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Abstract

Exploring protein candidates with enhanced cargo loading capabilities into Saccharomyces

cerevisiae extracellular vesicles

Alexander Christophe Pawelczak

Extracellular vesicles (EVs) are a promising drug delivery platform as they
compartmentalize bioactive payloads prior to delivery, have low immunogenicity, and are
capable of tissue-specific targeting. EV-based therapeutics in most research pipelines are
produced using cultured human mesenchymal stem cells. This approach is limiting as they are
not amenable to complex genetic engineering, are expensive to grow and maintain, produce
heterogenous EVs that are challenging to purify, and cannot be easily upscaled. Baker’s yeast
(Saccharomyces cerevisiae) is an excellent candidate for EV research, as it exhibits similar
fundamental EV biology and may overcome these and other limitations. Using S. cerevisiae as a
model, this study aims to determine if yeast strains expressing EV localization peptides can
produce engineered EVs loaded with bioactive cargo. To achieve this, a panel of genetically
modified yeast strains was generated to express fluorescently tagged versions of known EV

markers and bioproduction was quantified with single particle analyses.
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CHAPTER 1 INTRODUCTION

1.1 An overview of extracellular vesicle discovery

All organisms interact with their environment and other individuals through the exchange
of chemical signals, allowing them to develop, respond to stimuli, and maintain homeostasis.
This complex interchange of information can be mediated by extracellular vesicles (EVs) that
compartmentalize bioactive cargoes prior to being released by cells, which subsequently
circulate through the extracellular space. When internalized by recipient cells, EV payloads can
be delivered to the cytosol, triggering a wide range signaling events (van Niel et al., 2022). The
term EV refers to diverse populations of lipid nanoparticles that can be released by virtually all
cells, and vary in terms of size, surface composition and lumenal cargoes depending on the
producing cell type and its metabolic state (Dixson et al., 2023). In the field of EV biology, it is
recognized that there are two major classes of vesicles consisting of exosomes and ectosomes.
The former is produced from the endocytic pathway through which the coordinated activities of
the endosomal sorting complexes required for transport (ESCRTSs) generate intralumenal vesicles
(ILVs) that undergo exocytosis. The latter refers to particles ranging from 100 — 1,000 nm in size
generated from outward protrusions of the plasma membrane that are excised, and subsequently

shed into the extracellular space (Teng and Fussenegger, 2021).

The history of EV discovery is one of gradual developments and paradigm shifts
spanning multiple decades, showcasing how a biological process with seemingly little
functionality became recognized as one with far-reaching implications. In the mid-20" century,
prior to being recognized as biological entities, EVs were first described as pro-coagulant factors
separated by ultracentrifugation (Chargaff and West, 1946). In the 1980s, Johnstone’s work
demonstrated how the release of exosomes were involved in downregulating the transferrin
receptor within maturing sheep reticulocytes and provided evidence for their involvement in
membrane trafficking (Johnstone et al., 1987). However, these findings and the works of others
contributed to the prevailing misconception regarding EVs, characterizing them merely as a
waste disposal mechanism, discouraging exploration in their biological significance (Johnstone

et al. 1991). During this period, the groundwork for understanding the prevalence of EV



secretion across microorganisms was laid through investigations on non-mammalian species. For
instance, it was shown that Ochromonas danica secretes a range of vesicles capable of being
isolated via centrifugation, and EV preparations released from Candida tropicalis could delay
the growth of other yeast cultures (Aaronson et al., 1971; Chigaleichik et al., 1977). Vesicles
released from Corynebacterium were shown to induce cell agglutination, and EVs secreted by
Acinetobacter were shown to possess lipopolysaccharide complexes (Vysotskii et al., 1977;
Képpeli and Finnerty, 1979). These early studies contributed to our understanding of the
ultrastructural characteristics of EVs and provided evidence for their mechanisms of release to be
conserved across multiple domains of life. It was not until the beginning of the millennium
where the field of EV biology experienced a remarkable surge in interest due to pivotal studies
demonstrating the role of EVs in intercellular communication and immunity, and their
recognition as biomarkers for altered physiological states (Ratajczak et al., 2006; Skokos et al.,
2003; Wolfers et al., 2001). The field witnessed its first EV meeting in 2000 and founded the
International Society of Extracellular Vesicles in 2012, bringing together researchers to explore
various disciplines in EV biology, address standardization and reporting, and tackle technical
challenges (Couch et al., 2021). Today, there continues to be a growing community of
researchers exploring the nature of EVs which has led to the formation of National Societies
found globally. The tremendous growth in interest and research output has allowed EVs to be
viewed as clinically relevant, driving a community of researchers to better understand their
biogenesis, the mechanisms underlying their functional transfer of cargo, and their broad

therapeutic applications.

1.2 EV biogenesis

In order to fully harness the clinical capabilities of EVs, we must understand the
processes governing their composition, and the pathways underlying their secretion. Elucidating
these may provide candidate proteins suitable for engineering therapeutic EVs. However, this has
been a major challenge in the field as subpopulations of EVs may be difficult to distinguish due
to overlapping characteristics relating to their size and cargoes. Current EV purification

techniques fail to produce monogenic preparations which hinders our ability to properly



differentiate EV subtypes. Nevertheless, membrane trafficking is a heavily researched topic and
researchers have been able to elucidate different EV biogenesis pathways. In the literature, small
EVs (or exosomes) have been associated with the ESCRT-dependent route of biogenesis (Dixson

et al., 2023).

1.2.1 ESCRT — dependent EV biogenesis

Exosomes (small EVs) represent a class of EVs that is most abundant in biological fluids
(Buzas, 2023). Though their biogenesis has not been fully elucidated, studies have established
that their production is mainly driven by a series of sequentially acting conserved protein
complexes termed ESCRTs (Henne et al., 2011). They are involved in the maturation of the
endosome by coordinating its transition to a multivesicular body which has been initially
observed in yeast. This entails that portions of the limiting membrane invaginate and bud into the
lumen of the endosome, forming ILVs that sort lipids and transmembrane proteins. This
mechanism begins when ESCRT-0 recognizes and binds to ubiquitinated cargo on the cytosolic
face of the endosome initiates their sorting to MVBs. ESCRT-I is recruited and binds to both
ESCRT-0 and to ubiquitinated cargo proteins which allows for the progression of the ESCRT
pathway. ESCRT-II is subsequently recruited and initiates the formation of the ESCRT-III
complex, driving the final stages of ILV formation. Stabilized by Brol, ESCRT-III mediates
cargo packaging and membrane deformation while the accessory protein Doa4 removes ubiquitin
from the cargo. The ATPase accessory protein complex Vps4 is recruited, driving vesicle
scission and the release of ESCRT complexes, resulting in ILV formation within the endosome.
Mature MVBs subsequently fuse with the plasma membrane, releasing ILVs into the

extracellular space (Figure 1).
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Figure 1. ESCRT-dependent exosome biogenesis

Ubiquitylated cell surface proteins undergo endocytosis, resulting in the formation of cytosolic
vesicles that fuse with the endosome. ESCRTs are recruited to the cytoplasmic face of the
endosome membrane to select and package proteins into ILVs. ESCRT-0 recognizes and binds to
ubiquitylated proteins at the endosome membrane. Ubiquitylated proteins are sequentially
transferred to ESCRT-1 and ESCRT-II for cargo sorting. The cargo protein is transferred to
ESCRT-III and accessory proteins Doa4 and Brol. Packaging of proteins is performed via
membrane deformation and scission, leading to the formation of ILVs. Prior to ILV release into
the endosomal lumen, ESCRTs are disassembled by Vps4 and cargo proteins are deubiquitylated
by Doa4. After multiple rounds of ILV formation, a mature MVB is formed. MVBs fuse with the
plasma membrane, releasing ILVs as exosome into the extracellular space. Adapted from

(Williams and Urbé, 2007; Saksena et al., 2007).



1.3 The role of EVs in physiology and disease

EVs are ubiquitous in nature as they are produced by organisms in of all domains of life
and found in nearly all biological fluids of the human body (Pulliero et al., 2019). They represent
an incredible means of intercellular communication capable of compartmentalizing biological
cargoes such as proteins and nucleic acids, which in turn orchestrate diverse signalling pathways
when delivered to recipient cells. As the field of EV biology witnessed a surge in growth, the
research community has identified numerous homeostatic functions regulated by EVs. For
instance, in the context of immunity, EVs released from thymic epithelial cells can regulate the
development of lymphocytes by carrying tissue-restricted antigens to thymic conventional
dendritic cells in order to promote central tolerance (Skogberg et al., 2015). Additionally, reports
have shown that B-cell-derived EVs have the capacity to possess functional peptide-MHC
complexes capable of activating T-cells through antigen presentation via direct or indirect
mechanisms (Raposo et al., 1996; Théry et al., 2002; Utsugi-Kobukai et al., 2003). EV-
associated proteins may promote wound-healing in damaged tissues that have been subjected to
trauma, inflammation, infection, by preventing cell death, triggering neovascularization, and
inducing cell proliferation (Zhang et al., 2015; Gong et al., 2019; Liu et al., 2020). Conversely,
EVs have been increasingly implicated in disease progression. Cancers can mediate metastasis
by secreting EVs that modify the metabolism of the tumor microenvironment. For example, in
murine models, breast cancer cells secrete EVs that suppress glycolysis and insulin secretion,
enabling their growth (Cao et al., 2022). Pancreatic cell-derived EVs carry out ECM remodelling
while inhibiting the migration of bone-derived macrophages, resulting in premetastatic niche
formation (Costa-Silva et al., 2015). EVs can additionally be involved in the progression of
neurodegenerative diseases as they can disseminate pathophysiological proteins such as PrP5c,
resulting in the development of Alzheimer’s disease (Hartmann et al., 2017). These findings
highlight how EVs are involved in broad (patho)physiological processes by initiating signaling
pathways via the interaction of their surface proteins with recipient cells or by the delivery of
intralumenal cargos. Hence, modifying components of EVs could be achieved in order to

mediate physiological pathways for therapeutic purposes.



1.4 EV engineering strategies for therapeutic applications

Developing a strategy to deliver pharmaceutical agents safely and effectively to specific
targets represents a major challenge in the generation of novel therapeutics. Currently, treatments
for chronic illnesses can cause a range of intolerable effects in patients as a result of disrupting
healthy physiological processes or causing immunogenic responses (Zahler et al., 2019). For
instance, cytotoxic drugs used in chemotherapy regimens often exhibit a system-wide presence
when administered. On top of producing negative side-effects, this phenomenon further reduces
the effectiveness of treatments as this provides a greater opportunity for therapeutic agents to be
degraded or metabolized prior to their delivery to targeted cells. This is a primary concern
regarding other forms of treatments such as gene therapy, RNA silencing and enzyme
replacement therapy. Different strategies have been developed to improve therapeutic delivery
by utilizing synthetic nanocarriers such as liposomal and polymeric nanoparticles to administer a
variety of therapeutic molecules. Both consist of synthetic compounds that have the ability to
encapsulate drugs prior to their delivery (Gelperina et al., 2005). Despite their ability to stabilize
drug molecules or provide a layer of protection, their use is associated with a number of
drawbacks, which include (1) causing immunogenic and cytotoxic responses in subjects, (2)
being limited in their efficacy to deliver therapeutics to target cells, (3) being unable to cross the
biological barriers, and (4) possessing manufacturing challenges relating to quality control and
cost (Bertrand and Leroux, 2012). EVs are better suited for drug delivery compared to synthetic
nanoparticles since they possess traits that constitute the ideal drug delivery system. For instance,
EVs are non-toxic and produce low to no immunogenic responses in hosts, which is attributed to
their natural origin and their similarities to the cells of the body (Dang et al., 2020). Their surface
proteins enable them to be internalized by multiple types of cells, as well as pass the blood-brain
barrier and large tissues while avoiding bioaccumulation (Mulcahy et al., 2014; French et al.,
2017). EVs have been harnessed for clinical therapy by applying different engineering

approaches involving genetically modifying parental cells or altering EVs post-isolation.

1.4.1 Enhancing stealth properties and targeted tissue homing



There are currently a number of known strategies being applied to increase the
therapeutic value of EVs. A major challenge regarding the application of EV-based therapeutics
involves preventing the engulfment of particles by off-target hepatic and splenic macrophages of
the reticuloendothelial system (Wiklander et al., 2015). Modifying the surface of EVs to increase
their stealth properties and organotropic homing effects for improving biodistribution and cell
targeting is a promising strategy to increase their therapeutic efficiency. The presence of CD47
can suppress exosome clearance by monocytes, resulting in increased pancreatic tumor
suppression and survival in mice (Kamerkar et al., 2017). EVs can be further “cloaked” with
tissue targeting peptides using a chemical membrane anchor and a conjugated streptavidin
platform molecule where homing molecules can be bound. This technology has been applied for
increasing exosomal uptake in healthy and injured cardiac tissues, and could be applied to
enhance targeting in lung, brain, kidney and muscle tissues using known homing peptides
(Johnson et al., 1993; Ghosh and Barry, 2005; Denby et al., 2007; Li et al., 2012; Antes et al.,
2018). Increasing targeting efficiency can also be achieved by expressing recombinant proteins
in EV-producing cell lines comprising of a homing peptide with membrane binding domains
commonly associated with EVs. This strategy has been applied for targeting HER2 breast
cancer by fusing a high-affinity anti-HER2 scFv antibody to the C1C2 domain of lactadherin
(Delcayre et al., 2005; Wang et al., 2018). The most straightforward strategy consists of
modifying parental cell lines expressing recombinant homing peptides bound to EV-enriched
transmembrane proteins as this minimizes the extent of genetic modification. Both CD63 and the
PDGFR transmembrane domain (common EV markers in mammalian cells) have been utilized in
this fashion to enhance the drug delivery of anticancer molecules to mantle cell lymphoma, and
to perform targeted breast cancer immunotherapy (Bao et al., 2017; Shi et al., 2020; Jayasinghe
etal., 2021). These results showcase how there are promising strategies being developed in order

to overcome the limitations of EV-based therapeutics involving targeted tissue delivery.

1.4.2 Cargo loading

One of the main approaches involved in developing EV-based next generation

therapeutics involves the encapsulation of therapeutic molecules. Different engineering strategies



are employed depending on the type of cargo one desires to incorporate. To deliver soluble
peptides via EVs, parental cell lines can be genetically modified to express proteins that may be
packaged into vesicles prior to their externalization. This strategy can be further applied to
deliver RNA in recipient cells that will manufacture a functional therapeutic protein, or silence
gene expression (Kamerkar et al., 2017; Yang et al., 2020) To enhance the loading of protein in
EVs, a viable strategy would involve a similar technique mentioned above where parental cell
lines express recombinant proteins bound to known EV markers that localize in the EV lumen
rather than its surface. There is a growing number of known EV sorting proteins available that
can be incorporated to produce more efficient engineered EV-based therapeutics (Zheng et al.,
2023). Encapsulating therapeutic molecules can be performed post-isolation via passive and
active methods of loading. In a simple manner, molecules with poor solubility can be
incorporated into EVs via coincubation (Haney et al., 2015). There are a variety of substances
that can be packaged using this method ranging from dietary supplements to chemotherapeutic
agents, which demonstrate a loading efficiency dependent on the extent of their hydrophobicity
(Sun et al., 2010; Fuhrmann et al., 2015). Encapsulating small hydrophilic molecules such as
nucleotides is commonly achieved via electroporation (Jayasinghe et al., 2021). The
administration of high-voltage pulses generates transient pores that facilitate the diffusion of
nucleotides through the EV bilayer (Kooijmans et al., 2013). However, this method may cause
particles to aggregate and could require optimization depending on the molecule of choice
(Stoicheva and Hui, 1994; Wang et al., 2018). Nonetheless, the use of electroporated EVs has
been demonstrated to deliver antisense oligonucleotides, Cas9 mRNA and gRNAs to recipient
cells with a higher efficiency in comparison to commercial transfection agents (Usman et al.,

2018).

1.4.3  Industry trends for EV-based therapeutic technologies

Designer EVs can allow clinicians to implement a safer, more target specific and far-
reaching drug delivery platform. So far, the majority of the therapeutic applications mentioned
here involved the treatment of various cancers. However, many groups have recently harnessed

EVs to treat broad clinical manifestations. For instance, this technology is being developed for



novel regenerative therapies. Engineered EVs have the capacity to mediate wound healing in
organotypic full-skin models and treat myocardial ischemia-reperfusion injury in mice (Staufer
et al., 2021; Wei et al., 2019). Notably, this technology has been applied to elicit functional
recovery in rats exhibiting complete spinal cord injury (Guo et al., 2019). EVs are being further
implemented as vaccines against SARS-CoV-2, for the attenuation of inflammation, and as
cosmeceutical agents for facial aesthetics (Harrell et al., 2019; Wang et al., 2022; Lee et al.,

2020).

The beginning of the millennium marked a surge in growth in the field of EV research.
Between the years of 2009 and 2018 there has been 733-fold increase in EV related publications
per year, and today, there are over 500 US patents filed, which include the term EV (Couch et
al.,2021; Song et al., 2021). The abundance of evidence highlighting the potential EVs offer as a
novel drug delivery platform has resulted in the emergence of a new synthetic biology sector
where private entities are developing designer EV therapeutics for clinical use. As the industry is
still in its infancy, there are currently no engineered EV therapies available. However, the market
is poised for growth with revenue projected to double in 2026 from USD 170 million in 2020
(Pirisinu, 2023). It is worth noting that this sector is just one branch of a larger industry projected
to be valued at USD 1.03 billion by 2030 which further encompasses companies developing EV-
based analysis and diagnostic services, and EV isolation kits and reagents (Research and
Markets, 2023). Current research pipelines involve the development of designer EVs for gene
therapy, treatment for Duchenne muscular dystrophy, therapies for neurological disorders and

dermal tissue damage.

1.5 S. cerevisiae as a platform for engineered EV production

Strides have been made in developing engineered EVs for targeted therapies, but
challenges delay their commercial viability. The reason for this is that most research pipelines
use human mesenchymal stem cells, which have (1) low biomanufacturing output, (2) have high
growth and maintenance cost, (3) are not amenable to complex genetic engineering, and (4) have

the capacity to release components of stemness (Gowen et al., 2020; Wiest and Zubair, 2020).



These limitations highlight the need for an alternative manufacturing platform to realize the
therapeutic potential of EVs. However, EV function is not limited to humans. They perform
important physiological roles in all organisms, including baker’s yeast (Oliveira et al., 2010).
This powerhouse organism is extensively used in biomanufacturing, has unmatched genetic
amenability and an incredible record of success in uncovering the basis of fundamental cellular
processes (Bean et al., 2022; Lee et al., 2015; Thodey et al., 2014; Zimmermann et al., 2016). S.
cerevisiae is also the model of choice to study orthology, revealing deep evolutionary
conservation of essential pathways through ectopic expression of human genes in place of yeast
counterparts (Kachroo et al., 2015; Kachroo et al., 2017). Thus, S. cerevisiae would be an
exceptional platform to genetically engineer EVs for new applications, and to eventually
manufacture EVs for use. The aim of this study is to determine the extent at which designed
ExoTags localize to isolated yeast EVs. If the ExoTags are found to be abundant in EVs they
could be used in downstream clinical applications for the purpose of cargo delivery and cell

targeting (Figure 2).
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Figure 2. Engineered yeast EVs for enhanced cell recognition and cargo delivery

A cartoon representing the trafficking of engineered EVs from yeast to humans. Genetically
modified S. cerevisiae is used to express soluble or membrane spanning EV localization signals
(referred as ExoTags) fused with therapeutic cargo or cell-targeting peptides that may be
incorporated into exosomes during their biosynthesis. Endosomes undergo maturation, which
involves the inward budding of the endosomal membrane, forming intralumenal vesicles and
results in a multivesicular body. The multivesicularbody fuses with the cell’s plasma membrane,
releasing exosomes in the extracellular space. Engineered exosomes (i.e. those possessing
ExoTags) can be used to enhance cell-specific targeting and internalization as well as delivering

therapeutic cargo into human cells.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Yeast strains and reagents

The Saccharomyces cerevisiae background strain used in this study is BY4741 (MATa
his3A1 leu2A0 met15A0 ura3A0). Reagents for yeast growth, EV isolation and imaging or
biochemical assays were purchased from Thermo Scientific, BioShop Canada Inc., Invitrogen

and Sigma-Aldrich.

2.2 Golden Gate and Gateway assembly for generating expression vectors

Expression vectors used in this study are listed in Table 1. Golden Gate reactions were
prepared as follows: 75 ng of the backbone vector and 20 fmol of DNA insert, 1 uL T7 ligase
(3x1076 units/mL); (NEB; M0318S), 1 uL 10 mM ATP (ThermoFisher; PV3227), 1 uL of 10
U/uL restriction enzyme, 1 pL of 10X enzyme buffer and water to make a final volume of 10 pL.
Each reaction mixture was incubated on a thermocycler with the following program: 30 cycles of
digestion and ligation (37 °C for 1 min, 16 °C for 1 min) followed by a final digestion step (end-
on-digestion at 37 °C for 15 min) or with a final ligation step (end-on-ligation at 16 °C for 60

min) and a heat inactivation step (85 °C for 15 min).

Gateway cloning was performed as follows: 150 ng of DNA insert, 150 ng of destination
or entry vector, 1X TE buffer (pH 8.0) were combined into a final volume of 8 puL. Subsequently,
1 uL of BP or LR clonase was added (Invitrogen; 11791020, 11789100). The reaction was
incubated at room temperature overnight. The following day, 1 pL of Proteinase K (2 pg/uL)
(Invitrogen; 11791020, 11789100) was added to the mixture to halt enzymatic activity. The
reaction was transformed in ccdB sensitive DH5a E.coli competent cells and plated on LB agar

with antibiotic selection. All plasmids were sequence-verified (Plasmidsaurus Inc., Oregon).
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Table 1. Plasmids used in this study

Plasmid Strain name Description Source
pBrett70  Exosignal Prpus-GFP-Exosignal-Tapui, Puraz-URA3-Tyras,  This study
2u, ColE1, Pampr-Amp™=Tampr
pBrett93 PDGFR PTDH3—GFP-PDGFR-mRuby -Tapui, Puras- This study
URA3-TURA3, 2“, CO]EI , PAmpr -Ampr-TAmpr

pBrett40  CDG63 full-length Prpusz-mRuby-HsCD63-GFP-Tpui, Puras- This study
URA3—TURA3, 2]1, COlE 1 , PAmpr —Ampr—TAmpr

pBrett38  CD63 C-term Prprz-mRuby-HsCD63 C-term-GFP-Tppi, This study
PURA3' URA3-TURA3, 2],L, COlE 1 , PAmpr -Ampr-
TAmpr

pBrett106 GFP-Brol Prpus-GFP-BROI-T 4pri, Puraz-URA3-Tyras, 2“, This study
COlEl 5 PA]npr 'Ampr‘TAmpr

pBretth7 Brol-GFP Prpuz-BROI-GFP-T 4pri, Puraz-URA3-Turas, This study

2“, COlEl s PAmpr -Ampr-TAmI)r

2.3 Yeast transformation

BY4741 was inoculated in 5 mL YPD. Yeasts were then back diluted and incubated for 4

hrs or until they had an ODggo 0of 0.8. Yeasts were pelleted and washed twice (3,500 RPM, 3 min)
in 1X TE (1 nM EDTA, 10 mM Tris, pH 7.5). Next, pellets were resuspended in 0.1 M LiOAc

and were incubated at room temperature for 1 hr. Supernatants were then transferred to a 1.5 mL

Eppendorf tube and pelleted (10,000 RPM for 30 sec). After discarding the supernatant, the

pellet was suspended in 34 pL sterile water, 10 pL. ssDNA, 10 ng amplicon or plasmid DNA, 36
puL 1 M LiOAc, and 240 uL PEG (50% PEG3350, 0.1 M LiOAc, 1 nM EDTA, 10 mM Tris, pH

7.5). This solution was allowed to incubate at room temperature for 1 hr. Next, 36 uL of DMSO

was added to this solution, with the entire cell suspension being subsequently heat shocked for 5

min at 42 °C. The cell suspension was then allowed to rest at room temperature for 5 min, with

the pellet being subsequently collected (10,000 RPM for 30 sec). The pellet was suspended in

sterile water and plated on the appropriate selection.
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2.4 Strain establishment by flow cytometry

The percentage of GFP" cells and mean fluorescent intensity (MFI) were measured using
a BD FACS Melody (BD Bioscience, Canada). The FACS was equipped with three excitation
lasers (405, 488, and 561 nm) in a 2B-2V-4YG configuration. For all experiments, cells were
grown overnight in 5 mL of SC (for WT) or SD -Ura (for modified strains) from a glycerol stock.
The ODgoo was measured, and 5 OD units of cells were captured and DPBS was added up to
final volume of 5 mL. Samples were washed by centrifuging (1000 g, 3 min), aspirating the
supernatant and suspending in 5 mL DPBS. The sample was centrifuged once more and cells
were suspended in 1 mL DPBS. Cells were excited by a 488 nm laser and viewed through a
527/32 filter. The cell populations were used to generate a histogram showing GFP expression.
For each condition, 100,000 events were collected. Analysis and figure preparation were

performed using Floreada.io (last updated on 8/12/23).

2.5 Live-cell fluorescence microscopy

To confirm the expression of fluorescently labeled recombinant proteins by transformed
S. cerevisiae in-vivo, cells were grown in 5 mL media (SC-URA) at 30 °C, shaking at 200 rpm
for 24 hrs. The ODggo values of cultures were measured, and 5 OD units of cells were harvested
by centrifugation at 3500xg for 1 min, washed, and suspended in 100 pL of PBS. Following this,
10 pL of suspended cells were transferred to glass slide, covered with glass coverslips, and
imaged via a Nikon Eclipse TiE inverted microscope equipped with a motorized TIRF (Total
Internal Reflection Fluorescence) 13 illumination unit, Photometrics Evolve 512 EMCCD
(Electron Multiplying Charge Coupled Device) camera, Nikon CFI ApoTIRF 1.49 NA x 100
objective lens, and 488 nm or 561 nm 50 mW solid-state lasers operated with Nikon Elements
software. The expression of fluorescent labels was visualized in > 3 biological replicates per

strain.

2.6 EV isolation by ultrafiltration
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Yeast glycerol stocks were inoculated into 15 mL of liquid media (SC or SD-URA) and
grown at 30 °C and 200 rpm for 36 hrs. For each strain, pre-cultures were inoculated into three 2
L flasks containing 1 L of media and grown overnight at 30 “C and 200 rpm until the cultures
reached an ODggo value of 8 — 10 arbitrary units. Yeast cells were harvested at 4,000 rpm for 10
min and pellets were washed twice with phosphate buffered saline (PBS, pH 7.4). The pellets
were subjected to 15 min of heat stress at 42 “C, suspended in 25 mL of Dulbecco’s phosphate
buffered saline (HyClone DPBS, Cytiva) and incubated at 42 °C for an additional 15 min. The
cell suspension was centrifuged at 5,000xg for 15 min at 4 °C, the supernatant was collected and
centrifuged at 15,000xg for 15 min at 4 °C and the supernatant was filtered (0.22 pm pore size,
Corning Inc.). The filtered supernatant was subjected to ultrafiltration with centrifugal filter units
(Amicon Ultra-15 NMWL of 100 kDa, MilliporeSigma) by centrifugation at 3700 rpm for a
duration of 1 min/mL. EVs were collected from the filter unit and stored on ice for further
characterization. The protein concentration of EV samples was determined by Bradford assay,
using bovine serum albumin (BSA) to generate standard curves and the absorbance was
measured at 595 nm using a multimode plate reader at gain 110 (Synergy H1, Biotek). EV
isolations as well as Bradford and fluorometry assays were performed > 3 biological replicates

per strain.

2.7 EV characterization by nanoparticle tracking analysis (NTA) and nano-flow cytometry

To measure particle size and concentrations, I performed nanoparticle tracking analysis

(NTA) using a ZetaView nanoparticle tracking analysis instrument (Particle Metrix, Ammersee,
35 Germany) with software version 8.0.5.14 SP7. EV samples were diluted between 1:100 to
1:5000 in sterile DPBS in order to capture between 50 — 200 particles per frame. One mL of
diluted EV samples were manually loaded with a 1 mL syringe and samples were slowly injected
until conditions appeared optimal for acquisition. ZetaView instrument settings were as follows:
Temperature (25 °C), laser A (488 nm), filter A (scatter) sens (75), shutter (100), FR (30), and 40
trace length (15). Between each sample, the instrument was flushed with at least 1.5 mL of
DPBS. Unless otherwise reported, EV samples from > 3 different yeast cultures (biological

replicates) were examined.
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Nano-flow cytometry was performed using the CytoFLEX system (Beckman Coulter,
Pasadena, CA) equipped with two lasers (405 and 488 nm). The 405 nm violet laser was selected
for side scatter (SSC) analysis with 1800 of manual threshold setting in the violetSSC-height
(violetSSC-H) channel and gain set at 100 of violetSSC-H signal in the acquisition mode.
Samples were loaded and run with slow flow rate (10 pl/min) for 3 min. Data were acquired and
presented using CytExpert 2.0 software (Beckman Coulter). EV mean fluorescence intensity was

determined. EV samples from > 3 biological replicates were examined.

2.8 Transmission electron microscopy

EV samples were fixed by diluting them 1:1 with 2.5 % glutaraldehyde in 0.1 M sodium
cacodylate. Fixed EVs (5 pL) were then dropcast onto glow discharged carbon—coated grids and
allowed to absorb for 5 min at room temperature. EV-bound grids were washed twice with
glycine and then rinsed four times with ultrapure pure water. Mounted EVs were then negative
stained with 1 % phosphotungstic acid (1 min, room temperature), blotted with filter paper and
dried (1 hr, room temperature). Grids were then imaged at 80—-120 kV using a Talos L120C
transmission electron microscope (Thermo Fisher Scientific, Toronto, Canada). Each sample was

imaged once.

2.9 Data analysis and presentation

Micrographs were processed using ImagelJ and Adobe Photoshop CC software. Images

presented were adjusted for brightness and contrast and inverted.
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CHAPTER 3 RESULTS

3.1 Generating engineered yeast strains for enhancing EV cargo loading

3.1.1 Cloning strategy and selected ExoTags

Compartmentalizing bioactive cargos in EVs is a major challenge in the field of
nanobiology having many implications regarding the treatment of chronic illnesses in clinical
settings. The objective of this study was to engineer endogenous EVs isolated from a panel of six
genetically modified S. cerevisiae strains that constitutively express the following markers bound
to a fluorescent reporter, which would naturally localize to EVs: (1) the KFERQ motif
(Exosignal) which is found in proteins loaded into a subpopulation of exosomes, (2 & 3) the
BROI1 accessory protein involved in exosome biogenesis and the yeast ortholog to the human
ALIX protein known as an established EV marker (Brol-GFP & GFP-Brol), (4) the PDGFR
transmembrane domain, shown to be useful in achieving EV surface display, which was codon-
optimized, (5) the established EV marker CD63 (CD63 full-length) and (6) its C-terminal
transmembrane domain (CD63 C-term) (Ferreira et al., 2022; Krylova and Feng, 2023; Hoshino
et al., 2020; Ohno et al., 2013; Shi et al., 2020; Andreu and Yafez-Mo, 2014; Stickney et al.,
2016). As the presence of these markers in exosomes has been demonstrated in mammalian cell
lines, it was hypothesized that their implementation for yeast EV engineering would be useful as

their biogenesis is conserved.

To streamline the production of engineered EVs, we employed a modular genetic toolkit,
EVClo, designed in-house. This method harnesses the power of Golden Gate and Gateway
cloning in order to express human and yeast cDNAs under the strong constitutive yeast TDH3
promoter from a plasmid (Figure 3A). Golden Gate assembly allows for the single-pot, scarless
and directional assembly of multiple genetic components into a single vector via the ligation of
matching overhangs (Andreou and Nakayama, 2018). The system designed for this study was
built with to be compatible with the yeast toolkit, which categorizes genetic parts based on their
function. Each part type is designated by predefined flanking overhangs, allowing the
interchangeability of genetic components (Lee et al., 2015). The features that distinguish the
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EVClo toolkit from regular Golden Gate assembly are (1) the BbslI site, which facilitates the
incorporation of different ExoTags on individual vectors, and (2) a Gateway cloning cassette to
fuse test cargos to ExoTags. The Bbsl site is not a feature of the yeast toolkit. It is a component
that was integrated in order to include an ExoTag to an assembled cassette plasmid, eliminating
the need to reconstruct it anew. The Gateway cassette allows for the implementation of test cargo
to plasmids based on the activity of clonase, an enzyme that recombines DNA fragments within
specific sites of integration and excision (Reece-Hoyes and Walhout, 2018). Gateway cloning
was implemented in order to utilize cDNAs from the human ORFeome collection housed in the
Kachroo lab, which are flanked by Gateway cloning sites (Lamesch et al., 2007). Both of these
characteristicsincrease the efficiency of strain generation by allowing for the rapid and modular
alteration of EVClo constructs. The pipeline for building EVClo plasmids can be summarized as
followed: (1) Bsal assembly is performed to build cassette plasmids from part plasmids, which
contain an assembly connector, a promoter, a Gateway cassette, a terminator, a second assembly
connector, a yeast marker, a yeast origin or replication and a bacteria marker and origin of
replication. Then, (2) BbsI assembly is performed to integrate an ExoTag between the promoter
and the Gateway cassette of the plasmid and (3) Gateway cloning is accomplished to fuse test
cargo with the ExoTag. The power of this toolkit lies in its simplicity and amenability to batch
cloning reactions for the systematic generation of engineered EV producer strains. In order to
determine the efficiency of cargo loading from EV markers, the fluorescent tag GFP was fused to
candidate proteins. The extent of GFP localization to EVs would be relative to the efficiency of

the ExoTag (Figure 3 B, C).
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Figure 3. A platform for engineered EV bioproduction in Saccharomyces cerevisiae

(A) A representation of the characterized parts of the yeast toolkit for modular assembly and how
EV parts readily fit into the system. YTK part types are categorized based on their functions in a
plasmid and can be directionally assembled with complementary overhangs. Parts for EV
engineering constructs could readily fit into this system as fluorescent proteins, Gateway
cassettes and ExoTags. Adapted from (Lee et al., 2015). (B) A cartoon illustrating soluble and
membrane spanning ExoTags fused to their cargos and where they are expected to localize on
EVs. The membrane bilayer separates the contents of EVs from the exterior. Exosignal, and
Brol are soluble ExoTags which should be present within the lumen of EVs. PDGFR, CD63
full-length and CD63 C-term would be membrane spanning ExoTags capable of presenting
cargos on both the surface and lumen of EVs. (C) A schematic of EVClo to generate a four-
component system for engineering EVs. This includes the N-terminal component of the ExoTag
that was incorporated into the cassette plasmid via a Bbsl Golden Gate reaction, a Gateway
cloning cassette, the C-terminal component of the ExoTag and GFP. A gene expressing cargo for
EV surface display is incorporated into the cassette plasmid via Gateway cloning. In this
scenario the fluorescent reporter mRuby is inserted. The vector can be transformed into yeast to

express fusiogenic proteins for EV engineering.

20



3.1.2  Validating the expression of fusion constructs

Prior to analyzing EV preparations from each engineered cell line, the expression of
recombinant proteins was confirmed via flow cytometry and total internal fluorescent
microscopy. The former method would demonstrate the percentage of cells producing
fluorescent reporters while the latter would provide evidence for their assortment into EVs. As
exosomes localize to MVBs, we would expect to visualize fluorescent punctate structures in cells
expressing EV markers. Indeed, all strains demonstrated the expression of the fluorescent protein
with a range of 51.8 — 78.9% of GFP positive cells compared with WT exhibiting no GFP
expression (Figure 4A, B). The mean fluorescent intensity of engineered cells ranges from 4,690
—50,035 AU (Figure 4C). It is worth noting that these results may not accurately represent GFP
expression in engineered strains as one would expect to see a normal distribution of counts
associated with cells that do not express GFP, and another normal distribution representing those
that do. In these results, the peaks have been shifted to right, showing an unlikely bimodal
distribution of GFP" cells. Furthermore, micrographs demonstrated the presence of fluorophores
and punctate structures in engineered cells and not WT (Figure SA, B). Here, fluorescence was
exhibited in 17.5 — 35.9% of cells and punctae were seen in 8.8 — 35.7% of cells throughout all
strains (Figure 5C). These data suggested that the generation of engineered strains expressing
ExoTags, which potentially sort cargo to exosomes was successful, prompting the pursuit for

downstream EV analyses.

Here I performed bulk analysis of EV isolates by measuring their GFP intensity with
fluorometry in order to further validate the expression ExoTags. I anticipated that EVs isolated
from engineered cell lines would exhibit higher fluorescence intensity as a result from ExoTag-
mediated GFP sorting to EVs. Indeed, genetically modified yeast cells released EVs with higher
fluorescence intensity in comparison to WT EVs (Figure 6). Additionally, throughout the panel,
exosomes released from the Brol-GFP and GFP-Brol strains exhibited the highest GFP
fluorescence intensity. This could suggest that these ExoTags possess greater cargo-loading
capabilities compared to the others tested in this study. However, determining this requires the

characterization of EVs and analyzing isolates on a single-particle basis.
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Figure 4. Strains express ExoTags built from the EVClo toolkit

(A) Histogram of genetically modified WT cells expressing ExoTags fused to GFP obtained via
flow cytometry. GFP fluorescence intensity relative to number of events measured are shown
(n=1). (B, C) The percentages of GFP" cells and the mean fluorescence intensity of the GFP
signal was obtained from A. Gating was performed by excluding values where the intensity of
GFP was below 10° (AU). The percentage of GFP™ cells and the mean fluorescence intensity of

events were obtained from gated events (n=1).
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Figure 5. ExoTags are present at sites of exosome biogenesis

(A, B) Fluorescence micrographs of live cells expressing the panel of ExoTags fused to GFP or
GFP and mRuby. Scale bar, 10 um (n=3). (C) Proportion of fluorescent cells with respect to the
presence of punctate structures. > 100 cells were analyzed for each image. Live cells were
counted using resulting micrographs and ImageJ software (Cell Counter plugin), and the

percentage of fluorescent cells was calculated (n=3).

24



2 2
2 2.0%x10% . = 8.5%x10% .
7] =
3 2 4
E 1.5%10%- g 6.8x10% -
0 - —
Q 9 5.1x10%-
8 1.0x10% s 1
& o @ 3.4x10%-
S 5.0%10%- S o
= 2 1.7x10%- .
5 oMl ¢
g 0.0- T 1 1 o 0.0 L —s=p=. ]
o SO SS @ &L

oé&qq T " \\'\é\ o~

+ (©) Oq’ﬂ) N ®

& oro"-’
o

Figure 6. Genetically modified strains release engineered EVs

Florescence intensity of EV samples collected from WT, Exosignal, Brol-GFP, GFP-Brol,
PDGFR, CD63 C-term and CD63 full-length strains. Both graphs are part of the same dataset.
They have been separated to better demonstrate the fluorescence intensity of all EV samples. The
data pertaining to EVs from WT cells are the same in both graphs. 100 pL of EV samples were

measured for fluorometry assays using Aex =470 nm; Aem = 510 nm (n=3). Mean + S.E.M are

shown.

25



3.2 EVs released from engineered cells retain their original structural characteristics

Successfully engineering EVs requires the implementation of bioactive elements (i.e.
ExoTags and cargos) without the alteration of their size and round shape in order to minimize
response variation during trials on recipient cells. The majority of EVs have been reported to
possess a round shape and it has been established in the literature that exosomes are typically
sized between 50 — 150 nm in diameter. Here, I attempted to confirm the presence of EVs
isolated from engineered strains by visualizing their shape and measuring their size. Nanoparticle
tracking analysis (NTA) is a standard method to estimate the size and concentration of EVs
whereas transmission electron microscopy (TEM) is the most reliable approach to visualize their
morphology. Analyzing EV isolates with these methods would provide some evidence regarding
whether their shape and size have changed subsequent to the genetic modification of their hosts.
Indeed, the particles isolated from the engineered strains show a similar distribution of size
compared to EVs isolated from WT (Figure 7A). Furthermore, images acquired via TEM
demonstrated that EVs isolated from each strain possessed a round shape and were sized between
50 — 150 nm in diameter (Figure 7B). It is worth mentioning that EV yields were greater for the
Brol-GFP, GFP-Brol and PDGFR strains (Figure 7C). If the ExoTags were solely involved in
cargo-loading, the cells should have released similar quantities of EVs. These results suggest that
these tags additionally increase EV biogenesis, however, this puts into question my initial
hypothesis of Brol-GFP being the most efficient ExoTag across the panel as the increase in GFP
fluorescence intensity (Figure 6) may be influenced by the greater quantity of exosomes present
in isolates. These results prompt further investigation on a single-particle basis to further

determine the efficiency of cargo-loading of each ExoTag.
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Figure 7. Cells release particles with characteristics of exosomes

(A) Distribution of particle concentrations based on size from NTA of EV samples collected
from all strains (n=3). (B) Transmission electron micrographs of EVs samples. For better
observation particles have been enhanced in the corner of images using Adobe Photoshop CC
software (n=1). (C) Concentration of EVs isolated from all strains. Mean particle concentration
values were provided by the Particle Metrix software (n=3). Mean £+ S.E.M are shown. (D)
Quantity of EVs released by yeast cells. The number of total EVs was obtained via multiplying
the particle concentration by the final volume of isolated EVs. The number of cells was
calculated by assuming an ODgo of 1 corresponded to 3 x 107 cells/mL as stated in BioNumbers

database (BNID 100986, Milo et al., 2010) (n=3). Mean £+ S.E.M are shown.
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3.3 Exosignal is the most efficient ExoTag across the panel based on single particle analysis

I implemented nanoflow cytometry to detect the presence of GFP in individual particles
which allowed me to examine the proportion of engineered EVs in each isolate. The most
efficient ExoTag would be determined by finding the strain releasing the highest ratio of GFP*
EVs with respect to native EVs as this would be a direct result of its capacity to localize to EVs.
GFP was detected in EVs released by each genetically modified strain (Figure 8A). The signal
was detected to a much lower extent in WT, however, this could be due to background
fluorescence. To find the ratio of GFP* EVs to native EVs, I multiplied the quantity of GFP*
events by the dilution factor of the sample and divided this by the total amount of particles
present in a read which was determined via NTA. On average, Exosignal is present in EVs at a
higher proportion compared to other ExoTags tested in this panel (Figure 8B). To follow up on
my results that initially suggested that Brol-GFP was the most effective ExoTag (Figure 6), I
analyzed the quantity of GFP" EVs released with respect to the GFP™ cells present in culture.
This would further indicate whether any of the ExoTags used in this study influence exosome
bioproduction by only considering the cells expressing EVClo plasmids. Indeed, despite
releasing a lower proportion of GFP* EVs, the Bro1-GFP strain releases the highest quantity of
engineered EVs for a given number of cells suggesting its involvement in exosome
bioproduction. Furthermore, it is worth noting that PDGFR and CD63 C-term EVs exhibited
higher GFP fluorescence intensity compared to other EVs, indicating that multiple ExoTags can
be found on a single exosome (Figure 8D). The enrichment of ExoTags on or in individual EVs
may depend on how efficiently they are incorporated into the EV biogenesis pathway. This is a
feature that would prove to be incredibly useful for the optimization of surface display and
cargo-loading in EVs. Overall, the data obtained via nanoflow cytometry suggest that Exosignal
is the most efficient candidate in terms of shuttling cargo to EVs. However, it is possible that a
proportion of the events captured (Figure 8A) represent noise which may reduce GFP detection.
This could put into question the reliability of this method to analyze EVs obtained from our
pipeline, and therefore, definitive conclusions should not be drawn from these results.
Alternatively, the fluorometry results suggest that Brol is the most efficient ExoTag across the
panel (Figure 6). This is expected as Brol is a yeast protein, which should be expressed with

greater ease compared to the human ExoTags used in this study, and it is the ortholog to the
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human EV marker ALIX, shown to be abundant in exosomes (Willms et al., 2016). These
findings indicate yeast counterparts to human EV markers could be used as viable components

for engineering EVs in S. cerevisiae.
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Figure 8. ExoTags possess varying EV localization capabilities

(A) Nanoflow cytometry analysis of EVs showing particle fluorescence intensity with respect
side scattering. FITC-H corresponds to GFP intensity (AU). Prior to measurement, the sample
was diluted to bring its concentration within the working range of the equipment (< 10,000
events/s) and 30 uL were measured (n=3). (B) The proportion of GFP" EVs released by
genetically modified yeast cells. Values were obtained by multiplying the quantity of GFP*
events measured in (A) by the dilution factor of the sample. These values were divided by the
concentration of particles in each sample determined by NTA. Mean + S.E.M are shown. (C)
Quantity of GFP" EVs released by GFP" yeast cells (n=3). The total GFP" EVs yield was
calculated by multiplying the proportion of GFP* EVs : GFP- EVs by the total volume of isolated
EV samples. The quantity of GFP" cells for each strain was calculated based on percentages of
GFP" cells obtained via flow cytometry via nanoflow cytometry and NTA. The percentage of
GFP" yeast cells was obtained via flow cytometry (Figure 4B). Mean are shown. (D) Mean
fluorescence intensity of GFP"EVs. The values obtained are based on gated events in (A)

(shown in green). MFI was calculated using the Floreada software. Mean are shown.
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CHAPTER 4 DISCUSSION

4.1 Laying the groundwork: demonstrating a toolkit for engineered EV bioproduction

To this day, most efforts to modify EVs have been performed using mammalian cell
lines, which have provided an abundance of knowledge on EV biology and endogenous
engineering strategies. However, the search for effective ExoTags is a slow and laborious
process as the EV community has not addressed ways of systematically engineering strains for
studying EV biology at scale. This can be due to the high costs associated with maintaining
human cell lines and the limited molecular biology toolkits available for their genetic
manipulation. In contrast, microbial systems demand fewer resources and allow for complex
genetic engineering with unparalleled ease that are amenable for high-throughput workflows.
This study is the first of its kind to combine methods from the mammalian EV engineering
literature with sophisticated microbial genetic modification techniques to create a scalable
platform for the bioproduction of designer EVs in Saccharomyces cerevisiae. The system termed
“EVClo” is based on the highly characterized yeast toolkit (YTK) for modular, multipart
assembly, allowing EV parts to easily fit into the YTK system as 3, 3a, 3b or 4a parts (Lee et al.,
2015). EV cargos can enter the scheme as YTK parts or Gateway entry clones. This system could
offer the ability to increase the output of engineered strains as it is a simple method for
directional plasmid assembly, and yeast transformants can be easily obtained and screened.
Furthermore, as there have been developments in tools to analyse individual nanosized particles,
cargo loading and surface display capabilities of ExoTags can be reliably determined. If an EV
marker is shown to efficiently localize to exosomes, further endogenous strategies to develop
EV-based drugs in yeast can be performed by fusing therapeutic molecules to an ExoTag bound
to a fluorescent reporter. This approach could be used to determine whether the presence of EV-

bound cargo internalized by recipient cells results in therapeutic outcomes.

It is worth noting the drawback involved with this system with regards to comparing the
efficiency of multiple ExoTags which stem from using a plasmid-based approach for strain
generation. In this investigation, it was found that despite being housed in the same vector,
ExoTag expression varied between strains. This interpretation can be drawn from the range in

GFP" cells and their mean GFP fluorescence intensity (Figure 4). These results may be

33



attributed to differences in plasmid copy numbers across cells which has been previously
observed in yeast strains harboring plasmids with a 2 um origin or replication (Dobson et al.,
2005). Differences in cell-to-cell plasmid copy number may cause challenges in comparing the
efficacy of multiple ExoTags as (in)decreased engineered EV yields could be a result from
variations in construct expression than EV signals having altered localization capabilities.
Nonetheless, developing a systematic approach for EV engineering will allow for the broad

testing of ExoTags, which could accelerate our understanding of EV biology.

4.2 Future directions

Assessing the utility of a novel platform designed to streamline EV biology research must
be performed at a small scale prior to pursuing larger studies that require significant amounts of
time and resources. Here, I followed this principle by characterizing EVs from a panel of six
strains expressing ExoTags and determined that Bro1 is the candidate that possesses the greatest
cargo-loading capacity. However, in comparison with the mammalian literature, the total EV
yields were incredibly low. For mammalian cells, depending on the isolation technique, culturing
method and media and cell line, it is possible to obtain EV yields ranging from 2.0 x 10* to over
1.0 x 10 particles/cell (Kim et al., 2021; Grangier et al., 2021; Jackson and Marcus, 2023). This
may raise the question regarding whether the platform described here would indeed be useful for
EV bioproduction at an industrial scale. However, unlike the field of fungal EV biology,
tremendous effort has been drawn into optimizing mammalian EV bioproduction, identifying
EV-associated markers and developing systems to achieve higher cargo-loading efficiency.
Considering that this is the first iteration of the engineered yeast EV bioproduction platform and
that engineered fungal EV research is severely lacking, it is no surprise that the output of our
system is suboptimal. Fortunately, there are strategies that could be implemented to improve our
pipeline. These involve (1) adjusting the EV isolation protocol for this objective, (2) finding
strains that promote greater EV release and (3) discovering more potent ExoTags suitable for a

yeast platform.

In order to increase the yield of engineered EVs it may be worth further optimizing our

protocol to identify the conditions that promote exosome release in yeast. It has been previously
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demonstrated that different pools of EVs are released with respect to specific environmental
conditions that cells are exposed to (Oliver, 2021). Additionally, multiple stressors can have an
additive effect where multiple pools of EVs are released simultaneously. The exposure of both
heat and osmotic stress to yeast cells results in a greater release of exosomes compared to
subjecting cells to a single stressor (Oliver, 2021). Additionally, as yeast exosomes are believed
to cross the cell wall via pores, it may be worthwhile to inflict cell wall damage to increase pore
size. In a previous study, three industrial strains of S. cerevisiae were subjected to oxidative
stress via the exposure of 10 mM diamide resulting in greater density and sizes of cell wall pores
(de Souza Pereira and Geibel, 1999). This could increase EV release by damaging the barrier
preventing the escape of exosomes. Furthermore, increasing the time yeast cells are subjected to
heat shock may trigger a greater release of EVs. The protocol used in this study was developed to
understand the role of yeast exosomes in conferring thermotolerance to heat stress and therefore
may not be suitable for the purpose of maximizing engineered EV yields. In order to establish
this system as a platform for EV bioproduction it may be useful to further optimize the yeast EV
isolation protocol by testing the effects of multiple stressors (including those that damage the cell

wall) and finetuning the time of EV release.

Creating a yeast strain which overexpresses one or many key components of the exosome
biogenesis machinery could be a promising strategy for increasing EV yields. This would
involve altering the exosome biogenesis pathway to promote their release. Studies have shown
that deleting components of the ESCRT machinery resulted in reduced EV release in C. albicans
(Zarnowski et al., 2018). Additionally, deletion mutants of Vps2, Vps23, Vps36 and Hsel
resulted in a decrease of yeast EV protein (Zhao et al., 2019). While this method of EV
quantification may not represent the most precise measure of yield, it is still an indicative metric
related to changes in EV release. By taking an opposite approach and overexpressing genes
involved in EV biogenesis, it would be possible to bolster the cellular machinery responsible for
the formation, packaging and release of exosomes. This strategy is supported by the results of
this study and a colleague’s previous work where the overexpression of Brol, and TSG101 (the
human ortholog of Vps23) resulted in the increase of EV release (Figure 7) (Logan, 2022). As
the exosome biogenesis pathway has not been fully elucidated, altering the production of distinct

ESCRT components may not always guarantee an increase in exosome production as their action
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can be context specific in terms of environmental cues and the presence of different cargos.
Nonetheless, this approach could pave the way for the development of yeast strains tailored for

high-yield exosome production.

Finally, increasing the output of engineered EVs could be possible by incorporating more
suitable ExoTags. Recent studies from the Brett lab have yielded valuable insights through
proteomics analyses, identifying a set of yeast proteins that are abundant in isolated EVs (Oliver,
2021). Some of these include enzymes involved in metabolism and cell wall remodelling, as well
as heat shock proteins. Harnessing proteins that have been found to be abundant in yeast EVs
could significantly increase the efficiency of engineered EV production which holds the potential
to overcome the limitations encountered with human ExoTags. Furthermore, determining
whether candidate proteins shuttle cargo to the surface or the lumen of EVs could be achieved by
incorporating a luciferase reporter in the system. This was demonstrated by Zheng and
colleagues who used ThermoLuc to study the lumenal and surface loading capacities of EV-
associated proteins (2023). Leveraging the endogenous protein landscape of yeast-derived EVs,
novel strategies can be explored for optimizing this pipeline, offering a new direction for

advancing the engineered exosome bioproduction platform.

While this attempt to engineer yeast strains for endogenous loading of biological cargos
into exosomes using human ExoTags has faced challenges, it reveals critical avenues for future
exploration. The results of this study underscore the intricate regulatory networks governing EV
cargo incorporation and emphasize the necessity for a nuanced understanding of the interactions
between human EV markers with the yeast exosome biogenesis machinery. Nonetheless, the
platform retains considerable promise and ongoing research offers multiple avenues for
improvement. One key focus involves optimizing the extracellular vesicle isolation protocol to
enhance the EV release. Additionally, the exploration of yeast strains with a potentially increased
capacity for EV biogenesis remains a hopeful strategy. Lastly, another avenue involves the

selection of more promising ExoTags suitable for effective cargo loading.

Developing an efficient method to produce engineered exosomes using yeast as a

bioproduction platform has significant implications in clinical settings. As they represent a
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promising drug delivery vehicle, they could facilitate the transport of therapeutic cargo directly
to specific cells or tissues and enhance the efficacy of therapeutic agents while minimizing off-
target effects and reducing systemic toxicity. Furthermore, the scalable and cost-effective nature
of a yeast-based production platform could pave the way for large-scale manufacturing of
engineered EVs which is necessary for translating laboratory findings into clinically viable
applications. The development of standardized methods for EV production in yeast could
streamline manufacturing processes, making engineered EVs more readily available for clinical
use. Overall, the efficient production of engineered EVs using yeast as a bioproduction platform
holds the potential to significantly advance personalized medicine and drug delivery,

contributing to the development of innovative and more targeted therapeutic interventions.
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