative for EV cargo release. Nevertheless, the
requirement for VSVG co-expression poses a problem for the repeat dosing of EVs. It would be
important to identify novel fusogenic proteins or peptides of human origin to replace VSVG and

avoid compromising the low immunogenicity of EVs.

Notably, PTTG1IP-based scaffolds were found to be much more potent than CD63 for
functional delivery of EV-loaded proteins. Recently, PTGFRN, BASP1, and myristoylation and
palmitoylation tags have been reported to possess a higher EV-loading capacity than CD63%46:253,
Hence, efforts to further develop PTTGI1IP-based scaffolds for therapeutic applications must
necessarily be compared with other state-of-the-art approaches. Future studies should also
investigate the ability of PTTG1IP variants to induce efficient in vivo delivery, since this was

only demonstrated for native PTTG1IP using the intein as a cargo release system.

One of the main advantages of the utility of PTTGIIP as an EV-scaffold is that its
extracellular domain could potentially be used for EV surface display (e.g., functional targeting
moieties, fusogenic peptides or signaling proteins). Furthermore, PTTGI1IP could be further
engineered to optimize its utility for EV delivery. For example, future studies could test the
effect of introducing additional N-glycosylation moieties on PTTGI1IP to increase EV-loading

efficiency.

In this study we demonstrated the utility of PTTGI1IP for efficient functional EV-delivery.

Nevertheless, transfer of EVs was tested in a limited number of recipient cell lines using EVs
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derived from only a single producer cell line (HEK293T cells). Currently, MSCs are the
preferred cell source for the production of EVs for therapeutic applications due to their safety
profile and (in many cases) intrinsic anti-inflammatory properties'“’. Therefore, follow up
studies should assess PTTGIIP EV-delivery efficiency using EVs from different cell sources,
especially cell lines that are being used for therapeutic EV production such as MSCs. Along
these lines, additional future work should also include the assessment of PTTGIIP-based

platform for the delivery of disease relevant cargoes for therapeutic purposes.

In summary, we show that protein PTMs can be exploited to enhance functional cargo
loading into EVs. The studies reported here underline the importance of EV uptake, EV cargo
release, and endosomal escape enhancement for functional delivery and describe a highly
versatile novel platform for EV-mediated delivery of protein and protein/sgRNA complexes

based on PTTG1IP EV-scaffold.
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6.2. Future prospects for EV-based therapeutics

The EV research field has seen remarkable growth over the past 20 years since the first studies
reporting functional delivery of proteins and nucleic acids. The unique properties of EVs as
delivery vehicles, such as their biocompatibility, cargo versatility, and capacity for engineering
makes them attractive candidates for therapeutic applications. However, several key challenges

remain in the effort to unlock their full potential.

As compared to synthetic nanocarriers, EV-based carriers contain a wide variety of
molecules besides the therapeutic drug due to their natural complexity. Thus, a full
characterization of the isolated EVs will be required to define their functional activity and
effective dosage, and to avoid pleiotropic effects. In addition, EV heterogeneity will need to be
taken into account when producing therapeutic EVs. Vesicle composition may vary according to
the cell source and method of EV isolation, which may result in variable levels of functional EV

subpopulations and may hinder the regulation of EV-based products.

In order to optimize EVs as therapeutic vehicles, it will be essential to understand the
mechanisms by which specific EV subpopulations achieve efficient functional delivery and to
identify the molecules responsible. This will include the study of (i) how EVs can traverse
biological barriers, (ii) the tropism of specific EV subpopulations for different target tissues, and
(ii1) the mechanisms of EV uptake and endosomal escape for specific cell combinations where

functional delivery is observed.

A vital step in the translation of EV therapeutics is the standardization of EV research. To
this purpose, the International Society for Extracellular Vesicles (ISEV) has published guidelines

for EV isolation and characterization methods?”>. Furthermore, the EV-TRACK database has
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recently emerged to encourage the centralization of EV-related experiments in an effort to
increase reproducibility and standardization of EV research®’®. Similarly, the development of
standardized assays for determining EV efficiency will allow for the comparison between the

various EV-delivery platforms in terms of potency.

Another major consideration is the selection of a cell source that is well characterized,
produces EVs with a good safety profile, and allows for scalable EV production. Allogenic EVs
derived from some MSC lines possess immunomodulatory properties and have been found to be
safe in numerous clinical trials making them the preferred cell source for therapeutic EVs®”’.
Alternatively, EVs can also be produced in an autologous manner by isolating the appropriate
cells from patients and culturing them ex vivo for EV production. However, the time required for
EV manufacturing and the associated costs are exceedingly high for most applications. An

exception is the use of plasma derived EVs, which can be readily obtained from patient plasma

and exogenously loaded with therapeutic cargo®’®.

Although the capacity of native EVs to transfer nucleic acids and proteins has been
demonstrated in many studies®**”, the efficiency of functional EV delivery may not be as high
as initially reported due to limited uptake by recipient cells and inefficient cytosolic release of
EV contents'?!"134333  Hence, the application of EVs as drug delivery vehicles may require
additional optimization with regards to biodistribution, cargo loading, cytosolic delivery, and
clearance by immune cells. Along these lines, in this study we have identified a novel EV
scaffold that allows for highly efficient EV loading, cargo release and functional delivery in cell

culture and in vivo which is based on PTTG1P.

The major advantages that differentiate EVs from other delivery vehicles such as

synthetic nanoparticles and viral vectors are their low toxicity and immunogenicity. It is
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therefore of utmost importance that the strategies applied for EV engineering do not alter the low
immunogenicity of EVs, which would hamper repeat dosing. For example, with the use of non-
human EV-loading scaffolds or cargo release systems, or with the co-expression of viral
fusogenic proteins (e.g., VSVQG). The EV scaffolds based on PTTGI1IP as well as the intrinsic
cleavage sequence for cargo release identified in this study have a human origin and therefore
represent a safer alternative to viral based EV scaffolds or non-human cargo release systems. In
addition, the expression of VSVG in cells has been reported to induce cytotoxicity, which may
pose additional challenges to EV manufacturing®®’. Therefore, future studies should investigate
alternative non-cytotoxic fusogenic proteins from human origin that enable the development of

fully human EV delivery platforms.

Clinical translation of EVs will require scale-up of producer cell cultures and reliable
EV-isolation methods that enable the production of sufficient quantities of EVs**!. EV isolation
methods that are typically employed in research lab settings, such as ultracentrifugation, are not
suitable for processing large volumes of cell culture supernatant and often result in co-isolation
of non-vesicular components. Methods based on tangential flow filtration and size-exclusion
chromatography show promise in enabling the isolation of EVs from large volumes of culture
media with reasonable purity and yield*”””. However, for the isolation of specific EV
subpopulations or highly pure EV preparations, orthogonal methods based on affinity may be

required at the expense of yield.

A promising therapeutic alternative approach is the in sifu production of EVs, which
would mimic native vesicle production and delivery. In this manner, EVs would be continuously
secreted by the producer cells and would therefore avoid the need to manufacture large amounts

of vesicles. This strategy was demonstrated by Kojima et al, who implanted EV producer cells
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subcutaneously in Matrigel to successfully deliver EV-loaded mRNA to the brain'®. Patient cells
could also be harnessed as EV biofactories to expand the delivery of endogenously loaded EV-
therapeutics. To achieve this, patient cells could be modified using conventional methods (e.g.,
AAV delivery) to produce engineered EVs that would deliver the therapeutic protein to cells in
the surrounding tissue due to the generation of high local EV-concentrations. For example, this
approach could be used to enhance the delivery of gene editing tools (e.g., CRISPR-Cas9, base

editors, prime editors) to tissues with low transduction efficiencies.

Numerous clinical trials are currently underway for EV therapeutics®*?, although no EV
product has been approved by regulatory agencies yet. Nevertheless, clinical trials using non-
engineered native EVs from different cell sources have shown that EVs are well tolerated and

have a favorable safety profile'

. Over the last few years, EV research has sparked interest from
the pharmaceutical industry, which has resulted in a surge of companies focused on the

development of EV therapeutics.

Companies including Aegle therapeutics, Capricor, Direct biologics and ExoPharm are
currently conducting clinical trials for EV therapies based on unmodified naive EVs. On the
other hand, Codiak Biosciences has been the first to start clinical trials to investigate the use of
engineered EV-based therapeutics. Their exoSTING platform is being evaluated in a phase I/I
clinical trial (NCT04592484) for the treatment of solid tumors and preliminary findings have
indicated tolerability and tumor shrinkage. exoSTING consists of EVs expressing PTGFRN on
the EV surface which have been exogenously loaded with cyclic dinucleotide agonists of the
STING (stimulator of interferon genes) pathway in the EV lumen®®’. The PTGFRN
transmembrane protein has been shown to promote uptake by antigen presenting cells in the

tumor microenvironment while STING agonists are able to induce an anti-tumor response’®’.
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Codiak has also initiated a phase I clinical trial for exoIL-12 which uses PTGFRN EV-scaffold
to display pro-inflammatory IL-12 on the EV surface for the treatment of cutaneous T-cell

lymphoma (NCT05156229)*"!.

Recently, Codiak launched a phase I clinical trial for their third clinical candidate,
ex0ASO-STAT6 for the treatment of patients with advanced hepatocellular carcinoma and
patients with liver metastases (NCT05375604). This platform is based on PTGFRN expressing
EVs exogenously loaded with lipid-modified antisense oligonucleotides targeting STAT6 on the
EV surface’*. STAT6 induces the repolarization of immunosuppressive tumor associated M2
macrophages towards immune stimulatory M1-like macrophages thus resulting in an anti-tumor
effect’®. Similar to the exoSTING platform, PTGFRN at the EV surface enhances uptake by

macrophages®®*,

ILIAS Biologics has also received approval from the Human Research Ethics Committee
in Australia to initiate a Phase I clinical trial on ILB-202, an engineered exosome loaded with
anti-inflammatory protein super-repressor 1kB (srlkB) for the treatment of cardiac surgery-
associated acute kidney injury (AKI). ILIAS has developed a platform for inducible cargo
loading into the EVs based on CD9 protein scaffold fused to CIBN-CRY?2 blue-light inducible

dimerization system?>>,

Likewise, other companies are on the verge of initiating clinical trials and are currently at
late stages of preclinical development. EVOX therapeutics has a proprietary technology based on
CD63 and a self-cleaving intein for cargo release (which has been used in the studies presented
here). Their main focus is the development of EV-based enzyme replacement therapies for urea
cycle disorders. In addition, they are engineering EVs to enhance siRNA delivery to the central

nervous system for the treatment of neurodegenerative diseases. Another interesting approach
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that is being explored by PureTech is the use of milk-derived EVs for oral administration of a

variety of macromolecular cargoes including nucleic acids, peptides, and AAVs.

Despite the challenges ahead, preliminary data from clinical trials supports the suitability
of EVs as delivery vehicles®®?. Issues such as in-depth EV characterization techniques, large-
scale EV production and isolation, standardization of EV research, and EV engineering for
enhanced delivery are currently being addressed. Through this collective effort it is likely that

the clinical translation of EV therapeutics will become a reality in the near future.
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8.2. Sequences of the constructs used in Chapter 4

mEGFP-cMyc

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCT
GGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGAT
GCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTG
CCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTAC
CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTC
CAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGT
GAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCA
AGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAA
CGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCC
GCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACC
CCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCC
AAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGT
GACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGAGCAGAAGCTGA
TCTCCGAAGAGGACCTG

Myc sequence
PTTGI1IP

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTG
TCTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCC
ACCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTT
GAAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCC
ATCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGA
GGAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGA
GCAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGA
AGAAAACCCGTATGCTAGATTTGAAAACAAC

SPRY7

ATGGCCACCTCGGTGTTGTGCTGCCTGCGGTGCTGCAGAGACGGGGGGACTGGCCA
CATCCCTCTGAAGGAGATGCCGGCCGTGCAGCTGGACACGCAGCACATGGGAACAG
ATGTTGTTATTGTAAAGAATGGAAGAAGAATATGTGGAACAGGAGGTTGTTTAGCC
AGCGCACCTTTACATCAAAACAAAAGCTATTTTGAATTCAAAATCCAGTCCACAGGA
ATCTGGGGTATTGGTGTTGCAACTCAGAAGGTTAACTTGAATCAGATTCCTCTTGGC
CGAGATATGCACAGTCTGGTGATGAGAAATGATGGAGCCCTTTACCACAACAATGA
AGAGAAAAATAGGCTGCCAGCAAACAGTCTTCCGCAGGAAGGAGATGTGGTGGGTA
TTACTTATGACCATGTCGAATTAAATGTATACTTGAATGGAAAAAACATGCATTGTC
CAGCATCAGGTATACGAGGGACAGTGTATCCAGTTGTTTATGTTGATGACAGTGCAA
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TTTTGGATTGCCAGTTCAGTGAGTTTTATCATACGCCTCCACCTGGTTTTGAAAAAAT
ATTATTTGAACAGCAAATCTTC

MITD1

ATGGCGAAGTCCGGGCTGAGGCAGGACCCGCAGAGCACAGCTGCAGCCACTGTGCT
AAAGCGGGCAGTAGAACTAGATTCGGAGTCGCGGTATCCGCAGGCTCTGGTGTGTT
ACCAAGAGGGGATTGATCTGCTCCTGCAGGTTCTGAAAGGTACCAAAGATAATACT
AAGAGATGTAATCTCAGAGAAAAAATTTCCAAATACATGGACAGAGCGGAAAACAT
AAAGAAGTACTTGGACCAAGAAAAAGAAGATGGAAAATATCACAAGCAAATTAAA
ATAGAAGAGAATGCAACAGGTTTCAGTTATGAGTCACTTTTTCGCGAATACCTTAAT
GAGACAGTTACAGAAGTTTGGATAGAAGATCCTTATATTAGACATACTCATCAGCTG
TATAACTTTCTTCGATTTTGTGAGATGCTTATTAAGAGACCATGTAAAGTAAAAACT
ATTCACCTTCTCACCTCTCTGGATGAAGGCATTGAGCAAGTGCAGCAAAGTAGAGGC
CTGCAAGAAATAGAAGAGTCACTCAGGAGTCACGGAGTGCTGTTGGAAGTTCAATA
CTCTTCTTCAATACATGACCGAGAAATTAGGTTCAACAATGGATGGATGATTAAGAT
TGGAAGGGGACTTGATTATTTTAAGAAACCACAGAGTCGTTTTTCCCTTGGATATTG
TGATTTTGATTTAAGACCATGTCATGAAACAACAGTAGACATTTTTCATAAGAAGCA
TACAAAAAATATA

PTAP motif
CCCGGGCCAAGTGCTCCTGGTCCA
PTTG1IP-N45Q

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAcagAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTGT
CTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCCA
CCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTTG
AAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCCA
TCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGAG
GAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGAG
CAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGAA
GAAAACCCGTATGCTAGATTTGAAAACAAC

PTTGI1IP-N54Q

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGcagGTCTCCTGT
CTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCCA
CCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTTG
AAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCCA
TCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGAG
GAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGAG
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CAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGAA
GAAAACCCGTATGCTAGATTTGAAAACAAC

PTTG1IP-2NQ

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAcagAAAACCTGTGAAGAGTGCCTGAAGcagGTCTCCTGTC
TTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCCAC
CGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTTG
AAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCCA
TCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGAG
GAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGAG
CAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGAA
GAAAACCCGTATGCTAGATTTGAAAACAAC

PTTG11P-130-164Del

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTG
TCTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCC
ACCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTT
GAAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCC
ATCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGTATGGCCTGTTT
AAAGAAGAAAACCCGTATGCTAGATTTGAAAACAAC

PTTGIIP-2YA (Y165A) (Y174A)

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTG
TCTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCC
ACCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTT
GAAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCC
ATCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGA
GGAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGA
GCAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAAgecGGCCTGTTTAAAGA
AGAAAACCCGgecGCTAGATTTGAAAACAAC

Cre-cMyc

ATGGTGCCCAAGAAGAAGAGGAAAGTCTCCAACCTGCTGACTGTGCACCAAAACCT
GCCTGCCCTCCCTGTGGATGCCACCTCTGATGAAGTCAGGAAGAACCTGATGGACAT
GTTCAGGGACAGGCAGGCCTTCTCTGAACACACCTGGAAGATGCTCCTGTCTGTGTG
CAGATCCTGGGCTGCCTGGTGCAAGCTGAACAACAGGAAATGGTTCCCTGCTGAAC
CTGAGGATGTGAGGGACTACCTCCTGTACCTGCAAGCCAGAGGCCTGGCTGTGAAA
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ACCATCCAACAGCACCTGGGCCAGCTCAACATGCTGCACAGGAGATCTGGCCTGCC
TCGCCCTTCTGACTCCAATGCTGTGTCCCTGGTGATGAGGAGAATCAGAAAGGAGAA
TGTGGATGCTGGGGAGAGAGCCAAGCAGGCCCTGGCCTTTGAACGCACTGACTTTG
ACCAAGTCAGATCCCTGATGGAGAACTCTGACAGATGCCAGGACATCAGGAACCTG
GCCTTCCTGGGCATTGCCTACAACACCCTGCTGCGCATTGCCGAAATTGCCAGAATC
AGAGTGAAGGACATCTCCCGCACCGATGGTGGGAGAATGCTGATCCACATTGGCAG
GACCAAGACCCTGGTGTCCACAGCTGGTGTGGAGAAGGCCCTGTCCCTGGGGGTTA
CCAAGCTGGTGGAGAGATGGATCTCTGTGTCTGGTGTGGCTGATGACCCCAACAACT
ACCTGTTCTGCCGGGTCAGAAAGAATGGTGTGGCTGCCCCTTCTGCCACCTCCCAAC
TGTCCACCCGGGCCCTGGAAGGGATCTTTGAGGCCACCCACCGCCTGATCTATGGTG
CCAAGGATGACTCTGGGCAGAGATACCTGGCCTGGTCTGGCCACTCTGCCAGAGTG
GGTGCTGCCAGGGACATGGCCAGGGCTGGTGTGTCCATCCCTGAAATCATGCAGGCT
GGTGGCTGGACCAATGTGAACATTGTGATGAACTACATCAGAAACCTGGACTCTGA
GACTGGGGCCATGGTGAGGCTGCTCGAGGATGGGGACGAGCAGAAGCTGATCTCCG
AAGAGGACCTG

Myc sequence
PTTGI1IP-Cre

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTG
TCTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCC
ACCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTT
GAAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCC
ATCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGA
GGAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGA
GCAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGA
AGAAAACCCGTATGCTAGATTTGAAAACAACGATCCACCGGTCGCCACCGTGCCCA
AGAAGAAGAGGAAAGTC

PTTGI1IP-intein-Cre

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTG
TCTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCC
ACCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTT
GAAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCC
ATCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGA
GGAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGA
GCAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGA
AGAAAACCCGTATGCTAGATTTGAAAACAACGATCCACCGGTCGCCACCGCTCTTGC
TGAGGGCACCAGAATCTTCGATCCCGTGACCGGCACCACACACAGAATCGAGGATG
TCGTCGGCGGCAGAAAGCCCATTCATGTGGTGGCTGCCGCCAAGGATGGAACCCTG
CATGCCAGACCTGTGGTGTCTTGGTTTGACCAGGGCACAAGAGATGTGATCGGCCTG
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AGAATTGCCGGCGGAGCCATTCTGTGGGCCACACCAGATCACAAGGTGCTGACAGA
GTACGGCTGGCGAGCTGCTGGGGAACTGAGAAAGGGCGATAGAGTGGCCCAGCCTA
GAAGATTCGACGGCTTCGGAGACAGCGCCCCTATTCCTGCTAGAGTGCAGGCTCTGG
CCGACGCTCTGGACGACAAGTTTCTGCACGATATGCTGGCCGAGGAACTGCGGTAC
AGCGTGATCAGAGAGGTGCTGCCTACCAGACGGGCCAGAACCTTTGGCCTGGAAGT
GGAAGAACTGCACACACTGGTGGCCGAAGGCGTGGTGGTTCACAAT

PTTGI1IP-SC

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTG
TCTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCC
ACCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTT
GAAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCC
ATCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGA
GGAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGA
GCAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGA
AGAAAACCCGTATGCTAGATTTGAAAACAACGATCCACCGGTCGCCACCTTCGCTCC
TCAGGGCCTGGCCCAGTTCATCAAGGTGAACGTGACCCTGGAGAACGGCGAGCCCG
TGTTCATCTACACCGACGCCAACGGCCAGGTGTGCCAGGGCGACATCACCGTGACC
CAGGCCGGCACCATCACCTACCTGCTGAACGACCAGACCCTGAAGGGCCTGAAGTT
CGTGGGCGTGGGCTTCGTGACCCCCTTCGACGGCATCATCGACGCCGTGACCATCAG
CAGCGACGGCATGCTGGTGCAGCTGGTGGACCTGGACAAGACCCCCGGCACCACCA
AGTTCCAGTTCGTGCTGAGCAACACCGCCAACACCCTGCTGGTGCTGAGCCCCGACC
CCCAGATCATCAACAGGCCCCAGAAC

PTTG1IP-130-180aa

ATGGCGCCAGGAGTCGCCCGCGGACCAACGCCGTACTGGAGATTGAGACTCGGTGG
AGCCGCGCTGCTCCTGCTGCTCATCCCTGTCGCCGCCGCGCAGGAGCCTCCAGGAGC
TGCTTGTTCTCAGAACACAAACAAAACCTGTGAAGAGTGCCTGAAGAACGTCTCCTG
TCTTTGGTGCAACACTAACAAGGCTTGTCTGGACTACCCAGTTACAAGCGTCTTGCC
ACCGGCTTCCCTTTGTAAATTGAGCTCTGCACGCTGGGGAGTTTGTTGGGTGAACTTT
GAAGCGCTGATCATCACCATGTCGGTAGTCGGGGGAACCCTCCTCCTGGGCATTGCC
ATCTGCTGCTGCTGCTGCTGCAGGAGGAAGAGGAGCCGGAAGCCGGACAGGAGTGA
GGAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACGGAGA
GCAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTAAAGA
AGAAAACCCGTATGCTAGATTTGAAAACAACGATCCACCGGTCGCCACCGACAGGA
GTGAGGAGAAGGCCATGCGTGAGCGGGAGGAGAGGCGGATACGGCAGGAGGAACG
GAGAGCAGAGATGAAGACAAGACATGATGAAATCAGAAAAAAATATGGCCTGTTTA
AAGAAGAAAACCCGTATGCTAGATTTGAAAACAAC
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PCR-amplified spCas9 from pSpCas9-2A-Puro (PX459)

Primer FW:
GTGGCCGAAGGCGTGGTGGTTCACAATGGCGGTTCTGGGGGATCCGGGGGCAGCaGC
CCCAAAGAAGAAGCGG

Primer RV:
CTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCCTACAGGTCCTCTTCGG
AGATCAGCTTCTGCTCCTTTTTCTTTTTTGCCTGGCC

sgRNA sequence

GGACAGTACTCCGCTCGAGTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCT
AGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT
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