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Abstract

Background: Mycoplasma bovis (M. bovis) is a pathogenic bacterium responsible for
causing numerous production and welfare issues in cattle herds. Eradication efforts
worldwide are limited by ineffective antibiotics, intracellular infection of host cells, immune
evasion, and insufficient diagnostic tools. Current diagnostic tests are inadequate to assess
M. bovis infection as they rely upon direct detection of M. bovis or indirect detection via
serology (M. bovis—specific antibodies). Therefore, with aim to improve diagnostics of M.
bovis infection, small extracellular vesicles (SEVs) were utilised. These nanoparticles act as
intercellular messengers and contain material representative of their cell of origin. Their use
as diagnostic and therapeutic tools has enabled a variety of diseases and infections to be
assessed and/or treated.

The aim of this project was to develop an upscaled in vitro model of M. bovis infection
within a bioreactor flask to test the hypothesis that the protein cargo of host cell sEVs were
altered in response to M. bovis infection.

Methods: A control culture of a bovine endometrial epithelial cell line (bEEL cells) and a
co—culture of bEEL cells and M. bovis were established within bioreactor flasks. Using Size
Exclusion Chromatography columns, sEVs were isolated from the harvests of the bioreactor
flasks. Liquid Chromatography Tandem Mass Spectrometry assessed the sEV proteome to
compare differences created by M. bovis infection.

Results: Infection was indicated by a continued presence of M. bovis within the co—
culture. Changes in the regulation of various proteins, such as inhibition of host cell
endopeptidases, was demonstrated in co—culture sEVs as a response to M. bovis infection.
Adherence of M. bovis to bEEL cells was certain, but intracellular infection remained
inconclusive.

Conclusion: Data from this study implies that a co—culture can be successfully established
within a bioreactor flask, and that the proteome of sEVs is altered in response to infection by

M. bovis.
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1 Introduction and Literature Review

On the 22" of July 2017, samples taken from cattle on a South Canterbury dairy herd
tested positive for Mycoplasma bovis (M. bovis). Until this point, M. bovis had not been
detected in New Zealand cattle (Government, 2017).

A joint announcement on the 28" May 2018 by the New Zealand government, alongside
the dairy and beef industries, stated that an attempt would be made to eradicate M. bovis
from New Zealand (Biosecurity, 2020).

The M. bovis Science Plan was released in October 2018, with aim to identify the priority
sciences needed to eradicate M. bovis from New Zealand farms (Government, 2018).
Research is currently occurring in seven specific areas (epidemiology, diagnostics, direct
impacts of the disease, entry pathways, behaviour drivers and incentives, social impacts, and
economic impacts), with five areas focused on gathering information to understand disease
development, which further supports M. bovis eradication efforts.

The Animal Health Laboratory team have tried to ensure an accurate assessment of
infected properties by assessing blood and milk samples for measuring M. bovis infection.

Tests with high specificity and sensitivity from the commercially available enzyme-linked
immunosorbent assays (ELISA) and real-time quantitative PCR (qPCR) tests are currently
being used (Dudek et al., 2020).

The M. bovis Science Plan identified that a novel assay was necessary to identify cases of
disease in the absence of seroconversion or M. bovis shedding (Government, 2018).

A team at AgResearch, led by Dr. Mallory Crookenden, has been awarded funding from
the New Zealand Ministry for Primary Industries for development of a new assay for
diagnosing M. bovis infection. If successful, the proposed assay would provide an alternative
tool to aid assessment of M. bovis in the absence of bacterial shedding or if any of the
currently used assays failed to detect an anti-M. bovis antibody response.

The test would involve identifying bacterial protein signatures within circulating
nanoparticles known as small Extracellular Vesicles (sEVs) in the serum of healthy/infected
cows and within a cell culture model of M. bovis infection. In diseased animals, it is thought
that sEVs secreted from cells containing M. bovis will contain proteins that are specific to
infection and enable identification of M. bovis without prior exposure of the bacterium to the

host immune system. The research presented in this thesis contributed to this project.
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1.1 Mycoplasma bovis

Mycoplasma spp. represent a range of prokaryotes that infect numerous animal species
throughout the world. All Mycoplasma ssp. are formed as a gram—negative coccus bound by
a triple—layered plasma membrane; however, as they lack a cell wall, they are classed as
Mollicutes (Razin, 2018).

Mycoplasma spp. are classified amongst the smallest self-replicating anaerobic
bacteria, ranging in size from 0.2-0.8 um, with a limited genome (0.58-2.2 megabases) as a
result of their size (Rosenberg et al.,, 2014; Labroussaa et al., 2016). Likewise, cellular
machinery that are responsible for metabolic growth and replication of mycoplasma cells are
minimal, limited to structures such as ribosomes and plasma membranes (Borchsenius et al.,
2020).

Mycoplasma ssp. exist as a parasitic bacterium in vivo, requiring a host cell for their
continued survival (Breuer et al., 2019). For example, M. bovis is a Mycoplasma sp. that infects
bovine animals.

Mycoplasma ssp. interact with their host cell either by adherence to the cell surface or
by intracellular infection (Hoelzle et al., 2020). It is currently unknown if either method is
solely responsible for infection of host cells, or if a combination of these processes is required

for successful infection.
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1.1.1 Incidence and economic impact

First isolated from a dairy cow with mastitis on a farm in the United States of America
(USA) in 1961 (Hale et al., 1962), M. bovis has since been observed worldwide and now affects
every major cattle—rearing country (Dudek et al., 2020). Mycoplasma bovis causes bovine
mycoplasmosis, which manifests as mastitis (Timonen et al., 2017), bronchopneumonia
(Oliveira et al., 2021), arthritis (Nishi et al., 2021b), a range of fertility/genital issues (Peippo
et al., 2020), keratoconjunctivitis (Kneipp, 2021), and increased animal fatigue (Calcutt et al.,
2018).

It is also a substantial factor that aids in development of bovine respiratory disorder
(BRD), a disease complex that presents as a high fever and increased coughing (Oliveira et al.,
2020). Whilst many bovine pathogens can cause mastitis, co—infection of M. bovis increases
the occurrence of mastitis symptoms in more than one udder quarter, resulting in an
increased somatic cell count in bulk milk (Al-Farha et al., 2017).

Cattle infected with M. bovis are most prevalent in the USA, with rates of infection
increasing in European and Middle Eastern countries (Nicholas et al., 2016). In England and
Wales, M. bovis is the most frequently identified pathogenic organism in cattle (Deeney et al.,
2021).

Severe issues arise regarding animal welfare and production, where economic loss for
farmers can be substantial. In the USA, annual costs associated with treating M. bovis—
induced BRD have been estimated to be 55 million US dollars (Johnson & Pendell, 2017).This
estimate excluded production costs associated with morbidity and mortality of cattle,
meaning the loss associated with M. bovis is likely greater. Loss was associated with costs
such as treatment, reduced rates of fertility and premature culling of calves (Maunsell &
Donovan, 2009; Perez-Casal, 2020).

If M. bovis infection had continued to spread uncontrollably throughout New Zealand,
a billion dollar loss was estimated over a ten—year period (O'Connor, 2020). Compared to
compensation to farmers for their loss of cattle and production, which is currently 212 million
NZ dollars over a three—year period (Biosecurity, 2021), eradication of M. bovis from New
Zealand farms reduced the economic impact that M. bovis would create. More importantly,
it mitigates long—term effects on animal welfare that a widespread M. bovis outbreak would

cause.
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1.1.2 Transmission and zoonosis

Risk of zoonosis caused by a species of Mollicutes is low, with only a few cases
reported of human infection (Heller et al., 2015; Matet et al.,, 2020). However, there are
limited reports demonstrating M. bovis infection occurs in other ruminant species such as
bison, deer, and pronghorns (Register et al., 2019; Malmberg et al., 2020).

Risk of infection can be significant for naive farms in terms of international cattle trade
and is dependent on hygienic farming practices (Amram et al., 2013). Contamination by
M. bovis occurs within several bovine products, such as milk, semen, and meat, which
increases losses associated with discarding products. Infected semen is a major source of
M. bovis transfer between countries, increasing prevalence of disease when imported to
countries with low rates of infection (Haapala et al., 2018).

On farm, calves raised on milk contaminated with M. bovis demonstrated increased
rates of BRD with disease development resulting in major economic impact and animal loss
(Arcangioli et al., 2021). Loss of replacement heifers as a consequence of M. bovis infection
contributes to further economic losses and reduces the ability of farmers to genetically
improve their herds (Hazelton et al., 2020b).

There are many challenges attributed to complete eradication of M. bovis from cattle
herds. Resistance in Mycoplasma ssp. to many previously effective antibiotics has developed
continually, with M. bovis not an exception, (Ledger et al., 2020). Challenges associated with
eradication are partially related to M. bovis size or its route of infection, enabling M. bovis to
excel in avoiding immune cells. This leads to a reduction in measurable immune responses
required for detection of M. bovis.

All age groups of cattle can be infected by M. bovis, facilitated by bacterial
shedding/increased animal stress, and results in persistence of M. bovis within cattle herds

months following initial infection (Vahanikkila et al., 2019; Becker et al., 2020).
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1.1.3 Diagnosis of M. bovis

Currently, no vaccine exists for aiding resistance to M. bovis infection within cattle
herds (Dudek et al., 2021). Therefore, a heavy reliance on diagnostic assays is the only way to
assess infection status and subsequently reduce spread of M. bovis. Current commercial
detection kits of M. bovis infection rely upon Polymerase Chain Reaction (PCR), ELISA, or

bacteriological culturing (Mehmet Akan et al., 2014; Parker et al., 2018)
1.1.4 Polymerase Chain Reaction (PCR)

Using PCR, M. bovis deoxyribonucleic acid (DNA) is amplified from swabs taken
directly from tissue or milk of infected animals. Both the type of tissue swabbed and
prevalence of bacterial shedding within this tissue can drastically alter detection of M. bovis
(Hazelton et al., 2018).

In a comparison using a variety of commercially available DNA extraction and PCR kits,
M. bovis detection from the same samples were comparable between independent
laboratories (Wisselink et al., 2019). However, PCR test results (cycle—threshold values)
frequently represented weak positive results of non-target Mycoplasma ssp., with a
laboratory alternatively diagnosing Mycoplasma agalactiae instead of M. bovis. This false
positive diagnosis cemented a substantial issue related to many real-time and end—point PCR
methods for detection of M. bovis.

Some of these tests target ribosomal ribonucleic acid (rRNA) 16S sequences, which is
genetically similar between many ruminant Mycoplasma ssp. (Pettersson et al., 1996).
Though detection occurred, sensitivity was a problem.

Substantial issues arise in relation to detection of subclinical infection. Detection often
follows observation of one or more related disease symptoms and cattle lacking visible
symptoms mean a correct diagnosis is less likely. It was demonstrated that testing for
subclinical infection by PCR is ineffective (Hazelton et al., 2020c).

Therefore, it is often problematic separating asymptomatic infected cattle from
uninfected animals before infection spreads, as was evident in two American case studies

(Fox et al., 2008; Punyapornwithaya et al., 2010).
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There have been improvements in sensitivity for M. bovis diagnosis using PCR. For
example, primers designed using genes from membrane—protein 81 of M. bovis (Foddai et al.,
2005; Mehmet Akan et al., 2014). There are conserved sections of the endonuclease gene
uvrC that have aided M. bovis diagnostics. Successful amplification from infected samples
improved sensitivity of real-time PCR assays (Behera et al., 2018). More recently, the uvrC
gene has improved rapid detection of M. bovis using isothermal recombinase polymerase
amplification with fluorescence enabling real-time detection (Li et al., 2021).

Despite these promising diagnostic assays, issues still exist for PCR—based evaluation
of uvrC as gene insertions within conserved regions of the gene can result in diagnosis being
false negatives (Register et al., 2018).

Swabs taken from tonsils of post—-mortem calves provided a greater detection rate
than from swabs of bronchial tissue of the same calves, demonstrating that detection of
M. bovis is dependent on tissue type selected and that tonsil tissue provides a greater rate of
PCR detection (~90 %) (Buckle et al., 2020). However, detection using tonsil tissue occurs
through loss of life.

Farmers and herds are affected by loss of any animal, which eventuates into
substantial economic issues for these farms without control or treatment of M. bovis. Again,
this reinforced an issue regarding reliance upon only using PCR for evaluation of an M. bovis
outbreak. Depending on the swabbed tissue, PCR may not identify M. bovis infection. Relying
on a single swabbed tissue for guaranteed presence of M. bovis can be disastrous, as
misdiagnosing a single animal can ensure a continued infection of a herd for months or even
years.

There have been recent advances aimed at improving current diagnostic methods,
including a highly specific multiplex—quantitative—PCR assay that uses genes with greater
specificity to M. bovis rather than other Mycoplasma ssp. (Chauhan et al.,, 2021).
Alternatively, developments in isothermal DNA amplification methods have enabled a more

rapid diagnosis of M. bovis to occur than standard PCR methods (Li et al., 2021).
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1.1.5 Serology

An alternative to PCR is a serological evaluation using ELISA. Whilst PCR can be used
for direct detection of bacterial DNA from tissue or culture, ELISA can be used for indirect
detection by measuring M. bovis antibodies in blood, serum, or bulk milk samples
(Wawegama et al., 2014; McCarthy et al., 2021).

Serological evaluation of M. bovis infection provides mixed results. For example,
collection of blood/serum or milk samples can be easier than a swab taken from tissue,
especially those taken from bronchoalveolar lavage or tonsil tissue (Thomas et al., 2002).
However, many disadvantages are associated with use of these assays. These include how
varied commercially available assays are in providing a concordant result. For example, two
ELISAs that were tested independently between six laboratories demonstrated a very
different diagnostic ability (Andersson et al., 2019). Results between alternative ELISA tests
cannot be compared as M. bovis antibodies were detected at different concentrations in sera
previously established as M. bovis positive, (Petersen et al., 2018).

Issues of sensitivity are widespread throughout ELISA tests, with some tests not
reaching a sensitivity estimate above 30% (Wawegama et al., 2016), and the sensitivity of
western blotting outperforming the ELISAs used to confirm infection (Schibrowski et al.,
2018).

Age is a substantial factor that reduces overall precision of these assays. Infection was
assessed in M. bovis—positive calves and was vastly different between three—week-old,
three—month-old, and six-month—old calves. Sera from three—week—old calves was assessed
using ELISA and results were below the recommended optical-density measurement cut—off

(37 %) that would indicate positive infection (Petersen et al., 2018; Schibrowski et al., 2018).
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1.1.6 Bacterial culture

Culturing M. bovis functions as a reliable method to diagnose infection. Growth of
Mycoplasma ssp. in vitro results in changes to the liquid culture growth medium.

For example, Mycoplasma ssp. undertake fatty acid metabolism using cholesterols
provided by serum within a complete growth medium (Awadh et al., 2021). Metabolism
results in an altered pH, indicated by differences in the colour of the medium from red to
orange to yellow, which enables assessment of the growth of a variety of Mycoplasma ssp.
(Bottinelli et al., 2020).

However, in vitro culture does not occur without issues. It takes time for colonies to
form on solid agar, sometimes taking weeks for signs of growth to occur (Szacawa et al., 2016).
Diagnosis becomes dependent on the strain/isolate of M. bovis being cultured.

Other issues include contamination by other infectious Mycoplasma ssp., which cause
a colour change in growth medium or colony growth on agar that could be confused with a
positive M. bovis infection (Ayling et al., 2015).

1.1.7 Summary

In summary, commercially available methods to reliably detect M. bovis lack
sensitivity and an ability to identify animals with subclinical infection. Diagnosing infection
remains the only reliable method to reduce spread of M. bovis.

Therefore, there is an opportunity for development of an alternative diagnostic tool

that is dependable and can be assessed from a variety of biological sources.
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1.2 Treatment

Resulting from the absence of a cell wall, most Mycoplasma ssp. are intrinsically
resistant to a variety of commonly used antibiotics (Gautier-Bouchardon, 2018). These
include, but are not limited to, f—lactams/glycopeptides that are designed to target cell wall
synthesis (Pereyre & Tardy, 2021; Khaledi et al., 2022), and sulfadimethoxine that acts to
prevent folate synthesis essential for DNA replication. Mycoplasma ssp. lack their own folic
acid pathways making treatment with sulfadimethoxine antibiotics ineffective (Schultz et al.,
2012).

Broad spectrum antibiotics, designed to prevent protein or DNA synthesis, such as
tetracyclines, fluoroquinolones and lincosamides are most effective in treating infection by
Mycoplasma ssp. (Cai et al., 2019; Ahn et al., 2021). However, tetracycline use can be
detrimental in pregnant/paediatric patients (Enabulele et al., 2020). Their overuse as a
treatment has meant that antibiotic resistance to tetracyclines is developing in
Mycoplasma ssp. worldwide (Ahmadi, 2021). Mycoplasma ssp. have also been reported to
develop resistance to alternative antibiotics, such as macrolides (Yin et al., 2017; Dumke &
Ziegler, 2019).

Susceptibility to these antimicrobials varies between Mycoplasma ssp./strains, with
various mutations aiding resistances to a broad spectrum of treatments (Hata et al., 2019;
Kakiuchi et al.,, 2021). Improved assays have been designed to assess mutations in
Mycoplasma ssp. involved in antibiotic susceptibility (Sulyok et al., 2018). However, mitigating
the effects of such mutations, i.e., rising ineffectiveness of the individual antibiotics, can only
be achieved by prescribing multiple antibiotics.

Without development of a novel antibiotic, difficulties in treating infection created by
Mycoplasma ssp. will continue to increase. Detection of M. bovis before a major outbreak
occurs is essential to prevent widespread development of an ineffectively treated disease, as
current vaccine developments have not demonstrated viable efficacy for commercial use

(Dudek et al., 2021).
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1.3 Extracellular Vesicles

Early observations of cells and their surrounding extracellular matrix using electron
microscopy (EM) revealed the presence of a variety of minuscule, rounded structures (Porter
et al., 1945).

These structures, initially termed ‘vesicles’, ‘granules’ or ‘particulates’, were identified
within the ground substance of the extracellular matrix, which is amorphous gelatinous
substance in the extracellular space that contains all components of the extracellular matrix
except for fibrous materials such as collagen and elastin. They were within a size range of 30—
150 nm, with majority ranging between 80—-100 nm.

Considered as artefacts of EM staining, understanding of these vesicles has developed
substantially since their discovery. Initially, cytolysis (cellular disintegration) was considered
as the cause for vesicle release, thus explaining their similarities to secretions from the
cytoplasm or endoplasmic reticulum (Porter, 1953).

These initial observations were subsequently developed by Palade (1955a) who
observed the cytoplasm of cells in rat and chicken tissues, identifying particulates sized
between 80-300 nm. Palade (1955b) deduced that these particulates existed in vivo by
examining a variety of cell types and noted differences in their intracellular/extracellular
positioning.

Pan and Johnstone (1983); Johnstone et al. (1987) provided the first evidence regarding
membrane invagination and subsequent exocytosis of membrane—bound vesicles, terming
them extracellular vesicles, by observing antibody-tagged transferrin receptors within
reticulocytes.

Research regarding extracellular vesicles remained a relatively niche topic until the late
2000’s. Research by Valadi et al. (2007) detailed exchange of functional ribonucleic acid (RNA)
molecules from mouse mast—cells to mouse or human recipient mast cells through endocytic
transfer by extracellular vesicles.

A report by Skog et al. (2008) demonstrated functional microvesicles shed by tumour
cells contained viable RNA and proteins that represented a mechanism of cell-to—cell
communication, providing an extensive number of potential uses and functions for these

vesicles.
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1.3.1 Biogenesis, Composition, and Function of small Extracellular Vesicles (SEVs)
Since their initial discovery, understanding of the formation of extracellular vesicles
and their involvement in the endocytic pathway has progressed greatly.
Endosomal sorting pathways provide support regarding development of a M. bovis
diagnostic assay as representative nuclear material is encapsulated within intracellular

vesicles and sorted accordingly.
1.3.1.1 Early Endocytosis

The endocytic pathway is involved in recycling or degrading transmembrane proteins
for maintenance of cellular homeostasis by responding to fluctuations in proteins (Estadella
et al.,, 2020). Transmembrane proteins, such as transient—receptor potential vanilloid 5
calcium—ion—selective channels, can be localised to important membrane—bound clathrin—
coated pits (van de Graaf et al., 2008). These clathrin—coated pits eventually bud internally,
trapping surface receptor proteins within a variety of single intracellular vesicles through
invagination of the plasma membrane (Yoshida et al., 2018).

Fusion of these singular vesicles is essential for formation of dynamic early/sorting
endosomes (Karim et al., 2018; Cruz & Kim, 2019). Processing of transmembrane cargo is
facilitated by two endocytic methods: Rab11 guanosine triphosphatase (GTPase)-mediated
movement that aids protein recycling, or, further invagination of early endosomes (Horgan et
al., 2010; Baetz & Goldenring, 2014).

Invagination of the lumen within the maturing endosome results in formation of intra—
luminal vesicles (ILVs). Acidification of early endosomes occurs through an absorbance of
hydrolytic enzymes, with change in luminal pH representative of endosome maturation (Elkin
et al., 2016).

A true marker of endosomal development is a change in responsibility of regulatory
proteins. Early endosome function was identified by activity of an endocytic master regulator,
GTPase Rab5, whereas a shift to GTPase Rab7 activity was a key indication of endosome
maturation (Kaur & Lakkaraju, 2018).

Internalised transmembrane proteins are sorted by a system of tubulovesicular
compartments within the trans—Golgi network, termed the endosomal sorting complex

required for transport (ESCRT) (Huang et al., 2019).
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Organisation of nascent ILVs by the ESCRT was aided by, but not limited to, post
translational modifications such as ubiquitin—labelling (Raiborg & Stenmark, 2009; Jones et
al., 2020). Late endosome maturation was a direct consequence of continual ILV formation
with the ESCRT implemented in many trafficking pathways.

To illustrate ESCRT functionality, Edgar et al. (2015) demonstrated that alterations in
sorting of Amyloid Precursor Protein (APP) into ILVs lead to APP accumulation.

Trafficking of APP was linked to a population of Multivesicular Bodies (MVBs)
containing epidermal growth factor receptor (EGFR).

Many MVBs containing EGFR are allocated for lysosome fusion as majority are
designated for protein degradation (Van Niel et al., 2018).

If the ESCRT was fully operational, accumulated APP and its cleavage product
(Amyloid—beta (AB) would be reduced as would be designated for lysosomal fusion/
subsequent degradation (Gireud-Goss et al., 2020).

Severe consequences of an unfunctional ESCRT system, which causes APP
accumulation, have been linked with initiating development of Alzheimer’s Disease (Uddin et
al., 2020).

However, an existence of ESCRT—independent pathways was provided by Stuffers et
al. (2009). A recent study by Wei et al. (2021) described previously unknown enzyme functions
within these ESCRT-independent pathways.

Phosphorylated Rab31 aided EGFR uptake within ILVs and occurred within ESCRT—
depleted cells (Wei et al., 2021).

Tetraspanin proteins that are enriched on the membrane of extracellular vesicles,
such as CD63, were linked in regulating ESCRT—independent pathways (Gauthier et al., 2017).

Though understanding of these pathways remains limited, there is potential for
packaging of a specific Mycoplasma sp. protein marker within ILVs given there are two

independent pathways functioning to sort proteins encapsulated within cells.
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1.3.1.2 Late Endocytosis

Multivesicular Bodies (MVBs) or late endosomes are termed so owing to numerous
intraluminal invaginations (Mir & Goettsch, 2020).

Proteins in MVBs that could not be degraded or were involved in intercellular
signalling were processed differently than proteins delegated for degradation/reuse.

Ubiquitination is a key factor in aiding protein sorting in MVB maturation (Ageta &
Tsuchida, 2019) For example, ubiquitination predestined CD81 proteins for lysosomal fusion
during endocytosis (Hosokawa et al., 2020).

Primarily, MVBs fuse with lysosomes as is dictated by their nuclear content (Van Niel
et al., 2018). As cells contained extracellular vesicles throughout their cytoplasm, it
demonstrated that there were mechanisms for avoiding lysosomal degradation using
alternative endocytic pathways.

Discovery of the syntenin—syndecan—(ALG—2—interacting protein X) (ALIX) pathway
provided evidence of a specific small extracellular vesicle (SEV) secretion route (Baietti et al.,
2012).

Differences in post—translational modifications dictate secretion of sEVs and it
determined some of their downstream functions (Atukorala & Mathivanan, 2021).

Fusion of ILVs with the plasma membrane releases completed sEVs through exocytosis
(Van Niel et al., 2018). Within the extracellular environment, sEVs are involved in a variety of
functions.

Encountering recipient cells is a priority objective for sEVs, which enables intercellular
communication through macropinocytosis—-mediated intake of sEVs by recipient cells
(Verdera et al., 2017).

Once internalised within recipient cells, sEVs are lysed to release their cargo. Lysis of
sEVs elicits responses matching sEV content, with examples including secretion of
immunoregulatory cytokines (Fitzgerald et al., 2018).

A summary of the endocytic process, the RAB GTPases involved in intracellular protein

sorting and formation of extracellular vesicles is provided by Figure 1.
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Figure 1: Interdependency of intracellular trafficking routes in the
generation of extracellular vesicles (Van Niel et al., 2018)

“The generation of exosomes and microvesicles requires regulation of multiple
intracellular trafficking steps (blue arrows for exosomes, green arrows for microvesicles) that
influence cargo targeting to the site of extracellular vesicle biogenesis and, for exosomes, the
fate of Multivesicular Endosomes (MVEs)/Multivesicular Bodies (MVBs) from which these
vesicles originate.

Cargoes targeted to MVEs/MVBs originate from endocytosis at the plasma membrane
and are directly targeted to MVEs/MVBs or to early sorting endosomes via the biosynthetic
pathway (from the trans—Golgi network (TGN)).

Retrograde transport towards the TGN or recycling back to the plasma membrane
will divert cargoes from their targeting to the MVE/MVBs (dashed arrows) and, therefore,
their incorporation into intraluminal vesicles (ILVs).

These sorting processes are regulated by various RAS-related protein (RAB)
GTPases.
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Once matured, MVEs/MVBs that are not targeted to lysosomes or autophagosomes
for degradation are transported along microtubules to the plasma membrane.

At this step, docking and fusion are the two final processes required for exosome
release.

Actin, RABs, and Soluble N-ethylmaleimide-Sensitive Factor Attachment Receptor
(SNARE) proteins are involved in exosome release steps.

In the case of microvesicle biogenesis, endocytic uptake (dashed arrow) and recycling
will, respectively, decrease and increase the targeting of membrane (and membrane—bound)
cargoes to microvesicles.

Of note, as the release of exosomes requires tightly regulated steps of transport,
tethering, and fusion of MVE/MVBs to the plasma membrane (apart from cargo sorting), this
could account for the time difference between the generation and release of the two types of
extracellular vesicles.

Protein abbreviations: ARF6, ADP—ribosylation factor 6; RAL=I, RAL (Ras-related
GTPase) homolog; SNAP23, synaptosomal—-associated protein 23; SYX-=5, syntaxin 5;
VAMP3, vesicle—associated membrane protein 3.”

Reprinted/adapted by permission from Springer Nature: Nature Reviews Molecular
Cell Biology—Shedding light on the cell biology of extracellular vesicles by Van Niel, G,
d'Angelo, G., & Raposo, G. (2018) 19(4), 213-228. https://doi.org/10.1038/nrm.2017.125.
License number: 5246730838417.
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1.4 Use of sEVs as Diagnostic Tools

Over the past ten years, an increasing number of published studies have used sEVs as
analytical tools for monitoring disease development. Particularly in cancer diagnostics, sEVs
have enabled an alternative diagnostic method that reliably provides an indication of cellular
health (Zhou et al., 2020).

As the initial formation of sEVs within cells encapsulates a variety of nuclear material
such as proteins, messenger RNA, and microRNAs, secreted sEVs are representative of their
cell of origin (Sork et al., 2018). For example, sEVs released upon antigen presentation by
immune cells carry representative markers that elicit downstream responses, which aid in
reactions against foreign bodies (Mathieu et al., 2019).

In contrast, pathogenic influence on cells creates altered nucleic material that is
captured within sEVs. Changes in sEV proteins elicit inhibitory responses that reduces the
detection of pathogens, demonstrating the complex and conflicting abilities of sEVs within

intercellular communication (Armstrong et al., 2020).
1.4.1 Cancer

Production of sEVs is not limited to healthy cells. Diseased cells, such as those involved
in tumour development or pathogenically—infected cells, make use of stV intercellular
communication pathways to promote disease progression (Yu et al., 2021).

Diseased cells shed sEVs containing unique proteins that represent their cytoplasmic
environment, with several biomarkers identified within sEVs in studies investigating
progression of cancer or infection.

'Liquid biopsies’ allow for measurements of biomarkers including circulating nucleic
acids, proteins and associated sEV proteins from blood (or other bodily fluids); they present
a non-invasive method of diagnosis as compared to tissue biopsy (Alix-Panabieres, 2020;
Ignatiadis et al., 2021).

Results using liquid biopsy are very promising. For example, an assessment of genes
encoding for echinoderm microtubule—associated protein—like 4 (EML4) and anaplastic
lymphoma kinase (ALK) using liquid biopsy revealed that a fusion or rearrangement of these
genes augmented development of non—small—cell lung cancer (Zhu et al., 2014; Sabir et al.,

2017).
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Liquid biopsy of non—small—cell lung cancer patients provided the first commercially
validated test using sEVs, the ExoDx Lung (ALK) (sEV Diagnostics Inc., MA, USA), achieved by
analysis of a specific protein biomarker (Sheridan, 2016; Brinkmann et al., 2018).

The ExoDx Lung (ALK) test demonstrated some of the first validated evidence that RNA
and circulating tumour DNA, encapsulated within sEVs, represented progression of genetic
mutations associated with tumorigenesis. As such, changes in EML4-ALK RNA were
demonstrated in developing lung carcinomas, with tumour progression tracked by RNA
packaged within seVs (Reclusa et al., 2019).

Improved detection and an increased understanding of these mutations contributes
to prescription of ALK—inhibitors: drugs that perform favourably in patients with EML4—ALK
mutations in comparison to chemotherapy (Golding et al., 2018). As tumour—-mediated
mutations created altered RNA, it demonstrated that modifications to sEV cargo are
generated in cells as a response to disease.

Further research has been undertaken to develop additional sV diagnostic tests. As
lung cancer has remained the leading cause of cancer—related mortality worldwide (Sung et
al., 2021), more sEV-based tests for detection of alternative lung—tumour—promoting
mutations have become available.

Liquid biopsy using sEVs has improved detection of a mutation in EGFR, which is
related with an increased risk of developing non—small—cell lung cancer. Detection occurred
regardless of copy number with a high sensitivity (Castellanos-Rizaldos et al., 2018). These
tests represent critical advancements regarding cancer diagnostics.

Serum—based assays provide a non—invasive diagnostic method for early detection of
cancer using specific biomarkers, as compared with more invasive alternatives such as tissue
biopsy.

Use of tissue biopsy limits an ability for early detection of diseases to occur through
reduced precision (Macias et al., 2018). Tissue biopsy can be difficult to repeat, painful for
patients and does not provide a means for longitudinal assessment of disease progression

(Russano et al., 2020).
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Successful diagnosis using sEVs expanded the ability of researchers to detect disease,
with sEVs used effectively to assess development of cancers in tissues other than the lungs.
For example, tumorigenesis of pancreatic cancer (Takahashi et al., 2020; Reese & Dhayat,
2021). Proteins and RNA within sEVs, derived from pancreatic ductal adenocarcinomas, were
attributed to promotion of angiogenesis and development of diabetes in pancreatic cancer
patients (Javeed et al., 2015; Baj-Krzyworzeka et al., 2020; Shang et al., 2020).

Advancements in understanding of sEV biology have indicated that sEVs are useful
targets for analysing or inhibiting cancer progression. Advancements have included
development of an ELISA for analysis of breast cancer progression that quantified a Glypican—
1 biomarker by magnetic bead—based immunocapture (Liu et al., 2018a).

Another successful analytical assay using sEVs enables concentrations of a urine
biomarker to be assessed to understand the progression of prostate cancer (Bverbye et al.,

2015; Tutrone et al., 2020).
1.4.2 Infectious Disease

In context of our own research aims, an understanding of changes to sEV cargo in
response to infection by pathogenic microorganisms (especially gram—negative bacteria) was
required.

Pathogens can generate host sEV changes that promote pathogenesis of the infectious
microorganism with modifications in protein cargo comparable to changes in sEVs generated
by tumorigenesis (Geller et al., 2017; Gopalakrishnan et al., 2018; Pleguezuelos-Manzano et
al., 2020).

Secretion of sEVs is an evolutionarily conserved method of intercellular
communication, which is used by a substantial variety of organisms within each kingdom of
life (Woith et al., 2019).

Various gram—negative bacteria (i.e., M. bovis) shed their own sEVs for inter—cellular
communication, which complicates separation of sEV cargo.

Bacterial sEVs act to dampen or exacerbate immune responses, which confounds
development of diagnostic methodologies (Hasegawa et al., 2015; Pérez-Cruz et al., 2015;

Roier et al., 2016).
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Recent research in other pathogenic microorganisms, such as severe acute respiratory
syndrome coronavirus 2 (SARS—CoV-2), demonstrated that sEV secretion pathways were
utilised for increased pathogenesis in hosts. Slight alterations in sEV protein cargo enabled
spread of the virus and aided SARS—CoV-2 uptake in naive cells (Hassanpour et al., 2020).

Use of sEVs in tuberculosis research is currently preliminary. However, promising
studies using macrophage cells infected with Mycobacterium tuberculosis (M. tuberculosis)
identified twenty proteins altered in sEV cargo as a result of infection (Kruh-Garcia et al.,
2014). Identified proteins, such as Antigen 85B and a catalase—peroxidase enzyme, were
considered to be involved in M. tuberculosis adhesion and virulence (Forrellad et al., 2013).
Proteins were localised to sSEV membranes, suggesting an involvement in aiding an increased
adherent/intracellular infection of M. tuberculosis in host cells.

Further assessment by Diaz et al. (2016) of the sEV cargo from M. tuberculosis—
infected macrophages supported previous changes in the sV proteome.

Interestingly, Kruh-Garcia et al. (2014) alluded that sEV composition was dependent
on the clinical manifestation of tuberculosis within a host, be it pulmonary or extra—
pulmonary, with sEVs altered according to the stage of disease.

Preliminary data using ELISA-based detection revealed differences in the
concentration of mammalian and bacterial heat shock proteins within serum sgVs, which was
attributed to either active or latent infection by M. tuberculosis (Shekhawat et al., 2016;
Castro-Garza et al., 2017).

Alternatively, urinary sEVs were representative of stages in M. tuberculosis infection,
with concentrations of protein biomarkers within sEVs altered accordingly (Dahiya et al.,
2019). In the context of M. bovis, differentiating subclinical/clinical infection would aid
disease diagnosis as detection of hidden M. bovis and M. bovis—symptoms could occur.

Yet, sEVs are not limited by their role in increasing pathogenesis. Experimental
evidence provided by a M. tuberculosis infection model in mice demonstrated that sEVs
produced in vitro were substantial promotors of T—cell activity (Smith et al., 2017).

Release of bone—marrow—derived dendritic cells was amplified by presentation of
sEVs derived from M. tuberculosis—infected macrophage cells. Antigen presentation
intensified activation of specific CD4+ and CD8+ T—cells (Giri & Schorey, 2008). Immune
responses reduced development of infection and remained an integral part in preventing

active infection.
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Another gram-—negative bacterium, Salmonella enterica serovar Typhimurium
(8. enterica), was used to establish an in vitro macrophage infection model (Hui et al., 2018).
An exposure of sEVs derived from S. enterica—infected macrophages released greater
concentrations of tumour necrosis factor a (TNF—a) from naive macrophages as compared to
exposure of sEVs from non—infected control macrophages.

Pro—inflammatory cytokines like TNF—a are vital factors in inducing signal cascades for
promotion of apoptosis/necrosis in S. enterica—infected cells (Rydstrom & Wick, 2007; Pham
& McSorley, 2015).

Post—translational modifications have been linked to sEV secretion pathways meaning
microorganisms, such as Legionella pneumophila, can take advantage of this secretion system
to increase their pathogenesis in host cells (Shinde & Maddika, 2018).

An addition of adenosine monophosphate to Rab1 led to changes in MVB pathways
by preventing GTPase activity of Rab1.

Exploiting Rab proteins in a host cell can alter endocytic trafficking and change MVB
maturation pathways, which can enable increased pathogenesis of infectious microorganisms
(Homma et al., 2021).

Production and functionality of sEVs can differ depending on what cell type receives
the sEV cargo that is representative of infection.

As an example, a comparison of the pro—inflammatory responses of naive immune
cells to sEVs derived from S. enterica—infected primary dendritic cells revealed that further
production of dendritic sEVs was low, directly contrasting a greater production of
macrophage sEVs following presentation of S. enterica—containing sEVs (Hui et al., 2018).

In response to detection of a foreign body, sEV production differs in recipient cells and
demonstrates how sEV processing/disease progression can be altered in response to
infection.

Infectious microorganisms do create changes within host cells that aid in their
increased pathogenesis. It is thought that M. bovis will influence sEV secretion/cargo in a

bovine cell line.
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1.4.3 Other Diseases

Diagnostics using sEVs are not limited to cancer research. Cardiovascular disease and
neurodegenerative/pregnancy—associated disorders are amongst those where -early
detection using sEV cargo is becoming a possibility. In accordance, a recently developed
magnetic bead—based immunocapture assay enabled sEV—based detection demonstrating
that that micro—RNA packaged into sEVs could be isolated from human serum and were
altered in response to progression of cardiovascular disease (Chen et al., 2020).

Preeclampsia can be a critical factor during pregnancy in increasing chances of
maternal—foetal mortality (Burton et al., 2019). Clinical symptoms associated with this
syndrome, for mothers/babies, can be severe and early detection lessens or eliminates effects
of disease. A greater concentration of a placental alkaline phosphatase biomarker was
present in placental-derived sEVs and these were linked with development of placental
hypoxia, a symptom related to preeclampsia (Pillay et al., 2016). In support, alterations in SEV
micro—RNA cargo were linked to complications caused by preeclampsia and restrictions in
foetal growth (Li et al., 2020).

In patients diagnosed with Alzheimer’s Disease, changes to sEV cargo occur (Malm et
al., 2016). Extracellular plagues form as result of AR deposition within neural tissue (Perl,
2010). An ability to rid cells of accumulated A are affected by loss of function mutations in
endosomal-lysosomal pathways, which in turn alter sV cargo (Goetzl et al., 2015). In neural
cells, fusion of MVBs containing a larger concentration of accumulated AB with the plasma
membrane of the cell occurs more frequently than fusion of other MVBs, thus releasing sEVs
with a greater potential to cause neurodegenerative harm (Lakshmi et al., 2020). It remains
unknown if sEV function is beneficial or detrimental, as sEV contribution can be ambiguous.
For example, developments in therapeutics using sEVs has demonstrated recovery of neural
tissue within an in vivo rat model (Drommelschmidt et al., 2017).

As no current long—term cure exists for Alzheimer’s Disease, with medication only
lessening symptoms, sEVs derived from mesenchymal stem—cells could provide a viable
ongoing treatment for restoration of white matter function. Examples of sEV shedding from
diseased cells demonstrate that sEVs can be used as biomarkers for estimating of progression
of a variety of diseases. Disease progression can be traced by changes in a variety of different

sEV factors that are associated with the same clinical disease.
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1.5 Hypothesis, Aim and Objectives
An opportunity provided by our government—funded project enabled novel research
involving analysis of sEVs from a M. bovis co—culture infection model for eventual

development of an sEV—based diagnostic test for M. bovis infection.

Our hypothesis was that sV protein cargo would be altered by an infection by M. bovis.
To investigate this, we aimed to develop an in vitro model of M. bovis infection using bovine

endometrial epithelial cells and use this model to assess resulting proteomic changes in sEVs.

The specific objectives were as follows:
1. Culturing of bEEL cells and/or M. bovis (3.1).
2. Assessment of small Extracellular Vesicles (sEVs) (3.2).
3. Assessing composition and regulation of sEV proteins wusing Liquid

Chromatography Tandem Mass Spectrometry (LC—MS/MS) (3.3).

Our in vitro infection model might uncover novel proteins that are candidate biomarkers
for a new diagnostic test. Additionally, it might provide a greater understanding of M. bovis

pathogenesis in bovine cells.
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2 Materials and Methods

2.1 Overview of Experiments

Individually, the culture conditions of bEEL cells (see 2.3.1) and M. bovis (2.3.4) were
developed/verified for cell growth.

Any contaminating sEVs resulting from an input of FBS were reduced through adaptation
of bEEL cells (2.2.1) to an Exosome—Depleted FBS in aRPMI medium.

Bioreactor flasks containing a control bEEL cell culture (2.6.1) and a co—culture infection
model (2.6.2) were established.

Harvesting (2.6.3) and concentrating (2.6.5) of sEV fractions isolated from each cell
culture condition enabled their subsequent characterisation using Tunable Resistive Pulse
Sensing (TRPS) (2.7.1), Transmission Electron Microscopy (TEM) (2.7.2), Western Blotting
(2.7.3.1) and an Exo—Check Exosome Antibody array (2.7.3.2).

Survival and/or infection of M. bovis was confirmed using colour change assays (2.3.5),
gentamicin protection assays (2.3.7) and epi—fluorescent microscopy (2.5).

Selection and validation of a M. bovis sterilisation method was required to enable
transfer of sEV preparations from the Physical Containment level 3 (PC3) facility (2.4).

Finally, the sEV cargo of each culture condition was analysed using Liquid
Chromatography Tandem Mass Spectrometry (LC—-MS/MS) (2.8).

An overview of the methods used for analysis of the infection model is summarised in
Figure 2.

All methods, experiments, and analyses described within this thesis were performed by

myself (unless specifically stated otherwise).
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Figure 2: Overview of all experiments to analyse a Mycoplasma bovis
(M. bovis) infection model and the small extracellular vesicles produced in
vitro

At the START point (denoted by the yellow background), two methods were utilised
concurrently.

Mycoplasma bovis (M. bovis) was grown on Friis Agar and a single colony was transferred
into Friis Broth (FB). Colour change of FB from red to orange to yellow was representative
of M. bovis growth (denoted by the yellow background).

A colour change assay was used to assess the concentration of M. bovis in culture using
Colour Change Units (CCU).

Two M. bovis controls were created, with M. bovis grown in FB and Advanced Rosewell
Park Memorial Institute Medium (aRPMI) (denoted by a pink background).

Concurrent to the growth of M. bovis, a bovine endometrial epithelial cell line (bEEL
cells) was adapted to aRPMI (supplemented with 4.5 % Exosome—Depleted foetal bovine
serum, 2x GlutaMAX and Ix Penicillin/Streptomycin) (denoted by the yellow background).

The adapted bEEL cells were seeded into a CELLine ADI1000 bioreactor flask as an
uninfected control flask.

Another CELLine AD1000 bioreactor flask was seeded with bEEL cells, and M. bovis was
inoculated into the flask at a multiplicity of infection of 5, which created the co—culture flask.

All flasks used to create small extracellular vesicles (both bioreactor flasks and both
M. bovis controls) are denoted by a pink background.

The ability of M. bovis to infect bEEL cells was assessed using a gentamicin protection
assay and fluorescent microscopy, which is denoted by a blue background.

The presence/absence of M. bovis in either bioreactor flask was assessed using Polymerase
Chain Reaction (PCR), which is denoted by a red background.

The medium of each bioreactor flask (and M. bovis controls) was concentrated using Size
Exclusion Chromatography (SEC) qEV 10 columns. All eluted fractions were collected using
an Automatic Fraction Collector. All fractions containing small extracellular vesicles (SEVs)
were concentrated, with all sEV isolation/concentration denoted by a purple background.

The sEVs were characterised using Tunable Resistive Pulse Sensing (TRPS), Western
Blotting and Transmission Electron Microscopy (TEM). These methods assessed the
size/concentration of sEVs, presence of sEV—specific proteins, and were denoted by the green
background.

Finally, at the FINISH point, all sEVs were processed using Liquid Chromatography
Tandem Mass Spectrometry (LC-MS/MS), and proteomic analysis of sEV proteins assessed
differences between the control and treatment groups (denoted by a grey background).

Created/modified using Servier Medical Art, licensed under a Creative Commons
Attribution 3.0 Unported License (https://smart.servier.com/), and BioRender
(https://biorender.com/).
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2.2 Content of Medlia and Buffers
2.2.1 Media to culture bEEL cells

Initially, bEEL cells were cultured in Nunc EasYFlask 75 cm? (T75) with filter lids (Nunc,
Thermo Fisher Scientific) containing RPMI 1640 medium (Gibco, Thermo Fisher Scientific)
supplemented with 10 % FBS (Gibco, Thermo Fisher Scientific) and 1x Penicillin/Streptomycin
(Gibco, Thermo Fisher Scientific).

Adaptation of bEEL cells to a secondary growth medium also occurred. Advanced RPMI
1640 (aRPMI); Gibco, Thermo Fisher Scientific) was enriched for cell growth using
4.5 % Exosome—Depleted FBS (Gibco, Thermo Fisher Scientific), 2x GlutaMAX Supplement
(Gibco, Thermo Fisher Scientific) and 1x Penicillin/Streptomycin. A serum—free aRPMI

alternative was also required and was termed ‘nutrient—only aRPMI’.
2.2.2 Friis Broth (FB)

Complete Friis Broth (FB) required a prior preparation of Friis Base (Tully, 2012). Friis
Base was formulated by combining 50 mL of Hanks Balanced Salt Solution (Sigma—Aldrich,
Merck—Millipore), 8.2 g of Difco™ Bacto™ Brain Heart Infusion (BD BioSciences, Thermo Fisher
Scientific), 8.7 g of Difco™ pleuropneumonia—like organisms Broth (BD BioSciences, Thermo
Fisher Scientific) and 1200 mL of sterile Milli-Q water.

This solution was adjusted to a pH of 7.6, dispensed into 200 mL aliquots and
autoclaved at 121 °C for five to ten minutes. These 200 mL aliquots of Friis Base were frozen
at-20 °C.

Completion of FB required combination of a thawed 200 mL aliquot of Friis Base with
10 mL of a 16 % solution of Bacto™ yeast extract (Gibco, Thermo Fisher Scientific), 25 mL of
heat—inactivated horse serum (Gibco, Thermo Fisher Scientific), 25 mL of heat—inactivated
porcine serum (Auckland BioSciences, New Zealand); both sera were inactivated at 56 °C for
forty—five minutes, 0.3 mL of a 1 % solution of phenol red (Sigma—Aldrich, Merck—Millipore),
0.0234 g of bacitracin (Sigma-Aldrich, Merck—Millipore) and 500 uL of a 100,000 IU/mL

solution of penicillin (Sigma—Aldrich, Merck—Millipore).
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2.2.3 Friis Agar (FA)

Friis Agar (FA) was generated through an addition of 2.5 g of Bacteriological agar
(Sigma—Aldrich, Merck—Millipore) to a thawed 200 mL aliquot of Friis Base, which was then
autoclaved at 121 °C for fifteen minutes and cooled to 56 °C using a pre—heated water bath.
Allingredients required for formation of complete FB were added to this molten agar solution,
creating complete FA. In sterile 6 mm petri dishes, ~5 mL of FA was poured and cooled for
thirty minutes in a sterile environment. Finally, completed FA plates were stored at 4 °C.
2.2.4 Western Blotting

Complete Radioimmunoprecipitation Assay (RIPA) buffer was prepared using 500 pL
of 1 M Tris—hydrochloride buffer (pH 7.6) (Merck—Millipore), 600 pL of 5 M sodium chloride
(Thermo Fisher Scientific), 200 uL of NP—40 Surfact—-Amps™ Detergent Solution (Thermo
Fisher Scientific), 0.4 g of Sodium Deoxycholate (SDC) detergent (Thermo Fisher Scientific),
200 pL of a 10 % (w/v) UltraPure™ SDS Solution (Invitrogen, Thermo Fisher Scientific) and
18.5 mL of sterile Milli-Q water. An addition of 5 pL of Halt™ Protease Inhibitor Cocktail (100x)
(Thermo Fisher Scientific) was included in 495 L aliquots of RIPA buffer prior to their use.
2.2.5 Lysis Buffer

Lysis buffer was made fresh for each batch of sEV isolations. Lysis buffer consisted of
7 M Urea (Avantor, VWR International), 2 M Thiourea (Avantor, VWR International) and
1% SDC in 100 mM Ammonium bicarbonate (Ambic; (Sigma—Aldrich, Merck—Millipore). Lysis
buffer was adjusted according to volume required using sterile Optima™ LC-MS/MS—grade
water (Thermo Fisher Scientific).

2.2.6 Fixative

2.2.6.1 Fixation of stV for Transmission Electron Microscopy

Samples were fixed in 3 % (v/v) glutaraldehyde (Thermo Fisher Scientific) in 0.1 M
sodium cacodylate buffer (pH 7.2; (Sigma—Aldrich, Merck—Millipore).
2.2.6.2 Fixation of bEEL cells and M. bovis for Epi—fluorescent microscopy

Samples were fixed in 10 % (v/v) Neutral Buffered Formalin (¥4 % formaldehyde), which
was followed by permeabilization with 0.05 % (v/v) Triton X—100 in 1x Phosphate Buffered
Saline (1x PBS; pH 7.4, without Mg2+ and Ca2+ (Gibco, Thermo Fisher Scientific).
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2.3 Culture Techniques
2.3.1 Culturing bEEL cells

Previous research indicated that bovine epithelial cell lines were susceptible to
infection using M. bovis (Josi et al., 2018) and that bovine uterine tissue could be infected
(Ghanem et al., 2013; Guo et al., 2014). Therefore, bEEL cells (Fortier et al., 1988) were
selected for our study.

Initially, this cell line was a kind donation from Professor Michel A. Fortier (Université
Laval, Québec) to Professor Murray Mitchell (Queensland University of Technology,
Australia), who then generously provided samples for our own use.

All bEEL cell cultures were maintained at 37 °Cin a humidified 5 % CO; incubator. Cells
were grown to ~70-80 % confluency and then passaged to maintain cellular health. Passaging
involved an initial removal of old culture medium from T75 flasks using suction. Cells were
washed with 7 mL of 1x PBS, which was replaced with 1.5 mL of TrypLE® (Gibco, Thermo Fisher
Scientific).

Cells were incubated for five to ten minutes or until cells were free floating. Light
microscopy aided visualisation of cell rounding. An additional 5.5 mL of medium was added
following incubation creating a total of 7 mL of resuspended bEEL cells, which was transferred
into a fresh 15 mL conical tube.

Centrifugation at 300 rcf for five minutes pelleted bEEL cells. Cells were resuspended
in 4 mL of fresh medium following removal of the supernatant. Typically, bEEL cells were split
/4 with 1 mL of resuspended bEEL cells transferred into a T75 flask from the 4 mL within the
conical tube. However, splitting was dependent on bEEL cell growth rate.

Finally, to complete splitting of bEEL cells, 14 mL of fresh medium was added to the
T75 flask (totalling 15 mL of a bEEL cell suspension within the T75 flask). The T75 flask was
transferred into a 37 °C/5 % CO2 humidified incubator for bEEL cell growth.

A T75 flask could be reused a maximum of three times and, if reused, required an
additional wash step with 7 mL of 1x PBS to remove remnants of TrypLE® following cell
dissociation.

Use of a 40x objective on a light microscope, and an EVOS™ XL Core Imaging System

(Life Technologies, Thermo Fisher Scientific), enabled imaging of growing bEEL cells.
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2.3.2 Cell counting

Viability of bEEL cells was assessed using a TC20 Automated Cell Counter (BioRad),
with 30 L of a 0.4 % Trypan Blue Solution (Gibco, Thermo Fisher Scientific) combined with
30 pL of a resuspended bEEL cell pellet. A 10 pL aliquot of Trypan Blue—stained cells was
loaded into a cell counting cartridge. Two individual cell counts, gated between 8 um and

30 um, were averaged as an estimate of live bEEL cells.
2.3.3 Assessing contamination

Any cell culture containing bEEL cells was consistently assessed for Mycoplasma ssp.
contamination. A variety of Mycoplasma ssp., including M. bovis and commensal human
Mycoplasma ssp., were assessed using a LookOut Mycoplasma PCR Detection Kit (Sigma—
Aldrich, Merck—Millipore). Although PCR was mainly used for confirming an absence of
Mycoplasma ssp. within control bEEL cultures, as to prevent their potential influence on bEEL
growth, its usefulness also extended to confirming presence of M. bovis in co—culture
bioreactor harvests.

Cell culture medium was clarified by centrifugation to remove larger cellular debris at
500 rcf for ten minutes, then at 10,000 rcf for ten minutes. Deoxyribonucleic acid (DNA) was
extracted from clarified cell culture media using a DNeasy kit (Qiagen).

Aliquots of 200 uL from clarified co—culture harvest 1, clarified co—culture harvest 6,
clarified co—culture harvest 7 and a clarified control bEEL harvest were combined with 20 pL
of an included proteinase—K solution.

Samples were subsequently combined with 200 uL of Buffer AL and 200 pL of 96 %
analytical-grade ethanol. Each sample was transferred to a DNeasy Mini Spin column and
spun at 6000 rcf for one minute. Flow—through was collected in 2 mL tubes, discarded, and
each tube replaced. Buffer AW1 (500 pL) was spun through each column at 6000 rcf for one
minute, flow—through discarded, and each tube was replaced. Buffer AW2 (500 uL) was spun
through each column at 20,000 rcf for three minutes, flow—through discarded, and each tube
was replaced.

Buffer AE (200 pL) was added directly onto the membrane of each column. Columns
were incubated at room temperature for one minute and, finally, were spun at 6000 rcf for

one minute to elute DNA. Eluted DNA from each column was stored at 4 °C.
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A LookOut Mycoplasma PCR Detection Kit was used to assess contamination of
Mpycoplasma ssp. Rehydration of all test reaction tubes (containing lyophilised dNTPs and
primers) was necessary and required use of 22.5 uL of rehydration buffer in combination with
0.5 pL of a Jumpstart Tag DNA Polymerase (Sigma—Aldrich, Merck—Millipore). Subsequently,
2 uL of eluted DNA (extracted from clarified cell culture samples) or 2 pL of nuclease—free
water (negative control) was transferred into their respective tubes to make a total volume
of 25 uL. However, rehydration of an individually included mycoplasma positive control
instead required 24.5 pL of rehydration buffer and 0.5 puL of a Jumpstart Taqg DNA Polymerase.

Tubes were incubated using a 5331 MasterCycler Gradient Thermal Cycler (Eppendorf
AG) for forty cycles of 94 °C for thirty seconds, 55 °C for thirty seconds and 72 °C for forty
seconds. A 1.5 % agarose gel was loaded with 8 pL of a GeneRuler 50 bp DNA ladder (Thermo
Fisher Scientific) and PCR products (5 pL from the positive/negative controls and 5 pL from
each prepared sample).

Gel electrophoresis occurred for fifty minutes at 100 V. Gels were imaged using the
Ethidium bromide setting on a ChemiDoc MP Imaging System (BioRad).

2.3.4 Culturing Mycoplasma bovis

Discovery of M. bovis infection on New Zealand farms is relatively new. Therefore,
culturing M. bovis required approval under various sections of the Hazardous Substances and
New Organisms Act 1996 for use in a PC3 facility (Crookenden, 2020). Approval was obtained
with expectation that M. bovis would be nonviable prior to removal from PC3. Therefore,
multiple techniques were tested to balance effects caused by sterilisation upon M. bovis
viability and sEV biology.

Isolates of a New Zealand strain of M. bovis were tested and were recorded with
accessions: W18 04866 (#1) (collected in 2018), W18 06150 (#5) (collected in 2018) and
W20_06790 (#3) (collected in 2020).

Stocks of these individual isolates were stored at —80 °C on cryobeads. All isolates
were cultured in FB and were incubated at 37 °C in a humidified 5 % CO; incubator. Quality
control of each FB aliquot was required before M. bovis inoculation occurred. A positive
control  Mycoplasma mycoides subsp. mycoides (LC), a negative control
Acholeplasma laidlawii and an uninoculated FB negative control, were used to confirm

viability of each FB aliquot.
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A single cryobead of each isolate was streaked onto FA, alongside controls of
Mycoplasma mycoides subsp. mycoides (LC) and Acholeplasma laidlawii, with an intention of
separating single colonies. A single colony was transferred from FA to 4 mL of FB using a
pipette tip. Subcultures of each isolate were generated using 10 ulL of culture inoculated into
4 mL of fresh FB.

Colour change of FB from red to orange/yellow was used to indicate success of a
M. bovis subculture, through assessing bacterial growth over nine days using light absorbance
spectrophotometry at wavelengths of 415 nm and 560 nm (as phenol red was used as the pH
indicator (Held, 2018). Daily comparison to an uninoculated FB control, which was utilised as
a colour reference, provided a growth pattern for both isolates of M. bovis.

Isolate W18 04866 (#1) was inoculated (375 uL in 15mL) into either aRPMI
(stress sEVs) or FB (M. bovis sEVs), which created M. bovis sEV controls. Cultures were
maintained in T75 culture flasks and were harvested concurrently with bioreactors.

2.3.5 Colour change assay

Colour change assays enabled M. bovis concentration to be estimated using
Colour Change Units (CCU), with the plate layout demonstrated by Figure 7.

Within each well of a 96—well flat—bottomed cell culture plate (Thermo Fisher
Scientific), 180 uL of FB was loaded. In column 2 of the 96—well plate, rows B, C and D were
inoculated with 20 pL of an M. bovis isolate.

Using these three inoculated wells, 20 pL from column 2 (10* CCU) was diluted 10-fold
within each column across the plate until column 11 (10° CCU) was reached.

Further 10—fold dilutions using 20 uL from rows A, B and C of column 11 were created
within rows E, F and G of column 2 (10*! CCU) and were similarly diluted within wells across
the plate, which enabled a final concentration (10?° CCU) to be reached in column 11.

Risk of colour change resulting from CO; absorption was reduced by using a barrier of
wells, containing uninoculated FB, that surrounded all wells containing inoculated FB.

Plates were sealed with parafilm and, over a two—week period, colour change from

red to orange to yellow was assessed daily.
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The concentration of M. bovis was identified by the change in FB colour within wells
containing the greatest dilution factor (i.e., in column 9 of rows A, B and C, colour change of
FB indicated a M. bovis concentration of 102 CCU). Colour change assays were repeated daily
over a week and were compared to a spectrophotometry—generated growth curve of an
equivalent period.

Despite assay limitations, such as formation of carbonic acid (from absorbance of CO;
present within the incubator) altering pH, colour change remained a viable assessment of
M. bovis growth. Colour change from red to orange/yellow represented increased fatty acid
metabolism and, subsequently, a greater concentration of M. bovis in culture (Garcia-
Morante et al., 2018).

Light absorbance spectrophotometry at wavelengths of 415 nm and 560 nm evaluated
colour change of FB, enabling a better growth assessment than directly observing colour

change.
2.3.6 Recovery of Mycoplasma ssp. in aRPMI

Survival of each M. bovis isolate in aRPMI provided understanding of whether M. bovis
isolates survived independently from bEEL cells or did not survive without presence of a host.

Our hypothesis meant that any sV production by extracellular M. bovis was
considered as an influential factor for downstream proteomic analysis. Therefore, sEVs
isolated from control groups (FB—grown M. bovis and aRPMI-grown M. bovis) were
considered within our final proteomic analysis as changes in their protein regulation could be
compared for discovery of biomarkers unique to a M. bovis co—culture.

Mycoplasma ovipneumoniae (M. ovi), another ruminant Mycoplasma sp., acted as an
initial model for survival of Mycoplasma ssp. in aRPMI. Frey’s medium (Merck—Millipore) was
used for growth of M. ovi until colour change from red to orange/yellow was observed.

Dr. Benjamin Bridgeman must be acknowledged for providing M. ovi isolates that
enabled initial modelling of a Mycoplasma sp.

Four—day old cultures of New Zealand M. ovi isolate 90 (Bridgeman et al., 2020) and
New Zealand M. ovi isolate 103 (Bridgeman, 2021) were inoculated into aRPMI (300 plL into

3 mL). At time 0, bijous containing aRPMI were inoculated with M. ovi.
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From each bijou, 30 pL was inoculated into 3 mL of Frey’s medium at one, two, three,
four, five, six and seven—days post inoculation. A replicate of each isolate was created at each
time point, with recovery of M. ovi indicated by colour change of Frey’s medium up to two
weeks post inoculation.

Two isolates of M. bovis were assessed for survival in aRPMI. Isolates W18 04866 (#1)
and W20_06790 (#3) were inoculated into aRPMI (300 pL into 3 mL) Each M. bovis isolate was
inoculated into aRPMI alongside two repeats of each condition.

Uninoculated FB and aRPMI were used as negative controls, and positive controls of
each M. bovis isolate were grown in FB. Additionally, three repeats using 30 uL aliquots of
each isolate were included as initial M. ovi modelling indicated that reducing the
concentration of M. bovis inoculated would represent survival of a Mycoplasma sp. more
reliably.

A 10 plL aliquot of each aRPMI culture was inoculated weekly into 4 mL of FB for four
weeks post inoculation. Light wavelength microscopy at 415 nm and 560 nm assessed

recovery of M. bovis in FB, as compared to the included controls.
2.3.7 Gentamicin protection assay

Gentamicin protection assays evaluated the ability of each M. bovis isolate to infect
bEEL cells and provided a crude analysis of M. bovis survival; be it through an intracellular
route or limited to only adherence of bacteria to host cells (Raymond et al., 2018).

Gentamicin is an aminoglycoside antibiotic that is effective against gram—negative
Mycoplasma ssp. by altering their protein translation (Lysnyansky & Borovok, 2021).

Gentamicin can struggle to penetrate the cell membrane of eukaryotic cells, therefore,
internalised Mycoplasma ssp. are protected from antibiotic treatment (Biirgi et al., 2018).

However, concerns were raised about the reliability of how impenetrable eukaryotic
cell membranes are to aminoglycoside antibiotics (VanCleave et al., 2017). Therefore,
gentamicin concentrations were modified from previously reported assays.

In a 24 well flat—bottomed cell culture plate (Thermo Fisher Scientific), bEEL cells were
seeded in sixteen wells at 2 x 10° cells/well. Eight wells did not contain bEEL cells as were kept
as M. bovis—only controls.

Treatment positions are described within the provided plate map (Figure 3).
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Figure 3: A gentamicin protection assay assessed the differences in
adherence and intracellular infection of Mycoplasma bovis (M. bovis)

A 24—well cell culture was seeded with a bovine endometrial epithelial cell line (bEEL
cells) in Advanced Rosewell Park Memorial Institute 1640 (aRPMI) medium at 2 x
10¢ cells/mL within the specified wells: co—culture (CC), bEEL and 2x M. bovis.

The co—culture (CC) was inoculated with Mycoplasma bovis (M. bovis) isolate
W18 04866 (#1) at a multiplicity of infection of 5.

In wells specified by M. bovis, 20 uL of isolate W18 _04866 (#1) was inoculated into
I mL of aRPML. In the wells specified by 2x M. bovis, 20 uL from each isolate, W18 _04866
(#1) and W20_06790, were inoculated into | mL of aRPMI.

Infection of bEEL cells with M. bovis occurred for twenty—four hours post inoculation.

Wells were washed five times with | mL of Ix Phosphate Buffered Saline (I1x PBS)
following infection.

200 pg/mL, 100 pg/mL, 50 pg/mL, and 25 pg/mL refer to concentrations of the
antibiotic gentamicin (diluted from a stock solution of 10 mg/mL in | mL of aRPMI).

Wells not specified with a concentration of gentamicin were not treated with the
antibiotic and were used as controls for each condition/treatment.

Gentamicin treatment occurred for three hours post Ix PBS washes. Wells were
washed five times with | mL Ix PBS post gentamicin treatment.

TrypLE® was used to disassociate adherent cells within each well.

20 pL from each well of a column of the 24—well plate was transferred separately into
column 2 of 96—well cell culture plates, as indicated in the figure, with all wells of the 96—well
plate pre—filled with 180 pL of Friis Broth (FB).

Two repeats (from each well of the 24—well plate) were transferred to column 2 of a
96—well plate.

Column | of the 24—well plate is used as an example. Red arrows depict the two repeats
of 200 pg/mL. Yellow arrows depict the two repeats of 100 pg/mL. Green arrows depict the
two repeats of 50 pg/mL. Purple arrows depict the two repeats of 25 pg/mL.

Six columns of the 24—well plate created six individual 96—well plates.

The FB within column 2 of each 96—well plate was serially diluted |0—fold (depicted as
grey arrows) across the plate, with column || being the final point for dilution.

Colour change of FB indicated M. bovis survival, with the final column of the 96—well
plate to demonstrate colour change representative of the concentration of M. bovis.

A schematic diagram was required as, in compliance with the regulations set by the
Physical Containment level 3 facility, images of any experiments could not be caputured.

Created/modified using Servier Medical Art, licensed under a Creative Commons
Attribution 3.0 Unported License (https://smart.servier.com/).
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Using a four—day old culture of W18 04866 (#1), bEEL cells were infected at a
Multiplicity of Infection (MOI) of 5.
MOI was calculated using this equation:
'Mor'

_ Volume of M.bovis culture (uL) X Concentration of M.bovis Culture (CCU)
- Number of bEEL cells to infect (cells/m L)

Where CCU = Colour Change Units (M. bovis concentration),
M. bovis = Mycoplasma bovis isolate W18 04866 (#1), and

bEEL cells = a bovine endometrial epithelial cell line.

The plate was shaken for five minutes and then centrifuged at 300 rcf for five minutes
to ensure an ‘even’ infection of bEEL cells. Each well was washed five times with 1 mL of
1x PBS, twenty—four hours post M. bovis inoculation. A 10 mg/mL stock gentamicin reagent
(Gibco, Thermo Fisher Scientific) was diluted to 200 pg/mL, 100 pg/mL, 50 pug/mL, or
25 pg/mL as required within wells of the plate using 1 mL of aRPMI. Subsequently, the plate
was incubated for three hours at 37 °C/5 % CO; following addition of gentamicin.

Three—hours post gentamicin treatment, aRPMI was removed by suction and each
well was washed five times with 1 mL of 1x PBS per wash. Each well containing cells was then
filled with 20 uL of TrypLE®, followed with incubation of the plate at 37 °C/5 % CO; for five to
ten minutes. Wells were scrapped using a 10 plL inoculation loop to remove any remaining
adherent cells.

Each well (of six 96—well flat—bottom cell culture plates) was loaded with 180 L of FB.
According to the plate map (Figure 3), each well of the 24-well cell culture plate
corresponded to specified positions within column 2 of six individual 96—well cell culture
plates. Four wells per column from the 24—well cell culture plate became eight wells per
column within a 96—well cell culture plate, as two repeats of each treatment were included.

Accordingly, content of each of the six individual 96—well cell culture plates varied by
treatment. Comparable to the colour change assay, the entirety of column 2 (10! CCU) was
diluted 10—fold across the plate by transferring 20 pL between each column until column 11
(10%°CcCU) was reached.

Plates were sealed with parafilm and incubated at 37 °C/5 % CO; for two weeks, with

the colour change of FB assessed daily to validate M. bovis survival.
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2.4 Sterilisation

2.4.1 Heat inactivation

A 1 mL aliquot of New Zealand M. ovi isolates 90 and 103 were individually heated at
80 °C, 90 °C and 100 °C for five minutes and ten minutes, with a technical replicate created
for each individual treatment.

Heat—treated M. ovi was inoculated into Frey’s medium at a 1/4 dilution (1 mL of M. ovi
into 3 mL of Frey’s medium). An inclusion of an untreated positive control for both isolates of
M. ovi was required for a comparison of colour change. Likewise, an uninoculated Frey’s
medium negative control was required, as was pre—heating and post—heating controls
created from uninoculated Frey’s medium for colour change comparison.

Samples were checked daily for a minimum of two weeks to confirm if colour change
had occurred within heat treated samples.

Inactivation of M. bovis was adapted from modelling inactivation using M. ovi.
However, instead of 1 mL of culture, 100 pL aliquots of M. bovis isolates W18 04866 and
W20_06790 were heated in a heat block at either 56 °C for two hours, 80 °C for ten minutes,
or 90 °C for ten minutes.

Within individual bijous, 50 pL from each heat—treatment was inoculated into 3.95 mL
of FB at a /g0 dilution. Bijous were incubated at 37 °C/5 % CO- in a humidified incubator for
two weeks. Using light absorbance spectrophotometry at wavelengths of 415 nm and
560 nm, colour change of heat—treated samples was compared to positive controls of each
isolate/an uninoculated FB negative control.

Colony Forming Units (CFU) provided an alternative means to assess inactivation, with
10 uL of each heat treatment individually spread onto FA. Likewise, untreated W18 04866
(#1) and W20_06790 (#3) positive controls and an uninoculated FB negative control were
spread onto FA plates.

Inactivation was confirmed by little to no formation of colonies, with a logl0
difference in CFU between heat—treated samples and negative controls indicating that
inactivation had occurred.

Three technical replicates were created from each of the three experimental
temperatures, which established an average growth pattern of M. bovis using FB cultures

and/or FA plates to determine if inactivation had occurred.

51



2.4.2 Fixation/Lysis

Prior to an addition of lysis buffer, 10 % from the total volume of concentrated sV
fractions (see 2.6.7) was aliquoted for downstream applications.

From this 10 % volume, 6 uL was combined at a 1:1 ratio with 3 % glutaraldehyde
fixative (see 2.2.6.1) for subsequent TEM analysis of M. bovis—containing samples.

Only the remaining volume of control bEEL fractions were used for TRPS on the gNANO
(IZON, Christchurch, NZ) as fixation of M. bovis—containing fractions caused aliquots to be
unmeasurable on the gNANO.

Fixative was used to create TEM samples of concentrated sEVs that could be removed
from the PC3 facility.

Lysis buffer was combined with concentrated stV fractions at a ratio of 2:1, as the
volume of each concentrated sample varied. Each solution was heated at 95 °C for ten
minutes following addition of lysis buffer. All lysed sEV samples were stored at —80 °C.

Inactivation of M. bovis using lysis buffer and/or fixative was assessed in a similar way
to inactivation using heat—treatment.

Three replicates of each condition were grown in FB and on FA, alongside

positive/negative controls, for comparison of colour change/colony growth.
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2.5 Epi—Fluorescent Microscopy

Epi—fluorescent microscopy expanded the evidence provided by the gentamicin assays
regarding M. bovis infection. Pre—stained M. bovis was compared to post—stained M. bovis
and bEEL cells, which demonstrated any differences in fluorescent dye uptake within
nuclear/cellular membranes.

Whilst not specifically relevant to our hypothesis regarding sEV cargo changes, epi—
florescent imaging demonstrated that the positioning of M. bovis was directly relative to the
positioning of bEEL cells on the slides.

Round glass coverslips (22 mm) were sterilised in 70 % acetone, then 70 % ethanol, and
were left to dry prior to their placement within each well of a 12—well cell culture plate (Nunc,
Thermo Fisher Scientific). In aRPMI, bEEL cells were grown to ~80 % confluency, split (see
2.3.1) and seeded at 2 x 10° cells/mL using 1 mL of the cell suspension.

Twenty—four hours post—seeding, bEEL cells were infected with a four—day old
subculture of W18 _04866 (#1). Cells were infected at an MOI of 100 by combining 200 uL of
M. bovis and 1 mL of FB within each well.

Prestaining of M. bovis involved an addition of Octadecyl Rhodamine B Chloride (R18)
diluted to 5 pg/mL from a stock solution (2 mg/mL), and/or an addition of 4’,6—diamidino—2—
phenylindole (DAPI) diluted to 2 pg/mL from a stock solution (2 mg/mL). Both dyes were used
separately and in combination to pre—stain M. bovis or bEEL cells.

Twenty—four hours post infection, FB was removed with each coverslip subsequently
washed three times with 1 mL of 1x PBS. Cells were fixed with 200 pL of 10 % (v/v) Neutral
Buffered Formalin (see 2.2.6.2) for fifteen minutes, then washed with 1 mL of 1x PBS.

Fixed cells were permeabilised using 0.05 % (v/v) Triton X—100/1x PBS for five minutes
at room temperature with a final wash using 1 mL of 1x PBS.

Experimental coverslips were post—stained in a dark humidified chamber. Post—stains
included Fluorescein isothiocyanate (FITC)—Phalloidin diluted !/s00 from 0.5 mg/mL, DAPI
diluted /1000 from 2 mg/mL, and R18 diluted /s00 from 2 mg/mL. FITC—-Phalloidin was
combined with DAPI or used individually at mentioned concentrations for six experimental

coverslips.
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Individual post—stain control coverslips were created concurrently. A single additional
coverslip was post—stained with FITC—Phalloidin combined with R18 at previously mentioned
dye concentrations.

An additional two separate coverslips were post—stained with FITC—Phalloidin, which
was combined with DAPI (diluted at /500 or 1/100).

Three coverslips were generated for each M. bovis or bEEL—only condition and were
post—stained according to the fluorescent dye concentrations mentioned first (i.e., FITC—
Phalloidin at /500, DAPI at */1000 and R18 at 1/s00).

Within the chamber, all coverslips were inverted into 50 pL of their respective post—
stain on parafilm, left for thirty minutes in complete darkness and were subsequently washed
five times using 1 mL of 1x PBS.

Each coverslip was mounted onto a microscope slide using ProLong™ Gold Antifade
Mountant (ThermoFisher).

All coverslips were imaged using a 20x long—working objective on an Eclipse Ti—U
inverted epi—fluorescent microscope (Nikon).

Texas Red, FITC and DAPI filters were utilised for imaging. All images were processed
using ImageJ (Fiji).

2.6 Harvesting sEVs from Bioreactors

CELLine AD1000 bioreactor flasks (Merck—Millipore) were used to maximise sEV
production from adapted bEEL cells.

The design of bioreactor flasks enables amplified bEEL cell growth through constant
nutrient and waste diffusion between separated medium chambers.

Any sEVs produced by bEEL cells were prevented from diffusing throughout the flask by
a semi—permeable membrane. A secondary separate membrane aided in cell respiration.

Bioreactor flasks were utilised over a prolonged culturing period to maximise
production of sEVs, which enabled effective downstream analysis of the sEV proteome.

Figure 4 demonstrates a schematic of the CELLine AD1000 bioreactor flask.
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Figure 4: Schematic illustration of the CELLine AD 1000 flask (Guerreiro et
al., 2018)*

“This is a two—compartment culture system with an inner (cell) compartment designed
to sustain cell growth at high densities, and an outer (media) compartment where cellfree
culture medium is used.

Here, the outer and inner compartments are separated by a semi—permeable membrane
which allows a continuous exchange of nutrients and waste.

A woven polyethylene terephthalate mesh inside the cell compartment provides cells
with support for adherence and growth.

A silicone membrane at the bottom allows for direct oxygenation and gas exchange.
Each compartment is accessed by a specific port.

The media compartment reservoir is reached through the green cap and the inner cell
compartment through the white cap.”

*llustration and legend taken/adapted from (Guerreiro et al, 2018),
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0204276, an open access
article distributed under the terms of the Creative Commons Attribution License.
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2.6.1 Control bEEL bioreactor

The cell compartment of the control bioreactor flask was seeded with adapted bEEL
cells (19 x 10° viable cells suspended in 15 mL of aRPMI). The media compartment of each
bioreactor contained 1 L of nutrient—only aRPMI.

A single control bEEL bioreactor flask was maintained to harvest sEVs, which required
consistent replacement of each alternative medium once weekly.

The control bioreactor flask was harvested over approximately three months.
2.6.2 Co—culture bioreactor

The cell compartment of the co—culture bioreactor flask was seeded with adapted
bEEL cells (29.25 x 10° viable cells suspended in 15 mL of aRPMI).

The media compartment of the co—culture bioreactor flask was filled with 1L of
nutrient—only aRPMI.

A single co—culture bioreactor flask was maintained to harvest sEVs, which required
consistent replacement of each alternative medium once weekly.

In contrast to the control flask, the co—culture flask was inoculated with M. bovis
isolate W18_04866 (#1) at an MOI of 5 (with bEEL cell growth estimated at 400 x 108 viable
cells after two weeks of maintaining the bioreactor).

Isolate W18 04866 (#1) was inoculated into the aRPMI taken from the cell
compartment (2 mL of M. bovis into 13 mL of aRPMI), which was then replaced into the cell
compartment.

After a week to allow for infection to occur, sEVs were harvested from the co—culture
bioreactor flask.

Weekly co—culture bioreactor harvests coincided with weekly control bioreactor
harvests. Isolate W18 04866 was not reinoculated into the cell compartment following the
initial inoculation.

The co—culture bioreactor flask was harvested over approximately three months.
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2.6.3 Harvesting sEVs from bioreactor flasks

Weekly harvesting of each bioreactors’ cell compartment required initial removal of
1 L of nutrient—only aRPMI from the media compartment.

For removal, a bioreactor flask was inverted over a beaker, with the neck of the flask
facing down, enabling nutrient—only aRPMI to be poured out into the beaker.

The cell compartment lid was kept tightly closed and was pointed toward the ground
following flask inversion.

The lid of the media compartment remained loose after removal of nutrient—only
aRPMI, ensuring that proper harvesting of the cell compartment could occur without
rupturing the polyethylene terephthalate matrix that bEEL cells were growing upon.

Harvesting 15 mL of aRPMI from the cell compartment required use of a 25 mL
serological pipette.

The aRPMI was carefully mixed within the cell compartment three times before it was
transferred to a sterile 15 mL conical tube.

By rocking the flask slightly whilst pipetting, bubbles were prevented from occurring
between the polyethylene terephthalate matrix and the semi—permeable membrane.

2.6.4 Resetting each bioreactor

Each compartment of the bioreactor was restored using freshly prepared medium,
which enabled the continual growth of bEEL cells and their subsequent production of sEVs.

Initially, 50 mL of nutrient—-only aRPMI was used to wet the semi—permeable
membrane within the media compartment. The cell compartment was then filled with 15 mL
of aRPMI.

Continually, flasks were slightly rocked throughout medium replacement as it reduced
potential introduction of bubbles between the membranes.

Finally, the media compartment was filled with 1 L of fresh nutrient—only aRPMI.
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2.6.5 Clarifying and concentrating seV harvests

Each bioreactor harvest was centrifuged to remove cellular debris, which created a
clarified medium that could be processed for isolation of sEVs.

Clarified aRPMI was generated from the medium collected from the cell compartment
of each bioreactor, which was spun at 500 rcf for ten minutes followed by a subsequent
centrifugation at 10,000 rcf for ten minutes.

Clarified aRPMI was then concentrated using an Amicon Ultra—15 Centrifugal Filter
Unit with an Ultracel-100 membrane (Merck—Millipore). Filter units were primed before use
with a 5 mL wash of 0.1 M sodium hydroxide, followed immediately by two individual washes
using 5 mL of LC-MS/MS—grade water.

As Size Exclusion Chromatography qEV10 columns (IZON, Christchurch, NZ) required
10 mL of medium to accurately isolate sEVs, a 6 mL aliquot from the previously clarified aRPMI
was spun at 4000 rcf for eight to twelve minutes.

The retentate (1 mL) of the filter unit was added to the remaining 9 mL of
unconcentrated, but clarified, aRPMI creating a concentrated 10 mL harvest. All harvests
were frozen at —20 °C until sEV isolation occurred.

2.6.6 Setting up an Automatic Fraction Collector

Size Exclusion Chromatography (SEC) gEV10 columns (IZON, Christchurch, NZ) with
35 nm pores were used for consistent isolation of minimally damaged sEVs sized between 30—
150 nm (Yang et al., 2020).

Other sEV isolation methods, such as differential ultracentrifugation, can be limited
by resulting low purity and yield (Shirejini & Inci, 2021). Additionally, IZON is a New Zealand—
based company, which was extremely useful for training, troubleshooting, and purchasing
equipment locally.

Each qEV10 column was flushed three times prior to an addition of sample. First,
columns were flushed with 140 mL of 1x PBS (previously degassed in a sonic bath for five
minutes at 94 % power and 75 Hz), followed by a 2 mL flush of 0.5 M sodium hydroxide and,
finally, another 140 mL flush of 1x PBS.

The final flush was used to remove any traces of sodium hydroxide or of sodium azide,

which is present in the column storage buffer.
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A total of 10 mL of clarified and concentrated medium was loaded into the reservoir
of a qEV10 SEC column and passed into the column by gravity flow.

A volume of 1x PBS, altered accordingly to how many fractions were required, was
loaded into the column reservoir once the medium had passed through the column frit.

Each 5mL fraction was collected in Protein LoBind Tubes (5.0 mL; PCR Clean
(Eppendorf AG) loaded onto the Automatic Fraction Collector and were stored at 4 °C prior
to concentrating.

The first and fifth use of each column required a quality control check. These checks
ensured a comparable flow rate and confirmed there were no blockages.

Twelve fractions, fractions 1-12, were isolated to analyse the relative positions of sEVs
using light absorbance spectrophotometry at wavelengths of 350 nm and 600 nm.

Columns could be reused and were flushed prior to their storage with 140 mL of
1x PBS, followed by 2 mL of 0.5 M Sodium hydroxide and finally, a storage flush using of
140 mL of 1x PBS/sodium azide 0.05 % (w/v).

2.6.7 Concentrating sEV—containing fractions

Fractions 5-7 (sEV—containing fractions) were concentrated using primed Amicon
Ultra—15 Centrifugal Filter Units.

Each individual 5 mL fraction was combined within a single filter unit, which was
subsequently centrifuged at 4084 rcf for ten to fifteen minutes. Potentially, further
centrifugation was required depending on sample viscosity.

All samples were spun until ~500 pL of retentate was achieved. The retentate was then
transferred to a 1.5 mL Protein LoBind Tube (PCR Clean, Eppendorf AG) for subsequent lysis

and inactivation.
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2.7 Analysis of SEVs
2.7.1 Tunable Resistive Pulse Sensing (TRPS)

Tunable Resistive Pulse Sensing (TRPS) provided a means to assess sEV concentration
and size. Only sEVs isolated from the control bEEL bioreactor were assessed.

Diluted stV samples were forced through a nanopore with any resulting blockage
inducing a current, which was interpreted as sEV size and concentration using the gqNANO
(IZON, Christchurch, NZ) (a machine that utilised TRPS to measure sEVs).

The concentration of sEVs was estimated solely using TRPS as Nanoparticle Tracking
Analysis was unavailable during the current COVID-19 pandemic.

The qNANO was initialised according to manufacturer’s recommendations.

A 100 nm polyurethane nanopore, NP100 (Izon Science), was freshly coated in coating
solution (lzon Science) prior to each series of measurements.

The qNANO was calibrated using 100 nm polystyrene calibration particles, CPC100
(1zon Science), diluted /1000 in 1x PBS/0.05 % (v/v) Tween—20.

Pore stretching, voltage and applied pressure were adjusted to ensure a baseline
current of > 100 nA and background noise (root mean square) of < circa 15 pA. Calibrations
and measurements were evaluated using two positive pressures, 5 mbar and 10 mbar.

A minimum of 500 blockade events were required for each measurement. Re—
calibration occurred after each sample measurement to ensure pore stability and no
blockages.

Data was analysed using an Izon Control Suite 3 software (Izon Science).
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2.7.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was utilised effectively to contrast fixed
samples of each sEV harvest.

Negatively stained sEVs from M. bovis, bEEL and co—culture samples were imaged as
distinctive cup—shaped vesicles. Approximate stV size and concentration was compared
between treatments using TEM.

Fixation of sEV—containing samples occurred for twenty—four hours prior to imaging
in 2x volume of 3 % glutaraldehyde fixative (see 2.2.6.1). Each treatment was diluted /s prior
to fixation.

Preparation for TEM required inversion of 2 mm Formvar/Carbon coated size—200
mesh copper grids (Sigma—Aldrich, Merck—Millipore) into 10 pL of a fixed sample for four and
a half minutes at room temperature. Grids were washed once with Milli-Q water.

A 10 pL droplet of an aqueous 4 % (w/v) uranyl acetate solution was used to negatively
stain the samples on each grid.

Negative staining required four and a half minutes of incubation at room temperature,
with excess stain blotted off using filter paper.

Images were captured using a Tecnai G2 Spirit BioTWIN Transmission Electron
Microscope (Field Electron and lon Company, ThermoFisher Scientific). Measurements of
sEVs were generated by ImageJ (Fiji).

2.7.3 Analysis of sEV proteins

Presence of sEV—specific and exclusion proteins were confirmed within isolated
fractions using Western Blotting and an Exosome Antibody array (Exo—Check; (System
Biosciences).

Western Blotting compared positions of sEVs and larger proteins relative to each
isolated fraction. Protein concentration was not established in our study using these
techniques.

Importantly, both techniques demonstrated the viability of SEC columns to isolate
SEVs correctly.

Dr. Alice Lake must be acknowledged for her considerable efforts in capturing all sEV

images using TEM.
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2.7.3.1 Western Blotting

Aliquots of ~120 ulL from fractions 2—11 were added to an equal volume of complete
RIPA buffer (see 2.2.4). Each fraction was vortexed, then agitated for thirty minutes at 4 °C.

Samples were sonicated twice for two second pulses at a maximum energy of
1,000,000 J and maximum amplitude of 40 %.

After sonication, each fraction was spun at 12,000 rcf for twenty minutes in a pre—
cooled 4 °C centrifuge to pellet insoluble proteins.

The supernatant of each sample was transferred to pre—chilled 1.5 mL LoBind tubes.
Lysates were stored at —80 °C.

Lysates of fractions 2—11 were concentrated to ~120 uL using a CentriVap Benchtop
Vacuum Concentrator (Labconco Corporation, MO, USA).

Instead of estimating protein concentration (see 2.7.3.1.1), the variation in lysate
concentrations of each fraction was normalised by combining 10 % of the total lysate volume
with 4 uL of NuPAGE™ LDS Sample Buffer (4x) (Invitrogen, Thermo Fisher Scientific) and 2.5 %
B—mercaptoethanol. Samples were heated at 90 °C for five minutes and kept on ice until
loaded into gels.

Bis—Tris Gels (15—well 1.5 mm 4-12 %; (Thermo Fisher Scientific) were loaded into a
NuPAGE mini tank filled with 200 mL of 1x MES/SDS running buffer within the inner chamber.

To prevent overheating, 50 uL of a NUPAGE antioxidant (Invitrogen, Thermo Fisher
Scientific) was included.

Additionally, the outer compartment of the mini— tank was half filled with MES/SDS
running buffer for this purpose.

Inlane 1 of each gel, 7 pL of SeeBlue™ Plus2 pre—stained Protein Standard (Invitrogen,
Thermo Fisher Scientific) was loaded.

In each subsequent well, 16 pL was loaded from stV lysate fractions 2-11. Gels were
run at 120 V for ninety minutes.

Once gel electrophoresis was finished, each gel was transferred onto a Nitrocellulose
iBlot™ Transfer Stack (Invitrogen, Thermo Fisher Scientific). An iBlot® Gel Transfer Device
(Invitrogen, Thermo Fisher Scientific) was used for seven minutes on program three to

transfer proteins from each gel onto a nitrocellulose membrane.
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Each nitrocellulose membrane was washed with sterile Milli-Q and stained with 0.1 %
Ponceau S in 5% acetic acid for ten minutes at room temperature using a shaker set at
75 rpm. Membranes were washed using sterile Milli—-Q until each membrane was changed
from red to pink.

Over—washing membranes required another ten—minute stain in Ponceau as reduced
sensitivity and made protein bands less visible. Membranes were imaged using the Ponceau
S setting on a ChemiDoc MP Imaging System (BioRad).

Membranes were washed with sterile Milli-Q water to remove Ponceau S.
Membranes were blocked in 5 mL of either 5 % BSA (w/v) or 5 % trim milk (w/v) in 1x Tris—
Buffered—Saline Tween 20 (0.1 %) (TBS—T) for one hour at room temperature, whilst shaken
at 75 rpm.

Post—blocking, membranes were separated into individually labelled 50 mL conical
tubes and were washed twice with 5 mL TBS—T (0.1 %). Anti—protein rabbit primary antibodies
against CD63, CD9, Heat Shock Protein 70 (Exo—Ab—Kit—1, System Biosciences), Syntenin—1
(Ab19903, Abcam) and Calnexin (Ab22595, Abcam) were diluted */1000 in blocking solution.

Membranes were continually agitated using a Rotator Multi-mix with adjustable
adaptors (Avantor, VWR International) in primary antibody overnight at 4°C

Twenty—four hours post—primary antibody, membranes were washed five times with
5 mL of TBS—T for two minutes each wash. Each membrane was transferred to a fresh 50 mL
conical tube containing secondary antibody: anti-rabbit goat antibody conjugated with horse
radish peroxidase, which was diluted /10,000 in 5 mL of blocking solution. Membranes were
constantly agitated in secondary antibody for an hour at room temperature. Finally,
membranes were washed five times for two minutes each wash in TBS—-T (0.1 %).

Proteins were visualised with Clarity™ ECL Western Blotting Substrate (BioRad) using
a 1:1 ratio of luminol-enhancer solution and peroxide solution, which was kept in the dark.
Each membrane and 1 mL of the Clarity™ ECL Western Blotting Substrate was sandwiched
between two clear acetate sheets.

Membranes were imaged using a ChemiDoc MP Imaging System (BioRad). Protein
ladders were imaged using automatic optimal colorimetric settings. Protein bands were
imaged using chemiluminescence settings. Bands were initially auto exposed but required
adjusting using Signal Accumulation Mode to achieve better clarity. All ladder and protein

band images were merged/processed using ImageLab (BioRad).
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2.7.3.1.1Bicinchoninic acid (BCA) assay

A Bicinchoninic acid (BCA) assay was required to estimate protein concentration of
fractions 5-7 (sEV—containing fractions) that were loaded into a Bis—Tris Gel.

Lysates were diluted /s in fresh RIPA buffer, creating a total volume of 25 uL. Bovine
Serum Albumin standards of 12.5 pL were added in duplicate over two columns to a 96—well,
flat—bottom plate alongside a duplicate of each sample being measured within two columns
of the plate.

Part B and part A of a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) were
combined /20, with 100 pL of the working reagent added to each well. Plates were shaken for
thirty seconds, incubated at 37 °C for thirty minutes, and read at 562 nm using a plate reader

to estimate protein concentration.
2.7.3.2 Exo—Check: Exosome Antibody array

Fractions 5-7, from two harvests of the control bEEL bioreactor, were concentrated
using a Amicon Ultra—15 Centrifugal Filter Unit with an Ultracel-100 membrane to maximise
SEV concentration. A BCA assay was used according to the previously described method to
estimate protein concentration (see 2.7.3.1.1).

A 10x stock solution of lysis buffer was combined with 6 pug of protein to create a
1x solution, which was then vortexed for fifteen to thirty seconds. The Exo—Check™ Exosome
Antibody Array (System Biosciences) provided a labelling agent, and 1 uL was added to each
lysate solution. Lysates were then vortexed and incubated at room temperature for thirty
minutes with constant agitation.

Columns provided by the Exo—Check kit were used to remove excess labelling agent.
Columns were prepared by an initial centrifugation at 800 rcf for one minute to remove
storage buffer. Five separate washes using 400 pL of column buffer (provided by the Exo—
Check kit) at 800 rcf followed the initial removal of storage buffer.

Finally, lysates were added directly into the middle of a column and, if required, total
volume was adjusted to 140 pL using column buffer. Labelled sEV proteins were eluted
through centrifugation at 800 rcf for two minutes in a fresh collection tube. Eluted proteins
were combined with 5 mL of blocking buffer (provided by the Exo—Check kit) in a 15 mL

conical tube.
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Initially, a fresh Exo—Check membrane (pre—conjugated with antibodies) needed to be
wet using sterile Milli—-Q water for two minutes. The water was removed, and the membrane
positioned ‘face—up’ so that the notched corner was orientated to the upper left—hand side.

For capture of antigens, 5 mL of the eluted protein/blocking buffer solution was
transferred onto the moistened membrane. The membrane was incubated overnight at 2—
8 °C with constant rocking.

Twenty—four hours post—incubation, the membrane was washed twice for two
minutes in 5 mL of wash buffer. Coincidingly, detection buffer was prepared by combining
5 mL of reagent A and 1.5 plL of reagent B per membrane.

The washed membrane was incubated at room temperature in 5 mL of prepared
detection buffer for thirty minutes. Detection buffer was removed, and wash buffer was used
three times for five minutes to wash the membrane using agitation.

The membrane was developed using a Clarity™ ECL Western Blotting Substrate (BioRad)
as previously described (see 2.7.3.1). The membrane was imaged using ChemiDoc MP Imaging
System (BioRad) as previously described (see 2.7.3.1). The membrane image was processed

using Imagelab (BioRad).
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2.8 Liguid Chromatography Tandem Mass Spectrometry (LC—-MS/MS) preparation
Of SEV lysates

2.8.1 Processing of sEV proteins

Eighteen sEV lysates were removed from a =80 °C freezer and were thawed at room
temperature with a 250 pL aliquot taken to enable lysates to be refrozen. Each aliquot was
concentrated using a CentriVap Benchtop Vacuum Concentrator.

Lysates were sonicated three times for five seconds using a VC-50 Vibra Cell Ultrasonic
Processor (Sonics & Materials Inc., Newtown, CT, USA) at an output of 30 W. Insoluble
proteins were pelleted in a pre—cooled 4 °C centrifuge at 12,000 rcf for ten minutes. The
supernatant of each sample was then transferred into fresh PCR Clean 1.5 mL Protein LoBind
Tubes (Eppendorf AG).

For initial precipitation, solvents were added to each sample in subsequent order.
Four volumes of methanol (400 pL), one volume of chloroform (100 uL) and three volumes of
LC-MS/MS grade water (300 pL) were added to 100 pL of each lysate. Each tube was vortexed
thoroughly between addition of each solvent.

Samples were spun in a pre—cooled 4 °C centrifuge at 15,000 rcf for ten minutes.
Without breaking the methanol/chloroform precipitation interface, the top aqueous layer of
each solution was aliquoted out.

Initially, a secondary methanol precipitation step was included, using four volumes of
methanol (400 uL) spun in a pre—cooled 4 °C centrifuge at 15,000 rcf for ten minutes.
However, in subsequent protein precipitations, this additional step was excluded as it
reduced protein concentration.

Supernatant was removed without disturbing the pellet of each sample. Protein
pellets were air—dried in a fume cupboard at room temperature. Once dried, pellets were
resuspended in 100 pL of 10 MM Ambic, then vortexed and placed in a sonication bath for

five minutes.
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2.8.2 Protein concentration

Attempts were made to measure protein concentration using Direct Detect Assay—
free cards (Merck—Millipore) on a Direct Detect Spectrophotometer (Merck—Millipore), with
10 mM Ambic used as a blank comparison control. Protein concentration was unreadable
using 2 uL of a trial sample (bEEL control sample #1).

Concentrated lysate aliqguots were combined in duplicate to maximise protein
concentration. Each duplicate sample was separately resuspended in 20 pL of 10 mM Ambic.

Test samples from a duplicate pair of lysate samples were measured prior to
combining them. Both samples were within a difference of 0.1 mg/mL. Therefore, each
duplicate lysate sample was combined, making a total solution of 40 pL.

Initially, lysates were measured in triplicate using analysis method 1 on a Direct Detect
Spectrophotometer but it was unable to provide an accurate measurement. Instead, a
Qubit 1.0 Fluorometer (Invitrogen, Thermo Fisher Scientific) and a QuDye Protein
Quantification Kit (Lumiprobe) were used.

A total volume of 200 pL was required for each Qubit measurement. By diluting QuDye
Protein Reagent /5,00 with provided QuDye Protein buffer, a working solution of QuDye
Protein dye was formed. Each protein standard was created at 0 ng/uL, or 200 ng/uL, or
400 ng/uL of Bovine Serum Albumin in TE buffer.

Each tube was incubated at room temperature for at least fifteen minutes to ensure
protein staining had occurred. Each tube was vortexed prior to staining and again before they
were measured. Measurement of each lysate occurred within ten minutes of each protein
standard being read.

Each duplicate sample was read twice to increase accuracy. Protein concentration was
averaged, and each sample was normalised to 3 pg/ulL in a total of 50 pL of 10 mM Ambic.

This enabled quantifiable protein measurements to be obtained using LC—-MS/MS/MS.
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2.8.3 Digestion of proteins to peptides

Using 1 pL of 200 mM Dithiothreitol enabled protein reduction through diminishing
disulfide bonds. It was mixed thoroughly into each precipitated protein sample and left in the
dark at 56 °C for forty—five minutes in a Thermomixer (Eppendorf AG).

Using 1 puL of 200 mM lodoacetamide enabled alkylation of proteins to prevent
reformation of disulfide bonds. It was mixed thoroughly into each sample and left in the dark
at room temperature for thirty minutes in a Thermomixer (Eppendorf AG).

Proteins were digested using a Pierce™ Trypsin/Lys—C Protease Mix, MS—Grade
(Thermo Fisher Scientific), which was dissolved in 20 uL of 100 mM of Ambic at a
concentration of 1 ug/uL. To each tube, 1 uL of Trypsin/Lys—C was added and, to aid in
digestion/prevent proteins sticking together, 5 uL of Acetonitrile (ACN) was included within
this digestion mixture. Digestion occurred overnight at 37°C in a Thermomixer
(Eppendorf AG).

Finally, peptides were desalted following digestion, and were eluted through use of
Pierce™ 100 uL C18 Tips (Thermo Fisher Scientific). Each tip containing monolithic C18
reversed—phase sorbent was activated by loading 50 pL of 50 % ACN three times. Each tip was
equilibrated following activation using 50 pL of 0.1 % formic acid.

From each peptide sample, 48 pL was transferred into fresh 0.5 mL PCR Clean Protein
LoBind Tubes (Eppendorf AG). To increase retention of peptides, peptide mixtures were
aspirated three times. Peptides remained trapped in each C18 tip.

All tips containing peptides were washed once with 50 pL of 0.1 % formic acid, which
was discarded after use. Peptide elution occurred twice using 50 puL of 70 % ACN into fresh
0.5 mL PCR Clean Protein LoBind Tubes.

All eluted peptides were frozen at —80 °C. Three individual aliquots from each peptide
sample were processed using LC—MS/MS.

Dr. Evelyne Maes and Ancy Thomas must be acknowledged for their outstanding effort

in processing peptide samples for LC—-MS/MS and identifying the resulting proteins.
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2.9 Peaks X Pro Studio

Each LC—MS/MS—generated protein peak representing sEV treatment group was
assessed using PEAKS (Bioinformatics Solutions Inc). It enabled their differentiation and
subsequent grouping of comparable proteins.

Consequently, the regulation of analogous proteins between treatments and
constitutively expressed sEV proteins could be contrasted to enable discovery of a

representative biomarker.
2.9.1 Protein identification

The Peaks X Pro Studio software package (Bio informatic Solutions Inc) was used to
analyse the LC-MS/MS data.

The raw data were refined by a built—in algorithm, including only ions with a charge
2+ to 5+ and allowing chimeric spectra. The proteins and peptides were identified with the
following parameters: a precursor mass error tolerance of 10 ppm and fragment mass error
tolerance of 0.05Da were allowed, an in—house database containing bovine protein
sequences and Uniprot M. bovis protein sequences were used, the Saccharomyces uniport
database was used as contaminant database, Trypsin/LysC was specified as digestive enzyme
and up to 2 missed cleavages were allowed.

Carbamidomethylation of cysteine was set as a fixed modification. Oxidation (M),
deamidation (NQ), carbamylation, acetylation (N—terminal), pyroglutamate from Q and
methylation were chosen as variable modifications. A maximum of three post—translational
modifications per sample were permitted.

False discovery rate (FDR) estimation was made based on decoy—fusion. An FDR of
<1% at peptide level was considered adequate for confident peptide and protein
identification. At least one unique peptide per protein was required for both identification
and quantification purposes.

Dr. Evelyne Maes and Ancy Thomas must be acknowledged for their outstanding effort

in processing peptide samples for LC-MS/MS and identifying the resulting proteins.
2.9.2 Label free quantification

To quantify the protein expression levels, label-free quantification was performed

using Peaks Studio X Pro software.
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The following parameters were set: a mass tolerance error of 15 ppm and a retention
time shift tolerance of two minutes were allowed.

To determine the relative protein abundances in the Liquid Chromatography retention—
time—aligned samples, peptide feature—based quantification was performed.

Comparison of the relative levels of each protein identified in the samples was based
on the peak areas of all unique peptides per protein. Total ion count was used to normalise

across samples and batches.
2.10 Statistical Analyses

Analyses regarding M. bovis recovery or inactivation were performed using either an
unpaired students t—test or a One—Way ANOVA. The significance values were indicated as
*=p<0.05, **=p<0.01, ***=p<0.001, **** = p <0.00001, or ns = not significant. Analysis
of M. bovis growth was performed using a repeated measures ANOVA.

The Correlation Coefficient is a statistic value used to show how the scores from one
measure relate to scores on a second measure for the same group of individuals. A high value
(approaching +1.00) is a strong direct relationship, values near 0.50 are considered moderate
and values below 0.30 are considered to show weak relationship. A low negative value
(approaching -1.00) is similarly a strong inverse relationship, and values near 0.00 indicate
little, if any, relationship.

Principle Component Analyses (PCA) were performed on the protein abundance levels
using the PCA function of the mixOmics package (Rohart et al., 2017).

Prior to calculating the PCA loadings, the proteins were filtered to only include proteins
with an abundance estimate of at least 25 % required in the samples.

Protein differential abundance analyses were calculated by fitting a negative binomial
model (glm.nb from the R package MASS (Core Team, 2013; Venables & Ripley, 2013) to
estimate the abundance as an interaction between the protein and sample group, followed
by the adjusted p—value calculation for each individual protein in each group using the R
package predictmeans (version 1.0.6, (Dongwen, 2021).

All analysis was performed in R version 4.0.2.

Dr. Charles Hefer and Dr. Alasdair Noble must be acknowledged for their considerable

efforts in statistically analysing all LC-MS/MS samples.
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3 Results

3.1 Culturing of bEEL cells and/or M. bovis
3.1.1 Adaptation of bEEL cells to aRPMI

For investigation of sEVs produced from a bovine cell culture, successful adaptation of
bEEL cells to aRPMI medium (supplemented with Exosome—Depleted FBS, GlutaMAX and
penicillin/streptomycin) was required to reduce interfering bovine sEVs that were present
within standard FBS.

Adaptation was achieved by slowly reducing the concentration of Exosome—Depleted
FBS in aRPMI from 10 % to 4.5 % over eight weeks, equivalent to approximately fifteen
passages.

Survival of bEEL cells for three consecutive passages in 4.5 % Exosome—Depleted FBS
within aRPMI indicated adaptation was successful. Adaptation transiently altered growth
patterns of bEEL cells.

Cells grown in RPMI 1640 medium grew in a ‘cobblestone’-like appearance throughout
tissue culture flasks (Figure 5Ai and Figure 5Aii), with bEEL cells grouping together to
create patches.

Following adaptation to aRPMI, patterns of bEEL cell growth were altered. Changes in
bEEL cell growth indicated that bEEL cells associated less with each other during early growth,
with cells growing in ‘eyelet shapes’ rather than ‘cobblestone-like’ patches (Figure 5B).

Adapted cells required an additional medium change before they were split as

compared to unadapted bEEL cells.
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Figure 5: Growth pattern of a bovine endometrial epithelial cell line (bEEL
cells) was altered through adaptation to a new medium

Initial bovine endometrial epithelial cell line (bEEL cell) cultures (Images Ai and Aii)
were grown in Rosewell Park Institute Memorial 1640 (RPMI 1640) medium supplemented
with 10 % foetal bovine serum (FBS) and | % penicillin—streptomycin.

Adaptation to an Advanced Rosewell Park Memorial Institute 1640 (aRPMI) medium
(Image B), supplemented with 4.5 % Exosome-Depleted FBS, 2x Glutamax and Ix
penicillin/streptomycin, altered bEEL growth as bEEL cells grouped together less and
formation of cell patches was reduced.

Images (Ai) and (B) were captured using a 40x objective on a light microscope, with
(Ai) imaged at ~70 % confluency and (B) imaged at ~50 % confluency.

Image Aii was captured using an EVOS™ XL Core Imaging System using a 40x
objective at ~40 % confluency.

All bEEL cells were grown at 37 °C in a humidified 5 % CO, incubator for the entirety
of cell culturing.
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3.1.2 Stable growth of two separate M. bovis isolates was established and

characterised

To investigate the ideal growth conditions of M. bovis and choose the isolate used for
infection of bEEL cells, two separate isolates, W18_04866 (#1) and W20_06790 (#3), were
assessed.

Small creamy—coloured colonies formed on Friis Agar (FA) and were observed
macroscopically. Microscopic examination at 40x magnification revealed bacterial cocci with
a central inner ring.

Growth of each isolate was associated with changes in colour/acidity of FB. An
increased concentration of M. bovis was indicated by a colour change from phenol red to light
orange and then to a bright yellow.

Colour change was semi—quantitively measured using spectrophotometry at 415 nm
(Figure 6A) and 560 nm (Figure 6B). Three independent subcultures of each M. bovis
isolate were assessed for growth.

An increased absorbance at 415 nm (as compared to a uninoculated FB negative
control), was interpreted as growth of each M. bovis isolate. Absorbance at 415 nm initially
increased, peaked, and then continued to increase after a slight drop.

Each day, absorbance was normalised against the uninoculated FB negative control kept
at the same conditions as the M. bovis isolates.

A decrease in absorbance at 560 nm was interpreted as growth of each M. bovis isolate.
The change in absorbance of 560 nm was represented as a ‘bell curve’ with the curve going
down, peaking, and then going back up to zero change in absorbance.

Each day, absorbance was normalised against the uninoculated FB negative control kept
at the same conditions as the M. bovis isolates.

An absence of a sustained change in average absorbance at 560 nm (i.e.,, day O
compared to day 9) indicated that leaving the uninoculated FB negative control untouched
for nine days had caused the pH of FB to decrease through absorbance of CO; (formation of

carbonic acid) that was present within the incubator.
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Figure 6: Two isolates of Mycoplasma bovis (M. bovis) reached exponential
growth four-days post-subculturing

Both M. bovis isolates peaked at Day 4 growth, with the average absorbance at 415 nm
and 560 nm comparable at Day 4 in each curve. The growth patterns of each M. bovis isolate
were comparable with no significant differences between independent subcultures.

Average absorbance of W18_04866 (#1) and W20_06790 (#3) overlap at Day 4 in both
curves, with slight differences in absorbance between isolates at Day 3 and Day 5 in each
absorbance curve.

Therefore, a four—day old subculture of a M. bovis isolate was used for infection or
downstream analysis.

Light absorbance of three independent subcultures of two Mycoplasma bovis (M. bovis)
isolates, W18_04866 (#1) and W20_06790 (#3) was measured daily using light absorbance
spectrophotometry at wavelengths of 415 nm (A) and 560 nm (B).

Daily assessment was normalised against daily assessment of the uninoculated Friis
Broth (FB) control that was measured at both wavelengths, and was represented as black
dots.

Isolate W18_04866 (#1) is represented as pink squares and isolate W20_06790 (#3)
as light blue triangles. All spectrophotometry was normalised to an uninnoculated FB control,
which was created at the point of initial inncoulation of M. bovis isolates.

The FB control and subcultures were incubated at 37 °C in a humidified 5 % CO, for
the length of days grown indicated in the figure. Analysis was performed using a repeated
measures ANOVA. Both M. bovis isolates were significantly different (p > 0.05) from the FB
control.
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3.1.3 Cultures of M. bovis reached peak growth between day 3 and 5

post inoculation

Further investigation of M. bovis isolates estimated their concentration (Colour Change
Units (CCU) in culture through changes in the colour of FB (Figure 7), which provided a
necessary part of the formula required for infection of bEEL cells.

Initially, using a colour change assay, M. bovis concentration was estimated through
10—fold serial dilutions in FB using a four—day old subculture of isolate W18 04866 (#1).
Dilutions were repeated in three wells.

Three 96—well culture plates containing the same series of dilutions were used to
estimate the concentration of W18_04866 (#1). The FB of each repeat changed colour at a
concentration of at least 106 CCU/mL in all plates.

However, using light microscopy, M. bovis colonies were observed within the 96—well
culture plate at a concentration of 10°CCU/mL. At a concentration of 10° CCU/mL, at least
two out of the three wells containing W18 04866 (#1) changed colour in each plate. As
colonies of W18 04866 (#1) were observed at a greater concentration than 10 CCU/mL, the
concentration of a four—day old subculture of W18 04866 (#1) was estimated to be
10° CCU/mL.

Although W20 06790 (#3) was not used for co—culturing, the concentration of
W20 06790 (#3) in FB was estimated to be at least 10° CCU/mL.

To further assess M. bovis growth, colour change assays were used to estimate the
concentration of W18_04866 (#1) subcultures created on each day over nine days, with three
replicates of each daily condition generated.

Subcultures were similarly assessed by 10—fold serial dilution, with the final dilution
indicating the concentration of W18 04866 (#1) for that specific day. Colour change of FB and
visualising any growth of M. bovis colonies within 96—well culture plates were used to assess
concentration.

Three 96-well culture plates were generated for each condition. Day 1 and 2
subcultures grew to ~10? CCU/mL. Concentrations of Day 3, 4 and 5 subcultures were greater,
reaching ~10° CCU/mL. Seven—days post inoculation, the concentration of W18_04866 (#1)
was reduced to ~10%-10°CCU/mL. The concentration of any subsequent daily subculture

remained at a concentration of ~10-10° CCU/mL for the remainder of the daily subcultures.
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Figure 7: Colour change assays estimated concentration of two isolates of
Mycoplasma bovis (M. bovis) in culture

Isolates W 18_04866 (#1) and W20_06790 (#3) of M. bovis were serial diluted across a
96—well plate using Friis Broth (FB).

Isolate W18 04866 (#1) was inoculated into rows B, C and D of column 2 and
W20 06790 (#3) was inoculated into rows E, F and G of column 7.

Colour Change Units (CCU) indicated the concentration of each M. bovis isolate, with
the final column to change colour used as an experimental concentration of M. bovis isolates.

Each column was subsequently diluted |0—fold across the plate (10* where x indicates
the dilution factor) from column 2 (W18_04866 (#1) or column 7 (W20_06790 (#3) until
the end of the plate was reached (i.e., column || (10'°CCU (W18_04866 (#1)) or column | |
(10° CCU (W20_06790 (#3)).

From rows A, B and C of column 11, isolate W18_04866 (#1) was further |0—fold
diluted using rows E, F and G of column 2 to reach a CCU of 10" (column 6). Inoculated
wells were surrounded with a barrier of uninoculated FB (indicated by a —).

Plates were sealed and M. bovis growth was observed over a two week period, with
signs of FB yellowing attributed to M. bovis growth.

A schematic diagram was required to demonstrate colour change assays as, in
compliance with the regulations set by the Physical Containment level 3 facility, images of any
experiments could not be caputured.

Created/modified using Servier Medical Art, licensed under a Creative Commons
Attribution 3.0 Unported License (https://smart.servier.com/).
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3.1.4 Recovery of M. bovis from aRPMI was comparable to FB

It was necessary to assess growth of M. bovis in aRPMI to prepare for potential
downstream impacts that extracellular M. bovis had upon co—culture seVs. Growing M. bovis
in aRPMI did not prevent recovery of the bacterium after transfer to FB (Figure 8).

Triplicate replicates of M. bovis isolates W18 04866 (#1) and W20_06790 (#3) in aRPMI
were generated and left for fourteen, twenty—one and twenty—eight days.

Each M. bovis isolate, grown in aRPMI or FB, was subcultured in fresh FB following their
lengthy incubation.

After a week had passed to allow for recovery of aRPMI or FB—grown M. bovis to occur,
light—wavelength spectrophotometry at 415 nm (Figure 8A) and 560 nm (Figure 8B) was
used to measure the absorbance of each replicate against an uninoculated FB negative
control.

Three replicates were created for each condition and averaged to assess recovery. An
uninoculated aRPMI negative control was included, which indicated slight differences in
absorbance between an uninoculated FB control and an uninoculated aRPMI control.

There was no difference in recovery between either M. bovis isolate grown in aRPMI or

FB, with M. bovis recovered successfully in FB after twenty—eight days in aRPMI.
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Figure 8: Recovery of Mycoplasma bovis (M. bovis) from Advanced Rosewell
Park Memorial 1640 (aRPMI) medium was comparable to control
Friis Broth (FB) cultures at least twenty—eight days post inoculation

Isolates W18 04866 (#1) and W20_06790 (#3) of M. bovis were inoculated into
Advanced Rosewell Park Memorial Institute (aRPMI) medium (dark purple=W18_04866 (#1)
and light blue=W20_06790 (#3)) and Friis Broth (FB) (light purple=W18_04866 (#1) and
darker blue=W20_06790 (#3)) separately at day zero.

Subcultures were created at fourteen— , twenty—one— and twenty—eight—days post
inoculation using fresh FB.

Light absorbance spectrophotometry at wavelengths of 415 nm (A) and 560 nm (B)
assessed isolate survival/growth seven—days post—subculturing by comparing uninoculated
aRPMI and FB controls.

All spectrophotometry was normalised to an uninnoculated FB control, which was
created at the point of initial inncoulation of M. bovis isolates.

Analyses were performed using a One—-Way ANOVA. At each wavelength, no
significant differences (ns) in absorbance occurred between treatments.
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3.1.5 Heat treatment did not fully inactivate M. bovis, but fixation and lysis

enabled successful inactivation of M. bovis

In New Zealand, inactivation of M. bovis was required to prevent a potential outbreak.
Inactivation preceded transfer of any samples out of the PC3 facility.

Various inactivation methods were compared to determine an ideal technique that
would be able to concurrently maintain sEV biology and cause inactivation of M. bovis; all
inactivation results are summarised in Table 1.

The SEC columns used for downstream isolation of sEVs did not cause inactivation of
M. bovis (Figure 9). Each SEC fraction, fractions 2—13, was inoculated into FB and assessed
for colour change to indicate survival of M. bovis. Each fraction generated a colour change in
FB one—week post inoculation, which demonstrated that M. bovis was isolated alongside sEVs
by SEC and that generating M. bovis sEV controls would be essential to enable downstream
analysis of co—culture—specific sEVs.

Therefore, an additional inactivation step was required for removal of any seV samples
from the PC3 laboratory as M. bovis remained viable following SEC isolation. Hence, multiple
temperatures were tested for inactivation of M. bovis with an intention of also maintaining
sEV biology (Figure 10).

Inactivation at 56 °C for thirty minutes produced viable M. bovis colonies in FB and on
FA (Figure 10A and Figure 10B).

At 80 °C, a colour change occurred after a week following separate inoculation of each
heat—treated M. bovis isolate in FB (Figure 10C and Figure 10D). Also, colonies formed on
FA and the difference in growth between untreated and heat—treated samples was minimal.

At 90 °C, colour change occurred after a week following separate inoculation of each
heat—treated M. bovis isolate in FB (Figure 10C and Figure 10D). However, in contrast to
heating M. bovis at 80 °C, growth of M. bovis colonies on FA was reduced. Heat treatment
reduced M. bovis colony numbers from a bacterial lawn (untreated W18_04866 (#1)) to ~10-
20 colonies. Growth of viable M. bovis colonies on FA, especially from a 10 yL aliquot, meant
that heat treatment was a non-viable inactivation technique.

Instead, an inclusion of a glutaraldehyde (Figure 11A and Figure 11B), formalin or a
Mass Spectrometry lysis buffer (Figure 11C and Figure 11D) in culture enabled sterilisation

of SEC fractions and inactivation of M. bovis.
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Treating M. bovis isolates with these solutions generated no colour change in FB (except
at 415 nm for the Mass Spectrometry lysis buffer). Colour change was less representative of
inactivation than in previous treatments, as the acidity of the lysis buffer affected absorbance
(Figure 11C).

Compared to an untreated control W18_04866 (#1), no growth of M. bovis colonies
occurred on FA (i.e., a bacterial lawn was reduced to 0 CFU/mL). The use of FA provided a
better representation that inactivation caused by a Mass Spectrometry lysis buffer, formalin
and/or glutaraldehyde had occurred (compared to colour change of FB).

Inactivation was repeated separately with at least three replicates. Each replicate
provided a consistent result, which confirmed sterilisation of M. bovis—containing SEC

fractions.
Table 1: Summary of all inactivation experiments used to treat
Mycoplasma bovis (M. bovis)

i
Experiments Results Replicates
FRIIS Broth (FB)  FRIIS Agar (FA)

Heat Both isolates of M. bovis survived heat inactivation at 56 °C for two 4 Technical

inactivation at . .
56 °C for two Yes Yes hours and were subcultured into FB or grown on FA successfully 2 Experimental

hours. with growth detectable after four days. 2 Biological

Heat Both isolates of M. bovis survived heat inactivation at 80 °C for ten 4 Technical

inactivation at . . .
80 °C for ten Yes Yes minutes and can be subcultured into FB or grown on FA 1 Experimental

minutes. successfully with growth detectable after four days. 2 Biological

Both isolates of M. bovis survived heat inactivation at 90 °C for ten

Heat 4 Technical
inactivation at minutes. They grew on FA with growth detectable after four days.

90 °C for ten No Yes 1 Experimental
! However, FB subcultures did not demonstrate growth after seven

minutes. 2 Biological
days.

i Both isolates of M. bovis did NOT survive lysis using Mass 3 Technical

Spectrometry No No Spectrometry buffer. No growth was detected in FB or on FA after 1 Experimental

lysis buffer.
seven days. 2 Biological

Survival in 3 %

glutaralde'hyde/ M. bovis did NOT survive fixation using 3% Glutaraldehyde. No

0.1 M sodium No No 1 Experimental
cacodylate growth was detected in FB or on FA after seven days.

buffer. 2 Biological

3 Technical

3 Technical

Survival in 10 % Both isolates of M. bovis did NOT survive fixation in 10 % formalin. )

formalin No No 1 Experimental
. No growth was detected in FB or on FA after seven days.

2 Biological

Footnote: Three or four technical replicates indicated the number of repeats created for the specific experiment using the same conditions.
Two experimental replicates indicated that the specific experiment was repeated twice independently (using the same number of technical

and biological replicates. A single experimental replicate indicated that the specific experiment was not independently repeated.
Two biological replicates indicated use of two M. bovis isolates, W18_04866 (#1) and W20_06790 (#3), for the specific experiment.
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Figure 9: Viability of Mycoplasma bovis (M. bovis) isolate W18_04866 (#1)
was assessed following processing by Size Exclusion Chromatography
(SEC) columns

Isolate W18 _04866 (#1) of M. bovis was processed using a qEV 10 35 nm Size Exclusion
Chromatography (SEC) column, with all fractions (F2—F 1 3) inoculated into Friis Broth (FB)

to assess the growth of M. bovis.
An uninoculated FB control alongside a positively infected M. bovis culture was used

to normalise colour change using light absorbance spectrophotometry at wavelengths of

415 nm and 560 nm.
Isolate W 18_04866 (#1) of M. bovis remained viable following processing by a SEC

column.
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Figure 10: Viability of two isolates of Mycoplasma bovis (M. bovis) was
assessed following heat treatment at three different temperatures

Isolates W18_04866 (#|) and W20_06790 (#3) of M. bovis were heat—treated
separately at 56 °C for two hours (A and B), or 80 °C and 90 °C (C and D) for ten minutes.

Heat—treated isolates were inoculated into Friis Broth and were normalised to an
uninoculated Friis Broth (FRIIS only) (negative control) and a positive/untreated isolate
control (untreated) using light absorbance spectrophotometry at wavelengths of 415 nm
(A and C) and 560 nm (B and D).

Analyses were performed using a One—Way ANOVA.

The significance values are indicated as * = p < 0.05, ** = p < 0.0, **** = p <0.00001,
or ns = not significant.
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Figure 11: Viability of Mycoplasma bovis (M. bovis) isolates were assessed
following fixation or lysis

Isolate W18_04866 (#1) of M. bovis was combined with a fixative of 3 % (v/v)
glutaraldehyde/0.1 M sodium cacodylate (SDC) buffer (A and B).

Isolate W18_04866 (#1) was lysed using 7 M Urea, 2 M Thiourea, and | % SDC in
100 mM Ammonium bicarbonate buffer (C and D).

All inactivated samples were normalised to an uninoculated Friis Broth containing the
solution used for treatment (FRIIS + Fixative or FRIIS + Lysis Buffer) (negative control)
and were compared to an untreated M. bovis control.

Isolate growth was assessed four—days post fixation using light absorbance
spectrophotometry at wavelengths of 415 nm and 560 nm.

Analyses were performed using an unpaired students t—test.

The significance values are indicated as * =p < 0.05, **=p <0.0l, or ns = not
significant.
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3.1.6 During the entirety of culturing, M. bovis was present within the co—culture

bioreactor

To investigate the effects of M. bovis on bEEL-cells, a continuous presence of M. bovis
within the co—culture bioreactor flask was necessary and was confirmed using PCR
(Figure 12).

Harvests from each bioreactor were repeatedly assessed for presence of Mycoplasma
ssp., with the bEEL control bioreactor assessed more frequently than the co—culture
bioreactor to ensure unwanted Mycoplasma ssp. had not contaminated the cell culture.

Comparing the control bEEL bioreactor (lane 7) to the positive mycoplasma control
(lane 2) demonstrated that all nineteen Mycoplasma ssp., including M. bovis, tested by the
LookOut Mycoplasma PCR Detection kit were not present in the control bioreactor harvests.

Sterile technique was confirmed by a continued absence of any Mycoplasma ssp. in the
control bioreactor flask (as lane 7 represented DNA from bEEL cells seeded directly from the
control bioreactor).

In harvests 1, 6 and 7 (lanes 4, 5, and 6) of the co—culture bioreactor, two bands
indicated presence of a Mycoplasma sp. Bands in these lanes likely represented M. bovis as
the first harvest of the co—culture bioreactor was taken a week after the initial inoculation,
and the final harvest of the co—culture bioreactor was taken seven weeks after the initial
inoculation of M. bovis.

An additional inoculation of M. bovis between the first and final harvest did not occur,
meaning that detection of a Mycoplasma sp. within later bioreactor harvests was indicative
that the initial inoculation of M. bovis had remained over seven weeks of co—culturing.

Band intensity at ~250 bp, as compared to band intensity at ~500 bp, indicated
differences in the presence of a Mycoplasma sp. (as demonstrated in the example provided
by the LookOut Mycoplasma PCR Detection kit). In lanes 4, 5, and 6, a greater intensity of the
band at ~250 bp, compared to the band intensity at ~500 bp, was representative of a
substantial presence of a Mycoplasma sp. in culture.

It was not required to assess presence of Mycoplasma ssp. in the T75 cell culture flasks
containing M. bovis medium controls. Colour change of FB and aRPMI was indicative that
W18 04866 (#1) was growing. Further evidence of M. bovis growth was indicated by

observation of a biofilm that formed two—weeks post inoculation in FB.
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Figure 12: Presence or absence of Mycoplasma bovis (M. bovis) in bioreactor
flasks was confirmed by deoxyribonucleic acid (DNA) amplification

Deoxyribonucleic acid (DNA) was amplified from three harvests of the co—culture flask
(containing a bovine endometrial epithelial cell line (bEEL cells) and M. bovis isolate
W 18_04866 (#1)) (lanes 4—6) and a single harvest of the bEEL control bioreactor (lane 7).

A pre—included positive (lane 2) and negative control (lane 3) from the LookOut
Mycoplasma Polymerase Chain Reaction Detection kit were run alongside a GeneRuler 50 bp
DNA ladder (lane I).

A single band (at ~500 bp) confirmed the detection kit was functioning, a second band
(at ~250 bp) confirmed presence of a Mycoplasma sp.

Agarose gels (1.5 %) were run for fifty minutes at 100 V. Gels were imaged using a
ChemiDoc MP Imaging System.
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3.1.7 Infection of bEEL cells using M. bovis occurs through adherence and

intercellular infection

To investigate the ability of M. bovis to infect bEEL cells, a gentamicin protection assay
was designed to compare adherence of M. bovis and intracellular infection by M. bovis
(Figure 3).

Initially, the assay was established using M. ovi. In wells not treated with gentamicin,
M. ovi successfully proliferated. Growth of M. ovi was inhibited by gentamicin treatment at
> 50 pg/mL, indicating that adherence of M. ovi to bEEL cells was more likely to occur than
intracellular infection. There was no clear evidence in three consecutive assays using the same
infection conditions that M. ovi intracellularly invades bEEL cells (Table 2).

In contrast, intracellular infection of bEEL cells was more likely using M. bovis than
M. ovi. Three consecutive replicates of the same infection conditions were created, with use
of W18 04866 (#1) and W20_06790 (#3) providing two biological replicates for the
gentamicin protection assays.

Intracellular M. bovis were protected at a gentamicin concentration of 100 ug/mL as
compared to treated control M. bovis (Table 2).

As no growth was observed at 200 ug/mL (independent of M. bovis location),
intracellular infection of M. bovis was only indicated by the protection assays as there was
greater potential for extracellular M. bovis to cause colour change of FB at lesser gentamicin

concentration.
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Table 2: Recovery of Mycoplasma ssp. following inclusion within a
gentamicin protection assay

Mycoplasma ssp. used for infection of bEEL cells

Mycoplasma | Mycoplasma | 2xisolates of | Mycoplasma
o
§ bovis isolate | bovis isolate | Mycoplasma | ovipneumoniae
E WI18_04866 | W20_06790 bovis
o
1= [ 200 pg/mL X X NA X
g
£
{100 pg/mL v v v X
o
E 50 pg/mL / W NA X
E 25 pg/mL T J NA o
=
8 No v v v v
ﬁ gentamicin

Footnote: Abbreviations = Species plural (ssp.), bovine endometrial epithelial cell line (bEEL
cells) micrograms/millilitre (pg/mlL), not applicable (MA), growth of the Mycoplasma spp. after

gentamicin treatment (+/), no growth of the Mycoplasma spp. after gentamicin treatment ().

88



3.1.8 Pre—stained M. bovis was present in post—infected bEEL cells, with

differences in fluorescence dependent on the presence of M. bovis

To further investigate adherence of M. bovis and intracellular infection by M. bovis,
epi— fluorescent microscopy was performed to visualise the positioning of pre—stained
M. bovis within bEEL cells (Figure 13).

Staining with R18 only occurred in the presence of M. bovis isolate W18_04866 (#1)
(Figure 13A).

In dye—only controls, R18 was absent (Figure 13B). The fluorescence of R18 detected
in the negative controls (dye—only) was minimal.

Infected and uninfected bEEL cells demonstrated typical staining patterns for actin
(FITC—Phalloidin) (Figure 13C) and nuclei (DAPI) (Figure 13D).

Only bEEL cells infected with pre—stained M. bovis established distinctive areas of
punctate—staining (Figure 13E).

Dye—only controls demonstrated minimal presence of R18 (Figure 13F).

Red—fluorescent M. bovis were observed in co—location with bEEL cells. The
fluorescence generated by the stains taken up by bEEL cells were a clear contrast to the
fluorescence generated by the stain taken up by M. bovis.

It was unclear if isolate W18 04866 (#1) was adherent to the outer membrane of bEEL
cells or had been internalised.

However, it was more likely that fluorescent red pre—stained M. bovis was internalised

by bEEL cells as tended to be centralised around the nucleus.
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Figure 13: Epi-fluorescent imaging of a co-culture revealed relative

positions of Mycoplasma bovis (M. bovis) and a bovine endometrial epithelial
cell line (bEEL cells)

Infection of bEEL cells using M. bovis isolate W 18_04866 (#1) (pre—stained using a red
Octadecyl Rhodamine B Chloride (R18) stain (diluted to 5 pg/mL from a stock solution
(2 mg/mL), at a multiplicity of infection of 100 (A).

Control bEEL cells were pre—stained with the same concentration of R18, without an
inclusion of M. bovis (B).

Twenty—four hours post—infection, bEEL cells were fixed with 10 % formalin and
permeabilised using 0.05 % (v/v) Triton X—100/1x Phosphate Buffered Saline (Ix PBS).

Fixed bEEL cells were post—stained with a green Fluorescein isothiocyanate (FITC)—
Phalloidin stain (C) diluted 500 from 0.5 mg/mL and a blue 4',6—diamidino—2—phenylindole
(DAPI) stain (D) diluted '/,pp from 2 mg/mL.

Images were collected using a 20x long—working objective of a Nikon TiU inverted epi—
fluorescent microscope coupled with a mercury HBO lamp, using DAPI, FITC, and Texas Red
filters.

Images were processed and merged using FlJl (Image)) (E (pre—stained M. bovis
included) and F (dye—only controls) and a 100 pm scale was included.

3.1.9 A stable, long—term culture in the control bioreactor flask was established
using bEEL cells

At each weekly harvest of the control bEEL bioreactor, the media of both compartments
was analysed for cell debris to estimate the stability of cell culture in a bioreactor flask. A
minimal number of live cells within the media compartment confirmed adherence of bEEL
cells to the polyethylene terephthalate matrix within the cell compartment.

Three individual counts were created using the media from each compartment and
were averaged to assess bEEL cell viability. Seventy—two hours post initial cell seeding, the
cell compartment of the control bEEL bioreactor flask had an averaged live cell count of 13 %
and the media compartment had an averaged live cell count of 3 %.

Subsequent weekly checks indicated that bEEL cells remained stable throughout the
entirety of culturing in the bioreactor flask. The averaged live cell count of the cell
compartment was ~15 % and the averaged live cell count of the media compartment
remained ~3 %.

An inability to remove M. bovis—containing medium from PC3 without prior inactivation
hindered assessing cell debris in the co—culture bioreactor flask, as the successful inactivation

methods either fixed or lysed cells.
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3.2 Assessment of small Extracellular Vesicles (sEVs)

3.2.1 The use of SEC columns provided a comparable isolation of sEVs

To compare the performance of all SEC columns used to isolate sEVs, each column was
evaluated using light absorbance spectrophotometry at wavelengths of 350 nm and 600 nm
(Figure 14). Slight differences in the estimated abundance of sEVs/proteins were observed,
with absorbance measurements captured following the first and fifth use of each SEC column.

Fractions enriched with sEVs were positioned concordantly between bEEL control and
co—culture samples. Absorbance did not provide an accurate assessment of SEV
abundance/concentration and was used to estimate their positioning in fractions following
isolation using SEC columns.

The sEV—containing fractions (fractions 5-7) isolated from harvests of the control bEEL
bioreactor flask (Figure 14A), the co—culture bioreactor flask (Figure 14B), and the M. bovis
isolate W18_04866 (#1) control grown in FB (Figure 14C) were positioned comparably.
However, in later fractions, a peak appeared in the W18 04866 (#1) control samples earlier
than in bEEL control or co—culture samples. The absorbance of later fractions was
representative of a greater concentration of smaller particles/proteins isolated by SEC in the
M. bovis FB control.

Fractions 2-12, isolated from isolate W18 04866 (#1) control grown in aRPMI
(Figure 14D), generated minimal absorbance peaks. The absorbance reading at both
wavelengths was negative, with the greatest particle abundance within fraction 7. However,
using absorbance, it seemed likely that growing W18_04866 (#1) in aRPMI had generated
minimal sEVs. Quality control of each SEC column was required prior to the first use of each
SEC column as provided a baseline column flow rate. Column flow rate was measured twice
consecutively and averaged.

In column 10622, an initial flow rate of 146 drops/minute was reduced to
112.5 drops/minute after five column uses. In column 10621, flow rate was reduced from 100
to 80 drops/minute after five column uses. In column SP719826, flow rate was reduced from
113 to 97 drops/minute after five column uses. In column SP210948, flow rate was reduced
from 107 to 89 drops/minute after five column uses. Columns were not reused after five
isolations as their flow rate continually decreased after the initial isolation, which was likely

representative of increased blockages occurring in the column resin.
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Figure 14: Spectrophotometry at 350 nm and 600 nm provided quality
control of Size Exclusion Chromatography (SEC) columns

(D).

Use of gEVI10 35 nm Size Exclusion Chromatography (SEC) columns enabled isolation
of small extracellular vesicles (SEVs) from 10 mL of clarified medium.
Fractions 2—13 were created using SEC columns and were measured using light
absorbance spectrophotometry at wavelengths of 350 nm and 600 nm.
Samples processed using SEC columns included: a control bovine endometrial epithelial
cell line (bEEL cells) (A), a co—culture of bEEL cells and Mycoplasma bovis (M. bovis) isolate
W18_04866 (#1) (B), a M. bovis—only control grown in Friis Broth (FB) (C), and a M. bovis—
only control grown in Advanced Rosewell Park Memorial Institute 1640 (aRPMI) medium

The first and fifth use of each SEC column were quality controlled in this way.
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3.2.2 Measuring sEVs presented similar concentrations and sizes between

fractions

To investigate the size and concentration of sEVs within fractions 5-7, TRPS was utilised
to measure samples from the control bEEL bioreactor flask. All SEV measurements by TRPS
are summarised in Table 3and by Figure 15.

As demonstrated, the size of sEVs in isolated within fractions 5-7 by SEC columns were
comparable. Therefore, each fraction was concentrated together as it maximised the sEVs
available for lysis.

Fractions 5-7, isolated from all M. bovis—containing samples, could not be analysed by
TRPS as sEV aggregation was altered by the heat/chemical inactivation that was required for

removal of samples from the PC3 facility.

Table 3: Summary statistics of Tunable Resistive Pulse Sensing

Sample Label Measurement | Mean Dia |Mode Dia (d90/d10 |Raw Conc |Particle |Particle
Date [nm) {nm) [/ml) Count | Rate {/min)

F5-7 P5 24/05,/2021 155 107 2.5es0 5.71e4012 515 550.7
1:08:47 pm

F&-7 P10 24/05/2021 160 100 2.7e+0 5.71e4012 528 11185
1:10:20 pm

F& P5 24/05/2021 145 103 2.7e40 2.53e4011 511 216.9
1:27:30 pm

FS P10 24/05/2021 181 129 2.9e+0 2.53e+011 505 241.1
1:31:57 pm

F& PS5 24/05/2021 172 119 2. 8e+ 4.5%9e+012 582 763.3
1:40:45 pm

F& P10 24/05/2021 179 118 2.8e+0 4.5%9e4012 676 1073.7
1:42:38 pm

F7 P5S 24/05/2011 144 114 2.0e4+Q 541e4011 580 53217
3:40:31 pm

F7 P10 24/05/2021 152 113 2.1e+D 54124011 689 81719
3:41:26 pm

Footnote: Abbreviations = Fractions 5-7 (F5-7) containing small extracellular vesicles

(sEVs), Fraction 5 (F5) containing sEVs, Fraction 6 (Fé) containing sEVs, Fraction 7 (F7) containing
sEVs, pressures 5 mbar and 10 mbar (P5 and P10), size (nm); d10 is the point in the size distribution
where 10% of the sample is contained, d90 is the point where 90% of the sample is contained, d90/d10
is the ratio of these two values. sEV concentration (particles/mL), particle rate (particles/minute)
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Figure 15: Summary statistics of Tunable Resistive Pulse Sensing (TRPS)
analysis of small extracellular vesicles (sEVs) isolated from a bovine
endometrial epithelial cell line

Fractions 5—7 (F5-7) were measured either individually or concentrated together and
were measured using Tunable Resistive Pulse Sensing (TPRS).

Control CPCI100 (diluted /1400 in Phosphate Buffered Saline (Ix PBS) particles of
100 nm in size were used to calibrate the qNANO (the machine that utilises TRPS) and enable
measurements of small extracellular vesicles (SEVs) within samples from a bovine endometrial
epithelial cell line (bEEL cells).

Two pressures, 5 mbar and 10 mbar (P5 and P10), provided a calibrated measure of
sEV size (nm) and concentration (particles/mL).

This distribution graph was generated from all sEVs assessed by TRPS, with the
summarised data presented within Table 2.

The total concentration of sEVs was compared against the size of all particles
measured by gqNANO.
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3.2.3 lIsolated sEVs were visualised as cup—shaped vesicles using Transmission

Electron Microscopy (TEM)

To investigate the presence of sEVs within fractions 5-7, and to correlate bioreactor
flasks with sEV production, TEM was performed for visual confirmation (Figure 16).

At a magnification of 43,000x (Figure 16A) and 135,000x (Figure 16Ai), it was clear
that cup—shaped vesicles were abundant within fractions 5-7 of a /s diluted control bEEL
sample. As sEVs are formed by a bi—-layered membrane, fixation caused dehydration of
vesicles and negative staining distinguished their resulting ‘cup’ shape.

At a magnification of 43,000x (Figure 16B) and 135,000x (Figure 16Bi), TEM images
from co—culture samples were more convoluted than bEEL-only control images. Areas of
aggregated particles were more prominent within these grids. Nevertheless, cup—shaped
vesicles were evident within TEM grids, meaning that isolation of sEVs from co—culture
samples was successful using SEC columns.

The proportion of sEVs available to generate a size distribution was limited and
presence of aggregated particles prevented an accurate measurement of seVs. However, the
sEVs within the co—culture samples were of a comparable size to bEEL control sEVs. Ten
separate images at a magnification of 43,000x were captured using TEM to assess presence
of sEVs in co—culture fractions. Time limitations prevented subsequent repeats of TEM using
co—culture sEVs.

Imaging of isolate W18 04866 (#1), cultured in FB (Figure 16C) or aRPMI
(Figure 16D), revealed a stark contrast to previous cultures. Accurately sizing sEVs within
these samples was prevented by their seemingly low abundance.

At all magnifications, grids were heavily obscured by a layer of protein or cellular
debris in FB samples (Figure 16C). However, a small proportion of cup—shaped vesicles were
distinguished, and their size was seemingly diminished compared to sEVs from bEEL and co—
culture samples.

At a magnification of 43,000x, images of isolate W18 04866, cultured in aRPMI
(Figure 16D), were less obscured than images of FB cultures. Contrasting the absorbance
peaks generated by light absorbance spectrophotometry, a very small proportion of sEVs was
evident on TEM grids. The size of sEVs was seemingly diminished compared to sEVs from bEEL

and co—culture samples.
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If possible, a minimum of fifty sEVs were counted on the grids and were measured to
establish a moderately accurate sEV size distribution graph (Figure 17).

From the control bEEL bioreactor, the sizes of sEVs were averaged from five separate
images captured at the same magnification, with sEVs most frequently measured between
50-80 nm. Time limitations prevented subsequent repeats of TEM using control bEEL sEVs.

Substantial differences were demonstrated between the two sections of a Amicon
Ultra—15 Centrifugal Filter Unit with an Ultracel-100 membrane (Figure 18).

The retentate captured within these filter units was associated with presence of sEVs.
In contrast, the ultrafiltrate was associated with little to no sEVs.

Therefore, sEVs were held within the retentate and were prevented from flowing into
the ultrafiltrate by a 100 kDa membrane.

Centrifugation removed contaminants if they were less than 100 kDa in size, meaning

that concentrating sEV—rich fractions together provided a cleaner sV preparation.
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Figure 16: Transmission Electron Microscopy (TEM) revealed presence of
small extracellular vesicles (sEVs) in culture

Pooled fractions 5-7 were isolated using Size Exclusion Chromatography (SEC)
columns. Samples included: harvests of a control bovine endometrial epithelial cell line (hEEL
cells) bioreactor flask (A), harvest of a co—culture bioreactor flask (B) containing bEEL cells
and Mycoplasma bovis (M. bovis) isolate W18 04866 (#1), and a M. bovis only control (D).

These treatments were cultured in Advanced Rosewell Park Memorial Institute 1640
(aRPMI) medium.

A M. bovis only control (C) cultured in Friis Broth (FB) was included.

Fractions 5—7 of each treatment were concentrated using Amicon 100 kDa Ultra—15
Centrifugal Filter Units.

Small extracellular vesicles (SEVs) within concentrated fractions 5—7 were fixed for
twenty—four hours using 3 % (v/v) glutaraldehyde in 0. M sodium cacodylate buffer.
Treatments were diluted '/s prior to fixation.

Inversion of 2 mm Formvar/Carbon coated size—200 mesh copper grids onto each fixed
sample enabled their transfer.

Grids were negatively stained prior to imaging using an aqueous 4 % (w/v) uranyl acetate
solution.

Images were captured using a Tecnai G2 Spirit BioTWIN Transmission Electron
Microscope.

Unless specified by an (i), all images were captured at a magnification of 43,000x.

An (i) denotes a magnification of 135,000x. A 500 nm (A), a 200 nm (B, C and D) and
a 100 nm (Ai and Bi) scale bar was included.

A red circle denotes cup—shaped vesicles (SEVs) and a blue circle potentially denotes
negatively stained M. bovis or M. bovis—sEVs.

Dr. Alice Lake must be acknowledged for her considerable efforts in capturing all sEV
images using TEM.
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Figure I7: Histogram of fixed small extracellular vesicles (sEVs) from a
bovine endometrial epithelial cell line (bEEL cells) using Transmission
Electron Microscopy (TEM)

Harvests of the control bovine endometrial epithelial cell line (bEEL cells) bioreactor
flask were fixed using 3 % glutaraldehyde in 0. M sodium deoxycholate solution and were
negatively stained prior to imaging using an aqueous 4 % (w/v) uranyl acetate solution.

Transmission Electron Microscopy (TEM) images were captured at a magnification of
43,000x and 135,000x.

Measurements of small extracellular vesicles (SEVs) were provided using Image| (FlJI)
and plotted using GraphPad.

The average size of sEVs was created using from three separate TEM images at 43,000x
from a control bEEL bioreactor flask and were measured against the scale bar included within
the images.

Dr. Alice Lake must be acknowledged for her considerable efforts in capturing all sEV
images using TEM.
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Figure 18: Transmission Electron Microscopy (TEM) imaging revealed
differences in the presence of small extracellular vesicles (sEVs) within the
filter units used to concentrate sEV fractions from Size Exclusion
Chromatography columns

Small extracellular vesicles (SEVs) were isolated using Size Exclusion Chromatography
(SEC) columns from a harvest of the control bovine endometrial epithelial cell line (hEEL
cells) bioreactor flask.

The sEVs were isolated to fractions 5-7 and were concentrated using an Amicon 100
kDa Ultra—15 Centrifugal Filter Unit.

Images were captured using a Tecnai G2 Spirit BioTWIN Transmission Electron
Microscope (TEM).

The retentate and ultrafiltrate of the filter units were viewed at a magnification of
43,000x.

A 500 nm scale bar was included on each TEM image.

Dr. Alice Lake must be acknowledged for her considerable efforts in capturing all sEV
images using TEM.
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3.2.4 Fractions 5—7 contained sEVs and were not contaminated with cellular

debris

For characterisation of sEVs isolated using SEC columns, an Exo—Check™ Exosome
Antibody Array was used to assess proteins in fractions 5-7 (Figure 19).

The Exo—Check was not repeated owing to time constraints and a limit on the
concentration of sEV lysates available.

Functional performance of the assay was confirmed by prominent detection of the two
Horse—Radish Peroxidase positive control markers.

Of eight sEV—specific protein markers, five could be detected. These included CD63,
CD81, ALG—2—-interacting protein X (ALIX), Intercellular Adhesion Molecule 1 (ICAM-1) and
Flotillin—1 (FLOT-1). Thus, lysates of fractions 5—-7 were associated with presence of sEVs.

Tumour susceptibility gene 101 (TSG-101) and Annexin A5 (ANXA5) were noticeable by
a very faint reaction. Epithelial Cellular Adhesion Molecule (EpCAM) was not detected.

A cellular contamination protein marker (cis—Golgi—Matrix Protein 130) and a
background control were blank. Thus, sEV lysates were correlated with an absence of cellular

contamination.
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Figure 19: A small extracellular vesicle (sEV)-specific antibody array

evaluated lysed sEVs isolated from a control bovine endometrial epithelial
cell line (bEEL cells)

Concentrated sEVs from fractions 5-7, isolated using Size Exclusion Chromatography
(SEC) columns, were lysed and 6 pg of protein processed using an Exo—Check™ Exosome
Antibody Array.

Two Horse—Radish Peroxidase positive controls (+ve control) were strongly positive
on the membrane.

A background negative control (Blank —ve control) and a cellular contamination
protein marker GMI30 (cis—Golgi—Matrix Protein 130; GMI130 - Cell contamination)
were negative on the membrane.

Of the eight sEV—specific protein markers, CD63 and CD81 were positive.

ALG—2—interacting protein X (ALIX), Intercellular Adhesion Molecule | (ICAM-I),
and Flotillin—1 (FLOT-1) were weakly positive on the membrane.

Tumour susceptibility gene 101 (TSG-=101) and Annexin A5 (ANXAS) were very
weakly positive on the membrane.

Epithelial Cellular Adhesion Molecule (EpCAM) was negative on the membrane.

The membrane was imaged using a ChemiDoc MP Imaging System.

103



3.2.5 By using SEC columns, sEVs were isolated to Fractions 57

Further characterisation of sEVs required lysis of fractions 2—11, with each fraction
subsequently probed with a variety of sEV—specific antibodies and a sEV exclusion antibody.
Positioning of sEVs and their relevant antigen markers were demonstrated within fractions
2-11, with sEV proteins associated with fractions 5-8 (Figure 20).

Syntenin—1 was detected in fractions 4—10, which was indicated by protein bands at the
expected molecular mass of ~¥32 kDa (Figure 20A). The greatest intensity bands were evident
in fractions 5 and 6. Weaker intensity protein bands were evident in fractions 8, 9 and 10.
Bands of smaller sized proteins were likely attributed to non—specific antibody binding or
fragmentation.

CD63 was detected in fractions 6-8 at the expected molecular weight of ~26 kDa
(Figure 20B). The intensity of the band in fraction 7 was relatively stronger than in other
fractions. Protein bands detected in fractions 6—8 (at ~50kDa) were approximately double the
molecular weight of CD63 and may have been caused by dimerization of the tetraspanin
protein (Zimmerman et al., 2016).

Heat-Shock Protein 70 (HSP70) was detected in fractions 6—8 at the expected molecular
weight between 66—78 kDa (Figure 20C), with fraction 6 showing the strongest band
intensity.

CD63 and HSP70 antibodies indicated presence of sEVs in fraction 8. However, to
prevent potential protein contamination of cellular components that were also present in
fraction 8, it was not included when fractions 5-7 were concentrated together.

CD9 was detected in fractions 5-7 at a molecular mass of ~28-30 kDa, which was slightly
greater than an expected molecular weight of ~24 kDa (Figure 20D). Detection of different
size proteins in other fractions may have been caused by antibody—binding to other proteins
of the tetraspanin family.

Calnexin was detected in fractions 10 and 11 at ~40 kDa, which was smaller than the
expected molecular weight of ~¥97 kDa (Figure 20E). The smaller molecular weight may be
attributed to post—translational modifications or protein cleavage. However, bands were not

evident in any other fraction demonstrating that this sEV—exclusion antibody was functional.
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Figure 20: Western blotting provided positions of small extracellular
vesicles (sEVs)-specific and sEV-exclusion protein markers

Concentrated sEVs, isolated using Size Exclusion Chromatography (SEC) columns, were
lysed and concentrated.

Into each well of a 4-12 % Bis—Tris Gel, 10 % from each individual fraction (2—-11) (F2-
1) was loaded.

A SeeBlue™ Plus2 Pre—stained Protein Standard was run in lane | alongside fractions 2—
I

Proteins were separated at 120 V for ninety minutes.

Anti—protein rabbit primary antibodies against Syntenin—| (expected kDa of ~32) (A)
CDé63 (expected kDa of ~26) (B), Heat Shock Protein 70 (expected kDa of 66—78) (C), CD9
(D) (expected kDa of ~24), and Calnexin (expected kDa of ~98) (E), were diluted '/ op in
blocking solution.

Membranes were probed for primary antibody using goat anti—rabbit horse radish
peroxidase secondary antibody, diluted 'N10.000 iN blocking solution.

Membranes were imaged using a ChemiDoc MP Imaging System using colorimetric
(ladder) and chemiluminescence (protein bands) settings.

Bands denoting sEV—specific and exclusion proteins are indicated by a dark red arrow.

Bands evident at unexpected molecular weights could be attributed to dimerization,
post—translational modifications or non—specific antibody binding.
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3.2.6 Minimal information for studies of extracellular vesicles (2018) (MISEV2018)

The most recent guidelines provided by the Minimal Information for Studies of
Extracellular Vesicles (2018) (MISEV2018) were summarised to compare with what was
achieved within the thesis (Théry et al., 2018).

The conditions provided within the MISEV2018 guidelines that related to cellular
generation of sEVs, separation of sEVs, concentration of sEVs, storage of sEVs,
characterisation of sEVs, and reporting of sEV metrics were directly comparable to what was
achieved within the thesis (Table 4).

Conditions provided within the MISEV2018 guidelines relevant to determining

function of sEVs were not applicable as the thesis was relevant to biomarker discovery.
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Table 4: Summary of how the guidelines provided by the minimal information for studies of extracellular
vesicles (2018)* compared with what was achieved within the thesis

Technique

Minimal information for

studies of extracellular vesicles

(2018)*

Experimentally achieved in thesis

Culturing and
Harvesting

Conditions

All details regarding medium composition

and preparation are required. Medium must
be either serum—free or serum must be

sEV—depleted.

All details regarding composition of aRPMI medium and Friis Broth were
included. Within the aRPMI medium was a commercially generated ‘exosome—
depleted Foetal Bovine Serum’ to reduce contaminating bovine sEVs. Cells were

adapted to a reduced ‘exosome—depleted’ serum medium over eight weeks.

Separation of

sEVs

“Separation of:

I) EVs from other non-EV components
of the matrix (conditioned medium,
biofluid, tissue)

2) the different types of EVs from each
other

are achieved to various degrees by the
different techniques available”

(Théry et al., 2018)*

Less pure sEV samples are required when
assessing samples for biomarkers, whereas
highly purified sEV samples are required when

assessing biomarker function.

The cell culture of each experimental and control condition was clarified to
remove cellular debris.

The clarified cell culture medium was subsequently concentrated from 15 mL to
10 mL.

The sEVS from each 10 mL sample of clarified cell culture were separated using

IZON qEV10 SEC columns.
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Concentration @ “Concentration is a means to increase
of sEVs numbers of EVs per unit volume, with or
without separation” (Théry et al., 2018)*.
Storage of sEVs e Storage container:
o Type of storage vessel?
o VWVhat temperature were
sEVs stored at?
o What buffer were sEVs
stored in?
e Further analysis of sEVs:
o Frozen?
o How long?
o Number of freeze thaw and

freeze—thaw cycles?

All sEV containing fractions were combined and concentrated using pre—primed

Amicon Ultra—15 Centrifugal Filter Units with an Ultracel-100 membrane.

The supernatant from each cell culture condition was kept frozen at — 20 °C.
The sEV lysates (sEVs in lysis buffer: 7 M Urea, 2 M Thiourea, | % SDC in 100
mM Ammonium bicarbonate and sterile Optima™ LC-MS/MS—grade water)
were frozen at — 80 °C following heating each sample at 95 °C for ten minutes.
Protein LoBind tubes were used to store all sEVs and lysed sEVs.

The sEV lysates were transferred between facilities using dry ice. Each sEV lysate
sample was stored for less than a month before they were assessed using LC—
MS/MS.

The sEV stocks were freeze—thawed twice, once to create an aliquot for initial
processing using LC—MS/MS, and the second freeze—thaw enabled the rest of
each sEV sample to be processed using LC-MS/MS.

Samples that were used for TRPS and TEM were kept at 4 °C.

The samples required for TRPS were stored in PBS and the TEM samples were
fixed in 3 % (v/v) glutaraldehyde (Thermo Fisher Scientific) in 0. M sodium

cacodylate buffer.
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Characterisation

of sEVs

“Each preparation of sEVs need to be:

)

2)

3)

4

defined by quantitative measures of
the source of sEVs (e.g., number of
secreting cells, volume of biofluid,
mass of tissue).

characterized to the extent possible
to determine abundance of sEVs
(total particle number and/or
protein or lipid content)

tested for presence of components
associated with sEV subtypes or
sEVs generically (at least three
positive protein markers of EVs,
including at least one
transmembrane/lipid-bound protein-
cytosolic protein, and at least one
negative protein marker)

tested for the presence of non—

vesicular, co— isolated components”

(Théry et al., 2018)*.

An estimate of the number of cells present in each bioreactor was provided, as
was the volume of biofluid required for the SEC columns (10 mL).

TRPS was used to assess the size and concentration of sEVs that were present
within the control bioreactor samples. Nanoparticle tracking analysis was not
used as an additional measurement of sEVs as time constraints and availability
limited the inclusion of this analysis.

TEM was used to assess the size and abundance of sEVs present in all cell culture
conditions following their fixation.

The sEVs of the control bioreactor were characterised using western blotting.
Primary antibodies used were Syntenin—|I (sEV control marker
(transmembrane/cytoplasmic protein), CD63, Heat—Shock Protein 70, CD9 and
Calnexin (negative sEV control, endoplasmic reticulum marker).

Additionally, an Exo—Check Exosome Antibody Array was utilised, which
included primary antibody markers such as CDé63, CD81, ALIX, ICAM-1, FLOT-
I, TSG-101, ANNXAS and EpCAM. A negative control sEV marker (cis—Golgi—

Matrix Protein |130) was included in this antibody array.
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Reporting “ISEV endorses the EV-TRACK Reporting the parameters of this study to the EV-TRACK database provided an
knowledgebase as a facilitating and updatable | EV-METRIC grade of 75 %. The EV-TRACK ID was EV220306 and was linked
tool for comprehensive reporting of EV to the last name of the author (PRATT).

experimental studies, which returns an “EV—

METRIC” (Théry et al., 2018).

Assessing An inclusion of assays that demonstrate Not applicable as our research assessed samples for presence of an sEV
Function functionality of biomarkers is required biomarker, rather than determining function.
dependent on the hypothesis/research

question.

Footnote: Abbreviations = Small Extracellular Vesicle (sEV), Advanced Rosewell Park Memorial Institute medium (aRPMI), Phosphate

Buffered Saline (PBS), Size Exclusion Chromatography (SEC), Sodium deoxycholate (SDC), Liquid Chromatography Tandem Mass
Spectrometry (LC-MS/MS) Tunable Resistive Pulse Sensing (TRPS), Transmission Electron Microscopy (TEM), ALG-2-interacting
protein X (ALIX), Intercellular Adhesion Molecule |1 (ICAM-I), Flotillin-1 (FLOT-1), Tumour susceptibility gene 101 (TSG-101),
Annexin A5 (ANXAS5), Epithelial Cellular Adhesion Molecule (EpCAM), Information for Studies of Extracellular Vesicles (ISEV).

*Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. }., Anderson, J. D., Andriantsitohaina, R., Antoniou, A., Arab, T., Archer, F., &
Atkin-Smith, G. K. (2018). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of

the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. Journal of Extracellular Vesicles,

7(1), 1535750.
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3.3 Assessing composition and regulation of SEV proteins using Liquid
Chromatography Tandem Mass Spectrometry (LC—MS/MS)
3.3.1 Quality Control

To investigate if there were differences between LC—-MS/MS batches and to confirm the
extent of instrument variability, identical quality control (QC_Mix) samples were spiked
within three individual LC—-MS/MS injections.

Differences in sample distribution were minimal. Each pair of QC_Mix samples had a
strong direct relationship (correlation coefficient > 0.75), demonstrating that there was very

little difference in sample distribution between injection batches (Figure 21).
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Figure 21: Quality control (QC) of each Liquid Chromatography Tandem
Mass Spectrometry (LC-MS/MS) injections revealed no batch effect

Identical quality control mix (X00_QC_Mix_0...) samples were distributed throughout
all three separate LC—MS/MS injections forming injection batches. Correlation between the
logl 0 (intensity +1) values were plotted between each pair of samples.

An included scale pair denoted a high value (approaching +1.00) as a strong direct
relationship, values near 0.50 are considered moderate and values below 0.30 are considered
to show weak relationship.

A low negative value (approaching -1.00) is similarly a strong inverse relationship, and
values near 0.00 indicate little, if any, relationship.

Dr. Evelyne Maes and Ancy Thomas must be acknowledged for their outstanding effort
in processing all peptide samples for analysis using LC—-MS/MS.

Dr. Charles Hefer and Dr. Alasdair Noble must be acknowledged for their considerable
efforts in statistically analysing all LC-MS/MS samples.
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3.3.2 Correlation of sEV peptide samples

To investigate the comparability of different samples of proteins from lysed sEVs,
numerous samples from each of the three injections were assessed. Most samples were
highly correlated, with many overlapping samples demonstrated within the Principal
Component Analysis (PCA) plots (Figure 22). Processing each treatment group by LC-MS/MS
during different batches of injections did not affect peptide analysis. Variance of all samples
across injection batches was minimal.

There were differences between samples from control and treatment groups
(Figure 23A).

The FB medium only samples and FB—grown M. bovis samples were greatly correlated.

Although aRPMI medium only samples and aRPMI-grown M. bovis samples were not as
greatly overlapped as FB samples, a correlation still occurred between these treatment
groups.

Correlation between the co—culture samples and the aRPMI-grown M. bovis was clear
as half of the co—culture samples overlapped with the aRPMI-grown M. bovis samples.

Within Figure 23A, the bEEL control samples were correlated with the co—culture
samples as more than half of bEEL control samples were overlapping with the co—culture
samples.

However, the bEEL control and the co—culture samples were compared specifically,
(Figure 23B), their correlation was not as clear as only two samples of the co—culture
overlapped with the bEEL control samples. The bEEL control samples were more widespread,
demonstrating greater variance in the samples, whereas the co—culture samples were less
varied and demonstrated a tighter distribution.

A comparison of the aRPMI and FB medium only samples revealed a clear separation
and demonstrated that the media used were clearly varied (Figure 23C).

Finally, a comparison of the aRPMI-grown M. bovis samples and FB—grown M. bovis
samples revealed a widespread distribution of the aRPMI—grown M. bovis samples, whereas
the FB—grown M. bovis samples were very tightly distributed (Figure 23D). The FB—grown
M. bovis samples were correlated with some of the aRPMI-grown M. bovis samples but there
was a clear difference in some aRPMI-grown M. bovis samples, which contributed to the

widespread distribution within the PCA plot.
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Figure 22: A Principal Component Analysis (PCA) revealed no batch effect
between three separate injections of Liquid Chromatography Tandem
Mass Spectrometry (LC-MS/MS)

A Principal Component Analysis (PCA) plot compared eighteen total samples.

Samples included: harvests from a control bovine epithelial endometrial cell line
(bEEL cells) bioreactor flask (five samples), harvests from a co—culture bioreactor flask
containing bEEL cells and Mycoplasma bovis (M. bovis) isolate W 18_04866 (#1) (five samples),
a M. bovis only control cultured in Advanced Rosewell Park Memorial Institute 1640 (aRPMI)
medium (three samples), a M. bovis only control cultured in Friis Broth (FB) (three samples),
and aRPMI and FB media—only controls (one sample each).

Three individual injections of each small extracellular vesicle (SEV) peptide sample
created three LC-MS/MS batches.

Batch | (B 1) was represented by blue circles, Batch 2 (B2) was represented by orange
triangles, and Batch 3 (B3) was represented by grey pluses.

Principal Component | (PCIl) has an explained variance of 60% and Principal
Component 2 (PC2) has an explained variance of 12%, which illustrate discrepancies within
the dataset.

Dr. Evelyne Maes and Ancy Thomas must be acknowledged for their outstanding effort
in processing all sEV peptide samples for analysis using LC-MS/MS.

Dr. Charles Hefer and Dr. Alasdair Noble must be acknowledged for their considerable
efforts in statistically analysing all LC-MS/MS samples.
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Figure 23: A Principal Component Analysis (PCA) of Liquid
Chromatography Tandem Mass Spectrometry (LC-MS/MS) data revealed
group effects

Liquid Chromatography Tandem Mass Spectrometry (LC—MS/MS) small extracellular
vesicle (SEV) peptide samples were analysed using Principal Component Analysis (PCA)
plots.

All samples from each treatment group (A) were compared.

All samples from a control bovine epithelial endometrial cell line (bEEL cells)/all
samples from a co—culture (CC) of bEEL cells and Mycoplasma bovis (M. bovis) isolate
W 18_04866 (#1) (B) were compared.

All samples from a M. bovis only control cultured in Advanced Rosewell Park Memorial
Institute 1640 (aRPMI) medium (RPMI_MB)/a M. bovis only control cultured in Friis Broth
(FB) (Friis_MB) (C) were compared.

All samples from aRPMI (RPMI_only) and FB (FB_only) media controls (D), were
compared.

Principal Component | (PCI) and Principal Component 2 (PC2) have a variety of
explained variances within graphs A=D, which illustrate discrepancies within the dataset.

Each figure legend was representative of the treatment groups compared within the
PCA plot.

Dr. Evelyne Maes and Ancy Thomas must be acknowledged for their outstanding effort
in processing all sEV peptide samples using LC-MS/MS.

Dr. Charles Hefer and Dr. Alasdair Noble must be acknowledged for their considerable
efforts in statistically analysing all LC-MS/MS samples.

3.3.3 Protein Regulation

To investigate the differences in the sEV proteome of the experimental/control
cultures, a log,—foldchange was used to compare protein regulation of alternative culture
conditions.

The main comparison occurred between sEV proteins from the bEEL control and sV
proteins from the co—culture. Subtraction of the log; average protein abundance in the co—
culture (five biological repeats and three technical replicates) from the log, average protein
abundance in the bEEL control (five biological repeats and three technical replicates),
revealed proteins that were potentially representative of infection.

The average protein abundance in sEVs from culturing M. bovis in FB or aRPMI (three
biological repeats and three technical replicates) enabled the regulation of M. bovis—specific
proteins to be compared.

Proteomics analyses revealed numerous proteins that were differently expressed
within the in vitro infection model. The fifteen most upregulated and fifteen most
downregulated proteins for each comparison (relevant to their log,—foldchange) are listed in

Table 5, Table 6, and Table 7.
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Although all proteins were considered for their relevance to infection, a log, foldchange
of proteins between +2 and —2 was explored more thoroughly to assess potential diagnostic
markers.

The proteins that were the most biologically relevant to infection are
provided/discussed, alongside the most upregulated protein and the most downregulated
protein (compared between co—culture sEVs and bEEL control sEVs).

These proteins were used to address the hypothesis that sEV cargo proteins are altered
within the infection model, and the relevance of these proteins within a M. bovis infection
model.

In co—culture, the most upregulated protein was a M. bovis—specific protein called
Thioredoxin (as compared to bEEL control sEV proteins). In co—culture, the most
downregulated proteins were histone proteins (as compared to bEEL control sEV proteins).

There was substantial upregulation of a M. bovis—associated L—lactate dehydrogenase
in co—culture, with a similar upregulation in seVs from aRPMI-grown M. bovis.

Multiple Bos taurus—associated endopeptidase inhibitors were upregulated in co—
culture.

Downregulation of an apolipoprotein A—IV protein in co—culture supported the
presence of M. bovis in culture

Within the sEV proteome, a variety of constitutively expressed proteins were involved
in functional cell processes and changes in protein regulation depended on protein function.

However, a pattern of downregulation for a variety of different binding proteins was
apparent in the co—culture sEV proteome as compared to the bEEL control sEV proteome.

In Table 6 and Table 7, most differences between the compared sEV proteomes
were listed as Bos taurus proteins. Therefore, although the concentration of FBS in aRPMI was
reduced specifically, the presence of FBS caused a substantial effect on the sEV proteome of
aRPMI samples as compared to the sV proteome of FB samples. However, as FBS originates
from a bovine source, there was difficulty in adjusting for this difference in medium content.
Whereas the inclusion of Saccharomyces cerevisiae in FB could be accounted for and was

adjusted out accordingly when comparing sEV proteomes.
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Table 5: Summary of the fifteen most upregulated and fifteen most
downregulated proteins from the small extracellular vesicle (sEV) cargo
of a bovine endometrial epithelial cell line (bEEL cells) compared to co-

culture (CC) using log, foldchange

Log2 fold change

Accession Number Description of Protein (bEEL—CCQC)

AOA2N8U3IM2 Thioredoxin OS=Mycoplasma bovis

AOA2N8U3M2_MYCBV 0X=28903 GN=BBB47_00670 PE=3 SV=1 10.73

AOA2N8U2Q4 L-lactate dehydrogenase OS=Mycoplasma bovis
AOA2N8U204_MYCBV 0X=28903 GN=MBOVJF4278 00553 PE=3 SV=1 9.70

AOA2N8U1H9 Uncharacterized protein OS=Mycoplasma bovis
ADAZN8U1H9 _MYCBV 0X=28903 GN=MBOVJF4278 00084 PE=4 SV=1 7.29

BMP family ABC transporter substrate-binding

Q4U0X8 protein OS=Mycoplasma bovis OX=28903

Q4U0X8 MYCBV GN=p48 PE=3 SV=1 7.26
XP 024848428.1 Pregnancy zone protein isoform X1 [Bos taurus] 6.95

Putative lipoprotein MPN_284
0S=Mycoplasma bovis OX=28903
GN=MBOVJF4278 00566 PE=3 SV=1 6.23
Xylulose-5-phosphate phosphoketolase

AOA2N8U2T2
AOA2N8U2T2_MYCBV

AOA2N8U1L8 OS=Mycoplasma bovis OX=28903
AOA2N8U1L8_MYCBV GN=xpkA PE=3 SV=1 5.75
Inter-alpha-trypsin inhibitor heavy chain
NP 001015590.2 H4 precursor [Bos taurus) 4.89
NP_001192390.1 Keratin type | cytoskeletal 24 [Bos taurus] 4.57

2-oxoisovalerate dehydrogenase

AO0A193CK94 0S=Mycoplasma bovis 0X=28903
AOA193CK94 MYCBV GN=BBB47 02400 PE=4 SV=1 4.36
NP_777095.1 Alpha-2-antiplasmin precursor [Bos taurus] 4.04
Variable surface lipoprotein
AODA2N8U3I7 0OS=Mycoplasma bovis OX=28903
AOA2N8U3I7 MYCBV GN=HO0I37 03785 PE=4 SV=1 3.37
Arrestin domain-containing protein 1
NP 001073834.1 [Bos taurus) 3.16
G5ESTS Uncharacterized protein OS=Bos taurus
G5E5T5 BOVIN 0X=9913 PE=1 SV=2 2.92
AOA2N8U2M4 Uncharacterized protein OS=Mycoplasma bovis
AOQAZ2N8U2M4 MYCBV 0X=28903 GN=MBOVIJF4278 00496 PE=4 SV=1 2.66
NP 001157250.1 Fibronectin precursor [Bos taurus] -2.85
NP 001003900.1 Tubulin beta-2B chain [Bos taurus] -2.90
NP 001015600.1 Keratin type | cytoskeletal 19 [Bos taurus] -3.07
Collagen alpha-1(XVIll) chain isoform X4
XP_024830882.1 [Bos taurus] -3.12
NP 001029865.1 Integrin-linked protein kinase [Bos taurus] -3.23
NP 001015613.1 Creatine kinase B-type [Bos taurus] -3.42
Vacuolar protein sorting-associated protein 37B
NP 001192286.1 [Bos taurus] -3.52
XP 024848729.1 Keratin-associated protein 6-1-like [Bos taurus] -4.73
NP_001039711.1 Histone H2B type 1-D [Bos taurus] -4.82

Platelet-activating factor acetylhydrolase IB

P68401 subunit beta OS=Bos taurus
PA1B2 BOVIN 0X=9913 GN=PAFAH1B2 PE=1 SV=1 -4.93
NP 001069674.1 Keratin type Il cuticular Hb1 [Bos taurus) -5.17
Collagen alpha-1 (XV) chain precursor
NP 001178214.2 [Bos taurus) -5.51
NP 001192525.1 Histone H2A type 1-C [Bos taurus] -6.30
NP 001014411.1 Histone H3.3 [Bos taurus] -6.61
NP 776305.1 Histone H4 [Bos taurus] -7.24

Footnote: Abbreviations = OrganismName (0S), Organismldentifier (OX), GeneName

(GN), ProteinExistence (PE), SequenceVersion (SV), Bovine endometrial epithelial cell
line (bEEL), co — culture (CC)

119



Table 6: Summary of the fifteen most upregulated and fifteen most
downregulated proteins from the small extracellular vesicle (sEV) cargo
of a Mycoplasma bovis (M. bovis) grown in Friis Broth (FB) compared to
Mycoplasma bovis (M. bovis) grown in Advanced Rosewell Park Memorial

Institute 1640 (aRPMI) medium using log, foldchange

Log2 foldchange

Accession Number

Description of Protein (Friis_MB—aRPMI_MB)

NP 001192894.1 Laminin subunit alpha-4 precursor [Bos taurus] 9.59
NP 001020740.1 Heat shock protein beta-1 [Bos taurus] 7.80
NP 001289593.1 Integrin alpha-3 precursor [Bos taurus] 7.66
NP_001095811.1 Galectin-3 [Bos taurus] 7.59
NP 001103471.1 GTPase KRas [Bos taurus] 6.82
Deleted in malignant brain tumours 1
XP 024841789.1 protein isoform X43 [Bos taurus] 6.07
AOA2N8U1H9 Uncharacterized protein OS=Mycoplasma bovis
AOA2N8U1H9 MYCBV| OX=28903 GN=MBOVIF4278 00084 PE=4 SV=1 5.93
Laminin subunit gamma-1 precursor [Bos
NP 001193746.1 taurus) 5.59
Lymphocyte antigen 6 complex
NP 001074989.1 locus G6E precursor [Bos taurus] 5.45
NP 001103451.1 Integrin alpha-6 precursor [Bos taurus] 5.37
XP_024840623.1 Major vault protein isoform X1 [Bos taurus] 5.37
NP 001358947.1 Mucin-1 isoform 1 precursor [Bos taurus] 4.86
Erythrocyte band 7 integral
NP 001098943.1 membrane protein [Bos taurus] 4.84
NP_001095673.1 Netrin-4 precursor [Bos taurus] 4.79
Guanine nucleotide-binding protein
XP 024836887.1 subunit alpha-13 isoform X1 [Bos taurus] 4,76
NP 001137572.1 Tubulin beta-1 chain [Bos taurus] -1.00
NP 001069022.1 Carboxylesterase 1 precursor [Bos taurus] -1.03
AOA3Q1LVMS Inter-alpha-trypsin inhibitor heavy chain H1
AOA3QILVMS5 BOVIN| OS=Bos taurus OX=9913 GN=ITIH1 PE=1 SV=1 -1.04
Leucine-rich alpha-2-glycoprotein
NP 001039642.1 precursor [Bos taurus] -1.06
NP_001077233.1 Myosin regulatory light chain 12B [Bos taurus] -1.11
NP 001193120.1 RAS-related protein Rab-5B [Bos taurus] -1.16
XP 015327157.2 Beta-casein isoform X2 [Bos taurus] -1.31
F1MLD7? Uncharacterized protein OS=Bos taurus
F1IMLD7 BOVIN 0X=9913 GN=EFR3A PE=4 SV=3 -1.50
NP 001039711.1 Histone H2B type 1-D [Bos taurus] -1.57
NP 803482.1 Glutathione S-transferase P [Bos taurus) -1.61
NP 001069381.1 Keratin type Il cuticular Hb5 [Bos taurus] -3.40
NP_001069674.1 Keratin type Il cuticular Hb1 [Bos taurus] -4.67
NP 001069974.1 Keratin type | cuticular Hal [Bos taurus] -5.64
Keratin type | cuticular Ha3-I
XP_005220820.1 isoform X1 [Bos taurus] -6.12
Keratin type | cuticular Ha3-I
XP 005220820.1 isoform X1 [Bos taurus

Footnote: Abbreviations = OrganismName (0S), Organismldentifier (OX), GeneName
(GN), ProteinExistence (PE), SequenceVersion (SV) Mycoplasma bovis grown in Friis

Broth (Friis_MB), Mycoplasma bovis grown in Advanced Rosewell Park Memorial
Institute 1640 (aRPMI_MB)
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Table 7: Summary of the fifteen most upregulated and fifteen most
downregulated proteins from the small extracellular vesicle (sEV) cargo
of a Mycoplasma bovis(M. bovis) grown in Friis Broth (FB) compared to
co—culture (CC) using log, foldchange

Log2 fold change
Accession Number Description of Protein (FB_MB-CC)
NP 001020740.1 Heat shock protein beta-1 [Bos taurus] 10.39
NP 001192894.1 Laminin subunit alpha-4 precursor [Bos taurus] 10.04
NP 001095811.1 Galectin-3 [Bos taurus] 9.93
NP 001103471.1 GTPase KRas [Bos taurus) 9.45
Deleted in malignant brain tumours 1 protein
XP 024841789.1 isoform X43 [Bos taurus] 9.17
NP 001289593.1 Integrin alpha-3 precursor [Bos taurus] 9.10
Lymphocyte antigen 6 complex locus G6E
NP_001074989.1 precursor [Bos taurus] 8.56
AOA2N8U3M2 Thioredoxin 0S=Mycoplasma bovis 0X=28903
AOAZN8U3M2 MYCBY GN=BBB47 00670 PE=3 SV=1 8.20
AOA2N8U1H9 Uncharacterized protein OS=Mycoplasma bovis
AOA2N8U1H9 MYCBV 0X=28903 GN=MBOVJF4278 00084 PE=4 SV=1 8.06
Erythrocyte band 7 integral membrane protein
NP_001098943.1 [Bos taurus] 7.79
NP_001358947.1 Mucin-1 isoform 1 precursor [Bos taurus] 7.67
NP 001095673.1 Netrin-4 precursor [Bos taurus] 7.45
NP 001229501.1 Calmodulin-1 [Bos taurus] 7.44
NP 001103451.1 Integrin alpha-6 precursor [Bos taurus) 7.10
NP_001193746.1 Laminin subunit gamma-1 precursor [Bos taurus] 7.10
Complement component C8 alpha chain
NP 001039750.1 precursor [Bos taurus] -6.29
NP 001076854.1 Keratin type Il cuticular Hb3 [Bos taurus] -6.46
NP 776376.1 Plasminogen precursor [Bos taurus] -6.57
A0A3Q1LZ90 Ig-like domain-containing protein 0S=Bos taurus
A0A3Q1LZ90 BOVIN 0X=9913 PE=4 S5V=1 -6.74
NP 001032557.1 Apolipoprotein A-1V precursor [Bos taurus] -6.76
NP 776302.1 Prothrombin precursor [Bos taurus] -6.98
NP 001192237.1 von Willebrand factor precursor [Bos taurus) -7.18
E1BH94 Peptidoglycan recognition protein 2
E1BH94 BOVIN 0S=Bos taurus 0X=9913 GN=PGLYRP2 PE=4 SV=3 -7.26
NP 001069674.1 Keratin type |l cuticular Hb1 [Bos taurus] -7.76
NP 776667.2 Apolipoprotein A-l preproprotein [Bos taurus] -7.83
Inter-alpha-trypsin inhibitor heavy chain H2
NP 001091485.1 precursor [Bos taurus] -7.89
Complement C1s subcomponent precursor
NP _001070018.1 [Bos taurus] -8.34
XP 024848729.1 Keratin-associated protein 6-1-like [Bos taurus) -9.32
NP 776304.1 Coagulation factor V precursor [Bos taurus] -9.76
AOA3QIMII4 Apolipoprotein A-1 05=Bos taurus 0X=9913
AOA3Q1MJJ4 BOVIN GN=APOA1 PE=1 SV=1 -17.25

Footnote: Abbreviations = OrganismName (0S), Organismldentifier (0X), GeneName (GN),

ProteinExistence (PE), SequenceVersion (SV), co—culture (CC), Mycoplasma bovis grown in Friis
Broth (Friis_MB)
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4 Discussion

4.1 Co—culture and control bioreactor flasks

The current study established the first in vitro model of bEEL cells infected with M. bovis
in a bioreactor flask and is, therefore, the first study to describe an infection model using a
bovine cell line in a bioreactor flask.

To confirm our infection model, using PCR, we assessed the presence of M. bovis in the
co—culture bioreactor flask and the absence of M. bovis in the bEEL control bioreactor flask
throughout the three months that bioreactor flasks were cultured. After infection with
M. bovis isolate W18_04866 (#1), adherence of the bacterium and/or intracellular infection
of bEEL cells was observed.

Previous research has investigated the response of cells, e.g., epithelial cells, monocytes,
and pluripotent stem cells, to pathogenic bacteria in vitro (Zoumpopoulou et al., 2009;
Bartfeld et al., 2015; Loss et al., 2020). Additionally, Josi et al. (2018) successfully established
co—cultures between other bovine epithelial cell lines and different strains of M. bovis.
Infection of endometrial primary cells using M. bovis has been achieved by Porto et al. (2021).

By combining a standard infection model with bioreactor flasks, we were able to increase
sEV yield for downstream investigation (Artuyants et al., 2021).

Understanding the relationship between infection and disease is a key factor in
developing treatments for diseases such as endometritis, which has a major impact on animal
welfare and production in bovine herds (Osawa, 2021).

Post—partum, cattle can develop chronic uterine inflammation as a result of M. bovis
infection, manifesting as metritis or endometritis, which negatively impacts fertility (Ghanem
et al., 2013; Molina-Coto & Lucy, 2018). Uncontrolled influx and growth of microorganisms in
the uterus at the time of conception or birth furthers disease symptoms (Kumar & Purohit,
2019; Hazelton et al., 2020a).

In tissue, M. bovis can remain hidden for long periods and their ability to avoid elimination
by the immune system is a substantial factor in the development of fertility issues (Askar et
al., 2021).

Furthermore, M. bovis can survive the fertilisation process and cause calves to be infected

from birth (Bielanski et al., 2000).
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Successful use of a bioreactor flask to co—culture M. bovis isolate W18 04866 (#1) with a
bovine endometrial cell line provides a model to gain a greater understanding of potential
virulence factors that affect fertility in cattle, or that represent M. bovis infection through
in vitro production of sEVs.

Consistency of bioreactor culture conditions were previously demonstrated in pluripotent
cell types, such as mesenchymal stromal cells (MSCs), with cell growth consistent with
characteristics of those grown in traditional in vitro culture conditions (Das et al., 2019).

Furthermore, growing cells in 3D in a bioreactor flask, greatly increased output of MSC—
derived sEVs in comparison to traditional 2D culture as, in 2D conditions, sEV secretion is
limited by cells reaching confluency quicker than in 3D growth conditions (Witwer et al.,
2019).

Using bioreactor flasks to generate sEVs has facilitated drug discovery experiments,
development of diagnostic tools and, particularly, the use of sEVs as therapeutic agents
(Joseph et al., 2018; Bauer & Giebel, 2021).

The sEV output in this study, generated by bEEL control and co—culture conditions, was
maximised by utilising the 3D cell growth conditions of a bioreactor flask. Our study has
established M. bovis—infected bEEL cells as an in vitro model to investigate sEV cargo

produced during and in response to infection.
4.2 Cargo of sEVs

Infection of bEEL cells with M. bovis altered the protein cargo of sEVs, indicating that
cellular functions were modulated during infection.

The proteins that were most biologically relevant to infection are provided/discussed,
alongside the most upregulated protein and the most downregulated protein (compared
between co—culture sEVs and bEEL control sEVs).

These proteins were discussed to address the hypothesis that sEV cargo proteins are
altered within the infection model, and to understand the relevance of these proteins within
a M. bovis infection model.

Future research could explore the other sEV cargo proteins altered within the M. bovis

infection model to understand their relevance to infection.
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4.2.1 Thioredoxin

The greatest upregulation in co—culture sEVs relative to control sEVs was a M. bovis—
specific protein named thioredoxin. Thioredoxin is present in each domain of life and is
essential in redox reactions and many oxidative stress responses (Balsera & Buchanan, 2019).
Expression of thioredoxin increases in M. bovis strains that are responding to stress, which
can occur as a result of changes to growth conditions (Li et al., 2011).

Detection of M. bovis—specific thioredoxin in sEVs further confirmed that M. bovis was
present within the co—culture, which corresponded with PCR results. Although thioredoxin
was highly upregulated in co—culture sEVs, the ubiquitous nature of thioredoxin expression

makes it unusable as a diagnostic marker.
4.2.2 Histones

The greatest downregulation in co—culture sEVs relative to control sEVs were histone
proteins. It is known that negatively charged DNA associates with positively charged histone
proteins within sEVs, forming complexes that can alter sEV size accordingly (Vagner et al.,
2018).

Whilst not completely understood, histone proteins aid insight into transfer of genetic
information between cells as they assist in maintaining DNA integrity within sEVs (Chang et
al., 2020).

The downregulation of these proteins in co—culture could indicate that infection by
M. bovis can reduce exchange of genetic material between cells. In support of this, changes
in histone post—translational modifications were observed after infection with other
intracellular bacteria (Rennoll-Bankert et al., 2015; Zheng et al., 2016).

Therefore, downregulation of histone proteins within sEVs from other co—cultures
indicate that changes in chromatin accessibility occur and a reduced likelihood of forming
nucleosome-like complexes within infected cells.

If this is the case, downregulation of histone proteins resulting from infection by M.
bovis may indicate co—culture sEVs are limited in their ability for DNA—based biomarker
exchange as compared with control sEVs.

Future research should assess how histones are specifically packaged within sEVs and
if their downregulation prevents packaging of known DNA-based biomarkers for exchange

between cells.
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An alternative explanation regarding the downregulation of histone proteins within
co—culture sEVs could be provided by an altered expression of p53, a master tumour—
suppressor protein.

Pathogenic bacteria hijack p53 regulation for increased survival in their host cell,
which causes infection—related alterations to apoptosis (Siegl & Rudel, 2015).

For example, infection by Helicobacter pylori amplifies development of
adenocarcinomas in the gastric tract by modifying post—translational modifications of
histones; changes in p53 activity were induced by an intracellularly secreted bacterial
virulence factor: cytotoxin—associated gene A protein (Wei et al., 2015).

Downregulating apoptosis in cells infected with pathogenic bacteria through changes
in p53 may reduce packaging of histone—DNA complexes within sEVs. Therefore, as histone
proteins were downregulated in co—culture sEVs, it is likely that an introduction of M. bovis
was responsible for altering bEEL cell cycle regulation.

Future experiments should assess differences in p53 mutant cell lines to understand
the role of this protein within histone regulation of infected cell lines.

4.2.3 Apolipoproteins

Downregulation of multiple Bos taurus—associated apolipoproteins in the proteome
of co—culture sEVs relative to control sEVs indicated that M. bovis reduced the metabolic
capability of bEEL cells.

As M. bovis incorporates sterol proteins to regulate fluidity of the cytoplasmic
membrane, it requires a supply of lipids from either the host cell or growth medium (Kornspan
& Rottem, 2012).

Infection by M. tuberculosis reduced or prevented an ability of host macrophages to
catabolise cholesterol by inhibiting host enzymes involved in cholesterol metabolism (Wilburn
et al., 2018).

Therefore, inhibiting host proteins involved with cholesterol metabolism implies that
M. bovis uses lipids for its own pathogenesis and growth, which host cells are prevented from

utilising (Adamu et al., 2020).
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4.2.4 |-lactate dehydrogenase

L-lactate dehydrogenase proteins are utilised by a variety of organisms in
gluconeogenesis and DNA metabolism (Farhana & Lappin, 2021). A M. bovis—associated L—
lactate dehydrogenase was significantly upregulated in the co—culture sEV proteome relative
to control sEVs.

Increased L—lactate dehydrogenase expression implies that the metabolic functions of
M. bovis were increased in the co—culture. However, an upregulation of M. bovis—associated
L-lactate dehydrogenase within sEVs of aRPMIl—grown M. bovis, relative to FB—grown
M. bovis, indicated that M. bovis grown in aRPMI without bEEL cells were likely nutrient
deprived. The availability of nutrients, for example sterol proteins (provided only from an
animal—-derived source such as serum), for growth of extracellular M. bovis was likely limited
in aRPMI as compared with nutrient availability in FB (Beier et al., 2018).

Although an upregulation of L—lactate dehydrogenase was prominent in co—culture
SEVs, it likely indicated a presence of metabolically active M. bovis instead of nutrient—
deficient M. bovis as bEEL cells were available for infection within the co—culture.

However, it should be noted that a limitation of the co—culture model is that
extracellular bacteria will produce their own sEVs (Tulkens et al., 2020). Therefore, the sV
population we are investigating was mixed, which may have confounded the assessment of
L-lactate dehydrogenase as represented different states of M. bovis metabolic function.

In a previous study, it was determined that different isoforms of L-lactate
dehydrogenase demonstrated use as biomarkers following infection with
Mycoplasma pneumoniae (Liu et al., 2018b). However, because of issues in specificity, their
main use would be to indicate pathogenic presence unless combined with other markers
more specific for diagnosing infection (Choi et al., 2019). Furthermore, this research indicates
that L-lactate dehydrogenase is not likely to be specific to M. bovis infection.

A Bos taurus—associated L—lactate dehydrogenase was similarly upregulated in co—
culture sEVs relative to control sEVs. Therefore, L-lactate dehydrogenase is not likely to be a
useful biomarker for M. bovis infection as changes in protein expression likely represent
altered cellular metabolism rather than specific diagnosis of M. bovis. Instead, changes in
expression of L-lactate dehydrogenase appear to be influenced by nutrient availability for

M. bovis in this study.
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4.2.5 Endopeptidase inhibitors

There was an upregulation in multiple Bos taurus proteins involved in endopeptidase
inhibition within co—culture sEVs relative to control sEVs.

In contrast, there was a downregulation in these proteins in sEVs from M. bovis grown
in both aRPMI and FB.

When the log; fold change from sEVs of M. bovis grown in FB was compared to the
log> fold change of sEVs from the co—culture, an even greater downregulation in these
inhibitory proteins was indicated.

This demonstrates that co—culturing bEEL cells with M. bovis altered pathways
involved in endopeptidase inhibition, with an upregulation of inhibitory proteins unique to
co—culture.

Endopeptidases are involved in a variety of functions with their main purpose to
cleave peptide bonds at specific non—terminal amino acids to enable further degradation or
protein recycling (Gurumallesh et al., 2019).

An upregulation in inhibitory proteins of specific endopeptidases, serine—type and
cysteine—type, occurred by co—culturing bEEL cells and M. bovis.

Interpreting this regulatory change is difficult because of the limited knowledge of the
role of endopeptidase activity in the host response to infection.

Most endopeptidase research within immunity relates to bacterial endopeptidase
activity, their role within avoidance of host immune responses or their function within cancer
progression (Mallick et al., 2019; Zhang & Lin, 2021).

However, earlier research has provided some understanding regarding inhibition of
host endopeptidases. Failure to cleave Toll-like Receptor 9 (TLR9) prevents recruitment of
the adaptor molecule Myeloid Differentiation Factor 88 (Ewald et al., 2008).

Further, an inhibition of asparagine endopeptidases prevented secretion of pro—
inflammatory cytokines following TLR9 stimulation, which demonstrates that endopeptidases
are essential in enabling initiation of TLR9 activity in response to antigenic stimulation

(Sepulveda et al., 2009).
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Comparably, host asparagine endopeptidases were linked with control of Toll-like
Receptor 7 activity in response to influenza detection (Maschalidi et al., 2012).

Although asparagine endopeptidases were not directly upregulated in co—culture, it
established that endopeptidase activity is linked to host immune responses that intend to
reduce infection.

Therefore, an upregulation of proteins that inhibit serine—type and cysteine-type
endopeptidases would likely be caused by influence of M. bovis on bEEL cells.

Future experiments should test differences in the infective ability of various
Mycoplasma ssp. to understand effects caused by endopeptidase inhibition within host cells.
4.2.6 Summary

In summary, the protein cargo of sEVs from cells in vitro within a bioreactor flask can
be used for assessing differences in proteins caused by infection of pathogenic organisms.

Future research should assess whether potential protein biomarkers are
representative of infection in vivo and if they could be developed further into a M. bovis—

specific diagnostic test.
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4.3 Infection: Intracellular or Adherence?

Co—culturing bEEL cells with two separate Mycoplasma ssp. revealed differences in
the specificity of infection. Adherence of both Mycoplasma ssp. was not specific to the species
of animal that cells were derived from, however, intracellular infection only occurred in cells
from the animal species that the Mycoplasma sp. naturally infects.

Gentamicin protection assays are widely used to assess the ability of pathogenic
organisms to intracellularly invade host cells, with examples including
Listeria monocytogenes, Salmonella enterica and a porcine Mpycoplasma sp.:
Mycoplasma hyopneumoniae (Birhanu et al., 2018; Raymond et al., 2018; Aviv et al., 2019;
Papic et al., 2019).

Two separate Mycoplasma ssp., M. ovi and M. bovis, were used in the current study
to assess if intracellular infection of bEEL cells had occurred. When compared, the intracellular
infection status of bEEL cells caused by M. bovis or M. ovi was vastly different.

At all gentamicin concentrations tested, M. ovi was not intracellularly protected by
the cytoplasmic membrane of bEEL cells. In contrast, not treating the co—culture with
gentamicin enabled growth of M. ovi to occur and indicated adherence to the cytoplasmic
membrane of bEEL cells

Adherence of both isolates of M. bovis to bEEL cells was certain as performed
comparably to M. ovi in the absence of gentamicin. Without the presence of bEEL cells,
M. bovis did not survive when treated with gentamicin. Antibiotic treatment was consistent
with concentrations of gentamicin used in gentamicin protection assays with alternative
isolates of M. bovis (Burki et al., 2015).

However, the differences in survival at greater concentrations of gentamicin can be
explained by use of different M. bovis isolates to infect alternative epithelial cell lines. It
remains inconclusive whether M. bovis isolate W18_04866 (#1) intracellularly infects host
cells.

In a previous study, internalised Yersinia pestis did not proliferate when plated
following four hours of gentamicin treatment at comparable antibiotic concentrations,
guestioning the ability of gentamicin to penetrate eukaryotic cell membranes (VanCleave et

al., 2017).
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Whilst W18 04866 (#1) was treated with gentamicin for only three hours,
concentrations greater than 100 pug/mL likely penetrated the cytoplasmic membrane of bEEL
cells and prevented survival of intracellular M. bovis.

Therefore, the gentamicin protection assay was useful for confirming adherence of
Mycoplasma ssp. to eukaryotic cell lines. However, in our study, the gentamicin protection
assay provided inconclusive results regarding intracellular infection. Different cell types and
varied bacterial isolates seemingly have different responses to gentamicin in terms of
preventing the growth of intracellular pathogens.

Epi—fluorescent microscopy provided an alternative assessment of bEEL cell infection
using W18 04866 (#1). There was clear punctate fluorescence pattern present in bEEL cells
infected with pre—stained M. bovis, which was not present in bEEL cells treated with stain—
only. An obvious reduction in distinctive areas of fluorescent red coincided with uninfected
bEEL cells.

The true route of infection by Mycoplasma ssp. remains unknown.

However, positioning of fluorescently stained M. bovis suggested that intracellular
infection had occurred as the majority of pre—stained M. bovis tended to converge around
the nucleus of bEEL cells. If M. bovis isolate W18 04866 (#1) was able to adhere to bEEL cells
but not enter them, there would likely be more areas of pre—stained M. bovis spread
throughout the actin—cytoskeleton rather than being condensed around the nucleus.

However, further investigation using high—resolution microscopy and 3D image
construction would be required to support a hypothesis that M. bovis isolate W18 04866 (#1)
intracellularly infects bEEL cells.

Confocal microscopy of three bovine epithelial cell lines that were different from the
one used in the current study demonstrated intracellular infection of M. bovis is likely, as
gentamicin treatment prior to imaging elicited changes in the position of the bacterium within
cells (Josi et al., 2018).

Adherence and intracellular infection of many biologically related Mycoplasma ssp.
have been demonstrated using a variety of immortalised cell lines and primary cells. For
example, invasion of M. bovis was demonstrated in bovine synovial cells (Nishi et al., 2021a).

Intriguingly, Nishi et al. (2021a) demonstrated that M. bovis utilised the endocytic
clathrin—dependent pathway (involved in early endosome formation and subsequent

generation of sEVs) for intracellular invasion of bovine synovial cells.
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Another example included demonstrating that bovine bronchiolar epithelial cells were
successfully infected by M. bovis and intracellular infection was less apparent than adherence
of M. bovis (Nunoya et al., 2020).

In bovine mammary epithelial cells, infection by M. bovis resulted in an impaired
lysosome function and subsequent prevention of the autophagy of infected cells, indicating a
potential effect on sEV processing (Liu et al., 2021).

Prior studies suggest that Mycoplasma ssp. follow an infection pathway where
adherence and intracellular mechanisms are both utilised by the bacterium for continued
survival. Intracellular infection by a Mycoplasma sp. tends to be host specific, as in contrast,
it was likely that M. ovi bound to bEEL cells using membrane adhesin proteins present in many
Mycoplasma ssp. (Vizarraga et al., 2020).

Protein factors, termed nucleomodulins, are used by gram—positive/negative bacteria
and have been linked to modifications of host nuclear processes (Bierne & Pourpre, 2020).

Essential pathways that form nucleotides are minimal in M. bovis, which supports the
hypothesis that intracellular invasion is required at a point during infection to gain of
nucleotide precursors that aid in increased bacterial growth (Sharma et al., 2015).

Furthermore, Zhang et al. (2021) demonstrated that secondary metabolites secreted
by M. bovis aided virulence.

To prevent detection and potential clearance from host cells, M. bovis may modify
nuclear processes using these secreted metabolites. Secretion of virulence factors involved in
intracellular infection may be different between species, which could explain the varied
results of gentamicin protection assays.

Mycoplasma ovipneumoniae may have been compromised in its capability to
complete an infection cycle by species cross—reactivity, as compared with the specific
infectious ability of M. bovis in bEEL cells, as bEEL cells are bovine in origin.

Future experiments should compare the infection ability of different
Mycoplasma ssp., aiming to understand if specific virulence factors unique to each
Mycoplasma sp. assist in adherence or are useful in facilitating an intracellular infection of

varied cell types.
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4.4 [nactivation

Every experimental sample that contained M. bovis was assessed for absence of viable
M. bovis prior to removal from the PC3 facility due to the biosecurity concerns related to
M. bovis in New Zealand. Our results indicated that M. bovis remained viable following heat
treatment and/or processing of culture using SEC columns.

A baseline heat treatment protocol of 56 °C for thirty minutes was assessed and this
treatment did not kill M. bovis; bacterial growth was demonstrated in Friis Broth (FB) and on
Friis Agar (FA). Pasteurisation methods at ~60 °C for thirty minutes are apparently sufficient
in treating M. bovis contained within discard milk and colostrum, without creating flow—on
effects regarding product quality (Parker et al., 2016; Gille et al., 2020). Growth of each isolate
after 56 °C—treatment questions if M. bovis is fully inactivated at pasteurisation
temperatures.

Treatments at 80 °C and 90 °C for ten minutes were assessed and resulted in limited
subsequent growth in FB. On FA, M. bovis growth was influenced by treatment at 80 °C, with
a reduced number of colonies evident on agar compared with untreated controls. However,
a reduction in colony numbers is not sufficient to demonstrate complete inactivation
(Espinosa et al., 2020). In comparison, heat treatment at 90 °C for ten minutes killed all
extracellular M. bovis in FB and minimal growth was evident on FA, which was in agreement
with the findings of Zbinden et al. (2015).

However, without inclusion of a secondary element such as a lysis buffer, M. bovis
grown in vitro remains viable at the temperatures tested for these time periods, evident by
colony growth on FA. Whilst lysis prevented M. bovis growth, it prevented assessment of size
and concentration of sEVs using TEM and/or qNANO as sEV structure was chemically
degraded.

Treatment at high temperatures for extended periods creates issues in terms of
protein unfolding/degradation (Lapidus, 2017; Kleinjan et al., 2021). Heat treatment can
cause sEV aggregation meaning that it was counterintuitive to heat treat M. bovis at 90 °C in
samples containing isolated sEVs. Schulz et al. (2020) challenged these ideas but only
demonstrated that sEVs are thermo—stable at 37 °C. However, concentration and size of SEVs
are altered at temperatures greater than 37 °C. Heat—treating sV samples for longer periods

increased the observed damage to sEVs and sEV—proteins.
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Mycoplasma bovis survived SEC isolation, which was indicated by colour change of
growth medium after transfer of each fraction to FB. The viability of M. bovis after culture
was processed using SEC columns meant that samples had to undergo a step to destroy viable
bacteria prior to LC-MS/MS.

Only lysis and fixation provided results that met the required biosecurity standard for
transfer of M. bovis—containing samples as treatment resulted in complete inactivation.

Whilst heat treatment at 90 °C inactivated M. bovis in FB, colonies formed on FA and
protein degradation was too great to consider including an additional heat treatment step to
inactivate M. bovis in sEV—containing samples.

The safety of the agricultural industry of New Zealand was an extremely high priority
for our study and these inactivation results have major implications for biosecurity.

Our results demonstrate that without fixation or lysis M. bovis can survive in vitro and,
if not contained properly, there is the risk for a substantial outbreak of disease.

When considering using sEVs as diagnostic tools, contaminating microorganisms of
comparable sizes can coexist in samples following SEC isolation.

Heat treatment can be used to treat these contaminants, but this has downstream

implications regarding sEV biology and potential loss of novel protein markers.
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4.5 Limitations

Firstly, our study was limited by sV biology. Woith et al. (2019) states that all kingdoms
of life produce sEVs, meaning that in vitro growth of extracellular M. bovis likely generated
sEVs that complicated analysis of co—culture sEVs. An inclusion of a control for M. bovis
(grown in FB) did aid in comparing protein cargo to co—culture sEVs. However, this was limited
by a reduced concentration of sEVs as M. bovis could not be grown in a bioreactor flask.

Future studies will benefit from a greater variation in conditions. These should include
creating conditions to replicate the stress on bEEL cells caused by M. bovis infection (such as
growth of bEEL cells under anoxic conditions), culturing a pathogenic bacterium within its
growth media (alongside a co—culture and uninfected control) in a bioreactor flask for longer
than three months to provide a greater proportion seVs, or comparing changes of the sV
transcriptome to the sV proteome to assess differences caused by M. bovis infection.

Secondly, because bEEL cells are adherent, it was difficult to obtain an accurate cell count
when they were growing in the bioreactor flasks, which led to limiting our assessment of the
MOI that M. bovis would infect bEEL cells. Although M. bovis was inoculated into the
bioreactor flask at an assumed MOI of 5, this ratio may have been greater or lesser depending
on the growth of bEEL cells at the point of inoculation.

However, infection of bEEL cells by M. bovis was verified by gentamicin protection assays
and epi—fluorescent microscopy, with the presence of M. bovis in the bioreactor confirmed
throughout the life of the co—culture bioreactor flask by PCR. This meant that although an
accurate MOI was limited by using a bioreactor flask, we confirmed that infection of bEEL cells
with M. bovis was highly likely within the co—culture flask.

Thirdly, the LC-MS/MS-based proteome analysis of M. bovis—only sEVs was potentially
confounded by sEVs introduced by animal serum that was used to supplement the growth
medium. The inclusion of an Exosome—Depleted FBS and the adaptation of bEEL cells to a
reduced FBS medium minimised contaminating bovine sEVs. However, equine/porcine serum
and a yeast extract were used to supplement M. bovis, which complicated proteomic analysis
of sEVs in M. bovis—only control samples.

Therefore, any proteomic analysis of control/treatment sEVs must consider potential
contamination by serum and serum sEVs, which could indicate changes in protein regulation

that are not representative of infection.
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Finally, biosecurity requirements in New Zealand limit direct analysis of sEVs from cultures
containing M. bovis without prior fixation or lysis.

Measurement of sEV size and concentration from samples that contained M. bovis was
limited by the inability to safely eradicate live M. bovis without using a lysis buffer.

Consequently, common methods to quantify sEVs could not be used. Co—culture sEVs
could be fixed and imaged using TEM. However, sEVs were mostly indistinguishable within
TEM images of FB—cultured M. bovis and meant that fixation prevented an accurate analysis

of sEVs from this treatment.

4.6 Conclusion

In conclusion, our study has demonstrated the first use of a bioreactor flask for
successful infection of a bovine cell line with M. bovis. It is also the first study to use
proteomics to assess differences in sEVs (produced within bioreactor flasks) from an in vitro
M. bovis infection model.

Bioreactor flasks maximised the output of sEVs, which increased the accuracy in
comparing proteomic differences in sEVs caused by M. bovis infection. Although a specific
biomarker was not immediately obvious, the infection model delivered candidate protein
markers that might represent M. bovis infection.

Future research will continue to investigate whether a diagnostic biomarker of M bovis
infection can be identified in vivo, with the aim of developing a diagnostic test for improving
worldwide eradication of M. bovis.

Following the use of SEC columns and heat treatment, M. bovis remained viable.
Complete inactivation of M. bovis requires the use of lysis or fixation, which has implications
in biosecurity measures for M. bovis. Adherence of M. bovis to bEEL cells was certain, but
intracellular infection remained inconclusive.

Future research can utilise live, pre—stained M. bovis for infection of cells. Further
experiments using 3D imaging or high—resolution microscopy to follow the infection pathway

of M. bovis should occur to provide a greater understanding of M. bovis infection in host cells.
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