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ABSTRACT

The Mpycobacterium tuberculosis complex subspecies (MTBCs) are closely related
pathogens causing tuberculosis in mammalian hosts. Research has predominantly focused on
Mycobacterium tuberculosis (M. tb, the causative agent of human tuberculosis) and
Mycobacterium bovis (M. bovis, a causative agent of zoonotic tuberculosis). Notably, M. tb is a
human-adapted pathogen whereas M. bovis is an animal-adapted member of the MTBC.
Foundational work by Robert Koch and Theobald Smith established that M. tb and M. bovis have
significantly different infection outcomes, with M. bovis infection resulting in more severe
pathology in experimental infections. Globally, more than 10 million new cases of TB are reported
each year; ~1% are estimated to be due to zoonotic tuberculosis (zTB), typically attributed to M.
bovis. However, recent studies have highlighted that another organism, Mycobacterium orygis,
may also contribute to the global TB burden. As this organism was first characterized in 2012, it
has not been subject to thorough experimental investigation and as such, knowledge on its
epidemiology and pathogenesis are limited. Current molecular tools have enabled researchers to
translate natural observations from clinics into systematic evaluations in the laboratory, using in
vitro, ex vivo, and in vivo techniques. To this end, in this thesis, I used mycobacterial engineering
to develop isogenic strains of M. bovis Bacille Calmette-Guérin (BCG), M. bovis, and M. orygis.
BCQG strains were subsequently employed in clinical diagnostics whereas M. bovis and M. orygis
isogenic strains were used to investigate infection outcomes using both ex vivo and in vivo models.

In chapter I, I developed a panel of 6 mono-resistant strains of the attenuated BCG vaccine
using oligo-mediated recombineering for laboratory quality control studies. In chapter III, I used
the ORBIT (oligo-mediated recombineering followed by Bxb-1 integrase targeting) system to

develop 8 deletion strains targeting either the canonical virulence factor ESAT-6, or the non-
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canonical virulence factors MPT70/MPT83 (in M. bovis and M. orygis) and characterized their
effects on protein secretion and macrophage infection. In chapter IV I used a murine infection
model to characterize the experimental outcome following aerosol exposure to M. tb, M. bovis,
and for the first time, M. orygis, revealing that M. bovis and M. orygis are hypervirulent compared
to M. tb following infection of the same host (based on comparative pathology, median survival,
and lethal dose). Additionally, I established that MPT70/MPT83 are critical virulence factors in
M. bovis but not M. orygis in this model. It was also observed that rapid mortality seen following
M. orygis infection could be delayed, but not overcome, by vaccination with either BCG (a live,
attenuated vaccine) or novel subunit vaccines. Finally, in chapter V I, in conjunction with
researchers at the University of Saskatchewan, determined that M. bovis and M. orygis show
significantly worse experimental outcomes compared to M. b in a calf model of infection.
Ultimately, this dissertation provides novel insights into the MTBCs and utilizes in vitro,
ex vivo, and in vivo techniques to experimentally characterize M. orygis for the first time. This
thesis established two recombineering systems in animal-associated lineages of the MTBCs and
the products of the tools have been used in both clinical and research laboratories. Perhaps most
importantly, this thesis has provided evidence that a third species should be considered in future
pathogenesis research and may be used as a new ‘foundation’ for the study of MTBC virulence

factors.
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RESUME

Les sous-especes du complexe Mycobacterium tuberculosis (MTBC) sont des agents
pathogénes étroitement liés qui provoquent la tuberculose chez les mammiféres. La recherche s'est
principalement concentrée sur Mycobacterium tuberculosis (M. tb, I'agent causal de la tuberculose
humaine) et Mycobacterium bovis (M. bovis, un agent causal de la tuberculose zoonotique).
Notamment, M. tbh est un pathogéne adapté a I'homme, tandis que M. bovis est un membre du
MTBC adapté a 'animal. Les travaux fondamentaux de Robert Koch et Theobald Smith ont établi
que M. tb et M. bovis ont des résultats d'infection sensiblement différents, l'infection par M. bovis
entrainant une pathologie plus grave. Dans le monde, plus de 10 millions de nouveaux cas de
tuberculose sont signalés chaque année; on estime qu'environ 1 % d'entre eux sont dus a une
tuberculose zoonotique (zZTB), généralement attribuée a M. bovis. Des études récentes ont montré
qu'un autre organisme, Mycobacterium orygis, pourrait également contribuer a la charge mondiale
de la TB. Cet organisme ayant été caractérisé pour la premicre fois en 2012, il n'a pas fait I'objet
d'études expérimentales approfondies et les connaissances sur son ¢pidémiologie et sa pathogénie
sont donc limitées. Les outils moléculaires actuels ont permis aux chercheurs de traduire les
observations naturelles des cliniques en évaluations systématiques en laboratoire, en utilisant des
techniques in vitro, ex vivo et in vivo. A cette fin, dans cette thése, j'ai utilisé l'ingénierie
mycobactérienne pour développer des souches isogéniques de M. bovis Bacille Calmette-Guérin
(BCG), M. bovis et M. orygis. Les souches de BCG ont ensuite été utilisées pour des diagnostics
cliniques, tandis que les souches isogéniques de M. bovis et de M. orygis ont été utilisées pour
étudier les résultats de l'infection a l'aide de modéles ex vivo et in vivo.

Dans le chapitre II, j'ai développé un panel de 6 souches monorésistantes du BCG en

utilisant la recombinaison oligo-médiée pour des études de controle de qualité en laboratoire. Dans
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le chapitre I11, j'ai utilisé le systeme ORBIT développer 8 souches de délétion ciblant soit le facteur
de virulence canonique ESAT-6, soit les facteurs de virulence non canoniques MPT70/MPT83
(chez M. bovis et M. orygis) et j'ai caractérisé leurs effets sur la sécrétion de protéines et 1'infection
des macrophages. Dans le chapitre IV, j'ai utilis€¢ un modele d'infection murine pour caractériser
les résultats expérimentaux aprés exposition par aérosol a M. tb, M. bovis et, pour la premiére fois,
M. orygis, révélant que M. bovis et M. orygis sont hypervirulents par rapport a M. ¢tb apres infection
du méme héte (sur la base d'une pathologie comparative, de la survie médiane et de la dose 1étale).
En outre, j'ai établi que MPT70/MPT83 sont des facteurs de virulence critiques chez M. bovis mais
pas chez M. orygis dans ce modele. Il a également été observé que la mortalité rapide observée
apres une infection par M. orygis pouvait étre retardée, mais pas surmontée, par la vaccination
avec le BCG ou avec de nouveaux vaccins a sous-unités. Enfin, dans le chapitre V, j'ai déterminé,
en collaboration avec des chercheurs de I'Université de Saskatchewan, que M. bovis et M. orygis
présentent des résultats expérimentaux nettement moins bons que M. ¢th dans un modele d'infection
chez le veau.

Finalement, cette thése fournit de nouvelles informations sur les MTBC et utilise des
techniques in vitro, ex vivo et in vivo pour caractériser expérimentalement M. orygis pour la
premicre fois. Cette theése a établi deux systémes de recombinaison dans des lignées de MTBC
associées a l'animal et les produits de ces outils ont été utilisés dans des laboratoires cliniques et
de recherche. Peut-étre plus important encore, cette thése montre qu'une troisiéme espece devrait
étre prise en compte dans les recherches futures sur la pathogenése et pourrait étre utilisée comme

nouvelle ‘base’ pour 1'é¢tude des facteurs de virulence des MTBC.
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CHAPTER I: LITERATURE REVIEW

1: A Brief History

Few diseases have shaped human history as tuberculosis (TB) has. The first written
descriptions of TB come from India and China ~2000-3000 years ago; the first physical evidence
of TB associated pathology predates this, coming from 8000—10000-year-old human skeletal
remains'~. As an ‘ancient’ disease, TB has held many other names such as phthisis, ‘king’s evil,
‘robber of youth’, ‘captain of death’, white plague, consumption etc.>*°. Often these names
described the disease phenotype, including white, necrotic lesions in the lung (later termed
‘tubercles’), cough, bloody sputum, weight loss, pallor, anemia, and fever>’. Beyond these
observations, it was also well-established that TB was not only a disease of the lungs, but was also
found in the cervical lymph nodes (called scrofula), though this was less common?’. The TB
epidemic reached a critical mass between the 171 and 19' centuries in Europe and North America.
Historical evidence indicates mortality rates as high as 800-1000 deaths per 100 000 people per
year in major European cities (London, Stockholm, Hamburg); in New York and Massachusetts
TB was responsible for a quarter of all recorded deaths®#-1°, This has been largely attributed to
increased population, poor working conditions and socioeconomic factors (overcrowding,
inadequate ventilation, malnutrition, poverty etc.) at that time, resulting in the rapid spread of

disease>”!!

. During this same period, significant advancement was made about the origin,
manifestation and transmission of TB. First, in 1720, Benjamin Marten postulated that TB may be
an infectious disease, rather than an inherited one, and that it may be caused by microorganisms.

Second, in 1819, René Theophile Laennac redefined the clinical features and diagnosis of both

pulmonary and extrapulmonary TB (ex: bone, joint, gastrointestinal, central nervous system etc.)’.
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Next, though initially dismissed, in 1865 Jean-Antoine Villemin established that TB is
transmissible by subcutaneously infecting rabbits with tissue from a deceased tuberculosis patient
(pus and portions of the granuloma)'?!3. At autopsy, despite no overt signs of clinical disease, the
rabbit showed extensive lesions throughout the body, confirming the previous suspicions!'>!3,
These efforts culminated in the isolation and identification of tubercle bacilli, the causative agent
of tuberculosis, by Robert Koch in 18824, This would subsequently be renamed as Mycobacterium
tuberculosis.

Shortly after Koch’s establishment of M. tuberculosis as the key agent of tuberculosis, it
became apparent that human-associated TB and cattle-associated TB were fundamentally different
in terms of morbidity, and mortality. This suggested that, contrary to the current understanding,
there may be more than one causative agent of tuberculosis which affects more than one host. It
was already known that milk from diseased cows contained tubercle bacilli and that this disease
could be transmitted orally to a number of hosts (guinea pigs, rabbits, pigs, and calves)!®. Two
physicians (Emanuel Klein and Heneage Gibbs, 1883) observed that, following experimental
infection, guinea pigs succumbed to infection from both human and bovine tubercle bacilli
whereas rabbits only succumbed to infection following exposure to bovine tubercle bacilli'>.
Following this, in 1898, Theobald Smith identified and characterized the bovine tubercle bacillus,
known today as Mycobacterium bovis, allowing for the parallel analysis of different tubercle

bacilli, in different hosts, and, as such, providing the first evidence of differential virulence'¢-!8,

2: Defining Mycobacteria

Mycobacteria belong to the order Actinomycetales and are the only genus within the family
mycobacteriaceae. The Mycobacterium genus was originally named by Lehmann and Neumann in

1896, based on Mycobacterium tuberculosis'. Broadly, these organisms are defined as acid-fast
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positive (AFB+), rod-shaped, non-motile, non-spore forming, aerobic microorganisms, measuring
1.0-10.0 uM in length?®2!. The doubling time of mycobacterial species varies greatly allowing the
genus to be divided into fast growers (colonies appear within 2-5 days on solid media) and slow-
growers (colonies appear >7 days on solid media)?>. One of the defining features of the genus is
the composition of the cell wall. Though technically Gram positive, the organization of the
mycobacterial cell wall is more similar to Gram negative species?’. Mycobacteria possess thick,
waxy cell walls which contain peptidoglycan, arabinogalactan, mycolic acid, and a multitude of
lipids and immunomodulatory structures?*?*, Notably, mycolic acid acts as a hallmark of the
mycobacterial cell wall and is essential for the regulation of bacterial viability and virulence?. The
unique structure of the cell wall provides inherent resistance to light, acid, alcohol, and heat and
plays an essential role in mycobacterial pathogenicity?*?°. Further, the mycobacterial cell wall is
hydrophobic; lipids account for ~40% of its dry mass, in comparison to only 20% in Gram-negative
bacteria?’. At the nucleotide level, mycobacteria are guanine (G) and cytosine (C) rich with an
average genomic content of ~62-70% (average prokaryotic GC content= 16-77%)>%%.

At present, ~200 mycobacterial species have been described, with variable clinical
relevance®®. The Mycobacterium genus can be broadly characterized into three groups: the
Mycobacterium tuberculosis complex subspecies (MTBCs), Mycobacterium leprae and M.
lepromatosis (the causative agents of leprosy), and non-tuberculous mycobacteria (NTMs)*!-32, Of
note, NTMs make up the largest proportion of the genus and have the greatest genetic diversity
between strains. Moreover, whereas the MTBCs, M. leprae, and M. lepromatosis consist solely of
obligate pathogens, the NTMs consist of benign environmental species, opportunistic pathogens,

and obligate pathogens®’. This dissertation will focus on four members of the MTBCs:
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Mycobacterium tuberculosis (M. tb), Mycobacterium bovis (M. bovis), M. bovis Bacille Calmette-

Guérin (BCQG), and Mycobacterium orygis (M. orygis).

3. The Mycobacterium tuberculosis complex subspecies (MTBCs)

Until two decades ago, it was often stated that the tubercle bacillus originated in animals
and was transmitted to humans following domestication®*. Given that animal-associated lineages
of the MTBC, such as M. bovis, have an extensive host-range whereas M. tb is restricted only to
humans, this follows logically’>. However, molecular analysis challenged this evolutionary
scenario by showing that M. ¢b had a larger genome and that the M. bovis genome was marked by
deleted regions. This suggested instead that TB began in humans and evolved in animals**3,
Compared to the inferred ancestor, MTBC evolution is reductive, having no evidence of
acquisition of new genetic material nor horizontal gene transfer (HGT)?°. Together with the
uncertain evolutionary scenario, a contemporary understanding is that the MTBC are tubercle
bacilli associated with different mammalian hosts and that phenotypic variation amongst the
MTBC is due to either the loss of genes, mutations in genes resulting in altered protein sequences,
duplications of genes or the modulation of expression of a conserved gene.

At the nucleotide level, MTBCs are 99.95% conserved, differentiated based on regions of
deletion (RDs, ranging from 2-12.7 kb) and strain specific single nucleotide polymorphisms
(SNPs)*42, Members of this complex are slow-growing organisms (doubling time > 24 hours),
capable of causing tuberculosis in immunocompetent mammalian hosts*}. Pragmatically, these
subspecies can be further divided into human-associated strains, animal-associated strains, and M.
canettii***. Though historically cited in literature, the inclusion of M. canettii as part of the MTBC
has been debated due to genomic size, content, and bacterial physiology of isolates compared to

other members of the complex!!. Additionally, there is evidence of recombination that

Danchuk, SN 4 PhD Thesis



differentiates it from the clonal nature of other members of the MTBCs*®. As such, M. canettii

will be considered an outgroup in this dissertation.

3.1 Animal-Associated MTBCs

Presently, 10 lineages of M. th (L1-L10) and 10 animal-associated subspecies have been
described. The animal-associated subspecies have been binned into clades called A1-A4 (Figure
2). With the exception of A1 members, all animal-associated strains have been documented in at
least two animal hosts. As such, the MTBCs can be colloquially divided into single-host specialists
(like M. tb and A1 organisms) or multi-host generalists (the others) (Figure 2).

Briefly, A1 refers to M. mungi (mongoose), M. suricattae (meerkat), the Dassie bacillus,
and the Chimpanzee bacillus. Notably, members of this clade have to date been detected in a single
host and have shown no evidence of human-infection, though these strains are most closely related
to L6 and L9 of M. tb''*°, Additionally, M. mungi, M. suricattae, and the Dassie bacillus show
unique deletions in ‘RD1’, whereas the Chimpanzee bacillus shows this region intact*’. Notably,
essential virulence factors (including ESAT-6 and CFP-10, Section 8.1) are encoded by this
region*®, Members of A2 include M. microti and M. pinnipedii. M. microti has a strain specific
deletion in RD1 and was previously used as a vaccine strain against M. tb (see section 5).
Additionally, it can be found in a broad host of wild and domesticated animals (voles, shrew, mice,
cats, boar, llamas etc.) though its natural geographic range is likely restricted to Europe®*°. M.
microti infection in humans is rare but has been reported in both immunocompromised and

immunocompetent patients’*->2

. Comparatively, M. pinnipedii has been isolated from a broad
range of hosts including wild and captive pinnipeds (seals, sea lions), dolphins, camels, tapirs,

gorillas, leopards, cattle, and immunocompetent humans>->°, In fact, MTBC DNA isolated from

~1000-year-old Peruvian human remains is most similar to modern M. pinnipedii isolates. This
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provides foundational evidence of TB existing in the ‘New World’ prior to European expansion

47.36,57 Of note, no direct human-

and supports animal-to-human transmission model from hunting
to-human transmission of M microti or M. pinnipedii has been documented though it has been
suggested*->. Finally, A3 and A4 lineages have the most extensive host-ranges and include the
causative agents of bovine tuberculosis (bTB). Additionally, members of these clades have the
greatest contribution to animal and human health globally. A3 consists of M. orygis isolates

exclusively whereas A4 consists of M. bovis (including M. bovis BCG vaccine strains), and M.

caprae'***°, Lineages A3 and A4 will be further discussed in sections 6 and 7.

4. Mycobacterium tuberculosis (M. tb)

In 2022, there were ~10.6 million new cases of TB and 1.3 million deaths. Of these deaths
~167000 could be attributed to HIV + individuals®. The great majority of these cases and fatal
infections are thought to be due to M. tb. Despite being a completely curable disease, TB remains
a leading cause of death globally due to a single infectious agent (surpassing COVID-19) and the
number one leading cause of death amongst HIV+ people®. Thirty countries are responsible for
~87% of the total TB burden, with India being responsible for~27% alone (Indonesia has the next
highest burden at ~10%)%. The End TB Strategy of the WHO seeks a global case reduction to <
10 cases per 100,000 people by 2035%!. There are two main barriers that prevent this: 1) lack of
available (and accurate) diagnostics and 2) universal access to treatment®!. For the scope of this

dissertation, M. tb will only be considered as a comparator species for experimental infections.

4.1 Genome:

The reference strain M. th H37Rv was first sequenced in 1998, revealing a genome ~4.4
MB in size, with an average GC content of ~65.5%. In 2022, this genome was updated and shown

to be ~6.4 kB larger®?. One of the major challenges of M. tb, and other members of the MTBC, is
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repeated sequences throughout the genome®. Further analysis showed that ~50% of the proteome
was the result of gene duplication or rearrangement events!!. Additionally, where gene duplications
occurred, they were predominantly involved in secretion (ex: the ESX system, described above),
PE/PPE production, fatty acid metabolism, lipid transport!!. Interestingly, many of these gene
duplication events are believed to be associated with virulence and mycobacterial survival'l. M. tb
has been divided into ‘ancestral’ and ‘modern’ lineages based on the presence or absence of
“TbD1°’, a region of the genome containing mmpS6 and a portion of mmpL6 (suspected to be
involved in oxidative stress responses)®’. Moreover, most TB cases globally can be attributed to
the ‘modern’ lineages (L2-4), though the ancestral lineage 1 is prominent in South Asia!l-64,
Interestingly, there are strain specific variances in bacterial and host phenotypes following natural
or experimental TB infection!!:%>. For example, L6 (also known as M. africanum) shows a

decreased bacterial burden compared to L2 following experimental infection®. Similarly, L1 has

been reported to be more likely to cause TB meningitis compared to L4,

4.2 Pathogenesis:

As described previously, the ‘tubercle bacillus’ was first discovered to be the causative
agent of human tuberculosis in 1882. Although it is a predominantly a pulmonary pathogen, M. ¢b
can cause disease anywhere in the body (extrapulmonary TB). Unlike its animal counterparts, the
host-range of M. b is restricted to humans®®-%’. Though M. tb has been detected in animals
(elephants, cattle, dogs, non-human primates) these are considered to be spillover hosts and do not
propagate infection®®. For onward transmission, the estimated burden of bacilli capable of causing

6569 M. th transmits from human to human via the

infection is estimated to be ~1-3 organisms
aerosol route, which can occur during coughing, singing, or even through tidal breathing. Exposure

to the bacteria will result in one of two options: 1) clearance or 2) infection. Of those infected,

Danchuk, SN 7 PhD Thesis



between 90-95% of infected people will clear or contain M. ¢b infection but ~5-10% of people will
develop disease (TB) over their lifetime (typically within 18-24 months of initial infection)’. Tt is
this minority that develop disease who are thought to transmit M. tb. and propagate the epidemic.

The early events of MTBC infection are complex and depend largely on initial response of
the host immune system’!. The innate system (macrophages, dendritic cells, neutrophils, and
natural killer cells) helps restrict the progression of infection until the adaptive system is alerted
and mounts a supplementary response. When inhaled M. tb is ingested by alveolar macrophages
where a cascade of host responses are initiated, including cytokine and chemokine secretion’!.
This response recruits other cells to the site of infection (such as other macrophages, neutrophils,
dendritic cells and, at a later point, lymphocytes) and results in the formation of an immune cell
rich structure known as a granuloma, considered as the ‘hallmark’ of TB disease’!. Though the
granuloma acts as one of the main lines of defense against M. ¢b, it also provides a niche for
mycobacteria to exploit’2. If bacterial growth is controlled, bacteria remain within the confines of
the structure; however, if there is immune dysregulation (such as an imbalance of pro- and anti-
inflammatory cytokines), the centre of the granuloma can undergo necrosis and release bacteria’!.
These bacteria then trigger the formation of additional granulomas in other tissues (both pulmonary
and extrapulmonary sites) where the process repeats’!. The classical M. b granuloma consists of
macrophages (naive and differentiated), multinucleated giant cells (referred to as Langhans giant
cells), and lymphocytes (T- and B-cells) in addition to other innate immune cells’?. Following M.
tb infection, several types of granulomas can be induced: caseous (in which a central necrotic
centre is rimmed by differentiated macrophages, T-cells, and B-cells), non-necrotizing (composed

mostly of macrophages), necrotic neutrophilic granulomas, and fibrotic granulomas’*’3, Of note,
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both the host and MTBC strain (ex: M. th, M. bovis and M. orygis) influences the granulomatous

response and can result in significantly different infection outcomes!-7174.75,

4.3 Diagnostics:

As described in the previous section, there are two main outcomes of exposure to M. tb:
clearance or infection, and of those infected, a minority will progress to disease. Likewise,
diagnostics used clinically can be divided into those which test for infection, and those which test
for disease. This section will be a brief overview of diagnostic assays currently in use. Several will

be discussed more in depth in Chapter I1.

4.4 Diagnosis of M. tuberculosis infection:

This section outlines two tests commonly used to diagnose M. tb exposure and/or infection
in humans, rather than the disease (TB). These tests can be used for both the evaluation of contacts
of TB cases and routine TB screening for those in higher risk settings such as healthcare or

mycobacterial laboratory personnel.

4.4.1 Tuberculin skin test (TST):

The TST uses standardized purified protein derivative (PPD-S), originally isolated from
heat killed M. b cultures’®. If an individual has been previously exposed to mycobacterial antigens
(at least 6-8 weeks prior), a delayed-hypersensitivity reaction will occur and can be measured 48-
72 hours later’5"8, This manifests as an induration that can be demarcated and measured with a
ruler’®, Whether a test is positive or not is determined by ‘induration cutoffs’ of 5, 10, and 15 mm
which are applied based on risk factors such as age, immune status, weight, contact with TB

patients, or place of residence/work’®. Accordingly, the specificity of the tests increases as the
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diameter of the skin reaction increases but the sensitivity diminishes”. Tests read after 72 hours
are inaccurate as the size of the skin reaction may be underestimated’®.

One notable drawback of the TST is that antigens used in tuberculin are not specific for M.
tb; they are also found in BCG and various NTMs, thus increasing the likelihood of a false positive
result’’. In theory, the TST is most useful in areas with low BCG vaccination rates, however in
practice, the TST is most commonly used in high burden regions®. This may be attributed to its

low cost and accessibility in low and middle income countries’®.

4.4.2 Interferon- y release assay (IGRA):

The IGRA is a blood test that relies on the secretion of the cytokine IFN-y by T-cells in
response to M. tb specific antigens that are not present in BCG (ESAT-6, CFP-10, TB7.7). This is
particularly attractive for populations in which rates of BCG vaccination are high®'.Currently there
are two assays in use clinically: the QuantiFERON-TB Gold (in which an enzyme-linked
immunosorbent assay is used to detect [IFN-y secretion from whole blood) and the enzyme-linked
immunospot (ELISPOT)-based T-SPOT.TB (in which peripheral mononuclear cells are measured
to determine IFN-y secretion after stimulation)®?. The benefits of IGRA testing include: no follow-
up visits required, results can be provided within 24 hours (depending on laboratory processes),
no interpretation required (unlike induration readings), and no false-positive due to prior BCG
vaccination. However, due to the expense of these assays, IGRAs are typically used in high income
countries with the resources necessary for larger-scale diagnostics’®8!82,

Neither the TST nor the IGRA are reliable indicators of ongoing infection as they are
indirect and rely on the generation of an immune response following a previous exposure to

mycobacterial antigens’’. As such, these tests can only be used for determining if an individual has

at one time been infected, not if the infection has been cleared nor will progress to disease.
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Moreover, both tests rely on the ability of the individual to mount an adequate immune response;
this may be impeded by immunocompromised (ex: HIV+ patients) and immunosuppressed

individuals (ex: chronic steroid use, transplant patients etc.).

4.5 Diagnosis of disease:

Broadly, clinical diagnosis of TB may involve a combination of symptomatic assessments,
chest X-rays, microscopic examination (ex: acid fast/Kinyoun stain, auramine-rhodamine stain
etc.), mycobacterial culturing, and/or molecular screening®. Active TB disease is classically
described with symptoms such as persistent cough, fever, bloody sputum (hemoptysis), fatigue,
weight loss, loss of appetite, and night sweats®*. On a chest X-ray, TB often presents as opacities,
typically in the upper lobes of the lungs®*%. Though this is a good indication that there is a lung
disease, a chest X-ray alone cannot distinguish TB from other lung diseases such as NTM
infection, pneumonia, lung cancer, etc. and must be used in conjunction with other diagnostics®*%.
Currently, the Canadian Standards of Tuberculosis recommends that “every effort must be made
to obtain a microbiological diagnosis”®*. As such, evidence of M. tb (or MTBCs) must be shown
through microscopy, culturing (phenotypic testing), and/or molecular testing. AFB staining,
described above, determines if the bacterial species is acid fast (likely mycobacteria) but not what
the species is. Moreover, microscopy has a limit of detection (LOD) of ~10° CFU/mL of sample
and bacilli can be overlooked®’. Mycobacterial culturing (using liquid or solid media) is the most
reliable method of M. b detection (LOD ~10 CFU) and remains the ‘gold standard’ for both
identification of MTBC species and drug-susceptibility testing (DSTs)**8¢. However due to long
turnaround time (cultures take between 2-8 weeks depending on the test employed), and
83,86

specialized requirements for processing, culture-based diagnosis delay adequate patient care

The advent of new, molecular tests has been an appealing alternative to culture-based detection.
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The WHO currently recommends several nucleic acid amplification assays (NAATSs) as initial
diagnostic tests®’. This is largely due to rapid readouts, reduced cost, the ability to detect drug
resistant strains in tandem, and overall accessibility in limited-resource settings®®*’. However,
many places (typically low income, high burden countries) in which rapid molecular assays are
deployed continue to use outdated tests with lower sensitivity, and thus may overlook both drug-
susceptible and drug-resistant M. b cases®. Of note, this dissertation will be limited to discussion
of the role and limitations of GeneXpert MTB/RIF (Cepheid), GeneXpert ULTRA (Cepheid), and

the Hain LifeSciences MTBDRp/us.

4.6 Treatment:

Effective drugs against M. th have been around since the 1940s. However, with them also
came the danger of drug monotherapy. The current treatment recommendations for drug-
susceptible M. tb by the WHO is ~4-6 months of daily multidrug therapy using rifampin (RIF),
isoniazid (INH), pyrazinamide (PZA), and ethambutol (EMB), all frontline TB agents®®. The
Canadian Tuberculosis standards for physicians further divides this into ‘intensive’ and
‘continuous’ phases®®. The intensive phase is defined as the use of 3-4 effective frontline drugs
daily for a minimum of 2 months whereas the continuous phase is a daily dosing of a minimum of
two effective drugs (for example RIF and INH), though this dosing can be specialized based on
patient needs®®. The biggest challenge in TB treatment is the rise of rifampin-resistant (RR)/multi-
drug resistant (MDR)- and extensively-drug resistant (XDR) TB. Broadly, MDR-TB is defined as
an isolate resistant to rifampin (RIF) and isoniazid (INH) whereas XDR-TB is defined as an MDR
isolate also resistant any fluroquinolone (FQ) and at least one group A drug (bedaquiline, BDQ
and/or linezolid, LZN). In 2021, the WHO also expanded their definitions to include ‘pre-XDR’

in the classification of resistance, defined as a RIF-R isolate also resistant to any FQ. In 2022, it
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was reported that RR/MDR-TB cases accounted for 3.3% of all new cases, and 17% of previously
treated cases worldwide. Concerningly, it was also reported that just three countries accounted for
42% of RR/MDR-TB cases (India, the Philippines, and the Russian Federation).

Current treatment of DR-TB ranges from 6-20 months, depending on regimen (RR v. MDR
v. pre-XDR/XDR-TB). At a baseline, a minimum of 6 months of BDQ, pretomanid, LZN, and
MFX is recommended (known as BPaLM); for patients with pre-XDR and XDR, MFX is removed
(BPaL). The introduction of a second line injectable may be included for cases of XDR, though
this is not ideal. These are extensive treatments with significant side-effects; as such, it is crucial
that patients are rapidly- and correctly- diagnosed. In a multi-centre study of several high burden
countries, ~72% of isolates studied showed some form of drug resistance (4% of these isolates
were XDR-TB)%. However, one of the most interesting findings of this study was that ~15% of
all patients received the wrong treatment based on local testing compared to WGS?®. Further, this
study also showed a five-fold higher mortality of undertreated versus properly treated patients®.
A further challenge to TB treatment is heteroresistance, defined as populations of both susceptible
and resistant M. b strains within a single sample®. Heteroresistance is difficult to reliably detect
with current molecular assays and often overlooked®. This may contribute to either treatment
failure at the individual level or to the propagation of MDR- and XDR-TB at the global level due
to the lack of adequate treatment®®°°, Moreover, this risks the unnecessary exposure of patients to
toxic, but ultimately ineffective antibiotics®.

There are two paths to TB elimination: 1) prevention or 2) detection and treatment. For
prevention, this requires the development of new, effective vaccines that surpass the efficacy of M.
bovis BCG (discussed below). For detection and treatment, this requires the development and/or

optimization of phenotypic and genotypic assays in tandem with the expansion of surveillance
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globally and access to crucial antibiotics. Of note however, M. tb is not the only pathogen that

must be overcome for a ‘TB free’ world (see Sections 6 and 7, below).

5. Mycobacterium bovis Bacille Calmette-Guérin (BCG)

BCG is a live, attenuated vaccine derived from virulent M. bovis originally derived by
Albert Calmette and Camille Guérin. For over 100 years, this vaccine has been employed for
protection against TB and remains the only licensed vaccine for TB, with ~100 million doses
administered each year’!. Importantly, BCG typically given within the first few days of life, has a

well-established safety profile.

5.1 History

The development of BCG followed the failure of Koch’s tuberculin vaccine in 1890,
originally thought to be an effective therapeutic agent against TB%2. This was quickly disproven,
though it did prove useful in the diagnosis of M. tb infection and continues to be employed today
(tuberculin skin test, TST)**. Eighteen years and many attempts later, a viable vaccine was still not
developed. In response to this, Calmette and Guérin sought to create a strain of mycobacteria with
reduced virulence but high immunogenicity. They combined the vaccination strategies of Edward
Jenner (utilization of a non-human pathogen) and Louis Pasteur (utilization of attenuated
pathogens via long-term bacterial manipulation)®?. As such, M. bovis, originally isolated from a
diseased cow in 1902, was passaged >230 times for ~13 years (1908-1921) on potato slices soaked
with ox bile and glycerine *+%°. The resulting strain was attenuated in calves and guinea pigs but
could still provide protection against lethal M. ¢b infection®®”’. It is known now that this attenuation
coincided with a 9.5 kb deletion termed ‘RD1’ that is present in M. bovis strains but absent in all
BCQG strains. RD1 encodes part of the ESX-1 system responsible for the secretion of the ‘6 kDa

early secreted antigenic target’ (ESAT-6) and the ‘10 kDa culture-filtrate protein’ (CFP-10). Gene
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deletion and complementation studies have shown that a) the RD1 locus is required for the full
virulence of M. tb and M. bovis and b) ESAT-6 and CFP-10 are virulence factors (mentioned
above).

BCG was first used to protect infants living in an active TB household. The first oral
administration of BCG to a neonate occurred July 18, 1921. Within the year, another 120 infants
were vaccinated, and a routine vaccination schedule was established in which BCG was
administered every other day within 10 days of birth. By 1927, a total of 21,000 infants had been
BCG vaccinated orally®?. By 1928, the route of administration had been converted from oral to
intradermal, still in use today. This became the preferred route of vaccination due to increased dose
precision and replicability, and a more consistent response to the Koch’s TST. During this initial
vaccination phase, it was observed that vaccinated children had significantly less death compared
to unvaccinated children (5% versus 16%, respectively)®.

Following the success of this vaccination campaign, strains of live BCG were sent to ~60
laboratories globally. At the time, the ability to freeze and store viable bacteria was inadequate. As
such, between 1924 and 1927, the ‘original’ BCG strain was exposed to a number of culturing
techniques and growth media, as the strain required continual passaging. This resulted in

significant in vitro evolution i.e. daughter strains with unique antigenic profiles®-1°!,

5.2 Features of BCG strains:

BCQG strains can be differentiated based on regions of deletion, duplication, and/or lineage
specific SNPs. Based on these genetic features, daughter strains can be broadly categorized as
early (pre-1927) and late (post-1931) strains. Early strains include BCG Russia, BCG Sweden,
BCG Japan, BCG Moreau and BCG Birkhaug; late strains include BCG Prague, BCG Glaxo, BCG

Danish, BCG Tice, BCG Connaught, BCG Frappier, BCG Phipps, and BCG Pasteur. Based on
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when the strains were obtained, BCG Russia is considered the ‘oldest strain’ derived in 1924,
whereas BCG Pasteur is the most ‘modern’ strain, derived in 1961!%2, By the 1960s, lyophilization
enabled storage of viable bacteria without the need for further passaging®’. One of the key
differences between early and late strains is the expression of MPT64, MPT70, and MPTS83; early
strains constitutively produce high amounts of these proteins whereas late strains cannot. This
coincides with the deletion of the RD2 region as well a mutation in sigK that occurred between
1927 and 1931°%:100.103.104 " Dyye to the decreased immunogenicity of late strains, it has been
postulated that these strains may be 1) less virulent than early BCG strains and 2) provide less
protection against TB, both of which remain controversial®!-"6-7-105-19 High MPT70/83 expressors
have also been associated with higher rates of adverse effects, such as BCG osteitis!!. This osteitis
has been postulated to be in part caused by a conserved osteoblast specific domain in the MPT70
protein, though this has not been proven!!’. Further characterization of MPT70 and MPT383 is
discussed in section 6.5. As of 2023, six strains of BCG account for >90% of all vaccination (BCG

Pasteur, BCG Danish, BCG Glaxo, BCG Japan, BCG Russia, and BCG Moreau)!!!!12,

5.3 BCG in the clinical setting:

The reported efficacy of the overall protection of BCG against pulmonary TB has varied
widely between controlled trials, from 0% (Chengalpattu trial) to 80% (UK Medical Research
Council trial)!'3. Due to the contested protection of BCG against tuberculosis, many countries have
stopped mass vaccination and recommend BCG only in high-risk communities'!#. In Canada, BCG
is still routinely administered to 1-month-olds living in Nunavut and Nunavik but is otherwise not
part of the standard infant vaccination schedule. For countries in which BCG is administered, the
global vaccination rate among 1 year olds is ~87%, with the greatest coverage occuring in Europe

(93%), and the lowest coverage occuring in Africa (80%)'!°. Multiple clinical studies have shown
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that BCG has the greatest protective efficacy in children < 5 years but is largely ineffective in
adolescents and adults. Despite inter-trial variation, BCG protection against miliary or meningeal
TB (TB-meningitis) is consistently high, though this protection is limited, often waning beyond
10-15 years!'®, A 2022 systematic review of infant BCG vaccination determined that the overall
protection of BCG against all forms of TB was ~18% (analysis of 26 cohort studies in 17
countries), where TB was defined as pulmonary, extrapulmonary, miliary TB, and/or TB-
meningitis'!”. However, when stratified for by age, the greatest protection against all forms of TB
was seen in children < 5 years with an overall protection of 37%. If restricting to children with a
positive TST or IFN-y release assay (IGRA), overall protection was 19%, children under 5 was
32%, and children between 5-9 was 38%. For cohorts with negative TSTs or IGRAs, children <5
showed ~46% protection. For studies that reported pulmonary versus extrapulmonary infection,
overall protection was consistent (19%) but, there was no significant protection against
extrapulmonary TB (EPTB, 4%). Studies in which meningeal and miliary TB were reported

H7-119 This is consistent with other systematic reviews

showed rates of protection between 64-92%
in which overall protection ranged between ~19-50%, and childhood protection is significantly
higher!!3:119-121  Additionally, of the studies that do stratify BCG by lineage, there was no
significant difference in protection®!:!13:121.122 Thig latter observation is however limited by the
fact that no BCG clinical trials has used an ‘early’ strain.

Two systematic reviews have reported a significant reduction (>70%) in tuberculosis-
related childhood mortality (defined as children < 14 years of age)'!”>!'°. In contrast, there was no

clear relationship between BCG and death in participants > 15 years of age!!”

. Emerging evidence
suggests that BCG may also reduce infant all-cause mortality, likely due to the induction of non-

specific immunity against other pathogens!?3~12°, In a recent systematic review, all-cause mortality
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in neonates was reduced by 21%, though this effect was abrogated beyond 12 months'?3.
Additionally, infection related mortality was reduced by 33% and mortality due to sepsis was
reduced by 38%!'%3. Risk reduction of respiratory infection (excluding COVID-19) was estimated
to be ~44%, though this varied markedly between trials'?*. Protection from non-specific immunity
has also been observed with the measles vaccine, oral polio vaccine, and the diphtheria-tetanus-

pertussis vaccine, though the exact mechanism of action has yet to be determined!+!26,

5.4 BCG in a laboratory setting:

Three major drawbacks of BCG clinically are 1) genetic diversity between daughter strains
2) variable efficacy across clinical populations (demographically and geographically) and 3) the
potential of disseminated disease in immunocompromised individuals. However, these same
drawbacks for BCG policy make BCG ideal to study within the laboratory. As discussed, BCG is
attenuated, but immunogenic. Moreover, despite in vitro evolution, BCG, M. th, and M. bovis share
>99.9% genomic content. This enables it to be used in select experiments as a laboratory proxy,
without the need for a specialized biosafety containment facility. BCG strains also have defined
and differential drug profiles, which can be used in diagnostics (as described in this dissertation),
investigation of potential drug targets and mechanisms of resistance. For example, strains lacking
the RD2 region (such as BCG Danish and BCG Pasteur) show low-level resistance to isoniazid
(INH), a frontline antibiotic for TB treatment, and ethionamide (suggesting a common drug
target)!?’. Additionally, these same strains are sensitive to clarithromycin, enabling a ‘non-TB’
drug to be used as frontline treatment!?®. In combination, these observed phenotypic differences
between BCG strains, may potentially inform treatment options for disseminated BCG in

immunocompromised patients!?’.
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The second chapter of this dissertation hinges on the ability to use BCG as a well-defined
member of the MTBC and, subsequently, create recombinant strains for use in current and future
diagnostics. This is especially pertinent as entrance into the ‘molecular’ era of diagnostics results
in the rapid development and enrollment of assays into clinical use, often without the use of proper

quality controls.

6. Mycobacterium bovis (M. bovis):

Of the animal-associated MTBC members, M. bovis is the best studied®’. Since its
discovery by Smith in 1898, the impact of the bovine tubercule on human health has been widely
debated. In 1901, though Koch accepted that the tubercle bacilli and the bovine tubercle caused
two different diseases, he did not consider cattle to human transmission a cause for concern!®1%°,
However, it was clear that 1) the most common route of exposure to M. bovis was ingestion of
contaminated milk, milk products, and/or contaminated meat and that 2) this exposure led to
human disease!*°. In retrospect, this can be considered some of the first evidence of M. bovis as a
zoonosis, being transmitted not only animal-to-animal, but animal-to-human as well.

Reports of the British Royal Commission between 1904-1911 indisputably established that
there were two types of tubercle bacilli and that the bovine one was more virulent than the human
variant!3!1-133, Additionally, this commission determined that humans must be added to the list of
hosts susceptible to the bovine tubercle!”-!33. For many years following this, different virulence, in
different hosts was used to determine disease caused by the human tubercle or disease caused by
the bovine tubercle, eventually renamed Mycobacterium bovis in 1970'3!. The reasons behind
differential virulence in humans and animals still remains unknown.

The emergence of M. bovis has been postulated to coincide with animal domestication,

likely within the last 6000 years!**, It is suspected that modern M. bovis emerged in East Africa
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with a later secondary emergence in the ‘New World” and Oceania!**13¢, In fact, the earliest
evidence of M. bovis infection in humans comes from four South Siberian skeletons from the Iron
Age (~360 B.C.E -230 C.E.)!3>!37, The transport of cattle and other animals (such as sheep, goat,
yaks, horses) likely played a major role in the transmission and spread of M. bovis, this is supported
by phylogenetic estimations and archeological findings!'3>!37. Presently, M. bovis infection has
been documented in ~85 species including livestock (cattle, pigs, sheep, goats, etc.), wildlife
(badgers, deer, wild boar, bison, buffalo etc.), pets (cats, dogs, guinea pigs) and humans?%138:139,
M. bovis transmission has been documented between animal species, from animal-to-human,
human-to-animals, and, rarely, between humans. As such, it can be considered both a zoonosis and
a reverse zZoonosis.

Prior to pasteurization and other bovine control programs (ex: surveillance; test and cull),
M. bovis constituted a significant portion of total mortality due to tuberculosis, particularly in
children!®. In fact, in the early 1900s, M. bovis was estimated to cause up to 25% of all cases of
tuberculous meningitis'*’. Though significantly reduced, M. bovis is still detrimental to human and
animal health. In 2019, an estimated ~140 000 cases and ~11 400 deaths were attributed to zoonotic
tuberculosis (zTB)!#1142, Globally, ~80% of zTB cases in humans are in Africa and South Asia (68
900 and 43 400 cases respectively). For context, these regions account for ~25% and 45% of the
global TB burden respectively!#*!44. This provides further cause for concern as a number of high
burden TB and zTB countries also have a high prevalence of HIV infection®®!4, Estimates of zZTB
worldwide are likely inaccurate, largely due to incorrect definition of the term (zTB verus bovine
TB, bTB), lack of reporting, potential co-infection and misdiagnosis'#>!4%, This is particularly

relevant as the eradication of TB cannot occur without the eradication of zoonotic TB.

6.1 Clinical features:
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Tuberculosis caused by M. bovis is indistinguishable from M. b clinically and

147

radiographically'*’. Though not geographically restricted, the occurrence of M. bovis infection in

humans is much less common in countries with rigorous bTB surveillance, control and eradication

programs but it can still occur!#!%

. In humans M. bovis more commonly manifests as
extrapulmonary infection, often considered as a disease of the lymph nodes (lymphadenitis,
scrofula) and/or the gastrointestinal tract, though any organ can be affected'™°. Atypical M. bovis
locations have also been reported in the eye, bones, joints, oral cavity, genitourinary system and
the central nervous system (CNS). Case series have also observed that patients with M. bovis
infection are less likely to have pulmonary involvement when compared to patients with M. 5!,
Whether this is mediated by M. bovis virulence, point of pathogen entry, or immune status of the
patient, is not clear!>!,

Whole genome sequencing (WGS) is the most reliable molecular diagnostic test of M.
bovis as routine mycobacterial tests such as AFB staining, GeneXpert, skin tests (TST), and IGRAs

cannot differentiate between M. tb and M. bovis>>147

. This differentiation is crucial as 1) the M.
bovis treatment regimen is longer and 2) the prognosis of TB due to M. bovis infection appears to
be worse than TB due to M. tb'*2. In frontline TB treatment, PZA acts synergistically with RIF to
reduce the length of treatment; however, in M. bovis PZA cannot be effectively employed.
Canadian guidelines currently recommend a minimum of 9 months of RIF, INH, and EMB
treatment for TB patients with M. bovis, though this treatment may be extended®®. This provides a

further treatment challenge as complications can and do occur while on therapy (ex: hepatitis,

stroke, vasculitis, immune reconstitution inflammatory syndrome etc.)!47:153,

6.2 Transmission:
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The pathogenic potential of M. bovis cannot be understated. Since the late 1800s there have
been reports of transmission via wounds (ex: bites, needle sticks, postmortem examination of
diseased animals, pre-existing wounds etc.) which can result in severe disease!>!47154 In recent
years, the possibility of indirect transmission by environmental contamination has been raised
following evidence of bacterial shedding from infected animals (ex: cattle, badgers, deer, and
boar)*>!33, There have also been reports of M. bovis persistence in water, feedstuffs, and soil for

156,157

several months . In animals, M. bovis may also be transmitted through ingestion of infected

carcasses'4’

. Though there are several postulated modes of transmission for M. bovis only the
aerosol and oral routes are considered significant.

Aerosolized M. bovis infection is associated with pulmonary presentation and occurs via
close contact with diseased animals through occupation, proximity, and cultural practices®>!>4,
This is suspected to be the main route of infection between cattle (animal-to-animal) and a rarer
route of transmission from animal-to-human. Crucial to public health, there have also been reports
of human-to-human M. bovis transmission globally and reports of multidrug resistant (MDR) and
polydrug resistant strains in both animals and humans®-!38-161  Further, studies in
immunocompromised and immunocompetent patients have demonstrated that a non-negligible
amount of M. bovis transmission occurs via the aerosol route in healthcare, work, and community
settings!>138150.162-165 A1 hoyis infection risk has been more commonly associated with age (<15
years), sex (F>M), and immunosuppressive conditions (ex: patients with human
immunodeficiency virus, HIV, or autoimmune diseases requiring glucocorticoids) compared to M.

150.151,166-168 ‘However other high-risk groups

tb, though this appears dependent on country of origin
for M. bovis infection such as those directly handling animals (livestock farmers, veterinarians,

butchers, hunters, abattoir workers, wildlife workers, animal husbandry etc.) cannot be
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overlooked!'™*. Though clinical studies of M. bovis are rare, where it has been reported, rates of
morbidity and mortality were higher in M. bovis patients compared to M. ¢b patients in both HIV—
and HIV + cohorts. One systematic review reported mortality between 9-31% in HIV- patients and
up to 100% mortality in HIV+ (range 10-100%)>!%2, In fact, a major challenge in clinical studies
of M. bovis is the amount of patients who fail treatment and/or succumb to infection!>2,

Finally, oral transmission has long been considered the main route of how humans acquire
M. bovis infection (animal-to-human infection)*>!3%16°, This is largely based on historical trends
as well as the mass reduction in M. bovis cases following the introduction of pasteurization, TSTs
in livestock, and culling!’®. The main driver of M. bovis disease in humans is suspected to be
through the ingestion of contaminated milk, milk products, or meat products and is the most
commonly reported zoonotic link!”!. Globally, it can be observed that bTB burden varies
depending on 1) extent of pasteurization, 2) employment of bTB surveillance programs and 3)

presence of a dense maintenance host population.

6.3 Laboratory and molecular features:

The reference strain of M. bovis (M. bovis AF2122/97) was originally isolated in 1997 from
an ill-cow presenting with lesions in the lung and bronchomediastinal lymph nodes!”?. In 2003,
the first ever M. bovis genome was sequenced, allowing direct comparison to the 1998 M. b
H37Rv genome!”>!73, With the advent of new sequencing tools, the M. bovis reference genome
was updated in 2017 and 2020 to include ~616 new ORFs and 69 new gene names!’*!">, From this
it was determined that M. bovis AF2122/97 has 3989 coding sequences (2026 named) and 488
hypothetical proteins!”. In 2021, the genome of M. bovis Ravenel, a clinical isolate from 1899,
was sequenced. This isolate was obtained from the mesenteric lymph node of a Jersey cow by

Mazyck Ravenel (thus, later renamed as M. bovis Ravenel)!76, In 1910, this strain was passaged in
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rabbits, a non-native host, and frozen!”’. In comparison to the reference genome, 4058 coding
sequences were present in M. bovis Ravenel (~69 more than M. bovis AF2122/97)!78.

The differentiation between human TB (hTB) and bovine tuberculosis (bTB) begins at the
subspecies level. Despite sharing 99.95% of the genome at the nucleotide level, M. bovis and M.
tb can be characterized using physical, biochemical and/or molecular techniques. Early
categorization utilized physiological and morphological differences between MTBCs.
Biochemically, M. bovis has been classically characterized as negative for niacin accumulation,
negative for nitrate reduction, susceptible to thiophene-2-carboxylic acid hydrazide (TCH), and
resistant to PZA whereas the opposite is true to M. th. Morphologically, M. bovis presents with
dysgonic growth on Lowenstein-Jensen medium (i.e. small, flat, slow-growing colonies) and is
microaerophilic (i.e. grows below the surface when plated on Lebek media)!””. However, these
tests can be time consuming, and unreliable due to the wide variation between mycobacterial
strains; a single test cannot be used as a confirmation of speciation. For example, M. bovis is
classically defined by a PncA (H57D) mutation responsible for PZA mono-resistance, yet a
number of studies have shown that there are PZA susceptible M. bovis strains, with wildtype PncA
sequences!” 18! In fact, one laboratory reported ~5% of all their inhouse M. bovis strains were
PZA-susceptible!®?,

Currently, M. bovis and M. tb are differentiated at the molecular level through deletion
typing, lineage specific single nucleotide polymorphisms (SNPs), spoligotyping, and/or WGS'#2,
Both deletion typing and spoligotyping depend on unique genomic patterns; i.e. presence or
absence of specific regions of deletions (RDs, deletion typing) or the hybridization pattern of
specific spacer oligonucleotides (spoligotyping) whereas lineage specific SNPs and WGS

interrogate the genome directly'®2. Some lineage specific SNPs can also be used as a phenotypic
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readout such as the pnc4 mutation previously discussed and two missense mutations in rsk4, a

transcriptional regulator!83184,

6.4 SigK/RskA

The SigK regulon is a genomically conserved system across the MTBCs!®>. Previous work
by the Behr laboratory has described the recurrence of mpt83-rskA-sigKk observed in NTMs,
Rhodococcus equi, Kineococcus radiotolerans, Brevibacterium linens (broadly related to
mycobacteria) and Yersinia enterocolitica (an outgroup)'®®. As such, it was proposed that mpr83-
rskA-sigK are the minimal genes required to respond to external stimuli (effector-regulator-sensor)
in this regulon!8¢. Transcriptomic comparisons and gene complementation have conclusively
shown that SigK controls 10 genes, including mpt70 and mpt83 in M. tb, coding for the proteins
MTP70 and MPT83 (called MPB70 and MPB83 in M. bovis)(Figure 3a)'®>-'%  The MPB
nomenclature is derived by Nagai et al., in which MPB refers to major protein from M. bovis, and
70 refers to mobility by electrophoresis'!’. As these genes are identical, this dissertation will refer
to these proteins exclusively as MPT70/83 regardless of strain background.

MPT70 and MPTS83 are constitutively expressed in M. bovis, M. caprae, and M. orygis,
variably expressed across M. bovis BCG strains (discussed in Section 5.2), and inducible in all
other members of the MTBC following infection!00-101.103.184-186 "1y Af gp anti-sigma factor K
(RskA) is bound to SigK; following external stimuli (ex: host stress, macrophage activation,
hypoxia), RskA dissociates from SigK, mediating transcription'8+!87. However, past studies have
shown varying levels of MPT70/83 expression between MTBCs as the direct consequence of
independent mutations in RskA. In M. bovis (and M. caprae) this was due to two missense
mutations (D107G and G184E) whereas in M. orygis constitutive expression was mediated by a

readthrough mutation (X233S)(Figure 3b)!84. These SNPs either result in a non-functional RskA,
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leading to uncontrolled transcription, or they are activator mutations which result in changing the
RskA repressor into an activator of transcription. Notably, this overexpression in vitro is a defining

feature of M. bovis, M. caprae, and M. orygis.

6.5 MPT70/MPT8&3

MPT70 was first observed in the 1960s, but was not experimentally characterized for
another decade'®®. Structurally, MPT70/MPT83 are exported through the general secretory
pathway of mycobacterium (Sec export)!!?. The Sec pathway is essential for all bacteria and
conserved globally as it can be found in bacteria, archaea, and eukaryotes'®’. Proteins that are
exported through this channel are unfolded and characterized by signal sequences at the N-terminal
region'”’. Two signal peptides are responsible for cleavage: signal peptidase I and signal peptidase
II. Signal peptidase I cleaves MPT70 following translocation whereas signal peptidase II cleaves
MPT83. At the protein level, MPT70 and MPT83 are 73% conserved; whereas MPT70 is a secreted
protein, MPT83 is a membrane-bound glycosylated lipoprotein!®!. This is likely due a gene
duplication event in which MPT83 lost the lipid branching signal associated with membrane
localization'®®, Interestingly, MPT83 exists in two forms with different molecular weights:
secreted (~23 kDa) or anchored to the cell surface (~26 kDa)!9%:103:110.192 " Thig presented a
challenge in early work as MPT83 was often misidentified as glycosylated MPT70, rather than a
distinct but homologous protein!!. Following purification, two independent groups published the
sequences of MPT83, showing that this protein was encoded by a unique gene rather than an
MPT70 isotype!®*!°4. Tt has also been experimentally determined that MPT70 and MPT83 do not
complex with one another, unlike the canonical virulence factors ESAT-6 and CFP-10 (discussed

further below)'°.
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Presently, MPT70 is the most well characterized effector of the SigK regulon. Recent work
has suggested that MPT70 may have a role in cellular adhesion, aggregation, and the formation of
multinucleated giant cells, though this is likely host-mediated!”-!*>-1%7, Natural and experimental
observations further support the idea of a ‘host-specific’ role of MPT70. In animal models, M.
bovis shows significantly more progressed disease compared to M. tb, in in vitro models, disease
associated phenotypes depend on the cell type infected!*>1?%1%°, The majority of what is known
about MPT70 comes from its immune response. First, MPT70 is an immunodominant
antigen!%®!91_ Tt contains multiple bovine, mouse, rabbit, and human T/B-cell epitopes, induces
strong pro-inflammatory responses, stimulates delayed hypersensitivity reactions and the
formation of antibodies!'!%?9292 [n comparative studies downstream, it was determined that
MPT83 was more immunogenic compared to MPT70, also inducing potent T- and B-cell responses
in animal models. It is postulated that this is likely due to 1) the antigenicity of lipid domains and
2) that it is found in both membrane bound and secreted forms?%*. Further, MPT83 antibodies can
be detected in cattle much more rapidly than MPT70 (~4 weeks compared to 15-20 weeks)?**. In
the last decade it has also been postulated that MPT83 may be a proapoptotic gene mediating
immune function through controlling the cell-death pathway (bias towards apoptotic rather than
necrotic death)?®.

The immunogenicity of both MPT70 and MPT83 have been pragmatically exploited. First,
MPT70 has been used as a diagnostic proxy for zoonotic TB in cattle for decades (‘reactors’ vs.
‘non-reactors’). It was quickly discovered that 1) skin testing cattle with bovine PPD stimulated
production of MPT70 antibodies and 2) these antibodies were specific to M. bovis infection??2.
Cattle in which an induration was observed, were positive for M. bovis infection, allowing for the

differentiation not only between infected and non-infected but also between M. bovis and M. avium
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paratuberculosis, a common cattle-associated NTM?%, Second, the cell-mediated and humoral
responses of MPT70 and MPT83 suggested they may have a role as vaccine candidates against M.
bovis or M. th. Since these proteins were first identified, both DNA and protein subunit vaccines
have been tested experimentally. However, there has been limited success and conflicting data if
MPT70/83 are protective, neutral, or detrimental. For example, Chambers et al. pre-incubated M.
bovis with MPT83 monoclonal antibodies prior to intravenous infection in BALB/c mice and

207 In

found that mice had reduced pathology and increased survival compared to untreated groups
guinea pigs, it was also found that an MPT83-DNA vaccine reduced the severity of lesions, but
had no effect on the number of lesions, bacterial burden or spread to the spleen following aerosol

infection?%®

. In contrast, in its natural host, Wedlock et al. definitively proved there was no effect
on infection outcome. Cattle were vaccinated with BCG, MPT70-DNA, MPT83-DNA, or primed
with MPT70-DNA followed by a boost with MPT70 protein (suspended in Incomplete Freund’s
Adjuvant, IFA). Despite moderate protection achieved against M. bovis challenge in mice and
guinea pigs with MPT83, this did not translate into an observable effect in cattle?*”?, Beyond
this, the ‘prime/boosted’ calves showed significantly more lesions (in lung and lymph node) and
no reduction in bacterial burden®”. As suggested above, outcome differences may be due to host,
infection route, or type of infection though the exact role of MPT70 or MPT83 in MTBC infection-
and if that role is the same across species- remains overlooked. Thus, it has been suggested that
MPT70 and/or MPT83 may be a species-specific virulence factor, crucial in disease manifestation.

An overview of mycobacterial virulence factors and their role in disease outcomes is discussed in

Section 8.

6.6 M. bovis in animal infections:
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M. bovis Ravenel has been used in a number of comparative pathogenesis studies largely
due to its historical use in natural experiments and accessibility!”’. This strain has been
characterized as fully virulent in small animal hosts (rabbits, guinea pigs, mice) but attenuated in
cattle (the natural host)!77-199-210.211 "Though M. bovis Ravenel does induce an aggressive immune
response, corresponding pathology (ex: formation of granulomatous lesions) is absent in cattle
infection models. Recently it has been suggested that the modification of three T-cell epitopes,
conserved in other members of the MTBC, may contribute to differential attenuation®!!. Despite
this, both M. bovis Ravenel and M. bovis AF2122/97 are more virulent compared to M. th H37Rv
regardless of small animal model studied. For example, in a study using BALB/c mice (an M. tb
‘resistant’ strain) and DBA/2 mice (an M. tb ‘susceptible’ strain), both mice strains infected
intravenously with M. bovis Ravenel succumbed faster to infection (~2x as fast for the DBA/2
group, and ~4x as fast for the BALB/c group), with evidence of more progressive disease, and
more necrosis in the lungs, spleen, liver, kidney, and adrenal glands compared to M. tb H37Rv?!2,
At endpoint, M. bovis infected lung lesions were neutrophil dominated in various states of cellular
decay?!2. Further, infection with M. bovis Ravenel resulted in uncontrolled growth in the liver and
kidneys of BALB/c mice indicating a dissemination phenotype not seen with M. tb infected mice
(regardless of strain)?!2. This was concordant with earlier studies in which both M. bovis strains
tested (Ravenel, and a clinical isolate M. bovis Branch) showed increased virulence compared to
multiple M. tb strains, as measured by reduced survival, more extensive lung pathology, and more
persistent lung infection compared to M. b strains'®. In fact, it was reported that M. bovis induced
such severe immune responses that death occurred before chronic lung pathology could be seen'®”.
M. bovis Ravenel also showed significantly reduced survival following aerosol infection of

C57BL/6 mice (a ‘resistant’ strain) compared to M. th H37Rv and M. tb CDC1551 (a reference
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strain)!®®. These findings were also seen in rabbits and guinea pigs (increased raw number of
granulomas, increased proportion of granulomas showing caseous necrosis)?!?. Importantly, these
results were robust; regardless of the strain tested (ex AF2122/97, Ravenel, Branch, ‘N’, veterinary
isolates) M. bovis showed hypervirulence in animal models, when compared to M. b.

In the natural host (cattle), all tested M. bovis strains showed this increased virulence;
infection outcome (measured by morbidity and mortality) was significantly worse than M.
th'6129213 " Like small animal studies, this was independent of M. tb comparator strain
assessed!6:12%:176.213.214 "Thijg phenotype extended to other large animal models such as goats (where
M. bovis was the most virulent, followed by M. caprae, and M. tb) and domestic pigs?!>2!¢. Further,
in head-to-head cattle infections, it was conclusively shown that M. bovis AF2122/97 was more
virulent than both a human derived M. tb isolate and an M. tb isolate (M. tb BTB1558) derived
from a diseased Ethiopian Zebu bull?!®. These observations may suggest that virulence is an
inherent property of the bacterium rather than a by-product of the host it is isolated from?!32!4,
Both the reference strain (M. bovis AF2122/97) and M. bovis Ravenel were utilized through the
course of this dissertation, depending on the experiment. M. bovis Ravenel was used in in vitro

characterization studies, both strains were used for in vivo virulence studies in a mouse model,

and M. bovis AF2122/97 was used for comparative virulence studies in cattle.

7. Mycobacterium orygis (M. orygis)

M. orygis is overlooked and understudied. A PubMed search for the phrase
‘Mycobacterium orygis’ in October 2024 returns only 32 publications, many of which are case
reports or case series. In comparison searches for ‘Mycobacterium tuberculosis’ and
‘Mycobacterium bovis’return ~92,000 and ~18,000 publications respectively. Whereas M. tb and

M. bovis were characterized by the late 1800s, M. orygis was not recognized as a unique member
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of the MTBCs until 2012!4165° The first isolation of M. orygis was in two East African oryxes in

1976 from a zoo in Jackson, Mississippi?!’

. At the time, this was classified as Mycobacterium
tuberculosis as it was observed to be pathogenic in guinea pigs but not rabbits (initially ‘ruling out’
M. bovis infection)?'”. In 1987, the ‘Oryx bacillus’ was described in an oryx in a zoo in the
Netherlands, though this was originally described as a rare M. bovis strain due to its high number
of ‘IS6110° copies?!®. At the time of this report, ‘IS6110° was commonly used as a genetic marker
to differentiate strains of the MTBCs based on copy number and position of the gene?!'®. In 2012,
the Oryx bacillus was renamed as M. orygis (based on its original isolation) and classified as a
distinct lineage of the MTBC based on species-specific SNPs (ex: gyrB°?¥, two unique mutations
at positions 1113 (G>A) and 1450 (G—->T)), unique regions of deletions (based on

presence/absence, size of deletion), and spoligotyping patterns®-219-221

. Recently, a species-
specific SNP in rskA (Rv0444c) has been implemented to differentiate MTBC lineages???. As
described in Section 6.5, this SNP (G698C) replaces a stop codon with serine resulting in the
overexpression of MPT70 and MPT83, thus providing both genotypic and phenotypic evidence of
M. orygis'®. With the implementation of WGS in routine diagnostics, additional species-specific
SNPs have been identified, which may improve downstream characterization of M. orygis*®. In
2021, the first genome of M. orygis (called M. orygis 51145) was published by the Behr laboratory.
This isolate originated from a patient with tuberculous meningitis in Canada in 1997 (though it
was not correctly classified as the ‘oryx bacillus’ until 2005)?24. This allowed for direct

comparisons between the human-adapted M. ¢tb and the most well characterized animal-adapted

lineage, M. bovis.

7.1 Clinical, laboratory, and molecular features:
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Clinically, the presentation of M. orygis is indistinguishable from M. th. Moreover,
commonly used diagnostic techniques (both phenotypic and molecular) are often not specific
enough for M. orygis detection. M. orygis presents as an acid-fast organism following ZN staining,
present as spots or lesions on a chest x-ray (due to granulomatous reaction), and can be cultured
using standard clinical media!>%?2>-226, Rapid molecular tests, such as GeneXpert MTB/RIF or the
Hain Lifescience GenoType MTBC, also cannot adequately differentiate M. orygis from other
strains of the MTBC®¢2?7_ In fact, in one retrospective study, the laboratory acknowledged that
using their in-house methodology, M. orygis would not have been able to be detected prior to
2007'°. M. orygis is pan-susceptible to frontline anti-tuberculous agents (RIF, INH, PZA, and
EMB), showing no evidence of PZA resistance (WT pncA gene, unlike M. bovis). At present, the
most practical diagnostic techniques for M. orygis detection are real-time PCRs (rtPCR) based on
species specific SNPs and/or deletion typing. WGS (where implemented) will also provide this

identification?>228,

7.2 Transmission:

The host range of M. orygis is currently unknown. Like M. bovis, there have been reports
of animal-to-animal transmission, animal-to-human transmission, and even one case of human-to-
animal transmission occurring in New Zealand in which a dairy cow contracted M. orygis from an
Indian migrant worker during rearing®?. Though there has been no definitive evidence of human-
to-human transmission, a retrospective study in the United Kingdom did detect two pairs of closely
related M. orygis isolates (0 SNPs and 6 SNPs respectively) which may indicate this possibility?*°.
As such, it has been proposed that humans may not be a ‘dead-end’ host for M. orygis, and that

infection can be propagated. The modes of transmission of M. orygis are suspected to be the aerosol

route, the oral route, and/or percutaneous infection (ex: wounds), though this has not been
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experimentally assessed. However, due to its similarity to M. bovis, broad host range, site of

infection, and evidence of spread, these routes of infection are likely?3!.

7.3 Epidemiology:

M. orygis appears to be endemic in South Asia, particularly India, Pakistan, Nepal, and
Bangladesh, though it has also been reported in South Africa, East Africa, and the Arabian
Peninsula in a number of free-roaming animals!50-217:220229.230.232-231 ‘T date, M. orygis has been
found in cattle, captive and wild deer, blue bulls, rhinoceros, water buffalos, water bucks,
antelopes, oryxes, bison, rhesus monkeys, and humans!50-217.220.222,229.230.232-241 " Ty 2()24, an
outbreak of M. orygis was also documented in NHPs (cynomolgus macaques) imported from
Southeast Asia for medical research where 26 cases were confirmed and identified in 67% of
quarantine rooms>*!. Globally, M. orygis human infection has been reported in Canada, the United
States, the United Kingdom, Australia, New Zealand, the Netherlands, Norway, and India, though
there is a likely a much higher burden. Additionally, there may be a detection bias, as these
countries (with the exception of India) have low national rates of tuberculosis®®. Consistent with
M. bovis, M. orygis often presents as an extrapulmonary infection, though pulmonary involvement

does occur concomitantly®®:130:222:225,240,242

. Reported extrapulmonary sites include but are not
limited to lymph nodes (lymphadenitis), spine, central nervous system (CNS), urine, abdomen,
gastrointestinal tract, abscesses, and ascitic fluid. Like M. th and M. bovis, M. orygis can manifest
anywhere in the body. Where M. orygis infection in humans has been reported (excluding endemic
regions), the greatest epidemiological risk factor was prior residency in South Asia (21/21 cases in

Canada, 10/10 cases in the Netherlands, 8/8 cases in the United States, 8/8 in Australia, 5/5 in

Norway)>9150:222:225.230,232.240.242 " Additionally, in a number of studies more females presented with
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M. orygis infection compared to males® !>, Interestingly, this trend is consistent with risk
associated with M. bovis infection, but contrasts with risk associated with M. th'3%-243,

India is a global hotspot for human and zoonotic tuberculosis due to multiple risk factors®.
First, there is a high human and animal density; India has the largest cattle herd globally (~300
million, an estimated 21.8 million infected) and no bovine tuberculosis control programs (ex: test

and slaughter)!4%244

. Contact with cattle is frequent and it is common to ingest unpasteurized milk
and milk products, despite its correlation to tuberculosis infection!?. Additionally, M. orygis may
not be detected due to a lack of laboratory capacity and inadequate diagnostics?*%. South Asia also
has significant biodiversity and, due to urbanization, significant interaction between humans and
animals®2°, It is for these reasons that the emergence of M. orygis as a significant zoonotic pathogen
cannot be overlooked. If the WHO intends to eradicate TB by 2030, M. orygis infection is an
unknown barrier that may need to considered. If this pathogen is not well-described, from
epidemiology to pathogenesis, ways to combat it, may be challenging, if not impossible.

Much of the research done on M. orygis has been by or in collaboration with the Behr
laboratory. The first M. orygis genome was sequenced here in 2021. The first study of M. orygis
in a clinical setting, and the determination that M. bovis isolates are not found in India, was
performed by Shannon Duffy in 2020. The development of the Rv0444c rtPCR was also developed
by Duffy et al. and implemented into clinical settings. This foundation provided a unique
opportunity for this project to go beyond clinical analysis and allow for the characterization of this
bacterium using in vitro, ex vivo, and in vivo experiments (as discussed in Chapters I11-V). Further,
results from these baseline experiments enabled a reconsideration of mycobacterial virulence and

the dynamics between human- and animal-associated MTBCs in both natural and experimental

hosts.
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8. Virulence factors

The definition of virulence factors is complicated and varies depending on the
microbiological field in which they are studied. Broadly, these effectors can be classified into five
categories based on their role in infection and disease: 1) membrane proteins, 2) capsule-associated
effectors, 3) secretory proteins, 4) cell wall/cell surface components, and 5) other?®>. However,
what specifically constitutes a ‘virulence factor’ is not universally accepted. In some bacteria,
colonization factors are considered as ‘virulence factors’ as they are a requirement for infection;
in others survival factors are virulence factors as they are a requirement for disease?*. In this
dissertation, virulence factors will be defined as effectors involved in host-pathogen interaction
and directly responsible for causing morbidity and mortality in a natural or experimental host?*’.
When these factors are absent or inactivated, a measurable loss of virulence can be observed (ex:
survival, pathology, disease progression etc.). As such, virulence will be considered from the
‘damage-response’ perspective rather than infection alone.

What factors contribute to MTBC virulence is poorly understood, with the role of many
effectors still unknown. Unlike other bacteria, members of the MTBC lack ‘classical’ virulence
factors such as pili, toxins, adherence factors, and/or invasion factors?*8. Additionally, MTBC
virulence factors are not independently acquired from other bacterial species, as is typical of
pathogens like E. coli O157**. Further, the demonstration of MTBC virulence factors can be
complicated by the co-dependence of many mycobacterial effectors?*. This section will focus

exclusively on few well-described virulence factors of the MTBC, specifically M. th and M. bovis.

8.1 Type VII Secretion Systems (ESX systems):

Mycobacterial secretion systems include a general secretion system (Sec), a twin-arginine

translocation export pathway (Tat), and two specialized secretion systems, the Type VII secretion
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system (T7SS), and the accessory SecA2 system?>’. The thick mycobacterial wall acts as an
obstacle for protein secretion; though there are multiple virulence associated factors on the outer
membrane, specialized secretion systems are required for the full virulence of mycobacteria>°.
Briefly, both Sec and Tat pathways are conserved across a number of bacterial species. Sec plays
a role in the secretion of unfolded proteins whereas Tat exports proteins in their folded state!$-2%0,
Interestingly, the signal sequences that direct protein secretion via these pathways are similar
despite differences in translocation machinery!®. The accessory SecA2 secretion system exports
large, glycosylated proteins which may have a role in intracellular growth and inhibition of the
host innate immune system?%2!,  However, the most well-studied secretion systems in
mycobacteria are the T7SSs, also called ESX systems.

Type VII secretion systems are conserved in other Actinobacteria such as
Corynebacterium, Nocardia, and Streptomyces, though their role in infection in unclear?>2. The
MTBCs contain 5 ESX secretion systems, called ESX-1 through ESX-5. The first of these systems
(ESX-1) was first discovered ~20 years ago, characterized originally as a ‘Sec-independent’
secretion pathway?>3. In the MTBCs, 3 ESX systems have been associated with bacterial survival
during infection and pathogenesis of disease (ESX-1, -3, -5)**, ESX systems contain genes
encoding 1) structural components of the secretion system (ex: membrane proteins, channel
proteins), 2) mycosin (protease) and 3) secreted Esx proteins?>®, With the exception of ESX-4, all
mycobacterial T7SSs also encode PE/PPE proteins, which have been postulated to have a role in
virulence and bacterial persistence?>. At present, the roles of ESX-2 and ESX-4 are not well-
described, though phylogenetic analysis suggests ESX-4 may be the ‘ancestral’ secretion system
from which other mycobacterial ESX systems are derived®*S. This has been postulated to have

occurred through multiple gene duplication and diversification events and/or horizontal gene
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transfer?>’. Notably, ESX-4 is the only T7SS found in all identified mycobacterial species (MTBCs

and NTMs)?%.

8.1.1 ESX-1

The first ESX-1 associated protein identified was the 6-kDa early secreted antigenic target
(also called ESAT-6). Subsequently, it was determined that ESAT-6 secretion depended on the
formation of a 1:1 heterodimer with its protein partner, the 10 kDa culture filtrate protein (called
CFP-10). The secretion of these proteins is essential to the full virulence of M. th and M. bovis.
Absence of ESAT-6 and CFP-10 secretion leads to the abrogation of virulence. In fact, the deletion
of these genes in M. bovis BCG strains brought attention to the genes encoding ESAT-6 and CFP-
10 as prime candidates for their attenuation. Comparative genomic analysis revealed a single 9.5
kb locus absent from M. bovis BCG, but present in virulent strains of the MTBCs such as M. tb
and M. bovis. This became known as region of difference 1 (RD1) and corresponded to the deletion
of 9 genes, including ESAT-6 and CFP-10. Downstream virulence studies demonstrated that
deletion of ESAT-6 alone from M. bovis resulted in an attenuated phenotype in guinea pigs®®.
Similarly, the deletion of RD1BC from M. tb significantly reduced its pathogenicity whereas
restoration of the RDI1 region in M. bovis BCG, and M. microti, a natural ESX-1 mutant,
recapitulated virulence, though to a lesser extent than wildtype M. 5?>325%260 Interestingly, M.
microti, M. mungi, M. suricattae, and the Dassie bacillus are all members of the MTBC that are
naturally deficient in ESAT-6 and CFP-10, a direct result of strain-specific ESX-1 deletions of
variable sizes (ex: M. microti has a 13 gene deletion in the ESX-1 locus while M. mungi has a 3
gene deletion in this same locus)?S!.
ESAT-6 and CFP-10 are considered major virulence factors of the MTBCs. ESAT-6 and

CFP-10 (called Esx proteins) belong to the WXG100 family, characterized by a conserved
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tryptophan-X-glycine domain (WXG) and a length of ~100 amino acids. These proteins are
encoded by esx4 and esxB respectively and flanked by additional genes encoding parts of the
secretion machinery. There is growing evidence that ESAT-6 and CFP-10 has a multitude of
different roles throughout the course of infection including: stimulation of protective immunity,
permeabilization and/or rupture of the macrophage phagosome, prevention of phagolysosomal
fusion, induction of necrosis, formation of the granuloma, promotion of mycobacterial replication,

27,247,250,252,253,257,258,262-265 Broadly the role
M b

and mediation pathogen escape from the macrophage
of ESX-1 can be defined as ‘membrane lysis’, as ESAT-6 and CFP-10 act as pore-forming
toxins?>’. Additionally, ESAT-6 and CFP-10 are strong T-cell antigens; due to their immunogenic
nature, these proteins are often used in vaccine development. The importance of ESAT-6 and CFP-
10 is further supported as homologues of these proteins are present in all 5 ESX systems in
mycobacteria (called esxA-esxW)?¢. Like esxA4 and esxB, these genes are arranged in pairs (with
the exception of esx(Q) and form loci containing genes encoding both the substrate and secretion
machinery?%6.

ESAT-6 and CFP-10 secretion depends on a number of other mycobacterial effectors
outside of the RD1 locus, namely EspA, and EspC (encoded by the espACD operon)>#267-26% This
gene cluster is located elsewhere on the chromosome, external to the ESX-1 locus (~260 kb
upstream of ESX-1)?%, Notably, EspD is required for the stabilization of EspA and EspC?®’. The
espACD operon is induced by espR and activated in response to host-stressors via signal
transduction by the PhoP-PhoR operon®®. If the espACD operon is not transcribed ESAT-6 and
CFP-10 will still be produced, but cannot be exported?®>. Interestingly, M. bovis and M. tb L6 have

a defective PhoP. In these strains, ESAT-6 and CFP-10 secretion is rescued by naturally occurring

compensatory mutations in espACD and strain-specific deletions?®. Further, upregulation of the
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PhoP operon (via the insertion of a mobile gene element) has been associated with increased
human-to-human transmission of M. bovis, though the exact mechanism of this remains poorly
defined?®. Tt has also recently been demonstrated that ESAT-6 secretion is dependent of the
production and export of phthiocerol dimycocerosate (PDIM), a cell-surface lipid, though CFP-10

is secreted independently?”°

. This relationship is conserved in the secretion of ESX-5
homologues®’?. Notably, the ESX-1 locus is present in non-pathogenic M. smegmatis but is not

involved in pathogenesis?’.

8.1.2 ESX-3:

The role of ESX-3 in mycobacterial virulence can be defined as the restriction of host
defense?*”-2%0, This locus specifically has been associated with metal ion metabolism (ex: zinc and
iron uptake)?4-239-266. The main effectors of ESX-3 are ESAT-6 and CFP-10 paralogues (called
EsxG and EsxH, respectively)?*”-2>°, Tt has been reported that the ESX-3 system prevents iron
acquisition by host macrophages, impairs the function and repair of the ‘endosomal sorting
complex’ (which is required for transport and degradation of cell products), and interferes with
CD4 T-cell activation 2#7-23°, Additionally, this locus is responsible for the secretion of some PE-

PPE proteins, though to a lesser extent than ESX-5 (discussed below)?>*.

8.1.3 ESX-5

The ESX-5 system is the most recently evolved mycobacterial T7SSs and only present in
slow-growing mycobacterial species®>. Like ESX-1, ESX-5 has a number of roles in virulence.
This system is immunomodulatory and essential for the secretion of a majority of PE/PPE proteins
(composing ~10% of the M. tb genome)?’!*72, PE/PPE proteins are named after their structure: PE
proteins contain a proline-glutamic acid domain, whereas PPE proteins contain a proline-proline-

glutamic acid domain?’®. Like the ESX-5 secretion system, these PE/PPE proteins are also mostly
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present in slow-growing, pathogenic mycobacteria, though it has been suggested that the
emergence of the ESX-5 system predates the expansion of PE/PPE proteins in the M. b
genome?®”273, Notably, not all PE/PPE proteins expressed are secreted; some are localized to the
mycobacterial cell surface, suggesting a role in cell permeability and nutrient uptake?>’. The exact
role of each PE/PPE protein in mycobacterial virulence has not been determined, though PPE18
(encoded by the ESX-5 system) is used as a component in the M27/ASO01E vaccine candidate®”.
ESX-5 is important for a number of cell death pathways and the maintenance of the
mycobacterial cell wall>>. Specifically, ESX-5 has been linked to the inhibition of apoptosis (and
conversely, the promotion of necrosis) in macrophages, as well as the initiation of a caspase-
independent cell death cascade. This has been suggested to be involved in the spread of M. b to
naive macrophages and other immune cells. Additionally, it has been reported that several genes
encoding the structural components of the ESX-5 system are essential for M. tb growth?™.
Studies of M. marinum, the causative agent of TB in numerous fish species, initially
revealed the link between ESX-5 and PE/PPE family protein secretion?3>262273, In M. tb, the role
of ESX-5 in virulence has been shown in both immunocompromised and immunocompetent
mouse models, likely due to the abrogation of PE/PPE production and secretion. For example, a
disruption of the ESX-5 system in M. th was observed to be attenuated in severe-compromised
immunodeficient (SCID) mice; the ESX-5 deficient strain could not replicate in the host?>7-27>276,
Likewise, the absence of ESX-5 associated PE/PPE proteins also resulted in attenuation in
immunocompetent mice due to the inability to replicate?>”-?7>-276_ In contrast, a transposon mutant
resulting in ESX-5 deficient M. marinum was observed to be hypervirulent in adult zebrafish, but
slightly attenuated in zebrafish embryos?’”. Surprisingly, a deletion of the ESX-5a accessory locus

(discussed below) resulted in attenuation in the same adult zebrafish model*”2.
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In M. th, a four gene stretch of the ESX-5 locus is duplicated an additional 3 times (called
ESX-5a, -5b, and -5c¢, accessory loci). These genomic duplications are of two secreted Esx proteins
(called EsxM and EsxN, homologues of EsxA and EsxB respectively) and two adjacent PE/PPE
proteins. Notably, these accessory loci do not encode any structural components of the ESX-5
system, only secreted substrates. In total, the ESX-5 and its accessory loci account for 8 out of 13
esx genes identified in the M. ¢th genome, arranged in pairs (called EsxM/N, EsxI/J, EsxK/L, and
EsxV/W)?%. Unlike ESX-1, the deletion of EsxM and EsxN alone does not result in the cessation
of PE/PPE protein secretion, suggesting that the accessory loci (ESX-5a,b,c) in conjunction with
the parental ESX-5 each secrete a specific subset of PE/PPE proteins®*. Interestingly, M. tb PPE38,
essential for ESX-5 secretion, is absent in M. bovis, due to a genomic deletion (called RD5), and
mutated in M. tb HN878. As both of these strains may be considered ‘hypervirulent’ compared to
wildtype M. tb, it has been speculated that the loss of genes in RD5 may contribute to the increased

virulence and pathogenesis observed®’®. This system will be further discussed in Chapter II1.

8.2 Phthiocerol dimycocerosate (PDIM)

The mycobacterial cell wall contributes significantly to the intracellular survival of bacteria
due to its inherent resistance to host stressors?’®. This is largely mediated by the presence of free
lipids, glycolipids, and lipoproteins associated with the cell surface. Phthiocerol dimycocerosate
(PDIM) is a complex long-chained, non-polar lipid, bound to the outermost layer of the
mycobacterial cell wall?8*-282, The formation of these lipids is metabolically demanding; genes
necessary for the biosynthesis of PDIM are clustered in a 70 kb region, corresponding to >1% of

279,283

the entire MTBC genome . Notably, PDIMs are present in slow-growing pathogenic

mycobacteria, such as (M. th and M. bovis) and absent from non-pathogenic mycobacteria (such
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as M. smegmatis)**. In this dissertation, we have also determined multiple strains of M. orygis are
PDIM positive.

Numerous studies have demonstrated that PDIM is crucial to the full virulence of
pathogenic mycobacteria. For example, in mice (~25 years ago), two independent studies
demonstrated the link between the loss of PDIM and subsequent attenuation in vivo as measured
by a significant reduction (~50-fold) in lung bacterial burden?®!-283285 These studies supported
early observations that aerosol infection of a PDIM negative M. tb strain resulted in significantly
fewer ‘surface tubercles’ in the lungs of guinea pigs and that differences between PDIM positive
and PDIM negative strains were amplified over the duration of infection?3¢. This was consistent in
M. bovis studies®’. Aerosol challenge with a PDIM-deficient M. bovis strain resulted in
significantly reduced lung and spleen bacterial burden, to a level comparable to BCG
vaccination®®’.

The roles of PDIM can be categorized broadly into 1) survival 2) immune modulation, and
3) cell death?47:257,263,270,280,282,284,288-290 Fjrst, PDIM has been linked to cell permeability, envelope
integrity, neutralization of reactive nitrogen and oxygen species, and protection against some
antibiotics?6*?%°. Second, PDIM can mask pathogen associated molecular patterns (PAMPs) and
regulate macrophage uptake and the secretion of pro-inflammatory cytokines (ex: TNF- a, IFN-
¥)?%-284 Third, PDIM is directly involved in M. tb escape from infected cells and thus, the spread
of infection. This is mediated through phagosomal rupture and modulation of cell death pathways,
such as the induction of necrosis?*®. Additionally, it has been shown that PDIM is required for the
proper secretion of some ESX associated substrates (ex: ESAT-6, EsxN) but not for others (ex:
CFP-10, EsxG, EsxH)?’°. This suggests that interaction with ESX substrates may be dependent on

the structure of the lipid?7°.
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It has long been observed that spontaneous mutations in PDIM associated genes results in

the loss of these lipids?83-286.291.292

. Moreover, this loss confers a growth advantage in vitro; PDIM
negative strains dominate in liquid media compared to PDIM positive strains?®. In fact, a 2009
study showed that after weekly passaging for 20 weeks in liquid, ~30% of the culture was observed
to be PDIM negative?®. Similarly, a stock culture of M. tb H37Rv became 75% PDIM negative
following routine passaging on solid media once every 4-6 weeks (~20 passages)?**2%°. Moreover,
if the production of PDIM is spontaneously lost, it cannot be reconstituted?®*. This unstable
phenotype has been observed in M. tb H37Rv, Erdman, HN878, CDC1551 and M. bovis BCG
strains, suggesting that this loss of PDIM is not restricted to a single species and may be the result

of selective pressures (ex: metabolism, nutrient source, etc.)?80.283.289.294

. In mycobacterial
virulence research, this implication is obvious: any conclusions about the role of genes of interest
in pathogenesis must first verify the presence of PDIM, whether this be through identification by
traditional methods (such as C'* labelling and thin layer chromatography, TLC) or maintenance by
newer culturing methods (such as the routine addition of propionate)?®°.

The ‘canonical’ virulence factors discussed thus far have been common across the MTBCs.
However, as described above, there are natural variants which may contribute to differential
virulence across the complex such as ESX-1 deletions in some animal-associated lineages,
frameshift mutations resulting in the cessation of lipid production (ex: phenolic glycolipids),
mutations in ‘virulence regulators’ (ex: PhoPR), and loss of gene function over course of evolution,
amongst others*3247:262.293.29% Tt ig evident that despite their similarity, MTBCs are not the same.

In order to properly characterize these differences and understand their role in a more ‘global’

context, molecular and laboratory techniques must be employed.

9. Mycobacterial Recombineering

Danchuk, SN 43 PhD Thesis



Genetic manipulation of mycobacterial species has been a challenge of decades. This can
be largely attributed to the slow-growing nature of the MTBCs (~18-24 hour doubling time) and/or
genomic features of the bacterium that prevent efficient DNA integration?*?%27 First, the
mycobacterial cell wall is thick, lipid rich, and largely impermeable. Despite being Gram-positive,
mycobacterial cell wall structure is similar to that of Gram-negative bacteria in which there is a
secondary complex outside the cytoplasmic membrane®®®. This layer contains a complex of free

298 Second, there are limited antibiotic

lipids, mycolic acids, peptidoglycan, polysaccharides
markers that can be used for selection without background resistance?®’. And finally, the MTBCs
are a clonal population, with limited ability to undergo homologous recombination due to an
inherent lack of molecular machinery?’. Notably, mycobacterial recombineering systems have
been dramatically improved by the introduction of phage encoded proteins (~10-100 fold more

efficient). These phage-based systems can be categorized into general homologous or site-specific

recombination systems®®’.

9.1 General homologous recombination systems

General homologous systems defined early recombineering (i.e. genetic engineering using
recombination proteins). Chromosomal modifications were facilitated by the incorporation of
double-stranded (dsDNA) or single-stranged (ssDNA) into the genome by exogenous proteins®®,
Exchange was facilitated by areas of homology directed towards the gene of interest (GOI),
exonucleases, and annealases, in the absence of a integration site (Figure 4a)’°!. General
homologous systems have been used in bacterial pathogens such as enterohemorrhagic E. coli,
Salmonella enterica, Shigella flexneri, Pseudomonas aeruginosa, Yersinia pestis, and M. tb,
though with variable success®®”. In mycobacteria, the efficacy of general homologous

recombineering is limited by the composition of the DNA substrate, physical DNA uptake and
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rates of illegitimate recombination®!. Additionally, slow-growing mycobacterial species have ~5-
10-fold reduction in recombineering efficiency compared to fast-growers such as M. smegmatis*®’.
In gene disruption studies, general homologous recombination hinges on allelic exchange between
the dsDNA substrate (such as a vector containing a resistance cassette flanked by regions of
homology) and the mycobacterial genome. This requires two rare crossover events to facilitate the
insertion of the modified gene target (resistance cassette) in place of the GOI. Moreover, regions
of homology are recommended to be longer than 500 bp (up- and downstream of the GOI). Though
increased homology corresponds to increased fidelity of recombination, the size of these DNA
products significantly reduces the rate of dsSDNA substrate uptake®?’. In contrast, phage-encoded
systems are most effective at producing point mutations (SNPs) in resistance associated genes;
these ssDNA substrates have much higher allelic exchange frequency, and fidelity, compared to
dsDNA substrates and require much shorter regions of homology**2. For the purposes of this

dissertation, discussion will be limited to the Che9c (RecET) phage system and its derivative,

pNIT:ET.

9.1.1 Che9c (RecET)

The Che9c (RecET) system is derived from the Che9c mycobacteriophage described by
Van Kessel et al in 2008. This phage was unique in that it expressed homologues of the well
described RecE and RecT recombination proteins, which had already been successfully employed

303 RecE (also known as exonuclease VIII) is a 5’23’ exonuclease whereas

in E. coli mutagenesis
RecT is a ‘single stranded DNA-annealing protein’. When these proteins are complexed together,
they initiate a double stranded DNA break repair mechanism. In recombineering, RecE degrades

a single strand of dsDNA substrate, exposing a single stranded 3’ overhang. RecT, binds will this

overhang and promotes recombination by pairing complementary sequences, strand exchange,
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and/or strand invasion®*!3%, Compared to E. coli, Che9c RecE and RecT are truncated (~30%
homology) but function is conserved3®!.

In the first iteration of this system, two episomal plasmids were generated: pJV53, designed
for dsDNA modifications (ex: knockouts) and pJV62, designed for ssDNA modifications (ex:
SNPs)*1-305 The main difference between these plasmids was the absence of RecE in pJV62, as it
was determined only RecT was required for efficient ssDNA substrate integration®®!. RecE and
RecT protein expression is controlled by an inducible acetamidase promoter; cultures are induced
with acetamide and the ds- or ssSDNA substrate is electroporated®®’. For gene deletions, a large,
linear fragment of dsDNA is required for integration into the genome (a resistance cassette flanked
by 500 bp region of homology up- and downstream) whereas for point mutations (ssDNA) a SNP-
containing oligomer (~50-100 bp) is required’?°. Notably, in slow-growing mycobacterial species,
van Kessel and Hatfull showed that integration of an oligomer targeting the lagging strand of the
replication fork is 10*fold more efficient compared to the integration of the leading strand*%>. The
main limitation of this system is that point mutations can only easily be screened if they are
associated with selectable genes, such as resistance associated drug targets®*2,

In 2009, Pandey et al. demonstrated that nitrile inducible promoters could be adapted for

307 Using a green-fluorescent protein (GFP) containing plasmid (pNIT-1) it

use in mycobacteria
was determined that the nitrile promoter could induce more gene expression, in a shorter amount
of time, under more variable conditions compared to the acetamidase promoter?92397-398  This
plasmid was then modified to express RecE and RecT rather than GFP and implemented for

mycobacterial recombineering (referred to as pNIT:ET). This combined the efficacy of phage-

based systems and the inducibility of the nitrile promoter. This pNIT:ET system was used in
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Chapter II of this dissertation, showing an affinity for the integration of ssDNA but a complete

inability to uptake dsDNA substrates.

9.2 Site-specific recombination

Unlike general homologous recombination systems, site-specific recombination occurs
only at specific DNA ‘attachment’ sites. Specifically, attP (a phage attachment site) will recombine
with attB (a bacterial attachment site) to form a novel product flanked on either side by left (attL)
and right (attR) attachment sites (Figure 4b)*%. Notably, this reaction can occur bidirectionally,
with attL and a#tR also capable of recombination, though this may depend on additional host
factors (called host-derived integration host factor, mIHF)**%31%, Exogenous DNA integration into
the mycobacterial genome was investigated with number of phage systems (ex: LS5, Ms6, Bxbl,
and Rv1) however, this overview focusses on the utilization of LS5, the first well-described

mycobacteriophage system, and Bxb1 in gene disruption studies.

9.2.1 L5 integrase

L5 infects both fast- and slow-growing mycobacterial species®!'!. The life cycle of the phage
depends on the integration into the mycobacterial genome (facilitated by the phage, called Int) and
excision from the mycobacterial genome (facilitated by the host via integration host factor, mIHF).
Like all site-specific recombination, genetic exchange depends on the recombining of attP and
attB. The LS integrase is a tyrosine recombinase capable of exchanging genetic information via
single stranded breaks. The a#tP is ~413 bp, with a minimal functional cassette of ~252 bp32-312,
This naturally occurring system was commandeered to make the first recombinant BCG strain via
site-specific recombination, successfully integrating a non-replicating shuttle vector and the a#P
site’"2. However, in vitro this site-specific recombination could only be successfully facilitated in

the presence of exogenous host factors, showing some limitation in genetic manipulations that
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could be achieved. As such, this preliminary work led to the discovery, pursuit, and optimization

of other mycobacteriophages, such as Bxbl1.

9.2.2 Bxbl integrase:

Bxbl1 integrase (Int) is a site-specific serine recombinase derived from mycobacteriophage

Bxbl1 that coordinates attachment sites and promotes strand exchange®%%-313

. In comparison to other
mycobacteriophages, this integrase is unique. First, Bxbl integrase is much smaller compared to
other phage integrases such as L5 (~500 amino acid residues). Second, residues within this
structure (at the C-terminus) show limited similarity with other serine recombinases®!'!. Third, the
phage attachment site (aztP) is only 48 bp, one of the smallest functional a#tP sites’'*. Finally,
Bxbl integrase can function in the absence of additional host factors, but only in a one directional
manner. This means that Bxb1 integrase a#fP and attB recombine to form attL and attR flanked
products, but the products themselves cannot recombine; thus increasing the efficacy of the
integration event?*>31%, This integration is also mediated through dsDNA breakage, rather than
ssDNA breakage as observed in L5314,

In M. smegmatis, the naturally occurring location of the atB site is within the 3’ end of
groEL1, a well-described chaperonin protein; the attP site is encoded on directly upstream of the
Bxblintegrase*?3314315 To confirm the viability of site-specific recombination via the Bxb1 phage
system in mycobacteria, a plasmid carrying Bxbl integrase and the a#tP site was successfully

integrated and maintained, even in the absence of selection. Thus, this system could be further

developed for use in efficient genetic disruption, such as in the ORBIT recombineering system

9.2.3 Oligo-mediated recombineering followed by Bxbl integrase targeting (ORBIT)

In 2018, Murphy et al. first described the ORBIT system, a new recombineering technique

that combined two well-established, but inefficient, systems for mycobacterial mutagenesis®®”.
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ORBIT combines the Che9c RecET and the Bxbl mycobacteriophage systems (described above)
to efficiently facilitate gene disruption studies*”. This circumvents the need for large, dSSDNA PCR
products and requires only one homologous recombination step; contrasting directly with previous
systems which relied on multiple allelic exchanges and upstream construction of appropriate
delivery vectors??®392315 In the current study, over 100 gene modifications were successfully
engineered in either M. smegmatis or M. tb, with rates of efficiency dependent on bacterial strain,
gene function, and size of the GOI. The authors report the largest deletion achieved using the
ORBIT strain was ~12 kB, though they suspected this is not the absolute limit. However, it was
also noted by the authors that regardless of disruption, the ORBIT system still showed ~500-fold
less efficacy compared to the incorporation of point mutations®”. This dissertation is the first to
successfully utilize the ORBIT system in M. bovis and M. orygis to generate genetic knockouts
between 150-5500 bp long (Chapter III). Though ORBIT has been described for use in promoter
replacements, insertions (ex: C-terminal fusions), and gene knockouts (KOs), for the scope of this
project, only the construction of KOs will be discussed.

There are three main components to the ORBIT system: 1) a single stranded oligomer
containing attP site 2) a non-replicating ‘payload’ plasmid containing a Bxbl a#tB site and a
selectable marker and 3) an inducible plasmid expressing RecT annealase and Bxb1 integrase. The
single-stranded oligo targets the lagging strand of the DNA replication fork to overcome the strand
bias observed in mycobacterial recombineering?”. It contains a 48-bp atP site flanked by ~60 bp
region of homology upstream of the GOI (including the first 30 bp of the GOI), and ~60 bp of
homology downstream of the GOI (including the last 30 bp of the GOI). The homologous arms
align the attP site with the GOI and dictate insertion site. This is co-electroporated with the

‘payload plasmid’. Importantly, this plasmid contains the Bxb1 integrase at¢B site (site-specific
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recombination) and a selectable antibiotic cassette. In this dissertation, hygromycin or zeocin were
used due to drug susceptibility and availability of plasmid. Lastly, RecT and Bxbl are under a
tetracycline inducible promoter (induction agent= anhydrotetracycline); following stimulation,
these genes are highly expressed and mediate the ORBIT reaction. This occurs in two steps. In the
first step of the reaction, the attP containing oligomer is aligned with the GOI and inserted into the
mycobacterial genome via RecT annealase (homologous recombination). In the second step Bxbl
integrase facilitates recombination of attP x attB, integrating the antibiotic resistance cassette in
place of the GOI (site-specific recombination). The authors reported a high efficacy of integration;
~50% of clones selected were positive, with few clones needing to be selected following the
appropriate outgrowth period®’. Notably, illegitimate recombination in which the antibiotic
cassette was integrated but the gene was not knocked out could not be avoided. This is likely to be
due to multiple attB sites occuring naturally within mycobacterial genomes, as the a#tP x attB
reaction has been observed to be promiscuous®'“.

The appeal of the ORBIT system is immediately apparent. The requirement of ~3000 bp
dsDNA substrates (500 bp homology up- and downstream of the GOI flanking an antibiotic
cassette) is replaced with a single stranded oligomer, targeting the replication fork. Additionally,
this system does not require the construction of multiple plasmids prior to integration, instead it
combines the most efficient components of two phage systems. Chapter III of this dissertation
depended entirely on the functionality of the ORBIT system in M. bovis and M. orygis.
Accordingly, the advent and optimization of genetic tools in mycobacteria is vital for the screening
of putative virulence factors and the understanding of the mechanism of infection, especially in

slow-growing pathogens.

10: Animal Models of Tuberculosis
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Since the discovery of the ‘tubercle bacillus’ and the ‘bovine tubercle bacillus’, animal
models have played a crucial role in tuberculosis research. The utilization of animals allows
investigation into the relationship between pathogen and disease; animals are exposed equally to
the same pathogen using the same route of infection and monitored until compassionate or
experimental endpoints. Further, these animal models can be extended to virulence, vaccine, or
treatment studies, depending on the experimental question!s. Dubé et al outlined several
characteristics of an ideal animal model: 1) experimental infection mimics natural disease 2)
infection occurs from a biologically relevant dose 3) route of infection mimics natural exposure 4)
pathology manifests in relevant organs and/or this pathology is comparable to natural infection,
and 5) disease spectrum is comparable to what is seen in a natural host*!6. However, there is no
single model that can perfectly recapitulate tuberculosis in humans; the choice of model often
depends on the cost, space availability, and biosafety requirements'®3!6, Additionally, different
animal models are used to represent different facets of the disease as there is significant variation
in susceptibility, presentation, and the course of disease progression depending on the animal
studied!®-!6, Further, a 2023 study reported that the most commonly used models in tuberculosis
research are mice (~56%), cattle (~27%), and guinea pigs (~5%), however there have also been
studies reported in rabbits, non-human primates, rats, zebrafish, pigs, cats, goat, deer etc.!8 For this
dissertation, the murine model (Chapter IV) and the bovine (cattle) model (Chapter V) will be
used. At the time of this submission, the Behr laboratory has been the only group to propose and
validate a murine model of M. orygis infection. Additionally, the Behr laboratory, in conjunction
with the University of Saskatchewan, has been the only group to perform M. orygis infections

using a bovine model.

10.1 Murine models:
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It is generally agreed upon that inbred mice provide the greatest utility in tuberculosis
research, despite limitations in disease manifestation. They act as a fundamental tool for
understanding complicated phenotypes. First, mice are small, easy to handle, and accessible.
Second, the genetic and immunological background of humans and mice have significant

overlap®!’

. Moreover, in a mouse model, these backgrounds are clearly defined and can be
manipulated (ex: targeted genetic knockouts of mice to assess specific genes involved in the host
response to MTBCs)*'®. For example, the development of IFN-y knockout (-/-) mice
unequivocally proved that IFN-y production was necessary to successfully control bacterial
growth and had an essential role in macrophage activation and resistance to M. tb infection!.
Mice can also be engineered to be more representative of the disease process of interest?20-32!,
Additionally, due to their abundance in research, many reagents, such as antibodies, have been
designed specifically for mice, enabling the in depth study of early immunological processes of
infection3%2.

Mice are considered a ‘tolerant’ host compared to other animals (ex: guinea pigs) due to
high bacterial burdens that can be withstood. However, the infection outcome is not uniform and
can be altered depending on the sex, age, or lineage of the mouse. Infection outcomes also differ
significantly depending on route of infection, dose, and type of infectious agent used (ex: M. tb
versus M. bovis). Broadly, mice can be categorized into ‘resistant’ and ‘susceptible’ strains, defined
typically by length of survival, bacterial burden, induced pathology, and progression of
infection®?3. The most commonly used mouse strain for virulence and vaccine studies is BALB/c,
followed closely by C57BL/6 mice, though these are often considered ‘resistant’ strains to M. tb
infection'®. For context, in one foundational study ranking susceptibility, the median survival of

M. tb infected C57BL/6 mice and BALB/c mice was comparable following both aerosol and IV
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infection (~239 and 252 days respectively) but distinct from other strains with a median survival
of around ~100 days*?*. In both C57BL/6 and BALB/c mice, aerosol, intranasal, intravenous,
intraperitoneal, and intratracheal modes of infection have been successfully described, though the
aerosol model most accurately mimics the natural route of MTBC infection!8. Of note, aerosol
infection of M. bovis in a mouse model is not often reported though this is likely due to the
availability of the natural host (calf) to study disease mechanisms and models without the need for
a proxy. However, mice studies have shown that, like M. tb, M. bovis isolates evoke different
immune responses and that survival, bacterial burden, and lung pathology is strain dependent’.
Despite clear advantages, mouse models are not fully representative of human (or bovine)
disease. First, all mice infected with MTBCs will get sick and eventually progress to active TB; in
comparison, only 5-10% of humans will progress to active TB*?*. Mouse models may overlook
the host-pathogen interactions that must occur to result in clearance, containment or progression.
Next, traditional mouse models (such as C57BL/6 or BALB/c mice) do not induce caseating and
necrotizing granulomas that are considered a hallmark of tuberculosis®*32>326, This is considered
to be the greatest disadvantage of the mouse model. Following infection of C57BL/6 or BALB/c
mice, only one type of lesion forms; this lesion is non-necrotic, non-hypoxic, and does not cause
cavitation®1%327, However, these mice will still succumb to infection, still have significant bacterial
burdens in the lungs, dissemination to the spleen and liver, and manifest a chronic TB infection®!®.
Work into the characterization of more susceptible strains (such as DBA/2, C3HeB/FeJ, and
129/Sv],) has reduced (but not overcome) this challenge. For example, C3HeB/FeJ mice have a
mutation within the ‘super-susceptibility to tuberculosis-1’ locus (ss¢/) that results in progressed
disease and uncontrolled bacterial growth®?®. Following aerosol M. tb (or M. bovis) infection

C3HeB/Fel mice can develop heterogenous, necrotizing lesions that are much more representative
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of heterogeneous human infection outcomes?!”-328-330, Overall, mouse models provide the greatest
flexibility in experimental design and control. Though there are some limitations, mouse models
are a crucial starting point in the characterization of infection and disease manifestation when a

proxy is required.

10.2 Bovine models (cattle):

Cattle studies have been essential in understanding the pathology and disease mechanisms
of M. bovis, as the calf is a natural host. Like mice, calves have a defined genetic background,
though comparison between groups (ex: Bos taurus versus Bos indicus) is uncommon. Due to the
longevity of M. bovis research, experimental infections have been described using aerosol, oral,
intranasal, intratracheal, subcutaneous, intratonsillar, and intravenous routes of transmission!””-331~
337 Notably, the route and dose of infection, drives its outcomes. For example, the minimum dose
required to establish infection in the respiratory tract was determined to be ~103 times lower than
the dose required for oral challenge®8. In another study, following oral challenge, lesions were
more likely to manifest in the digestive tract and show limited dissemination whereas following
endotracheal challenge lesions showed the greatest pathology in the lungs and thorax®*2. A review
by Pollock et al. also highlighted the relationship between route of infection, dose, and
pathology?*”. Overall, high doses (> 10° CFU) via the IV, SC, or oral route results in severe,
generalized disease whereas low dose aerosol or intratracheal infection (100-10000 CFU) results
in pathology more comparable to natural infection®*’. Moreover, cattle studies can be direct
(targeted infection) or indirect (animals in contact with source of infection)*’. This is ideal to

evaluate not only host-pathogen interactions, but also transmission rates between animals and

minimum infectious dose.
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Historically, cattle studies have been performed to investigate the host immune response to
M. bovis'®33, Cattle elicit a comparable granulomatous reaction to humans and respond similarly

to BCG administration®36-33°

. As such, experimental infection can be used as direct screens for
vaccine candidates and/or interventions in real time. From a practical perspective, a number of
immunological agents have also been established to study bovine tuberculosis (ex: diagnostic
assays, various antibodies, etc.) and, it has been proposed that the study of bovine tuberculosis
may be a good proxy for the study of human tuberculosis*?>33¢, Perhaps most relevant to my
research, as cattle are natural hosts of M. bovis- and M. orygis-, species-specific virulence factors
can also be rapidly evaluated using standardized readouts (for example: bacterial burden, gross
pathology, histopathology, etc.).

The largest drawback to cattle as an experimental model is the large size of the animal.
These studies are expensive and require specialized infrastructure and staff to be safely performed
(ex: a large animal biosafety level 3). As such, sample sizes are smaller and experiments may not
be easily repeated, compared to small animal studies. Further, the genetic manipulation of calves
is much more complicated compared to mice, hamsters, and guinea pigs meaning that key
immunological molecules cannot easily be knocked out. Despite this, the cattle model shows the
most complete picture of M. bovis infection and disease and has been thoroughly described over
the last 100 years.

Having both experimental and natural models of bacterial infection is essential to the
characterization of novel pathogens. Moreover, it allows for the simultaneous assessment of

infection versus disease, the immune response, and the efficacy of current interventions. Duffy et

al. established that M. bovis is not the main zoonotic threat in one of the highest TB burden regions
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globally; instead, this was determined to be M. orygis. As such, new understandings of virulence

factors, host-pathogen interactions, infection outcomes, and susceptibility need to be established.
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11. Figures
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Figure 1. Transmission cycle of Mycobacterium tuberculosis (M. tb).

Person A is infected by Mycobacterium tuberculosis and progresses to active disease. In this state,
Person A may present clinically with symptoms such as persistent cough, fever, bloody sputum,
weight loss, loss of appetite and/or night sweats. On a chest X-ray, opacities within the lung can
be observed. During active disease, bacteria are actively replicating and can be spread via the
aerosol route to Person B. Following this exposure, there are two outcomes for Person B: infected
or not infected. If Person B is infected, the bacteria can either be contained/cleared by the host
immune system (ex: via the formation of granulomas) or the infection progresses to active disease,

continuing the transmission cycle.
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Figure 2. Animal-adapted members of the MTBC subspecies.
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Adapted from Brites et al., 2018

Phylogenetic tree of the animal-adapted members of the MTBC (n= 10 strains). Of note, M. th L5
is also commonly referred to as M. africanum and included as a separate lineage. Members of the
Al clade are restricted to a single, maintenance host whereas members of clades A2-A4 have broad
host ranges and evidence of human infection (immunocompetent and/or immunocompromised
hosts). The focus of this dissertation will be on M. bovis BCG, M. bovis, and M. orygis (highlighted

in blue). Figure adapted from Brites et al., 2018,
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Figure 3. Depiction of the SigK regulon.

a) Genes under the control of the SigK regulon. Regulon composed of a regulatory locus (sigKk,
rskA; highlighted in green) and an effector locus (mpt70, dipZ, mpt83; highlighted in blue). SigK=
sigma factor K, RskA= anti-sigma factor K. b) Schematic of SigK regulon expression in M. bovis
and M. orygis. In this scenario, RskA is unable to bind SigK resulting in constitutive expression of
both MPT70 and MPT&83. This is caused by two missense mutations in M. bovis (purple) or a single
readthrough mutation in M. orygis (red). In this diagram, the secreted MPT83 is not depicted. In
M. tb, RskA binds SigK repressing transcription of the SigK regulon. Following host stressors

(starvation, hypoxia, etc.) RskA and SigK dissociate, resulting in the expression of MPT70 and
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MPTS3. Recently, an alternative model of SigK-RskA has been proposed by Veyrier et al. in which
RskA acts as a dual activator-inhibitor of SigK activity (not shown)!8>. Cartoon adapted from

Malone and Gordon, 2017%4.
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Figure 4. Mycobacterial recombineering techniques used in gene deletion studies.

a) General homologous recombination. A double-stranded DNA (dsDNA) substrate is synthesized
using molecular cloning. Three plasmids are recombined using a#tB (bacterial attachment site) and
attP (phage attachment site) recognition to form a single product consisting of an antibiotic
resistance cassette flanked by 500 bp of homology up- and downstream of the gene of interest
(GOI). Integration of the dsSDNA product is mediated by RecE and RecT and guided by the flanking
areas of homology. b) Site-specific recombination mediated by attB x attP recognition (‘BP’
reaction). This facilitates the integration of gene(s) of interest (in the case of deletion strains, an
antibiotic resistance cassette) into the bacterial genome in the correct location. The resulting
product is demarcated in the genome by atfL and attR recombination sites. The role of site-specific

recombination is further described in Chapter III of this dissertation (Figure 10).
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AIMS AND HYPOTHESES OF RESEARCH

In this thesis I will be bridging a technical challenge with a substantive application. The
technical challenge is adapting molecular methods to engineer various mycobacterial strains with
specific capacities. The substantive application is to use these strains for targeted investigations of
hypothesized virulence factors that have been suggested by associations between genomic variance
and differential infection outcomes.

The advent of molecular techniques, such as mycobacterial engineering, has enabled
researchers to specifically target the genome for loss-of-function investigations. These tools can
be incorporated into the pipeline of M. tb diagnostics or be used to investigate ‘natural experiments’
that have occurred as a consequence of mycobacterial evolution. Though natural variation (such
as SNPs and/or regions of deletions) is associated with differential gene and protein expression,
much of the genome has not been interrogated. Additionally, virulence studies typically utilize M.
th as a default laboratory organism for in vitro, ex vivo and in vivo studies. Despite greater than
99.9% conservation at the nucleotide level, differential virulence across Mycobacterium
tuberculosis complex subspecies (MTBCs) has been known for over 100 years. This suggests that
M. tb may not be representative of the pathogenesis of other mycobacterial species and that
investigation of other closely related members, such as M. bovis and the recently described M.
orygis, may aid in the discovery of previously overlooked virulence factors. Finally, both M. bovis
and M. orygis, have been shown to contribute to the global burden of zoonotic TB (zTB). While
M. bovis has been studied since the late ~1800s, M. orygis was only described in 2012. As such,
knowledge about the ‘new’ pathogen (ex: pathogenesis, host range, impact on human health, and

infection outcomes) is limited, and techniques used to study M. tb have yet to be validated in M.

orygis.
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This dissertation focusses on two aims to address differential virulence and pathogenesis
within the MTBCs:
Aim I: Employ mycobacterial engineering to develop isogenic M. bovis BCG, M. bovis,
and M. orygis strains
Aim II: Evaluate infection outcomes of wildtype and isogenic strains using ex vivo and in
vivo models
These aims are aligned with three hypotheses:
Hypothesis I: I hypothesize that molecular techniques can be used to engineer isogenic
strains in M. bovis BCG, M. bovis, and M. orygis. Further, these strains can be efficiently
incorporated in both clinical and laboratory work.
Hypothesis II: I hypothesize that the experimental infection outcome of M. orygis may be
comparable to M. bovis, but distinct from M. ¢b, as defined by the parameters of morbidity
and mortality.
Hypothesis III: I hypothesize that the upregulation of effector proteins MPT70 and/or
MPT83 in cattle-associated members of the MTBCs contributes to enhanced virulence and

that the roles of these proteins may be species-specific.
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CHAPTER II: THE UTILIZATION OF pNIT:ET IN THE CLINICAL DIAGNOSIS OF
MYCOBACTERIUM TUBERCULOSIS

The chapter contains work from my previous publications in both Clinical Microbiology
and Infection titled “BCG strains with defined resistance mutations: a new tool for TB lab
quality control” (Danchuk et al., 2020) and Thorax titled “Challenging the gold standard: the
limitations of molecular assays for detection of Mycobacterium tuberculosis heteroresistance”
(Danchuk, Solomon et al., 2024). Here, I focus predominantly on the molecular engineering of
mono-resistant M. bovis BCG strains and their implementation into clinical laboratory diagnostics

(phenotypic and genotypic testing) to ensure the initiation of appropriate antibiotic therapy.

1. Introduction

Tuberculosis eradication efforts have been largely hindered by the emergence of drug-
resistant M. tuberculosis (DR-TB)®. In 2022, ~410 000 cases of multidrug resistant/rifampin
resistant TB (MDR-TB/RR-TB) were estimated globally, out of a total of ~10.3 million TB cases
(3.2%)%°. Drug susceptible TB (DS-TB) has a treatment success rate of ~88% whereas DR-TB has
a treatment success rate of only 63%. Crucial to the control and management of DR-TB is accurate
detection, as misdiagnosis may result in treatment failure at the individual level and onward
propagation of DR-TB at the population level’*°, Mycobacterial culturing and drug susceptibility
testing remain the gold standard for TB diagnostics (phenotypic testing)®¢. However, these
techniques are time-consuming, costly, and have an extended turnaround time, resulting a delay in
the initiation of treatment. To address these challenges, rapid molecular testing has been
implemented globally to 1) detect the presence of M. th and 2) predict first- and second-line drug
susceptibility in the absence of cultures**!. These tests span from simple tests used in peripheral

laboratories (such as the GeneXpert MTB/RIF assay and/or GeneXpert Ultra) to clinical WGS3#2,
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The development of low complexity molecular tests (such as NAATSs) has caused a shift in
the diagnostic landscape as testing can now be performed in reference and hospital laboratories
(‘classical’ microbiology laboratories), as well as clinics, outreach programs, and remote
polyfunctional settings***-4¢, Initiation of appropriate interventions for DR-TB cases rest on the
foundation of reliable laboratory results. Notably, few institutions have the physical and
operational capacity to propagate M. tb (DS- or DR-TB). Thus, only limited settings in which
diagnostics are run, 1) have the ability to assess the concordance of genotypic and phenotypic
testing and 2) have an adequate quality control for these tests. It has been well-documented that
discordance between local and reference laboratories is associated with under-treatment and a
predictor of mortality in DR-TB patients®*’. As such, we engineered a panel mono-resistant BCG
strains using the pNIT:ET recombineering system to determine the limitations of molecular testing
in the absence of traditional mycobacteriology and provide accessible laboratory controls (Figure
5)86:348 BCG strains possess the same phenotypic qualities of M. b (doubling time, morphology
on solid agar, microscopic presentation) and, with the exception of PZA, comparable drug
susceptibility profiles**34°. Moreover, BCG strains have a well-established safety profile already
in clinical use, minimizing risk to laboratory technicians®®. This allows our panel to be used in the
validation of genotypic and phenotypic diagnostic testing, as well as detection of protocol
oversights (media, procedures, reporting). Additionally, given the importance of DR-TB detection
(MDR-, pre-XDR, XDR), our panel specifically targets canonical and non-canonical mutations
associated with first- and second-line antibiotic resistance. Since the initial development of this
panel in 2018-2019, we have also showed its utility as a quality control in the detection of minority

populations of resistant bacteria phenotypically and genotypically.
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2. Methods

2.1 Mycobacterial culturing:

All cultures (WT and recombinant) were grown in 7H9 complete media (defined as 7HO,
0.1% Tween80, 0.2% glycerol + 10% albumin, dextrose, and catalase, (ADC)) with or without
antibiotic. Cultures were adjusted to ODgoo of 0.05-0.1 and rolled at 37°C until log-phase (ODgoo=
0.5-1). Prior to use in downstream experiments, cultures were passaged at least twice, as described

above. All bacterial strains used in this chapter are outlined in Table 1.

2.2 Validation of the pNIT:ET system:

M. smegmatis is utilized as the point of validation for recombineering systems due to its
rapid doubling time (T= ~4 hours) and biosafety level**’. The pNIT:ET plasmid was subjected to
increasing concentrations of isovaleronitrile (IVN) to determine 1) the efficacy of induction of
recE and recT and 2) subsequent generation of colonies containing resistance-conferring SNPs
(Figure 5c,d). Briefly, 20 mL of M. smegmatis containing pNIT:ET was grown to late log-phase
(ODspo= 0.8-0.1) and stimulated with IVN for 2.5 hours at 5 uM, 10 pM, 50 uM and 500 uM
concentrations. Following induction, cultures were centrifuged and resuspended in 1 mL of Trizol.
RNA was obtained using a phenol-chloroform extraction with subsequent DNAse cleanup
(TURBO DNA-free™ kit, Invitrogen); cDNA was derived from purified RNA. A qRT-PCR was
performed alongside a ‘no induction control’ (IVN-free culture) with primers specific to RecE and
RecT. Expression was normalized to sigma factor A (SigA, housekeeping control) to determine
fold induction (Figure 5¢). In M. smegmatis induction of RecE and RecT was comparable across
concentrations tested. Additionally, pNIT:ET induction was assessed in M. tuberculosis using the

above-described protocol with the following modifcations: 5 pM IVN was added to 20 mL of log-
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phase culture and rolled at 37°C for 16-24 hours to mimic electroporation conditions (Figure 5d).
This protocol was subsequently applied for all pNIT:ET containing members of the MTBC used

in this chapter.

2.3 Generation of mono-resistant BCG strains:

Mono-resistant BCG strains were engineered as described by Murphy et al’*. The
pNIT:ET plasmid was electroporated into either BCG Russia, BCG Danish, or BCG Pasteur and
maintained using 50 pg/mL of kanamycin. At late log-phase, 2M glycine (10% of total culture)
and 5 pM of IVN was added to culture and rolled for 16-24 hours at 37°C. Oligomers (70 bp) were
electroporated into pNIT:ET containing BCG to generate a resistance-conferring SNP within the
gene of interest (such as rpoB, katG, gyrA etc.). SNPs were selected based on literature reviews
(‘canonical’ mutations) and case reports (‘non-canonical’ mutations). Following 5 days of recovery
in 7H9 complete media at 37°C, the electroporated culture was plated on 7H10 agar plates
containing glycerol, oleic acid, albumin, dextrose, catalase (OADC), and the antibiotic for which
resistance was conferred. SNPs were confirmed using conventional PCR, Sanger sequencing
(Genome Quebec and Innovation Centre) and subsequent alignment with the GOI against the
parental BCG strain (Geneious Prime 2019.2) (Figure 6a,b). Resistance conferring SNPs and
correlated antibiotics are outlined in Table 1. In total, six mono-resistant BCG strains and one
strain engineered to contain two targeted SNPs (KatG S315T + GyrA D94G) were generated (Table
1). Introduction of the KatG S315T SNP could only be achieved following the electroporation of
two resistance conferring oligos (KatG S315T and GyrA D94G) and cross-selection using both
INH and MFX. All engineered strains are available in the Belgian Coordinated Collections of

Microorganisms (BCCM) repository.
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2.4 Molecular resistance prediction:

BCG is a live, attenuated member of the MTBC*. As such, it can be safely used as a proxy
in clinical laboratories without access to a biosafety containment level 3 (CL3) facility. The
engineered strains BCG RpoB S450L, BCG RpoB 1491F, and BCG KatGdel428 were used as
quality controls for two molecular diagnostic tests: GeneXpert (Cepheid, USA) and GenoType
MTBDRplus Ver 2.0 (Hain Lifesciences, Germany) (Figure 7,8). Additionally, mixtures of mono-
resistant BCG strains were used to determine the efficacy of GeneXpert Ultra (Cepheid, USA) at
5%, 10%, 50%, and 60% resistant populations (Table 2). All molecular resistance prediction assays
were performed as per manufacturer protocols with no modifications. GeneXpert studies were
performed at the Research Institute of the McGill University Health Centre and the Lakeshore
General Hospital (Montreal, Canada). GeneXpert Ultra studies were performed in collaboration
with Christian Medical College (Vellore, India); Geneotype MTBDRp/us assays were performed
in collaboration with the Public Health Ontario Laboratory (Toronto, Canada). Mycobacterium
avium hominissuis (MAH) and/or Mycobacterium avium paratuberculosis (MAP) were included
as negative controls (non-tuberculous mycobacteria) whereas WT BCG was included as a drug-

sensitive MTBC control (Figure 7,8).

2.5 Phenotypic drug susceptibility testing (pDSTs):

Broth microdilution assays were prepared by the addition of 100 pL of antibiotics to 100
uL of bacteria to a final antibiotic concentration of 0.0312-8 pg/mL in a 96-well plate and
incubated at 37°C for 7 days (technical triplicate, unless otherwise indicated). A 7H9 complete
background control (200 pL media) and 7H9 complete plus antibiotic (100 pL media + 100 puL
antibiotic) control was additionally included. Minimum inhibitory concentration (MICoo, the

concentration at which 90% of bacterial growth is inhibited) was determined using ODeoo. Final
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ODeoo values were calculated using the average of the three wells (background ODsoo removed).

Percent (%) inhibition through microdilution was determined formulaically as % inhibition= 1-

ODmutant D7 _ODmutant Do

) X 100%. Inhibition was assessed every 24 hours from Day 0 to Day
ODwildtype D7_0Dwildtype Do

7. If growth was still observed at the highest concentration, it was reported as > 8 pg/mL. This
process was repeated for all mono-resistant BCG strains generated to determine the MICq (Figure
9). MIC determination was performed as a proof of concept to ensure that resistance-associated
SNPs (including disputed mutations) could successfully confer resistance to WT BCG strains
(Figure 9). Of note, broth microdilution is not used clinically to determine if a patient isolate is
resistant to an antibiotic of interest®>!. Instead, the prescription of anti-tuberculous agents is
influenced by critical concentrations and clinical breakpoints. Critical concentration (CC) is
defined as the lowest concentration of antibiotic which can inhibit the growth of 99% of wildtype
M. tb whereas clinical breakpoint is the concentration of antibiotic above critical concentration
which can help determine if M. tb isolates are susceptible (treatment success likely) or resistant
(treatment failure likely)*2. Importantly, CCs vary depending on the type of culture media, time

of reading, and MIC of wildtype bacterial strains®>2,

2.6 Preparation of heteroresistant samples:

Mono-resistant BCG strains were combined in different ratios to determine the efficacy of
resistance detection at 50%, 10% and 1% resistance on a wildtype background. In accordance with
established literature RIF-R samples were prepared to test the limitations of GeneXpert MTB/RIF

and GeneXpert Ultra®33-34,

2.7 Agar proportion method (APM):
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WT BCG and RIF-R BCG (RpoB S450L) were cultured as described above with the
following modification: BCG RIF-R was grown in 1 pg/mL RIF. Cultures were adjusted to 0.5
using the MacFarland standard, serially diluted (102 and 10%), and plated on 7H10 + OADC
quadrant plates. Quadrants were divided into 1) antibiotic free, 2) 1 pg/mL LFX, 3) 1 pg/mL INH,
and 4) 1 pg/mL RIF. Plates were incubated at 37°C for 3 weeks and enumerated. Resistance was
defined as CFUs present on an antibiotic containing quadrant at a concentration > 1% of the

antibiotic free quadrant®*>, This experiment was performed in collaboration with Ori Solomon.

3. Results

DR-TB can be stratified into three categories: MDR-TB (defined as isolates resistant to
both rifampin and isoniazid), pre-XDR TB (defined as isolates resistant to rifampin and/or
isoniazid and any fluoroquinolone) and XDR-TB (defined as isolates resistant to rifampin and/or
isoniazid, at least one fluroquinolone, and either bedaquiline or linezolid)®*3#!. For this chapter, I
will discuss the validation of molecular and phenotypic assays for MDR-TB detection.

The pNIT:ET recombineering system recommends using a 70 bp oligo containing the
K43R mutation in RpsL (known to confer streptomycin resistance) as a positive control for
determining system efficacy (Figure 5b)3%63%6, Once this Strep-R strain was successfully generated
in BCG, the utility of the mono-resistant BCG strains became readily apparent: the incorporation
of resistance conferring SNPs could provide an easily accessible, affordable, and customizable
quality control for clinical mycobacterial labs. For this we developed a panel of BCG strains
resistant to first- and second-line antibiotics to be blindly tested against commonplace molecular
and phenotypic assays. The MICoo for all mono-resistant strains engineered was determined using

microbroth dilution.
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3.1 Molecular testing:

The GeneXpert MTB/RIF targets mutations in the rifampin-resistance determining region
(RRDR) of rpoB, an 81-bp section of the gene (codons 426-452) accounting for up to 98% of

rifampin-resistant M. ¢b strains®>3-3%7

. Five overlapping molecular probes are utilized in a multiplex
PCR; if a mutation is present in a region the probe targets (defined as A-E), the probe does not
adequately bind and a blunted signal will be recorded®’. If less than two molecular probes bind,
the sample is returned as MTBC negative.

A mutation at codon 450 (S—>L) within the RRDR is one of the most common SNPs
associated with high-levels of rifampin resistance globally®*!-*83%°, In the GeneXpert MTB/RIF
assay, this SNP translates to a signal at ‘Probe E’, corresponding to codons 450-452 within the
RRDR. The results of the GeneXpert MTB/RIF assay are outlined in Figure 7a-d. Samples
included a) M. avium hominissuis b) wildtype BCG, c) BCG RIF-R (RpoB S450L) and d) BCG
RIF-R (RpoB I491F). As expected, M. avium hominissuis returned the result ‘MTB NOT
DETECTED’ indicating a failure of all RpoB probes (Ct=0.0), whereas WT BCG returned the
result ‘MTB DETECTED, Rif-resistance NOT DETECTED’, in which all RpoB probes passed
within two cycles of each other (Ct= 24.7-26.2). In the RpoB S450L strain probes A-D passed
within two cycles of each other (MTB DETECTED) but probe E consistently returned a Ct value
of 0.0 (Rif-resistance DETECTED). To determine the limitations of this quality control, live or
heat-killed bacteria was added to the GeneXpert cartridge at increasing concentrations of bacteria
(1000 bacteria/mL, 5000 bacteria/mL, 100 000 bacteria/mL). These parameters had no outcome

on the validity of assay readout. Heat-killed RIF-R BCG was further validated by a third-party

clinical lab in Puvirnituq, Nunavik (Quebec, Canada).
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Similarly, the I1491F mutation in RpoB accounts for 1-5% of all rifampin-resistant strains
and has been reported globally*®°, This mutation is outside of the RRDR and as such is overlooked
by current molecular tests endorsed by the WHO, including GeneXpert and GeneXpert Ultra®¢!-362,
Additionally, RpoB 1491F cannot be detected by the Bactec Mycobacteria Growth Indicator Tube
(MGIT), a validated phenotypic assay used in drug susceptibility testing, due to its association
with low-level RIF-R resistance®3!-3633%4 1n 2009, this mutation accounted for 30% of MDR cases
in Eswatini*®°, However, following the most recent survey of MDR-cases in 2017, this mutation
accounted for ~56% of reported cases®®>. This is of particular concern for neighbouring countries
such as South Africa and Mozambique which have some of the highest burdens of MDR/XDR-TB
per capita®®3, Moreover, since 2022 DR-TB cases attributed to the 1491F have been recorded in
Botswana and Myanmar and studies have recently reported additional resistance-conferring
mutations in Rv0678 (CFZ, BDQ-R) and KatG (INH-R) within M. ¢b strains already containing
the RpoB 1491F mutation3¢!362366.367 A5 expected, the 1491F mutation outside of the RRDR was
reported as “MTB DETECTED, Rif resistance NOT DETECTED’ following GeneXpert testing
on this sample (Figure 7d).

The WHO endorses the GenoType MTBDRplus assay for rapid detection of MDR-TB?¢!,
This assay uses probes for 1) MTBC DNA and 2) common RIF- (rpoB, within the RRDR) and

INH- (katG, inhA) resistance-conferring mutations>¢%-370

. Unlike GeneXpert, this assay accounts
specifically for the KatG S315T mutation, responsible for 23.7% of INH-resistant isolates globally,
and four inhA promoter mutations (T-8C, T-8A, C-15T, and A-16G)*°37!, To broaden the utility
of this panel beyond RIF mono-resistant strains, we also developed an INH resistant quality control

strain as katG and inhA are well characterized targets of this first line drug. Like GeneXpert, this

assay uses probes specific for MTBC DNA, as well as probes specific to common RIF- (rpoB,
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within the RRDR) and INH- (katG, inhA) resistance-conferring mutations®’>3%%, Resistance
prediction is determined through binding patterns of both wildtype and mutant probes. If one or
more wildtype probe is absent in rpoB, katG or inhA, with or without the presence of other mutant

probes, the sample is ‘resistant’372-368

. However, these probes are not designed to capture mutations
outside of these regions. In 2018, when this work was first initiated, a non-canonical deletion in
amino acid 428 in KatG was identified and determined to confer high-level INH resistance®”? . To
broaden the utility of recombinant BCG beyond RIF mono-resistant strains and GeneXpert testing,
we incorporated this novel SNP into BCG, as a control for MDR-TB detection. This panel of RIF-
R and INH-R strains were validated in collaboration with the Public Health Ontario Laboratories
(PHOL). The MTBDRplus assay was run against 10 strains, processed as part of routine clinical
testing. As expected, the WT BCG strains (BCG Russia; BCG Pasteur) were correctly detected as
pan-susceptible and the NTM control strains (MAP; RpsL K43R MAP) were correctly identified
as non-MTBC. For canonical mutations, such as RpoB S450L, RIF-R was clearly detected (failure
to amplify a WT probe; successfully amplified the mutant probe). In contrast, when evaluating
non-canonical mutations -such as RpoB [491F and KatG del428 AA- both strains were called as
susceptible to RIF and INH respectively (Figure 8).

Beyond monoresistance, we also evaluated the efficacy of currently employed molecular
tests in the detection of mixed (heteroresistant) infections, defined as a seemingly homogenous
sample that contains multiple bacterial populations®. As previously published, the GeneXpert
MTB/RIF assay was unable to detect the presence of RIF-R populations < 50%3333%4, It was only
when the sample population was increased to 60% that RIF-R was adequately detected. Since its
endorsement by the WHO in 2010, a second iteration of GeneXpert (GeneXpert Ultra) was

developed with higher sensitivity to mycobacterial DNA and a lower limit of detection®>. When
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the same samples were run using the GeneXpert Ultra, the detection threshold decreased to > 10%
(Table 2). However, when the minority population was reduced to 5%, RIF resistance could not be

detected (Table 2).

3.2 Phenotypic testing:

3.2.1 Broth microdilution

RIF resistance:

The MICo of WT BCG was determined to be ~0.03 pg/mL. Comparatively, when assessed
by pDST, the S450L RpoB mutation correlated to an MICo of > 8 pg/mL, the maximum
concentration tested (Figure 9a, Table 1). At 8 pg/mL, ~20% inhibition was observed by Day 7.
Similarly, the MICoo of the I1491F RpoB strain was observed to be ~8 pg/mL. When analyzing the
data further, it can be observed that although MICy is not reached, by 0.5 pg/mL RIF, 50% of the
bacteria are inhibited at this concentration (MICso), indicating that this mutation likely confers
intermediate rather than high-level resistance (Figure 9a, Table 1). Notably, the definition of
resistant or susceptible isolates depend on type of assay, type of media (ex: MGIT versus 7H9
complete), and readouts used3>!332374,

INH resistance:

As previously described, the non-canonical KatG del428AA was associated with high
levels of INH resistance. Our results correlated with this finding as the MICy of our engineered
strain exceeded the maximal concentration tested (MICoo > 8 pg/mL INH)(Figure 9b). At
concentrations at or below 8 pg/mL an inhibition of ~20% was observed. In comparison, the WT
BCG control had an MICy of 0.25 pg/mL INH. The dual-SNP BCG strain (INH-R + FQ-R) was
not evaluated using microbroth dilution for the MICyqo using either INH or moxifloxacin (MFX).
Second-line antibiotic resistance:
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In 2022, the WHO updated its treatment recommendations for DR-TB37, The current
frontline regimen for MDR-TB is 6-month treatment with bedaquiline (BDQ), pretomanid,
linezolid, and moxifloxacin (fluoroquinolones, FQ), known as BPaLM?*7>, Previously, > 9 months
of treatment was recommended for MDR-TB**-276 This included fluoroquinolones (FQ),
bedaquiline (BDQ) and linezolid as front-line agents (known as group A drugs) and at least one
group B drug (i.e. clofazimine and cycloserine or terizidone)**3376, Of the current regimen of
MDR-TB drugs, the D94G mutation in GyrA has been associated with high levels of
fluroquinolone resistance such as moxifloxacin (MFX), levofloxacin (LFX), and ofloxacin (OFX).
Additionally an S63R mutation in Rv0678 has been associated with low-level BDQ and CFZ
resistance®>77378 Using the preceding logic for the development of quality controls for molecular
testing, we engineered strains containing these mutations and subjected them to microbroth
dilutions. The S63R Rv0678 had an MICo of 1 pg/mL for both CFZ and BDQ, showing a slight
increase from the WT BCG MICy of 0.25 pg/mL for both CFZ and BDQ at the same timepoint
(Figure 9c,d). The D94G GyrA mono-resistant strain had an MICy of ~4 pg/mL (compared to

0.125 pg/mL of the WT BCG strain)(Figure 9e).

3.2.2 Agar proportion method (APM) of heteroresistant mixtures

Samples containing minority populations of RIF resistant BCG (RpoB S450L) were tested
using APM and enumerated (Table 2). Resistance was observed in all samples tested, including a

minority population of 1%.

4. Discussion

Effectiveness of TB treatment hinges on accurate diagnosis. Without treatment, even drug
susceptible TB has a mortality rate ranging from ~20% (culture positive, smear negative) to up to
~70% (smear-positive pulmonary TB)®. Though it is crucial to have patients started on antibiotic
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therapy as quickly as possible, it is also necessary for this therapy to be correct. As of 2023, there
16 vaccines, 50 diagnostic tests, and 28 drugs under development for the prevention, detection,
and treatment of TB*>”°. However, these current and developing technologies lack adequate quality
controls. If being offered clinically, the analytical limitations of these diagnostics must be assessed.
We have developed a panel of mono-resistant BCG strains that can be applied to phenotypic and
genotypic diagnostic tests and can be adapted per clinical needs/WHO recommendations. The
utilization of live, attenuated strains of BCG as quality controls mitigates technical challenges
associated with M. ¢tb diagnostics such as the requirement of a CL3 and training of technical staff.
Additionally, BCG has a well-established safety profile, being given to over 100 million newborns

per annum, and minimizes infection risk to laboratory personnel®*

. The utility of this panel has
also been independently confirmed in clinical and outreach settings globally and incorporated into
routine use.

BCG strains in which resistance-associated SNPs were incorporated, mimicked resistance
profiles seen in their M. th counterparts. With the rising rates of DR-TB globally, the impact of
heteroresistant infections, defined as a single sample containing both wildtype (susceptible) and

90,340

resistant bacterial populations, has become of increasing importance . Previous studies have

shown that up to 20% of tested clinical isolates contain these mixed populations, though this varies
p pop g

380-383

globally . Accordingly, heteroresistant populations may be detrimental to patient care. Since
the 1960s, the reference method for detecting DR-TB has been the agar proportion method
(APM)*3, This method is founded on the premise that if more than 1% of M. tb grows in the
presence of the antibiotic of interest (ex: RIF), treatment with that antibiotic is unlikely to be

successful’>>. Notably, this 1% is in contrast with other sectors of clinical microbiology

laboratories in which 0.1% bacterial growth is indicative of resistance®*%*. As our panel is
g p

Danchuk, SN 76 PhD Thesis



composed of live, attenuated BCG strains, we assessed the robustness of molecular and phenotypic
assays in the detection of minority populations. Our results show that phenotypic testing remains
the ‘gold standard’ in clinical diagnostics, with the ability to detect rifampin resistance in
populations as low as 1%, though minority populations below this proportion were not assessed.
Comparatively, when testing with GeneXpert and GeneXpert Ultra, the limit of detections
increased to 60% and 5% respectively. The clinical consequence of this discrepancy has yet to be
fully understood.

With the transition to full-genome interrogation in clinical diagnostics (via WGS), this
panel also proves its utility in establishing the limit of detection using this technique, particularly
in the differentiation between multiple bacterial strains within a single sample. WGS offers the
capacity to detect mutations beyond the regions restricted by LPAs such as GeneXpert and
MTBDRplus; however, without the determination of a reliable limit of detection, the discrepancy
between phenotypic and genotypic testing remains. A key obstacle in the current landscape of
WGS is a lack of standardization; the application of mono-resistant BCG strains at varying
concentrations may highlight potential pitfalls in bioinformatic pipelines from variant detection
(identification) to the generation of resistance reports (communication).

To summarize, this chapter is founded on the concept of quality controls in M. tbh
diagnostics. The pNIT:ET recombineering system was optimized and used to generate a panel of
live, mono-resistant BCG strains. From this we validated their use in standard phenotypic and
molecular assays as quality controls and in several laboratories (nationally and internationally).
The use of this panel was then integrated into standard operating procedures. Subsequently, the
BCG panel was used to reaffirm the ‘gold standard’ of phenotypic testing and determine the

limitations of GeneXpert (and GeneXpert Ultra), in the detection of heteroresistant infections. This
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is particularly important as GeneXpert is commonly used in many high burden TB settings (in the
absence of quality controls), being restricted to detection of mutations within the RRDR, and
having an LOD of 60% for heteroresistant infections*#3-386, Additionally, as of 2021, the WHO has
endorsed the ‘GeneXpert MTB/XDR’ assay which promises rapid detection of resistance to
isoniazid, fluroquinolones, ethionamide, and second line injectable drugs (SLIDs) but not
bedaquiline or clofazimine®®’. Though we did not utilize this molecular test, the design of the
GeneXpert XDR is conserved: our panel can be easily incorporated as controls for this assay in
the detection of mono- or heteroresistant infections.

Ultimately, the implementation of a panel of mono-resistant BCG strains in TB diagnostics
can provide greater assurance that a laboratory can confidently detect DR strains of M. b,
regardless of the proportion of resistant bacilli within a single isolate. This enables their clinical
and public health counterparts to promptly- and correctly- initiate appropriate health interventions.
The introduction of new and effective diagnostics is essential for the control and eradication of TB
cases worldwide. Despite this, developing quality controls to address non-canonical resistance,
and heteroresistance with these diagnostic tools is not prioritized by the WHO, manufacturers, or
regulators. Clinical and technical gaps remain: how can new assays be validated? What is the limit
of detection? Is this limit of detection clinically relevant? How will a lack of identification affect
patient care? Without adequate diagnostics, individual care and public health may be
compromised: not only is the patient exposed to the negative side effects of ineffective antibiotics,
DR-TB may be selected for at the population level due to inadequate treatment. This may be the
most apparent consequence of using assays without known limitations, and instead assuming they
will be ‘good enough’. Our panel seeks to provide a starting point to address current knowledge

gaps and the tools to ensure the proper and immediate patient care. In 2015, the WHO developed
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the END TB strategy; a commitment to reduce TB deaths by 95% and TB cases by 90% by
203550388 QOur lab hopes to contribute to these goals by assisting in the laboratory detection of TB

and DR-TB, so that patients can receive the appropriate care.
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5. Figures
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Figure 5. Validation of the pNIT:ET recombineering system.

a) The pNIT:ET plasmid. Expression of RecE and RecT under control of a nitrile promoter,
induced by isovaleronitrile (IVN). b) Oligo-mediated recombineering used to incorporate
streptomycin-conferring mutation (RpsL K43R). ssDNA integration depends on induction and

expression of the RecT enzyme from pNIT:ET plasmid. ¢) Fold induction (logio) of RecE and
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RecT following stimulation with increasing amounts of IVN (5uM-100 puM; T= 2.5 hour) in M.
smegmatis culture. d) Fold induction (logio) of RecE and RecT following stimulation with 5 uM

IVN (T= 16-24 hours) in M. tuberculosis H37Rv culture.
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b) Mycobacterium bovis BCG RpoB 1491F

a) Mycobacterium bovis BCG RpoB S450L

Figure 6. Dideoxynucleotide sequencing electropherograms.

Geneious Prime (v. 2019.2) alignments of wildtype rpoB gene; M. bovis BCG sequence (top)
compared to engineered mutant (below). a) M. bovis BCG S450L strain. Black box highlights
amino acid position 450; conversion of serine (S) to leucine (L). b) M. bovis BCG I491F strain.

Black box highlights amino acid position 491; conversion of isoleucine (I) to phenylalanine (F).
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a) Mycobacterium avium hominissuis

b) Wild-type Mycobacterium bovis BCG
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Figure 7. GeneXpert MTB/RIF output.

Probe amplification plots of M. avium hominisuiss, wildtype M. bovis BCG, and rifampin-resistant
mutants. A lack of probe amplification infers 7poB mutation and that sample is resistant. Coverage
of probes: A = codons 429-430 (brown), B = codons 432-436 (green), C = codon 441 (purple),
D - codon 445 (blue), E=> codons 450 and 452 (orange). SPC (yellow) acts as sample processing
control. a) M. avium hominisuiss (MAH) sample (non-tuberculous mycobacterium control). No
rpoB probe amplification; SPC positive (sample and readout validated). b) Wildtype M. bovis
BCG. Rifampin-sensitive M. tuberculosis complex positive control. Probe A-E positive, SPC
positive. Final readout: MTB detected, RIF resistance not detected. ¢) M. bovis BCG RpoB S450L.
Probe A-D positive; probe E negative (Ct= 0). Final readout: MTB detected, RIF resistance

detected. d) M. bovis BCG RpoB [491F. Probe A-E positive. Final readout: MTB detected, RIF
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resistance not detected. Failure to detect due to position of mutation as codon 491 is outside of

rifampin-resistance determining region (RRDR).
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Figure 8. MTBDRplus output.

Extracted DNA from mono-resistant M. bovis BCG panel sent to Public Health Ontario Laboratory
(PHOL) and processed as part of routine clinical testing (blinded to technician). Probe
amplification banding patterns indicate presence or absence of resistance mutations in rpoB, katG,
and inhA. Species tested: A=> BCG Russia Rv0678c S63R (BDQ/CFZ-R), B > M. avium
paratuberculosis (MAP) RpsL K43R, C = BCG Russia KatG AAdel428, D - BCG Russia RpoB
1491F, E & BCG Russia S450L, F = M. tuberculosis H37Ra, G = wildtype BCG Pasteur, H >
BCG Pasteur S450L, I > WT MAP, ] > WT BCG Russia, K > MAP RpsL K43R. All WT BCG
returned as drug-sensitive, TB probe positive (TUB). All MAP strains returned as TUB negative.
Both BCG Russia S450L strains tested negative for one wildtype probe (WTS), and positive for
mutant rpoB probe (MUT3) (RIF-R positive). BCG RpoB 1491F and BCG KatG AAdel428

returned as RIF- and INH-sensitive (respectively) despite resistance profiles.
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Figure 9. Microbroth dilution curves of engineered BCG strains (MIC, ).

MIC,, determination by addition of 100 pL antibiotic to 100 uL bacteria in clear 96-well plate. WT
BCG Russia control and 7H9 complete media control added to each plate, in tandem with resistant
strains (performed in triplicate). % inhibition measured using OD,, RIF=> rifampin, INH -

isoniazid, CFZ - clofazimine, BDQ - bedaquiline, MFX - moxifloxacin. Calculation: %

(ODmutantD7—0DmutantDO0)
(ODwildtypeD7—0DwildtypeDO0)

x 100%

inhibition= 1
a) RIF-resistance of WT BCG Russia, RpoB S450L, and RpoB I491F strains. MIC,, of WT BCG
<0.032 pg/mL. MIC,, of RpoB S450L > 8 pg/mL. MIC,; of RpoB [491F ~8 pg/mL. Notably,
RpoB [491F shows more intermediate resistance compared to S450L; MIC,  achieved at ~0.5
ng/mL. b) INH-resistance of WT BCG Russia and KatG AAdel428 strains. MIC,, of WT BCG
~0.25 ug/mL; MIC,, KatG AAdel428 > 8 pg/mL (high-level INH resistance). ¢) CFZ-resistance
of WT BCG Russia and Rv0678c S63R strains. MICy, of WT BCG ~0.25 pg/mL; MIC, Rv0678¢c

S63R ~1 pg/mL (low-level CFZ resistance). d) BDQ-resistance of WT BCG Russia and Rv0678c

S63R strains. MIC,; of WT BCG ~0.25 pg/mL; MIC,, Rv0678c S63R ~1 pg/mL (low-level CFZ
resistance). €) MFX-resistance of WT BCG Russia and GyrA D94G strains. MIC,, of WT BCG

~0.125 pg/mL; MIC,, GyrA D94G ~4 pg/mL.
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6. Tables

Strain Mutation
M. bovis BCG -
M. bovis BCG RIF-R RpoB S450L
M. bovis BCG RIF-R RpoB [491F
M. bovis BCG INH-R KatG AAdel428
M. bovis BCG FQ-R GyrA D94G
M. bovis BCG CFZ/BDQ-R  Rv0678c S63R
M. bovis BCG STR-R RpsL K43R

M. bovis BCG INH-R/FQ-R  KatG S315T/
GyrA D94G

Table 1. Bacterial strains utilized in molecular and phenotypic testing.

Conferred Resistance
Pan-susceptible
RIF (within RRDR)
RIF (outside RRDR)

INH
FQ (MFX)
CFZ/BDQ
STR

INH/FQ

MIC 90 (ng/mL)

RIF= rifampin, RRDR= rifampin resistance determining region, INH= isoniazid, FQ=

fluroquinolone, CFZ= clofazimine, BDQ= bedaquiline, STR= streptomycin. Adapted from

Danchuk et al., 2020; Danchuk, Solomon et al., 2024.
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Strain proportions Phenotypic RIF-susceptibility Molecular RIF Resistance

(R:S) testing Prediction
(>1%=R)
APM GeneXpert GeneXpert
MTB/RIF Ultra
0:100 Susceptible Susceptible Susceptible

1:99 Resistant - -

5:95 - - Susceptible
10:90 Resistant Susceptible Resistant
50:50 Resistant Susceptible Resistant
60:40 Resistant Resistant Resistant
100:0 Resistant Resistant Resistant

Table 2. Phenotypic and molecular detection of RIF-heteroresistance.

‘Resistant’ defined as > 1% growth in antibiotic media compared to antibiotic free media. -: DST

platform not tested at this proportion. RIF= rifampin; APM= agar proportion method. Adapted

from Danchuk, Solomon et al., 2024.

Danchuk, SN

&9

PhD Thesis



CHAPTER III: USE OF MYCOBACTERIAL RECOMBINEERING TO
CHARACTERIZE PRODUCTION OF MPT70 AND MPT83 BY NATURAL AND
ENGINEERED VARIANTS OF THE MTBC

1. Introduction

The MTBCs are more than 99.9% conserved at the nucleotide level. Despite this,
differences in virulence, disease presentation, and host range between subspecies have been well-
established since the late 1800s!%12°, M. tb, M. bovis and M. orygis, are differentiated by lineage-
specific SNPs and large polymorphisms termed ‘regions of difference’!’>!74184.389 Unlike other
bacterial species, this variation is not mediated by the acquisition of new genes; instead the MTBCs
lack the molecular machinery required for horizontal gene transfer (HGT) and possess reduced
genomes compared to the most recent common ancestor (MRCA)**%*°!, As such, differential
infection outcome and host preference between species has been a key area of research.

The prior chapter explored the use of the pNIT:ET recombineering system for the
introduction of resistance-associated SNPs via the incorporation of a modified single-stranded
oligomer (ssDNA). However, the generation of knockout strains require the recombination of three
delivery vectors (constructed using PCR products) into a final ‘destination vector’. This vector
consists of a selectable resistance cassette flanked by 500 bp of homology upstream and
downstream of the GOI (total size ~3000 bp) (Figure 4). In theory, gene deletions can be
successfully conferred using allelic exchange between the modified construct and the genomic
GOI (homologous recombination). Initially we sought to develop to develop deletion (knockout)
strains of the putative virulence factors MPT70 and MPTS83 in M. bovis BCG, M. bovis, and M.
orygis. However, due to the complexity of this process, the size of the gene insert, and relatively
low homologous recombination rates in mycobacteria, the generation of a single gene knockout is

often unachievable. To determine if this was a species, or gene-specific defect, we incorporated
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the pNIT:ET system into several mycobacterial species (M. smegmatis, M. bovis BCG Russia, and
M. tb) and incorporated constructs targeting multiple non-essential genes (ex: sigK, rskA, and
IppZ). Additionally, increased doses of IVN had no significant impact on the expression levels of
RecE and RecT nor the efficacy of this exchange. Regardless of modifications, deletion strains
could not be generated.

To remedy this, we implemented and optimized the “oligonucleotide-mediated
recombineering followed by Bxb1 integrase targeting” (ORBIT) system. Following optimization
in the non-pathogenic M. smegmatis, we implemented the ORBIT recombineering system in slow
growing MTBCs (M. tb, M. bovis, M. bovis BCG, and M. orygis) and successfully generated
knockouts for MPT70, MPT83, and the canonical virulence factor ESAT-6. We sought to
characterize the properties of these isogenic strains at the in vitro and ex vivo levels to determine
how the loss of two major antigenic proteins would impact bacterial pathogenesis. Subsequently,
these strains were employed in vivo to evaluate the role of MPT70 and/or MPTS83 in the infection

outcome of a murine model.

2. Methods

2.1 Bacterial strains:

All bacterial strains used are listed in Table 3.

2.2 Oligo-mediated recombineering followed by Bxbl1 integrase targeting (ORBIT)

The ORBIT recombineering system is described in detail in Figure 10. ORBIT
recombineering requires 1) the expression of RecT and Bxbl1 integrase, 2) a gene specific oligomer
(~160-180 bp), and 3) a non-replicative ‘payload plasmid’ containing a selectable resistance
cassette (such as hygromycin or zeocin). The ORBIT plasmid (pKM444) is an exogenous plasmid

containing RecT (an annealase) and Bxb1 integrase under a tetracycline inducible promoter. To
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facilitate the creation of a gene deletion the following occurs: first, co-expression of RecT and
Bxbl integrase is induced following stimulation with anhydrotetracycline (AtC). Second, the
targeted oligo (containing an attP recombination site) and the payload plasmid (containing an a#tB
recombination site) are co-electroporated. RecT pairs homologous regions of oligomer to the
lagging strand of DNA during replication. This results in the alignment of the a#/P site (oligo) in
place of the target GOIL. In tandem, Bxb1 integrase recombines a#tP and attB sites, replacing the
GOI with the selectable resistance cassette. ORBIT reduces the introduction of synthetic DNA (i.e.
the oligomer) into a single step and bypasses the need for double-stranded DNA (dsDNA)

products, significantly improving the efficacy of producing gene deletions.

2.3 Production of isogenic strains via ORBIT recombineering system:

Strains containing targeted gene-deletions were generated using the ORBIT system as
described by Sassetti et al. with modifications®”. Briefly, pKM444-KanR (plasmid containing
RecT and Bxb1) was electroporated into log-phase M. bovis Ravenel and M. orygis 51145 cultures;
induction of Bxbl and RecT was confirmed following exposure to 5 pg/mL anhydrotetracycline
(T=16-24 hours). A 170 bp oligomer was developed containing an a#¢P site and 60 bp homologous
regions of our genes of interest (esx4, mpt70 mpt83, mpt70, mpt83). The oligo was then
electroporated alongside either pKM464-HygR or pKM496-ZeoR into M. bovis or M. orygis
cultures containing the pKM444-KanR plasmid (M. bovis ORBIT, M orygis ORBIT). Cultures
were recovered for 6 days in 7H9 complete media following electroporation and incubated on
7H10 complete plates (defined as 7H10 + oleic acid, albumin, catalase, and dextrose (OADC))
containing antibiotics up to 6 weeks at 37CC. Oligomers used in the development of these strains

are described in Table 4.
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2.4 Deletion strain validation:

All strains generated for downstream studies were validated using an in-house ‘knockout
pipeline’. Colonies were screened using conventional PCR and confirmed with Sanger sequencing.
Junction primers were designed to target the integration site of pPKM464 or pKM496. Primers
spanned from 150 base pairs (bp) upstream of the GOI into the oriE site and from the resistance
cassette (Hyg-R or Zeo-R) to 150 bp downstream of the GOI. A qRT-PCR was run to assess
expression levels of GOIs compared to a WT positive control and ‘no reverse transcriptase’
negative controls to determine background detection. Viable candidates were then confirmed using
WGS (Illumina NovaSeq 6000, Genome Quebec). Efficacy of knockout varied depending on target
GOL. In total, 8 gene-specific knockout strains were generated using the ORBIT recombineering
system (4 in M. bovis ORBIT, 4 in M. orygis ORBIT). Engineered strains were sequenced using
Illumina NovaSeq 6000 (Genome Quebec) to confirm fidelity of gene deletions. Sequencing of

deletion strains available at NCBI under BioProject PRINA1141970.

2.5 Proteomic analysis:

Cultures used in secretomic analysis are outlined in Table 3. Cultures were grown in 15 mL
7H9 complete media to mid-log phase (ODsoo= 0.8-1) and passaged in 30 mL of Sauton minimal
media. Cultures were again grown to an ODgoo of ~0.8 and passaged an additional two times in 30
mL Sauton media. Cultures were centrifuged at 3980 rpm for 15 minutes. Supernatant was filtered
twice through 0.22 ['M filters and concentrated using centrifugal filter units (Amicon Ultra-15
Centrifugal Unit, 3 kDa cutoff) by spinning at 3980 rpm for 2-3 hours to a final volume of 1 mL.
Protein concentration was determined using the Qubit Protein BR Assay per manufacturer
instructions. Proteomic analysis was performed by the Proteomic and Molecular Analysis Platform

at the Research Institute of the McGill University Health Centre (Lorne Taylor). For each sample,
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proteins were loaded onto a single stacking gel band to remove lipids, detergents, and salts. The
gel band wasreduced with DTT, alkylated with iodoacetic acid, and digested with
trypsin. Extracted peptides were re-solubilized in 0.1% aqueous formic acid and loaded onto a
Thermo Acclaim Pepmap (Thermo, 750'M ID X 2c¢m C18 3uM beads) precolumn and then onto
an Acclaim Pepmap Easyspray (Thermo, 75[M X 15cm with 2[IM C18 beads) analytical column
separation using a Dionex Ultimate 3000 [JHPLC at 250 nl/min with a gradient of 2-35% organic
(0.1% formic acid in acetonitrile) over 3 hours. Peptides were analyzed using a Thermo Orbitrap
Fusion mass spectrometer operating at 120,000 resolution (FWHM in MS1) with HCD sequencing
(15,000 resolution) at top speed for all peptides with a charge of 2+ or greater. The raw data were
converted into *.mgf format (Mascot generic format) for searching using the Mascot 2.6.2 search
engine (Matrix Science) against a combined protein sequence database of M. th H37Rv, M. bovis
AF2122, and M. orygis 51145 and a database of common contaminant proteins. The database
search results were loaded onto Scaffold Q+ Scaffold 5.2.1 (Proteome Sciences) for statistical
treatment and data visualization (ANOVA Benjamini-Hochberg correction, p < 0.05; minimal
spectra value= 0.5). Samples were prepared in technical triplicate unless otherwise stated.
Heatmaps were created using the Z-score of normalized spectra (dominant proteins= top 20) and

visualized  using  GraphPad  Prism  10.2.3. Z  score defined as: Z=

normalized spectra—mean of population . . . . . .
( peea pAPL ). Differential expression of proteins was determined using T-
standard deviation of population

test without correction; minimal spectra value= 0.5 (p <0.05).

2.6 Macrophage studies

Bone marrow derived macrophages (BMDMs) were obtained as described by Mendonca

et al, with modifications*?. The long bones (femur and tibia) of uninfected C57BL/6 mice were
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cut open at the epiphysis and suspended in R10 (RMPI-1640 supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 1% HEPES and 1% non-essential amino acids (NEAA)).
Bone marrow was treated using red blood cell lysis buffer, adjusted to a final concentration of
4x10° cells per mL and treated with 1% macrophage colony stimulating factor (M-CSF). 10 mL of
whole bone marrow was cultured in a non-tissue culture treated petri dish at 37CC, 5% CO». After
72 hours, cells were supplemented with 5 mL R10 containing 1% M-CSF and incubated for a total
of 7 days. On day 7 cells were washed with PBS to remove R10 media and non-adherent cells;
remaining cells were detached using CellStripper™ and adjusted to 2x10° cells per well in a 96

well plate.

2.6.1 Ex vivo infection

Macrophages were infected with isogenic strains at an multiplicity of infection of 5:1
(MOI; bacteria:BMDMs). Briefly, cultures were grown to log phase (ODgoo= 0.8-1), pelleted, and
resuspended in 1 mL 7H9 complete media. Remaining clumps were removed by passing culture
through 22G, 25G and 26G needles and adjusted to a final volume of 15 mL R10 media.
Subsequently, the culture was filtered using a 5 uM filter and adjusted to a final ODgpo=0.1
(corresponding to ~1x107 CFU). 100uL of bacteria was added to 100 L BMDMs and incubated
at 37CC, 5% COx for 4, 24, 48, and 72 hours. At 4 hours, plates were washed with R10 to remove
all remaining extracellular bacteria from macrophages. At 4, 24, 48, and 72 hours, cells were lysed
with 1% PBS-Triton X-100, serially diluted (102, 103, 10#) and plated on 7H10 OADC agar (100

uL). Plates were incubated for 4-6 weeks at 37 C to determine bacterial burden. Strains used in ex

L. . . ) . . CFUT-
vivo infection studies are described in Table 3. Bacterial uptake calculated as % x 100%.
T=0

. . . . ) . CFUp=
Bacterial burden calculated relative to T= 4-hour timepoint (relative ratio; CFU# ).
T=4
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3. Results

The key objective of this chapter was to generate knockout strains using mycobacterial
recombineering, and subsequently characterize these strains using in vitro and ex vivo assays. In
both M. bovis and M. orygis independent mutation events in RskA (regulator) have resulted in the
constitutive expression of MPT70, and the conserved homolog MPT83!03:184186 " Ag described
previously, in M. bovis this was due to two missense mutations (G107D, G184E) whereas in M.
orygis, differential RskA activity was the result of a readthrough mutation (stop = S;
X233S)*:184185 The notion that MPT70, could be a virulence factor has been considered since it
was first definitively identified in 1984, largely based on this differential expression between M.
th and M. bovis'®'. However efforts to characterize this protein have been limited- perhaps because
arole during M. tb infection has not been identified******. We developed solo and en bloc deletion
strains of mpt70, mpt83 and dipZ (the gene between the two effectors) in both cattle-associated
strains to determine how alterations to the expression level of two antigenic proteins may change
in vitro phenotypes and ex vivo infection. Deletion of a canonical virulence factor (ESAT-6) was
also included as a positive control for both subspecies?’. Additionally, rather than comparing
wildtype strains of M. bovis Ravenel and M. orygis 51145 to the generated mutants, all experiments
in this chapter compared ORBIT containing strains (i.e. M. bovis ORBIT and M. orygis ORBIT)
to the deletion strains (i.e. M. bovis Ampt70 _mpt83, M. orygis Ampt70 _mpt83, etc.). This was done
to ensure the effect of the deletion strains could be attributed to the gene of interest and not caused

by laboratory manipulation.

3.1 M. bovis and M. orygis show significant differences in protein expression

We assessed two questions in tandem. First, how do the secretomes of M. bovis ORBIT

and M. orygis ORBIT compare to each other? Second, how do isogenic strains- in which major
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antigens are deleted- compare to their parental counterparts? As previously reported, the top three
proteins in the M. bovis secretome are ESAT-6 and CFP-10 (two canonical virulence factors), and
MPT70 (a putative virulence factor). As the proteome of M. orygis had not previously been
investigated, we also confirmed this observation in M. orygis. To further characterize the parental
M. bovis and M. orygis strains, we utilized a normalized Z-score cutoff value corresponding to the
top 20 proteins. Between the two cattle lineages, the top secreted proteins are conserved at
comparable expression levels (13 proteins shared; normalized Z-score). If we focus on the proteins
not shared between the two groups, we see that M. bovis shows an abundance of immunogenic
antigens, associated with the ESX-1 system, whereas M. orygis shows an increased abundance of
ESX-5 associated proteins (ESX-5 bias) (Figure 11a,b)?%2%,

Proteomic analysis shows there is little in vitro difference between parental M. bovis and
knockout groups, indicating a relatively stable secretome. Major proteins of M. bovis isogenic
strains are comparable to the parental secretome regardless of the presence or absence of genes of
interest. Differences in the spectra of these strains correlate to the isogenic secretome analyzed. As
expected, MPT70 spectra were rare in M. bovis Ampt70 mpt83 and M. bovis Ampt70, MPTS83
spectra were rare in M. bovis Ampt70 _mpt83 and M. bovis Ampt83, and ESAT-6 spectra were rare
in M. bovis AesxA (Figure 12a,c). The impact of mpt70 and mpt83 disruption on other secreted
proteins was minimal. When restricted to the top 5% of secreted proteins (normalized Z-score), M.
bovis AesxA shows the greatest variation in shared proteins (6 out of 13), whereas M. bovis
Ampt70 _mpt83 and M. bovis Ampt70 share the most proteins with the parental group (10 out of
13). Further, analysis of the entire parental secretome shows a small subset of proteins uniquely

expressed compared to isogenic strains. Specifically, RipA (associated with cell wall
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biogenesis/degradation) and EftB (associated with electron transport) showed an upregulation
compared to knockouts of mpt70, mpt83, or esxA.

We define differentially expressed proteins as proteins that are either up- or down-
regulated following a head-to-head comparison (T-test without correction, p < 0.05) (Figure 12,
13). We observed differential expression in 3 of the 4 experimental groups (Figure 12a). The
secretome of M. bovis Ampt70 _mpt83 completely overlapped with M. bovis ORBIT (n= 0 unique
proteins) (Figure 12b,d). Similarly, M. bovis Ampt70 and M. bovis Ampt83 shared 257 proteins,
uniquely regulating few proteins compared to the parental group (not shown). Overall, M. bovis
AesxA expressed the most unique proteins (n=47), a majority of which were upregulated compared
to M. bovis ORBIT (Figure 12e). Unsurprisingly, when esx4 was absent, MPT70 became the
dominant protein in the secretome (p < 0.05, Ordinary One-Way ANOVA). The significant
variation in M. bovis AesxA was likely due to the co-dependency of ESAT-6, CFP-10, EspA, and
EspC secretion, as a deletion of the single gene esxA abrogates the secretion of the ESX-1 system
as a whole?-268:395-398 “While it has been established that MPT70 and MPT83 do not act in an
operon, the stability of the M. bovis ORBIT secretome in the absence of MPT70 and/or MPTS83
further suggests that these antigens do not influence the expression of other proteins (including
known virulence factors)'#. To further account for variance, we performed a principal component
analysis (PCA) of parental and isogenic M. bovis strains. We saw that M. bovis AesxA was
separated from all other strains in this analysis whereas the parental strain, MPT70 and/or MPT83
deletion strains had significant overlapping of groups (Figure 12b). Moreover, variation in strain
distribution could be attributed to the deletion of genes of interest rather than any unique feature
of the strains: principal component 1 (PC1, accounting for ~94% of the variance) was driven by

differential expression in ESAT-6 and CFP-10 whereas principal component 2 (PC2, accounting

Danchuk, SN 98 PhD Thesis



for ~5% of the variance) was predominantly driven by differential expression in MPT70, and to a
lesser extent, MPT64. This indicates that differences in very few proteins accounts for ~99% of
the observed variance.

In contrast to M. bovis, M. orygis deletion strains (Ampt70 _mpt83; AesxA) showed striking
proteomic differences (Figure 13). Whereas M. bovis Ampt70 mpt83 showed no unique
expression, M. orygis Ampt70 _mpt83 uniquely expressed 148 proteins compared to the parental
M. orygis ORBIT, though the two strains shared 575 proteins (p-value > 0.05). In comparison, M.
orygis AesxA_expressed 100 proteins uniquely and shared 655 proteins with M. orygis ORBIT (p-
value > 0.05) (Figure 13d,e). Despite this, when restricted to the top 5% of proteins detected, the
dominant secreted proteins were mostly conserved. M. orygis and M. orygis Ampt70 mpt83 shared
30 out of 43 proteins whereas M. orygis AesxA shared 34 out of 43 (normalized Z-score). Within
this subset of proteins, virulence associated factors (ex: Esx and PPE proteins) and proteins
associated with metabolic processes were most common. Notably, several iron-associated proteins
were upregulated in both Ampt70 mpt83 and AesxA strains compared to expression by the parental
strain, suggesting a distinct metabolic preference in deletion strains. PCA revealed a separation of
M. orygis Ampt70 _mpt83 and M. orygis AesxA, with most of PC1 (~86% of total variance) being
determined by ESAT-6 and CFP-10 expression. PC2, comparatively, was influenced
predominantly by MPT70, EspA, multiple PPE proteins, and ESX-5 secreted components (~11.5%
variance) (Figure 13b).

The former observation of different M. bovis and M. orygis secretome sizes suggests either
that one bacteria is actively producing less proteins than the other or, alternatively, that one bacteria
is producing such a high quantity of a lesser number of proteins, that those present at a lower

frequency are not detected in bulk proteomic analysis. Accordingly, the latter observation that
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isogenic mutants result in differential effects across these two bacteria could again be due to
different production of the major proteins, such that a discrete loss affects the proteome to different
extents, or that MPT70 and MPT83 may have a role in M. orygis, that is not recapitulated in M.

bovis.

3.2 Ex vivo infection with isogenic cattle stains does not mediate bacterial uptake or viability

Due to the immunogenic nature of both MPT70 and MPT83, we infected murine bone-
marrow derived macrophages (BMDMs) with either WT M. bovis or M. bovis deletion strains
(MPT70 and/or MPTS83 absent) at an MOI of 5:1. We hypothesized that constitutive expression of
MPT70 and MPT83 may contribute to the efficacy of macrophage infection due to a pre-
stimulation of cells by immunogenic proteins. As such, we suspected that isogenic strains in which
MPT70 and/or MPT83 were absent, would have a reduced bacterial burden compared to WT
group, either due to impaired uptake or more efficient bacterial killing by the cell. Unexpectedly,
the deletion of MPT70 and MPT83 had no effect on the bacterial burden. Bacterial uptake was
comparable across infection groups, with < 1% of inoculum phagocytosed by T= 4 hours (Figure
14a). Additionally, there were no significant differences in bacterial burden at T= 24, 48, and 72
hours post infection (p.i.) compared to parental M. bovis (Figure 14b). When BMDMs were
infected with wildtype or isogenic M. orygis (M. orygis Ampt70 _mpt83) there was no significant
difference in bacterial uptake; like M. bovis < 1% of bacteria was phagocytosed by 4 hours (Figure
15a). Moreover, bacterial burden between strains was comparable at 24, 48, and 72 hours p.i.,
though by 72 hours, M. orygis Ampt70_mpt83 trended towards a greater bacterial burden compared
wildtype M. orygis (Figure 15b). These results may suggest that if MPT70/MPT83 mediates
infection 1) bacterial burden may not be the correct readout and/or 2) the macrophage may not be

the optimal site of action for these proteins (Figure 14b).
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4. Discussion:

The constitutive expression of MPT70 and MPT83 in M. bovis and M. orygis is not a subtle
phenotype. The role, if any, of these antigens in pathogenesis has yet to be established. There are
three lines of evidence suggesting a putative role of MPT70/MPT&83 in successful mycobacterial
infection. First, M. bovis and M. orygis are ‘generalist’ pathogens with extensive host ranges
whereas M. tb is a human-adapted ‘specialist’®. Second, if infection severity is defined by
morbidity and mortality, the infection outcomes of M. bovis and M. orygis appear to be worse in
cattle and other mammalian hosts (including humans) compared to their human-adapted
counterpart!®129225232 Third, MPT70 and MPT83 have been twice independently upregulated
through mutations in RskA in only the virulent, cattle-associated lineages, yet this was lost
following in vitro passaging of M. bovis BCG'®¢. As MTBC evolution is reductive, it follows that
if a gene/gene product is not required by the organism to survive in its niche, metabolic resources
will not be wasted on maintaining this phenotype!!:*.

Given this, we pursued the following questions: first, can the ORBIT recombineering
system successfully generate genomic deletions in M. bovis, and M. orygis? Second, does
disruption of MPT70 and/or MPT83 production affect other protein production by the bacterium?
To address the former, we generated 8 knockouts with high efficacy and fidelity specifically
targeting these antigens (en bloc or solo) To address the latter, we characterized parental and
isogenic strains in the absence of a host.

Our data reveal that M. bovis and M. orygis have different secretomic profiles at baseline
and suggests that the role of MPT70 and/or MPT83 may vary depending on the mycobacterial

strain. In both strains, ESAT-6, CFP-10, and MPT70 composed the majority of the secretome.

However, when compared to parental M. bovis, the M. orygis secretome 1) was much larger and
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2) showed an upregulation of ESX-5 associated proteins. Isogenic strains revealed upregulated
proteins for M. orygis Ampt70 _mpt83 but not for M. bovis Ampt70 _mpt83. The variance of the
parental strains along with the differences seen with isogenic strains together suggest that, despite
genomic similarity, there may be differential effects of the same genes on the outcome of infection.

Of the 5 ESX systems in the MTBCs, only 3 have been associated with pathogenesis and
bacterial viability (ESX-1, -3, and -5)?32271:273:399 In particular, ESX-5 (and ESX-5 accessory
regions) has a role in bacterial growth and nutrient acquisition, secretes the majority of PE/PPE
proteins, influences cell death, and mediates pro-inflammatory responses?33:272:275:400-402
Moreover, this system is the most ‘recent’ gene expansion of the ESX regions, and is only present
in slow-growing, pathogenic mycobacterial species?’>403404 Within the ESX-5 system there are 5
pairs of Esx proteins (EsxM/N, Esx1/J, EsxK/L, EsxO/P, and EsxV/W) which are further classified
as either ESAT-6 or CFP-10 paralogues, and numerous PE/PPE proteins. The PE/PPE proteins
compose ~10% of the entire M. tb genome, but their role in host interactions has yet to be fully
resolved®24% though previous studies have revealed that M. b ESX-5 deficient strains are
significantly attenuated in both immunocompromised (SCID) and immunocompetent (C57BL/6
mice)?22734% Like mpt70 and mpt83, genes within ESX-5 encode strong antigenic proteins with
poorly characterized roles in M. bovis and M. orygis. Given that the proteins upregulated in the M.
orygis secretome are predominantly Esx or PE/PPE, this suggests the possible use of an alternate
virulence strategy, which acts in conjunction with the ‘classical’ ESX-1 system3%.

Finally, at the cellular level, the success or failure of mycobacterial infection depends a

407 Our data reveal

balance of pro- and anti-inflammatory arsenal by the host immune response
that despite differences in protein expression, following macrophage infection, M. bovis and M.

orygis (in which MPT70 and/or MPT83 are absent) present similarly ex vivo. However, it should
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not be overlooked that when M. bovis and M. orygis lack strong B- and T-cell antigens, such as
MPT70 and/or MPTS83, the typical pro-inflammatory cascade initiated by the host is likely
impaired. As such, how these proteins act in a natural infection may not be accurately represented
using this ex vivo model. Instead, perhaps in vivo studies are needed to explore the role of MPT70

and/or MPT83 in the context of ‘true’ infection, namely where the host and pathogen interface.
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5. Figures
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Figure 10. Overview of oligonucleotide-mediated recombineering followed by Bxb1 integrase

targeting (ORBIT).

RecT annealase and Bxbl integrase enzymes facilitate the integration of an antibiotic resistance
cassette in place of the gene of interest (GOI). A single-stranded oligomer containing an a#tP
recombination site and 60 bp of homology (up- and downstream of the GOI) targets the lagging
strand of the DNA replication fork. A non-replicating ‘payload plasmid’ containing the a#tB site
and a selectable antibiotic cassette is co-electroporated with the oligomer. Homologous arms of
the oligomer align a#tP with the GOI and integrated into the genome via RecT annealase. Bxbl
integrase facilitates a#tB x attP combination to insert the selectable cassette in place of GOI.
Schematic adapted from Murphy et al., 2018%%. Inset: site-specific recombination mediated by
attB x attP reaction results in new genomic ‘product’ demarcated by atfL and attR recombination

sites.
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Figure 11. Secretomic comparison of M. bovis ORBIT and M. orygis ORBIT.

a) Venn diagram of the top 20 proteins of both the M. bovis and M. orygis secretomes as determined
by Z-score. 13 out of 20 of the most dominant secreted proteins are shared between groups. b)

Volcano plot of M. bovis ORBIT and M. orygis ORBIT (Scaffold 5.2.1). Values determined by
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quantitative profile (p <0.05, no correction). M. orygis ORBIT uniquely expresses significantly

more proteins compared to M. bovis ORBIT.
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Figure 12. Secretomic analysis of M. bovis parental and deletion strains
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a) Heatmap of M. bovis ORBIT, M. bovis Ampt70 _mpt83. M. bovis Ampt70, M. bovis Ampt83, and
M. bovis AesxA. Proteins ranked against M. bovis ORBIT (Z-score > 0). Proteins correspond to top
8% of the secretome. b) Principal component analysis of parental versus deletion strains. PC1
accounts for ~94% of all variance; PC2 accounts for ~5% of all variance. M. bovis AesxA uniquely
clusters away from parental and MPT70 and/or MPT83 deletion strains. ¢) Normalized spectral
counts of parental and isogenic M. bovis strains in top 3 secreted proteins. As expected, MPT70
spectra rare in M. bovis Ampt70 _mpt83 and M. bovis Ampt70; ESAT-6 spectra rare in M. bovis
AesxA (p < 0.05, Ordinary one-way ANOVA) d) Volcano plot of expressed proteins of M. bovis
ORBIT versus M. bovis Ampt70_mpt83 (normalized spectral counts; threshold shown by solid
black line). Embedded Venn diagram depicts unique and shared proteins (p < 0.05, no correction).
M. bovis ORBIT uniquely expresses 7 proteins; M. bovis Ampt70 _mpt83 does not uniquely express
any protein. e) Volcano plot of expressed proteins of M. bovis ORBIT versus M. bovis AesxA
(normalized spectral counts; threshold shown by solid black line). Embedded Venn diagram
depicts unique and shared proteins (p < 0.05, no correction). M. bovis ORBIT uniquely expresses

6 proteins; M. bovis AesxA uniquely expresses 47
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Figure 13. Secretomic analysis of M. orygis parental and deletion strains.

Danchuk, SN 110 PhD Thesis



a) Heatmap of M. orygis ORBIT, M. orygis Ampt70 mpt83, and M. orygis AesxA. Proteins ranked
against M. orygis ORBIT (Z-score > 0.7). Proteins correspond to top 2% of the secretome. b)
Principal component analysis of parental versus deletion strains. PC1 accounts for ~86% of total
variance; PC2 accounts for ~11.5% of all variance. All M. orygis strains cluster individually with
no overlap however, M. orygis ORBIT and M. orygis Ampt70 mpt83 are more similar than M.
orygis AesxA. ¢) Normalized spectral counts of parental and isogenic M. orygis strains. Counts
consistent with targeted GOIs; ESAT-6 spectra were rare in M. orygis AesxA; MPT70 spectra were
rare in M. orygis Ampt70 _mpt83 (p < 0.05, Ordinary one-way ANOVA). d) Volcano plot of
expressed proteins of M. orygis ORBIT versus M. orygis Ampt70 mpt83 (normalized spectral
counts; threshold shown by solid black line). Embedded Venn diagram depicts unique and shared
proteins between groups (p < 0.05, no correction). M. orygis ORBIT uniquely expresses 64
proteins; M. orygis Ampt70 _mpt83 uniquely expresses 148. e) Volcano plot of expressed proteins
of M. orygis ORBIT versus M. orygis AesxA (normalized spectral counts; threshold shown by solid
black line). Embedded Venn diagram depicts unique and shared proteins (p < 0.05, no correction).

M. orygis ORBIT uniquely expresses 32 proteins; M. orygis AesxA uniquely expresses 100.
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Figure 14. M. bovis isogenic and parental strains show comparable bacterial burdens.

Murine bone marrow derived macrophages (BMDMs) were infected with wildtype (ORBIT) or
isogenic M. bovis strains at a multiplicity of infection (MOI) of 5:1 (bacteria:BMDMs). Infection
performed in quadruplicates. a) Bacterial uptake of M. bovis ORBIT and M. bovis deletion strains

(%). No significant differences across groups (p > 0.05, Kruskal-Wallis test). Bacterial uptake

calculated as gﬁi x 100%. b) Relative ratio of M. bovis ORBIT and M. bovis deletion strains.
0

T=
All bacterial burden calculated relative to T= 4-hour timepoint. No significant differences across
experimental groups (p > 0.05, 2way ANOVA). Bacterial burden calculated relative to T= 4 hour

: . . . CFUp=
timepoint (relative ratio; ———>).
CFUT=4
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Figure 15. M. orygis Ampt70_mpt83 strains show comparable bacterial burden to wildtype.

Murine bone marrow derived macrophages (BMDMs) were infected with M. orygis ORBIT or M.
orygis Ampt70 _mpt83 at a multiplicity of infection (MOI) of 5:1 (bacteria:BMDMs). Infection
performed in quadruplicates. a) Bacterial uptake of M. orygis ORBIT and M. orygis

Ampt70 _mpt83 (%). No significant differences across groups (p > 0.05, Kruskal-Wallis test).

Bacterial uptake calculated as % x 100%. b) Relative ratio of M. orygis ORBIT and M. orygis

T=0
deletion strains. All bacterial burden calculated relative to T= 4-hour timepoint. No significant
differences across experimental groups (p > 0.05, 2way ANOVA). Bacterial burden calculated

. ) ] . . CFUp—
relative to T= 4 hour timepoint (relative ratio; —CFUT_X)
T=4
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6. Tables
M. bovis Ravenel M. orygis 51145
M. bovis ORBIT (pKM444-KanR)* M. orygis ORBIT (pKM444-KanR)*

M. bovis Ampt70 _mpt83 (pKM464-HygR)* M. orygis Ampt70 mpt83 (pKM496-ZeoR)*

M. bovis Ampt70 (pKM496-ZeoR)* M. orygis Ampt70 (pKM496-ZeoR)
M. bovis Ampt83 (pKM496-ZeoR)* M. orygis Ampt83 (pKM496-ZeoR)
M. bovis AesxA (pKM496-ZeoR)* M. orygis AesxA (pKM496-ZeoR)*

Table 3. Bacterial strains.

Isogenic strains with their respective resistance backgrounds. Kan- kanamycin (pKM444), Hyg-
hygromycin (pKM464), Zeo- zeocin (pKM496). M. bovis and M. orygis containing mpt70_mpt83
indicates en bloc deletion of mpt70, mpt83 and the gene between them, dipZ. *indicates use in

secretomic analysis. Isogenic strains derived from M. bovis Ravenel and M. orygis 51145.
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Gene of Interest (GOI)

mpt70_mpt83

mpt70

mpt83

esxA

Oligomer

ctcgggegggteggeggectececgeggacgattacgecggaggcattagecacgetgtcaat
GGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACG

GTACAAACCtgcggecggtttggectgaacgttgatcatcgettegattectttgcettctg
cggegecg

geegtetcecggeagegaaggagtgaacggcatgaaggtaaagaacacaattgeggeaace
GGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACG
GTACAAACC Cattgacagcgtgctaatgectcecggegtaategtcecgeggaggecgec
gacccgeecgag

cgececgecgeagaageaaaggaatcgaagegatgatcaacgttcaggecaaaccggeegea
GGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACG
GTACAAACCgatacggtgctgatgcccccggeacagtaacgttcggecgeggtcaag

gcgaggeageecg

cgctaatacgaaaagaaacggagcaaaaacatgacagagcagcagtggaatttcgegggt

GGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACG

GTACAAACCgaaggcaacgtcactgggatgttcgcatagggcaacgccgagttcge
gtagaatagcgaa

Table 4. Oligomers used in the generation of deletion strains

Oligomers used to generate deletion strains. Oligos composed of 60 bp of homology upstream of

GO, attB recombination site, and 60 bp homology downstream of GOI.

Danchuk, SN

115 PhD Thesis



CHAPTER IV: MYCOBACTERIUM TUBERCULOSIS COMPLEX SUBSPECIES
(MTBC) PATHOGENESIS IN A MURINE MODEL

1. Preface

The previous chapter explored the development of deletion strains using mycobacterial
recombineering and subsequent laboratory testing in two cattle pathogens. Several questions
remained; first, using an experimental infection model, what is the outcome of M. orygis? Second,
how does this compare to M. th, the human adapted pathogen, and M. bovis, the cattle adapted
pathogen? The following chapter contains content from the submitted first author paper, Enhanced
virulence of Mycobacterium orygis provides new insights into the pathogenesis of
tuberculosis. This piece of work was a collaboration between Sarah N. Danchuk, Shannon C.
Dufty, Jaryd Sullivan, Syed Beenish Rufai, Fiona A. McIntosh, Andréanne Lupien, Lorne Taylor,

Philippe Joubert, Rasmus S. Mortensen, Vivek Kapur, and Marcel A. Behr.

2. Introduction

The MTBCs can be broadly categorized into either a) the human-associated lineages, M.
tuberculosis sensu stricto and M. africanum or b) animal-associated lineages***’. The latter include
M. bovis, the causative agent of bovine tuberculosis in Europe, Africa and the Americas, and M.
orygis, the causative agent of bovine tuberculosis in South Asia*347-222,

M. th and M. bovis were first described in the late 19™ century. Since their discovery more
than 120 years ago, they have been largely studied by different investigators using different
experimental infection models in different hosts!*!®, When directly compared in the same host,
M. bovis has shown greater virulence (defined as the capacity to cause disease in a susceptible

host) than M. tb in guinea pigs, rabbits, mice, cattle and other species!'*'® The basis for this

differential virulence remains unknown, for two major reasons. First, whether M. bovis is
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hypervirulent or M. tuberculosis is attenuated cannot be resolved with a two-pathogen comparison.
Second, the large number of genomic differences between these two lineages presents a challenge
when dissecting a complex phenotype, such as virulence.

In 2012, 114 years following the characterization of M. bovis, M. orygis was described as
a member of the MTBC with a deep branch separating it from M. bovis**2>°, Case series indicate
that M. orygis shares with M. bovis a broad host range and the ability to cause disease in

humans226,229,232,233,242,408

. However, experimental infections with M. orygis have yet to be
described, exempting studies performed in the previous chapter. Given the availability of genomic
data and standardized experimental models, we sought to compare M. orygis to M. tb and M. bovis,
in silico, in vitro and in vivo. Our data reveal profound differences in virulence between animal

and human-associated tubercle bacilli, a finding with important implications for basic and

translational tuberculosis research.

3. Methods

3.1 Whole genome sequencing:

Sequencing of M. orygis 51145 reference strain was performed by Beenish Rufai in
collaboration with the Pennsylvania State University. The M. orygis 51145 genome sequence was
corrected using Illumina HiSeq. Raw Illumina reads were screened using FastQC v0.11.9 and
quality score of >= 20 was retained. The output of contigs was assembled using the SPAdes
genome assembler (v3.9.0) using the default k-mer size, annotated using Prokaryotic genome
annotation pipeline (PGAP) and submitted in sequence read archive (SRA) under accession
number (SRR16643349). Illumina fastq reads were mapped onto the annotated Pacbio sequence
and variants were called using Geneious Software v.2021.1. List of variants extracted from

[llumina sequenced Orygis 51145 genome in comparison with Pacbio Sequenced Orygis 51145
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genome is given in Table 5. The revised Mycobacterium orygis 51145 genome was deposited in
GenBank under the accession number CP063804.2. Genomic characteristics of M. th, M. bovis,
and M. orygis presented in Table 6.

3.2 Bacterial strains:

Bacterial strains used in aerosol challenges are listed in Table 7. Deletion strains were
constructed using the ORBIT recombineering system, as described by Murphy et al. with

modifications (2018) (see Chapter I/ II[)>.

3.3 Phthiocerol Dimycocerosates (PDIM) analysis

The presence of PDIM in our bacterial strains was confirmed prior to all animal infection
using the protocol previously described by Reed et al?**, Briefly, 10 mL cultures of M. th, M. bovis
and M. orygis were grown to mid-log phase in 7H9 complete media and passaged once. 1 pL of
propionic acid (1 mCI/uL) was added to 10 mL of culture and rolled for 48 hours at 37°C.
Following this, cultures were centrifuged at 3800 rpm for 15 minutes at room temperature.
Supernatant was discarded and pellet was resuspended in 600 uL of MetOH: 0.3 % NaCl (10:1
ratio). 300 pL of hexanes was added, vortexed for 15 minutes and centrifuged at 15000 rpm for 5
minutes. The aqueous layer was removed and dried overnight before downstream processing.
Following extraction, lipids were separated using thin layer chromatography (TLC) and visualized

using STORM 840 phosphoimager (Amersham).

3.4 Preparation of aerosol stocks:

Mycobacterial strains were grown in 20 mL of 7H9 complete media (defined as 7H9 +
0.1% Tween80 + 0.2% glycerol + 10% ADC (albumin, dextrose, and catalase)) to mid-log phase
(ODgoo= ~0.8-1) and passaged twice. Following the second passage, cultures were centrifuged at

500 rpm for 5 minutes. Supernatant transferred to new 50 mL conical and centrifuged at 3980 rpm
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for 10 minutes. The pellet was resuspended in 1 mL 7H9 complete and passed through a 25g
syringe 5 times to remove any remaining clumps. Following this, 19 mL of 7H9 complete was
added to a total of 20 mL. 100% sterile glycerol was added to a final concentration of 10% and
frozen. Aerosol stocks for all animal experiments were prepared as described above unless

otherwise specified.

3.5 Mice:

All mouse experiments used 8—12-week-old female or male C57BL/6 mice from Jackson
Laboratories unless otherwise specified. All protocols involving mice followed the guidelines of
the Canadian Council on Animal Care (CCAC) and were approved by the ethics committee of the
Research Institute of the McGill University Health Centre (RI-MUHC) animal resource division.

3.6 Aerosol infection studies:

3.6.1 MTBC survival:

Frozen aerosol stocks were thawed and diluted to ODgoo =0.04-0.05 (correlating to ~150-
300 CFU) in PBS supplemented with 0.05% Tween80. Eighteen C57BL/6 female mice were
exposed to a continuous stream of aerosolized inoculum for 15 minutes (CH Technologies Nose-
Only Inhalation exposure system) unless otherwise indicated. Following infection, inoculum was
plated (day 0) on 7H10 plates containing polymyxin B, amphotericin B, nalidixic acid,
trimethoprim, azlocillin (PANTA, Beckton Dickinson) and supplemented with oleic acid, albumin,
dextrose, and catalase (OADC, Beckton Dickinson BBL Middlebrook), and 0.5% glycerol. Three
mice per group were sacrificed at either day 1 or day 3 (as specified) to determine initial infectious
dose received by mice. Lungs were extracted, homogenized in 2 mL of 7H9 complete media and
plated on 7H10 PANTA + OADC + glycerol. Lungs were homogenized using the Omni Tissue

Homogeniser and Hard Tissue Omni Tip Plastic Homogenising Probes (Omni International). The
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remaining mice were monitored by animal health technicians until compassionate (clinical) or
experimental endpoint at which a necropsy was performed on the mouse. Compassionate endpoints
were defined as mice which have lost > 20% of weight compared to start of infection, hunched
posture, inactive or decreased activity, dehydration, and/or having rapid breathing (Table 8). At
necropsy, the right accessory lobe of lung was extracted for downstream hematoxylin and eosin
(H&E) or Ziehl-Neelsen (ZN) histological staining where indicated (McGill University Goodman
Cancer Research Centre Histology Core). The remaining lungs, spleen, and liver were harvested
and homogenized in 1 mL 7H9 complete media. Samples were serially diluted and plated on 7H10
PANTA + OADC + glycerol to determine bacterial burden after 4-6 weeks of incubation at 37(C.
This protocol was used for all survival experiments except for in vivo M. bovis studies, in which

inocula and homogenized organs were plated on 7H11 PANTA + OADC + glycerol plates.

3.6.2 M. orygis aerosol infection with pre-defined time-points:

Inoculum was prepared as described above. Thirteen mice (per experimental group) were
exposed to either M. orygis 51145 or M. tb H37Rv via the aerosol route at a standard dose of ~150-
200 CFU. Three mice per group were sacrificed to determine initial dose, as described above. The
remaining mice were sacrificed at weeks 3 and 4 (n= 5 mice per experimental group per time
point). Both lungs and spleen were collected for downstream processing and accessory lobes of
infected mice were extracted for histological assessment (H&E or ZN staining where specified).
Slides of the right accessory lobe were reviewed, blinded to experimental group. A
semiquantitative scale (Table 9) was used to score bronchial/endobronchial, peribronchial,
perivascular, interstitial, pleural and intra alveolar inflammation, capillary vascular congestion,
and pulmonary edema. Additionally, the tissue quality, percent of lung area affected, and the

distribution of lesions were assessed in the consideration of these scores (Table 9).
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3.6.3 Vaccination with BCG

Strains of M. bovis BCG Russia and M. bovis BCG Danish were grown in 7H9 complete
media, passaged twice, and processed to remove any remaining clumps, as described above in the
preparation of aerosol stocks. Bacterial cultures were then adjusted to an ODgoo of 0.1. Following
this, BCG Russia or BCG Danish was injected via the subcutaneous route (100 pL; n= 12 mice
per group) (~10% CFUs). Additionally, 12 mice were sham vaccinated with 100 uL of phosphate
buffered saline (PBS). At 10-weeks post vaccination, all groups were challenged with aerosolized
M. orygis. Two mice per group were sacrificed at day 3 to determine initial aerosol dose. At
compassionate endpoints, lungs and spleen were harvested and processed as described above.
Remaining mice were monitored for signs of clinical disease until experimental endpoint at week
36. At compassionate or experimental endpoint, the right accessory lobe was extracted for

histopathological studies.

3.6.4 M. bovis Ampt70_mpt83 aerosol challenge with pre-defined timepoints:

Mice were infected via the aerosol route (~200-300 CFU) and randomized to either week
3 (n=15), week 16 (n= 10), week 32 (n= 7), or week 52 (n= 7), per experimental design. At pre-
defined timepoints, mice were sacrificed. The right accessory lobe of lung was extracted for H&E
staining; remaining lobes of lung and spleen were processed as described above for CFU

enumeration (7H11 + PANTA + OADC plates).

3.6.5 M. bovis Ampt70 and Ampt83 aerosol challenge with pre-defined timepoints:

Mice were infected via the aerosol route (~100-300 CFU) and randomized into week 3 (n=
3 or 5, as specified) or week 16 (n= 10) experimental groups. M. bovis Ampt70 infection was

performed twice whereas M. bovis Ampt83 was performed once as a proof of concept. At pre-
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defined timepoints, the right accessory lobe was extracted for H&E staining but only lungs were

processed for CFU enumeration.

3.6.6 Rag -/- C57BL/6 aerosol challenge:

Fifteen Rag -/- C57BL/6 mice (female, 8-12 weeks) were exposed to a continuous stream
of aerosolized inoculum for 15 minutes (CH Technologies Nose-Only Inhalation exposure system)
as described above (~350 CFU). Following challenge, mice were monitored by animal health
technician until compassionate endpoint (Table 8). At euthanasia, lungs were processed and plated
on 7H11 + PANTA + OADC + glycerol plates; right accessory lobe was extracted for downstream

histopathology and H&E staining.

3.6.7 M. orygis Ampt70 mpt83 aerosol challenge with pre-defined timepoints:

Mice were infected via the aerosol route with ~300-500 CFU of M. orygis or M. orygis
Ampt70 _mpt83 as previously described and randomized into day 7, day 14, or day 21 timepoints
(n=5 mice per timepoint, per group). At pre-defined timepoints, mice were sacrificed as described
previously (lungs extracted for CFU enumeration; right accessory lobe allocated for H&E

staining).

3.7 Mycobacterial protein extraction and analysis

Proteomics performed as described in Chapter III. Accordingly, MTBC cultures were grow
in 10 mL 7H9 complete media (ODgoo= 0.8-1) and passaged in 30 mL of Sauton minimal media.
Cultures were again grown to an ODgoo of ~0.8, spun down (3980 rpm, 15 minutes), washed with
ice-cold PBS, and resuspended in 30 mL Sauton media. This was repeated for a total of 3 passages.
Following this, cultures were centrifuged at 3980 rpm for 15 minutes. Culture filtrate was allocated

for secretomic analysis; pellet stored at -80°C. For culture filtrate, supernatants were filtered twice
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through 0.22 M filters and concentrated using centrifugal filter units (Amicon Ultra-15
Centrifugal Unit, 3 kDa cutoff) by spinning at 3980 rpm for 2-3 hours to a final volume of 1 mL.
Protein concentration was determined using the Qubit Protein BR Assay per manufacturer
instruction. Proteomic analysis was performed by the Proteomic and Molecular Analysis Platform
at the Research Institute of the McGill University Health Centre as previously described. For each
sample, proteins were loaded onto a single stacking gel band to remove lipids, detergents, and
salts. The gel band was reduced with DTT, alkylated with iodoacetic acid and digested with
trypsin. Extracted peptides were re-solubilized in 0.1% aqueous formic acid and loaded onto a
Thermo Acclaim Pepmap (Thermo, 75I'M ID X 2cm C18 3[M beads) precolumn and then onto
an Acclaim Pepmap Easyspray (Thermo, 75[M X 15cm with 2[IM C18 beads) analytical column
separation using a Dionex Ultimate 3000 uHPLC at 250 nl/min with a gradient of 2-35% organic
(0.1% formic acid in acetonitrile) over 3 hours. Peptides were analyzed using a Thermo Orbitrap
Fusion mass spectrometer operating at 120,000 resolution (FWHM in MS1) with HCD sequencing
(15,000 resolution) at top speed for all peptides with a charge of 2+ or greater. The raw data were
converted into *.mgf format (Mascot generic format) for searching using the Mascot 2.6.2 search
engine (Matrix Science) against the protein sequence database of the imputed ancestor of the
MTBC (called MTBCy) and a database of common contaminant proteins**’. The database search
results were loaded onto Scaffold Q+ Scaffold 5.2.1 (Proteome Sciences) for statistical treatment
and data visualization (AVOVA with Benjamini-Hochberg correction, p < 0.05; minimal spectra

value= 0.5). Heatmap constructed as described in Chapter III. Protein ranking based on M. orygis

(normalized spectra—mean of population)

51145; Z-score protein cutoff > 1. Z-score defined as: Z = — ,
standard deviation of population

Data visualized using GraphPad Prism (v10.0.3). Assessed MTBC strains: M. orygis 51145, M.
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bovis Ravenel, M. tb H37Rv (lineage 4), M. tb lineage 1 isolate, M. tb HN878 (lineage 2), M.

africanum, and M. microti.

3.8 Recombinant antigens and vaccination

ESAT-6 and MPT70 recombinant antigens were produced with a His-tag at the N-terminal
end (MHHHHHH-) and purified in accordance with established methods*!®. Codon optimized
DNA constructs were inserted into the pJ411 expression vector (ATUM, Menlo Park, CA, USA)
and transformed into E. coli BL21 (DE3) (Agilent, DK). In 3L liquid cultures, protein expression
was induced with 1 mM isopropyl 3-d-1-thiogalactopyranoside and ESAT-6/MPT70 were purified
from inclusion bodies by metal chelate chromatography followed by anion-exchange
chromatography. Vaccine formulation were prepared by mixing CAF01 with recombinant ESAT-
6 or MPT70 and subcutaneously administered as previously described by Clemmensen et al.#1%4!!
In tandem, mice were vaccinated with BCG Russia or sham-vaccinated with PBS, as described
above. Ten weeks post vaccination, mice were challenged with standard dose of M. orygis 51145

(150-300 CFU) via the aerosol route and monitored for signs of clinical disease until

compassionate or experimental endpoint. Vaccines provided by Statens Serum Institute.

3.9 Statistics:

Statistical analyses were conducted using GraphPad Prism (v10.0.3). Survival curves were
constructed and analyzed using the Kaplan-Meier (non-parametric) method. When comparing
multiple groups over multiple timepoints, Ordinary 2way ANOVA with Sidak’s multiple
comparisons test was performed; comparison of multiple groups at specific timepoints was
performed using Kruskal-Wallis test. Comparison of 2 groups at a single timepoint was performed
using Mann-Whitney U test. Statistical significance was defined as p <0.05. Where applicable,

data are shown as individual data points with median and interquartile range.

Danchuk, SN 124 PhD Thesis



4. Results

4.1 Genomic and proteomic analysis further characterize M. orygis 51145 in vitro

Genome sequencing of Mycobacterium orygis 51145 was previously performed using
PacBio single-molecule real-time (SMRT) technology to assemble a single circular
chromosome*!2, To verify nucleotide reads, the same DNA aliquot used in Pacbio sequencing was
run using the Illumina HiSeq platform. It was determined that M. orygis 51145 has a genome size
0f 4,352,140 bp in length, 32 bp less than previously reported, with an average guanosine cytosine
(GC) content of 65.6%*'2. The genome contains 4,089 genes of which 3,788 are coding sequences
(CDS). Discrepancies with the previous assembly were found in five genes, including missense
mutations and deletions (presence confirmed with Sanger sequencing) (Table 5). Further, genomic
comparison of M. th H37Rv, M. bovis Ravenel, and M. orygis 51145 shows genomes similar in
size (~4.4Mb) and predicted gene content (~4100-4200). Of the three, M. th H37Rv had the largest
genome whereas M. orygis 51145 had the smallest genome (Table 6). In this chapter, M. th H37Rv
will be referred to as M. th, M. bovis Ravenel will be referred to as ‘M. bovis’ and M. orygis 51145

will be referred to as ‘M. orygis’, unless otherwise specified.

4.2 Experimental M. orygis infection results in rapid mortality

The driving hypothesis of this chapter was: if M. tb and M. orygis are similar at the genomic
level, then standardized models used in M. tb infection outcome can be applied for the assessment
of M. orygis pathogenesis. As such, we infected C57BL/6 mice via the aerosol route with the
intention of assessing bacterial burden and histopathology at days 21, 42, and 84 post-challenge
(Figure 16). Unexpectedly, by day 28, 50% of the M. orygis infected group had reached the pre-
determined criteria for sacrifice, resulting in a median survival of 28 days (Figure 16b, Table 8).

In contrast, the median survival of M. b infected mice could not be reached by day 119.
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Interestingly, lung, spleen, and liver bacterial burdens at day 21 were comparable between M. tb
and M. orygis, with no evidence that early mortality was due to disseminated M. orygis infection
(consistent across 2 independent experiments, Figure 16d). Mice that succumbed to M. orygis
infection by day 28 showed no increase in bacterial burden compared to day 21, despite extensive
pulmonary pathology (Figure 16c).

As the critical point of M. orygis infection was between day 21 and 28, we repeated the
infection and experimentally assigned mice to be euthanized at these timepoints (n= 5 per group,
per timepoint) (Figure 16e). Consistent with previous data, we saw no differences in lung bacterial
burdens from day 21 to day 28 (for both M. orygis and an M. tb control group) (Figure 16f).
However, H&E slides from day 21, when there were no overt signs of clinical disease, revealed
clear differences in histopathology, with a mean pathology score of 361 in the M. orygis group
compared to 50 for the M. tb group (Figure 16g-h) (Table 9). Furthermore, M. orygis infected
mice had higher pathology scores at day 21 than M. tb-infected mice at day 28 (Figure 16g). By
day 28, 3 out of 5 of the M. orygis group had already met criteria for compassionate endpoint. As
determined by the clinical pathologist, scores following M. orygis infection were due to prominent
granulomatous and/or neutrophilic inflammation with varying degrees of necrosis not observed
after M. tb challenge at either day 21 or day 28. This suggests exacerbation of lung damage in M.
orygis lungs is likely the result of uncontrolled neutrophilic influx and subsequent recruitment of
other inflammatory immune cells that is not recapitulated in M. ¢b infected mice*!3415,

Given that TB disproportionately affects males, both male and female mice were exposed
to the same M. orygis inoculum via the aerosol route®. We determined that M. orygis infection
outcome is sex-independent by measures of median survival (male= 25 days, female= 23.5 days)

and bacterial burden (Figure 17a-c). Further, having observed that M. orygis is more virulent in
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the same host, based on measured time to mortality, we asked whether M. tb could result in the
same early mortality phenotype using a higher dose (Figure 17d). This permitted 2 sets of
comparisons: whether a dose increase changed the intra-strain survival time (M. tb v. M. tb) and
whether an increased dose of M. tb overcame the inter-strain differences in survival (M. tb v. M.
orygis). When infected with a ~200 CFU of M. th, median survival occurred at 241.5 days.
Comparatively, when infected with ~1300 CFU M. th median survival was expedited to ~95 days
(p < 0.0001, Mantel-Cox) (Figure 19¢). This was still four-times longer than observed with
standard-dose M. orygis (median survival 24 days; p< 0.05, Mantel-Cox). At a comparable dose
of M. orygis (~1300 CFU), median survival shifted to 20 days, a difference of only 4 days (Figure
17e). Moreover, at 28 days, macroscopic differences were apparent between the lungs of M. orygis
infected mice (standard dose) and the high-dose M. tb group (Figure 17f). By this comparison, we

estimate that the lethal dose 50 (LD50) of the two strains differs by at least one order of magnitude.

4.3 M. orygis morbidity and mortality is comparable to M. bovis but distinct from M. tb lineages

To determine if excessive mortality was unique to M. orygis infection, we assessed the
survival of mice infected with M. tb Erdman, (a well-described M. tb strain used in pathogenesis
studies), M. bovis Ravenel, M. bovis AF2122/97 (reference strain) and a clinical isolate of M.
orygis known as ‘M. orygis 2019-352°175416_ The median survival time following challenge with
either M. orygis or M. bovis strains was comparable (~24 days- 31 days) whereas median survival
for both M. tb groups was greater than 30 weeks (Figure 18a). Moreover, like M. orygis, M. bovis

infected mice showed aggressive lung pathology both micro- and macroscopically.

4.4 M. orygis mortality can be postponed, but not overcome

Given that BCG shows a protective effect against M. th, we asked whether BCG

vaccination could protect against pulmonary M. orygis infection. We utilized two BCG strains
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(BCG Russia, an early strain, or BCG Danish, a late strain) as both M. orygis and BCG Russia
constitutively produce two highly antigenic proteins (MPT70 and MPT83), whereas BCG Danish
does not (Figure 18b)!%. Following M. orygis challenge, 40% of the sham-vaccinated PBS group
succumbed to infection by week 4 whereas no clinical signs of disease were seen in either BCG
vaccinated group at this time point. At week 16, a secondary wave of mortality began, with all
PBS-mice reaching compassionate endpoint by week 21 (Figure 18c). As such, BCG vaccination
delayed but did not prevent mortality, and there was no difference in the median survival between
BCG Russia or BCG Danish vaccinated mice (Figure 18c, 26.5 and 26 weeks respectively, p>>
0.05). Notably, prolonged survival in the vaccination groups was not due to prevention of infection
or bacterial clearance; at the time of demise, lung bacterial burdens were comparable across groups
(Figure 18d,e).

BCG has been proposed to better prevent extrapulmonary TB, although a systematic review
of randomized controlled trials also found an effect against pulmonary TB!!3, In our experimental
infections, we did not observe a difference in the lung:spleen ratio after vaccination (Figure 18f).
Combined, these data indicate that BCG-mediated protection against M. orygis challenge is
independent of MPT70 (and MPT83) expression in BCG and that protection by BCG acts on

control, rather than clearance, of infection.

4.5 Proteome-guided virulence studies identify MPT70 as a non-canonical virulence factor

As discussed, it has previously been shown that M. orygis, like M. bovis, upregulates the
production of the secreted protein MPT70, and the lipoprotein MPT83, due to an independent
mutation in the regulator of Sigma Factor K (RskA)!®°. We have further validated this at both the
genomic and proteomic level. However, prior studies did not offer information on how these

differences compare to variations among other secreted proteins across the MTBC. To evaluate
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this further, we compared the culture filtrates of various members of the MTBCs grown in parallel
in the same medium, using mass spectrometry (Figure 19a). As previously seen, the dominant
proteins of both M. bovis and M. orygis were ESAT-6, CFP-10, and MPT70. In contrast, whereas
ESAT-6 and CFP-10 were still the most abundant proteins in the culture filtrates of all M. tb strains
and M. africanum, MPT70 spectra were rare (Figure 19a). This is concordant with previous studies
in which M. tb mpt70 is only induced following infection!®”-*%3. As expected ESAT-6, CFP-10, and
MPT70 spectra were rare in M. microti, a natural variant of ESAT-6/CFP-10*#7, Notably, we
included M. th HN878 in this study, as it is regarded as a ‘hypervirulent’ M. b strain (though this
phenotype may be impaired following multiple passages) and M. microti, as a naturally attenuated,
animal-associated strain*!8-420:421,

Given the in vitro and ex vivo results described in Chapter 111, we employed these M. orygis
and M. bovis deletion strains in downstream in vivo infection studies. As a positive control, we
generated esx4 mutants, to disrupt the canonical virulence factor ESAT-6, and indirectly, CFP-
10422423, Accordingly, mice infected with either M. bovis AesxA or M. orygis AesxA via the aerosol
route showed no mortality events until experimental endpoint (~42 weeks post-challenge) (Figure
19b; survival curves superimposed). When performing head-to-head studies, M. orygis AesxA
infected mice showed ~1 logio less bacteria in the lung compared to WT M. orygis as early as day
7, ~2 logio less burden by day 14 and ~3 logio less burden by day 21 (Figure 19¢). These data
suggest that for M. orygis, like M. tb and M. bovis, the disruption of ESAT-6 results in significant
attenuation.

Whether MPT70 is a virulence factor for M. bovis has yet to be formally demonstrated*?*,
To determine if the effect of MPT70 and/or MPT83 is host-mediated, mice were first infected with

an M. bovis strain disrupted for three genes: mpt70, mpt83, and dipZ, the gene in between the two
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putative effectors (M. bovis Ampt70 _mpt83) (Figure 20a). Strikingly, the disruption of these three
genes resulted in a reversal of the mortality phenotype observed in wildtype M. bovis studies, with
only one event seen by experimental endpoint (Figure 20b). As early as week 3, mice showed ~1
logio reduced bacterial burden and significantly milder pathology (reduced inflammation, smaller
lesions, limited consolidation) compared to WT M. bovis despite comparable doses at initial
aerosol (Figure 20c-¢). Moreover, there was a 5-logio decrease in M. bovis Ampt70 _mpt83 burden
between week 3 and 52, with a subset showing bacterial elimination from the lungs after one year,
although bacteria were still present in the spleen (Figure 20f-1).

To narrow down the potential virulence factor, both M. bovis Ampt70 and M. bovis Ampt83
were generated. By experimental endpoint (T=24 weeks post challenge), only 2 out of 45 mice
had succumbed to M. bovis Ampt70 infection (Figure 20b). Additionally, M. bovis Ampt70 infected
mice showed ~1 logio reduced lung burden compared to WT M. bovis infected mice at week 3 and
a further ~3 logio reduction between weeks 3 and 16 (Figure 20c,d), with mild histopathology
(Figure 20e). These results were also seen following aerosol challenge with M. bovis Ampt83. By
experimental endpoint, 1/15 mice had succumbed to infection (Figure 20b). Like M. bovis Ampt70
infected mice, a ~1 logio reduced lung burden was observed in M. bovis Ampt83 infected mice
compared to WT M. bovis at the same timepoint (week 3, n= 3). Moreover, a further ~2 logio
reduction was observed between weeks 3 and 16 (Figure 20c,d). Histopathology was mild

compared to WT M. bovis infected lungs (at week 3) (Figure 20e).

4.6 M. bovis Ampt70_mpt83 prolongs survival in the absence of the adaptive immune system

By day 21, the host adaptive immune system is fully functional. RAG1 -/- mice lack mature
B- and T- cells due to an impairment in the activation of V(D)J recombination and as such, lack an

adaptive immune system*?. To further investigate how MPT70 and/or MPT83 mediates the early
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events of host immune response, RAG1 -/- mice were infected with comparable doses of either M.
bovis or M. bovis Ampt70_mpt83 and monitored for clinical disease (Figure 20j). In stark contrast
to immunocompetent mice where median survival could not be reached, all mice in the M. bovis
Ampt70 _mpt83 experimental group succumbed before day 50 (Figure 20k). The absence of
MPT70 and MPTS83 continues to show protection compared to M. bovis WT infection, though to
a much lesser extent. We can consider this at two levels: first, M. bovis Ampt70 _mpt83 survive
longer than M. bovis infected mice (median survival 39 days v. 30 days, respectively; p < 0.05).
Second, though infection in general is much more poorly controlled compared to wildtype
C57BL/6 mice, M. bovis Ampt70 _mpt83 still shows a slight reduction in bacterial burden at
experimental endpoint (~1/3 logio; p <0.05) (Figure 201). These data demonstrate that MPT70 and

MPTS3 are prime virulence factors of M. bovis and may have a role in infection chronicity.

4.7 M. orygis shows distinct virulence profile compared to M. bovis

When M. orygis was disrupted for either mpt70 alone, mpt83 alone, or mpt70 mpt83, the
reversal of the lethal phenotype could not be recapitulated (Figure 21a). Additionally, no reduction
of bacterial burden can be observed at days 7, 14, or 21 compared to wildtype M. orygis (Figure
21b). As proposed in Chapter 111, this latter in vivo result may suggest that the role of these genes
in the overall virulence of M. orygis differs from that of M. bovis, and/or that M. orygis is more
virulent in this host, such that disruption of one locus is insufficient to reverse early mortality.

Notably, it has been shown that ESAT-6, but not MPT70, confers protection against M. tb
challenge*!!. As an alternative means to test for a role of mpt70 on the outcome of M. orygis
infection, we asked whether vaccination with an MPT70 subunit vaccine could confer protection
against disease (Figure 21¢,d). PBS-sham vaccinated, and BCG Russia-vaccinated mice served as

negative and positive controls, respectively, with median mortalities of 24- and 171-days post-
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infection (Figure 21d). Consistent with the established role of ESAT-6 in vaccination and its newly
shown role in M. orygis virulence, the ESAT-6 vaccine extended survival to 112 days. Interestingly,
mice subcutaneously vaccinated with MPT70 also manifested a similar survival of 119 days
(Figure 21d). This observation that MPT70 alone prolongs survival with the same efficacy of

ESAT-6 vaccination indirectly supports a role of MPT70 in the pathogenesis of M. orygis disease.

5. Discussion

M. orygis is overlooked and understudied. Our data on this pathogen provide a new
perspective to investigate the evolution of MTBC virulence, beyond M. th and M. bovis. We
utilized the standard aerosol infection model to evaluate M. orygis outcomes in comparison to
more well-established pathogens*®?’. In doing so, we are the first to demonstrate that M. orygis is a
hypervirulent member of the MTBC subspecies, like M. bovis. Whether using relative virulence
or pathogenic potential as a measure of the ability of a microorganism to cause disease, aerosol
infection with M. orygis leads to faster mortality, at a lower dose, compared to M. b in the same
host. Due to the severity of this phenotype, our study may provide a new experimental approach
for the study of tuberculosis pathogenesis. Three advantages emerge immediately from our data.
First, the experimental endpoint is objective — mortality cannot be misinterpreted. Second, the
experimental read-out is based on host outcome, rather than bacterial counts. Third, the
experimental conclusion is fast —attenuation of candidate virulence factors can be inferred sooner
than the time it takes to count colonies from the first timepoint after infection.

We see that there is a ‘critical inflection point’ following aerosol infection which occurs
between day 21 and 28. Based on when mortality occurs temporally, we speculate that this may be
dictated by 1) activation, or hyper-activation, of the innate and adaptive immune cells, 2) a

‘threshold’ of host-pathogen damage that can be withstood or 3) a combination of both. Immune
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cell populations present in the lung differ between mice which succumb to infection by 28 days
when compared to mice which succumb to infection by 4 months (112 days). Neutrophils dominate
the lungs of the early mortality cohort, whereas macrophages predominate the late mortality cohort
(not shown). This lends itself to the idea of the host-damage threshold. Importantly, it has been
established that neutrophils act as the sentinels for early M. ¢b infection and stimulate the activation
of additional immune cells such as monocytes, dendritic cells and T-cells*?®. It has also been well-
established that neutrophils cause significant inflammation and damage as a product of this
‘protective’ mechanism*13-415426_ A cornerstone of M. tb infection is the ability to evade and exploit
the host immune system*?’. However, as previously shown, one of the essential differences
between M. th, M. bovis and M. orygis is the secretion of the highly antigenic, MPT70'%. Based
on our data, it may be feasible that M. orygis- and M. bovis- antagonize innate immune cells,
resulting in a cycle of uncontrolled inflammation and immune cell recruitment. As such, we
speculate that the first inflection point (mortality at 28 days) in our model is largely caused by
immune recruitment whereas the second inflection point (mortality at 4 months) seen in both M.
bovis and M. orygis is likely due to immune exhaustion*’®. This may be further supported by
chronic M. tb infection, as mice begin to succumb to infection at the same 4-month timeframe, as
well as our long-term vaccination studies.

Moreover, M. bovis aerosol infection is not commonly done using a mouse model. In our
study, mice infected with M. bovis in which MPT70 and/or MPTS83 are absent show significant
reduction in inflammation and pathology both macro- and microscopically compared to wildtype.
This is likely due to the absence of MPT70/83 antagonism i.e. the host-immune system is not
exposed to antigens prior to pathogen uptake and may be able to better modulate pro-inflammatory

responses. In tandem, when MPT70 and/or MPTS83 are missing, infection is cleared over time,
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though the mechanism for this is still unknown. To our knowledge, this is a unique phenotype that
has not been seen in knockout studies of other virulence factors; however, this ‘clearance
phenotype” has been seen in natural infections*?%43°,

Translationally, this infection model poses two challenges for vaccine research while also
providing opportunities for their study. Can a candidate vaccine overcome early mortality? If so,
can this vaccine protect better than the current ‘gold standard’ (BCG)? Due to the severity of this
phenotype, we suggest that our experimental model may serve in the up- or down-selection of new
vaccine candidates. As shown in Figures 3 and 5, within 8-12 weeks, the potential efficacy -and
thus, viability- of vaccines can be compared. Clemmensen et al. previously published that an
MPT70 expressing vaccine conferred lower levels of protection than an ESAT-6 expressing
vaccine against WT M. b infection but that this protection was significantly increased when
challenged with M. tb overexpressing MPT70%'!. Our data is concordant with these results:
antigen-driven vaccines protected M. orygis challenged mice from early mortality but could only
partially recapitulate the effect of BCG. As such, our data also supports the possibility that tailored
vaccines may be required to protect against different members of the MTBC and reinforces a key
limitation of current vaccines in this experimental model, which is that they modulate disease but
do not prevent the establishment of infection.

Much of our understanding of virulence within the MTBC is derived from studies of a
single human-adapted strain, M. tb, or less commonly, from the study of a single animal-associated
strain, M. bovis. These reference points provide useful contrasts but are insufficient to fully
elucidate the evolution of MTBC pathogenicity. Presently, the MTBCs are pragmatically divided
into virulent clinical strains, such as M. tb, versus attenuated vaccine strains, such as BCG and M.

microti*'’. Our data suggest a third level of virulence which we call ‘hypervirulence’. As shown
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with our M. bovis gene deletion strains, virulence factors may be overlooked when using H37Rv
as the parent strain, due to their absence or low-level of expression in M. tb in vitro*!. Accordingly,
our model could be useful in the discovery and investigation of other non-canonical virulence
factors. By using proteomic analysis of 3 MTBC strains, candidate virulence factors could be
identified and subject to gene deletion studies, with the impact on infection outcome seen within
4 weeks of aerosol exposure. Moreover, we provide data supporting the existence of both across-
MTBC virulence factors as well as MTBC subspecies-specific virulence factors. The former is
supported by the M. bovis or M. orygis lacking esxA, where no mortality was documented until
experimental endpoint. Though expected, this experiment showed that M. orygis, like M. tb and
M. bovis, depends on ESAT-6 for full virulence. As suggested previously, the notion that MPT70
could be a virulence factor has been considered since it was adequately characterized in 198411,
yet efforts to characterize this protein have been limited- perhaps because a role during M. b
infection has not been identified®******. Using in vitro and ex vivo techniques, we found that
differences between wildtype and knockout strains were subtle, with no indication of a significant
role in the mediation of virulence. However much like ESAT-6, the absence of MPT70 from M.
bovis results in significant attenuation. Moreover, our gene disruption studies in M. bovis indicate
that MPT70 contributes to long-term infection persistence, as both the Ampt70 mpt83 and Ampt70
strains showed a trend towards bacterial elimination over time. Based on our data, we propose that
MPT70 contributes to the hypervirulence of M. bovis but that there may be additional partners
contributing to the hypervirulence of M. orygis. Unlike M. bovis Ampt70 mpt83, the effect of
MPT70 and/or MPTS83 disruption was insufficient to rescue M. orygis lethality during the acute
phase of infection. However, vaccination with MPT70 alone did delay mortality following M.

orygis challenge, to the same extent as ESAT-6, suggesting the need for further study of MPT70
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and/or MPTS83 in M. orygis infection. This is further supported by secretomic differences such as
bias towards ESX-5 in M. orygis, but not M. bovis. As many canonical virulence factors include
lipids and lipid-associated proteins, lipidomics may provide further insights into differential
virulence247:263.432.

The definition of bacterial virulence varies by the context in which it is applied.
Traditionally, it is defined as the manifestation and severity of disease pathology, including death,
in a susceptible host>*’. In this chapter, we define virulence accordingly, as the severity of infection
outcome following the same infection, measured in the same host. Our three-way comparative
findings build upon a century of observations where M. bovis has been observed to be more
virulent than M. tb across many host species, such as mice, guinea pigs, and rabbits'®!98433 1t has
been difficult to resolve a two-bacteria comparison (M. bovis vs. M. tb), without a third comparator
species. Our findings present at least two possible evolutionary scenarios, which are not mutually
exclusive. Either M. tb has suffered attenuation of virulence since their common ancestor, and/or
M. orygis and M. bovis have both incurred a gain-of-virulence since their common ancestor (Figure
22). Despite the longevity of tuberculosis research, we still do not know why MTBC members
have different niches and differential infection outcomes, nor why M. tb is largely restricted to
humans while M. orygis and M. bovis have much broader host ranges. The inclusion of M. orygis

in TB research may help address these and other knowledge gaps and provide new opportunities

for MTBC pathogenesis research.
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Figure 16. M. orygis results in progressive fatal disease following aerosol infection of CS7BL/6

mice.

a) Schematic of aerosol challenge. C57BL/6 mice were exposed to ~200 CFU of either M. b
H37Rv or M. orygis 51145 (n= 2 experiments). M. tb H37Rv infection group n= 18 mice, M. orygis
51145 infection group n= 36. Three mice per experiment were tested to verify initial dose. Five
mice per experiment were sacrificed at T= 21 days. The remaining 10 mice were monitored for
signs of clinical disease until compassionate endpoint or experimental endpoint (n= 112 days) b)
Kaplan-Meier survival curve following aerosol. M. orygis median survival= 28 days. M. tb H37Rv
median survival could not be determined by experimental endpoint. (Mantel-Cox test, p= 0.047).
¢) Hematoxylin and eosin (H&E) staining of right accessory lobe of lung for both experimental
groups. d) Comparison of lung, spleen, and liver bacterial burdens. M. tb and M. orygis showed
comparable lung and liver bacterial burdens at T= 21 days, with increased splenic burden in M. ¢b
group (p= 0.013, Mann-Whitney U-test). Between day 21 and day 28 there was no significant
difference in lung, spleen, or liver burdens within the M. orygis infected group. e) Schematic of
targeted lung infection. Mice were challenged with ~200 CFU of either M. tb H37Rv of M. orygis
51145. Five C57BL/6 mice were randomized to be sacrificed at either day 21 or day 28 timepoints
(n= 10 mice per group). f) Lung bacterial burden of M. tb and M. orygis infected groups at week
3 and 4. g) Total lung pathology score. M. orygis group resulted in greater pathology than M. ¢b at
both day 21 and day 28 (Two-way ANOVA, p= 0.0062, p= 0.0002 respectively). The lowest M.
orygis pathology score at 21 days was higher than the maximum pathology score of M. b at 28
days. h) Associated hematoxylin and eosin (H&E) staining of right accessory lobe of lung at day

21 or day 28. Featured slides representative of material sent to pathologist for assessment.
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Figure 17. M. orygis infection outcome is sex- and dose-independent

a) Overview of survival experiment. Given that M. tb disproportionately affects males, both male

and female mice were infected to assess potential differences in survival outcomes and lung
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bacterial burdens. Male and female C57BL/6 mice were exposed to ~150-300 CFU of M. orygis
via the aerosol route (n= 18 mice per experimental group; 3 mice per group sacrificed to determine
initial dose). Remaining mice were monitored for clinical signs of disease until compassionate
endpoint was reached. b) Kaplan-Meier survival curve following aerosol infection. Median
survival of males= 25 days; median survival of females= 23.5 days (Mantel-Cox test, p= 0.993).
¢) Lung bacterial burdens at compassionate endpoint. Regardless of when mice succumbed to
infection, bacterial burden was not significantly different (Mann-Whitney test, p= 0.778). d)
Overview of dosing experiment. Mice divided into four arms: M. b standard dose (stnd), M. orygis
standard dose (stnd), M. tb high dose (HD), M. orygis high dose (HD) and monitored until
compassionate endpoint. e) Kaplan-Meier survival curve of M. th H37Rv and M. orygis 51145 at
a standard dose compared to high dose (HD) M. tb and HD M. orygis (~1300 CFU). Standard M.
tb curve generated from independent experiment (Fig. 20, n=12 mice). Median survival of standard
M. orygis = 24 days (n= 9 mice). Median survival of HD M. tb = 95 days (n=15 mice). Median
survival of HD M. orygis= 20 days (n= 9 mice). Median survival of standard M. tb= 241 days.
Survival of HD M. tb infected mice is significantly longer compared to M. orygis infected mice at
a standard dose (Mantel-Cox test, p = 0.0072). f) Macroscopic photos of lungs following
euthanasia with corresponding hematoxylin and eosin (H&E) staining of right accessory lobe of
lung at same timepoint. M. orygis at a standard dose (~200 CFU) showed more extensive pathology

compared to HD M. tb (~1300 CFU).
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Figure 18. M. orygis mortality is comparable to M. bovis, distinct from M. tuberculosis, but

can be postponed by BCG vaccination.

a) Kaplan-Meier survival curves of standard dose M. orygis 51145 (reference strain), M. orygis
2019-352, M. bovis Ravenel, M. bovis AF2122/97 (reference strain), M. tb H37Rv (reference

strain) and M. tb Erdman. M. orygis 2019-352 is a clinical isolate from the Public Health Ontario
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Laboratory. Mice were exposed to ~200 CFU of various members of the Mycobacterium
tuberculosis complex subspecies (M. bovis Ravenel, M. bovis AF2122/97, M. orygis 51145, M. or
2019-352: n= 18 mice; M. tb H37Rv and M. tb Erdman: n= 15 mice). Median survival: M. bovis
Ravenel = 31 days, M. bovis AF2122/97= 25 days, M. orygis 51145 = 24 days, M. orygis 2019-
352 =25 days; M. th H37Rv = 241 days. Median survival could not be determined by experimental

endpoint for M. tb Erdman. b) Schematic overview of vaccination. C57BL/6 mice were

subcutaneously vaccinated with BCG Russia and BCG Danish (~106 CFU) alongside a PBS sham-
vaccinated control. 10 weeks post vaccination, mice were challenged with ~200 CFU of M. orygis
and monitored until compassionate or experimental endpoint (T= 34 weeks). ¢) Kaplan Meier
survival curve of PBS sham-vaccinated mice, BCG Russia, and BCG Danish vaccinated mice (n=
10 mice per group). Median survival: PBS = 16 weeks, BCG Russia= 26.5 weeks, BCG Danish=
26 weeks. One BCG Russia vaccinated mouse survived until experimental endpoint (n= 34 weeks).
d) Lung bacterial burden at compassionate endpoint. BCG Danish vaccinated group had increased
burden compared to the PBS sham-vaccinated group (Kruskal-Wallis test, p= 0.030). e) Spleen
bacterial burden at compassionate endpoint. BCG Russia vaccinated mice had increased burden at
endpoint compared to PBS-sham vaccinated mice (Kruskal-Wallis test, p=0.002). f) Lung:spleen
ratio of PBS, BCG Russia and BCG Danish vaccinated mice, showing no significant difference

across groups.
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Figure 19. Proteomic comparisons yield insight into M. orygis virulence.
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a) Comparative heat-map of various MTBC secretomes (M. orygis 51145, M. bovis Ravenel, M.
tb H37Rv, M. tb lineage 1, M. tb HN878, M. africanum, and M. microti). Proteins of interest ranked
using M. orygis (Z-score > 1). Each row represents a specific protein; each column represents
average of triplicate samples (expect for M. tb H37Rv in which this is a duplicate). Colour intensity
indicative of abundance of protein based on raw Z-scores. Heatmap made using GraphPad Prism
v10.0.3. b) Kaplan-Meier survival curve of two cattle-associated isogenic strains (M. bovis AesxA
and M. orygis AesxA) compared to wildtype M. bovis Ravenel and M. orygis 51145 until
experimental endpoint (T~300 days, n= 15 mice per isogenic group). Isogenic survival curves
overlayed. M. bovis and M. orygis survival curves representative of independent experiments. c)
Lung bacterial burden at Day 1, 7, 14 and 20 of M. orygis (51145) and M. orygis esxA. Despite
comparable initial dosing, divergence in bacterial burden between groups was evident as early as
Day 7, with the greatest difference occurring at 20 days (n= 5 mice per timepoint, per group) (2-

way ANOVA, p <0.001 at all timepoints).
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Figure 20. mpt70 disruption reverses lethality in M. bovis
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Figure 20. mpt70 disruption reverses lethality in M. bovis
a) Schematic of experimental infection. Mice were either randomly assigned for assessment at

experimental timepoints or monitored for clinical disease until compassionate/experimental
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endpoint. b) Kaplan-Meier survival curve of M. bovis, M. bovis Ampt70 _mpt83, M. bovis Ampt70),
and M. bovis Ampt83. M. bovis curve representative of control experiment. Experimental endpoint
of M. bovis Ampt70 _mpt83 and Ampt70= 32 weeks (224 days); experimental endpoint of M. bovis
Ampt83= 16 weeks (112 days). Dosing: WT M. bovis ~170 CFU, M. bovis Ampt70 _mpt83 ~250
CFU, M. bovis Ampt70 ~300, M. bovis Ampt83 ~350 CFU ¢) Lung bacterial burden at week 3. M.
bovis and M. bovis Ampt70 _mpt83 infected groups n= 5 mice/group; M. bovis Ampt70 group n= 8§
mice (2 experiments); M. bovis Ampt83 group n= 3 mice (proof of concept). All isogenic strains
showed significantly reduced burden following aerosol infection (Kruskal-Wallis test; M. bovis
Ampt70 _mpt83: p= 0.030, M. bovis Ampt70: p= 0.012; M. bovis Ampt83: p=0.002). d) Lung
burden of M. bovis Ampt70 _mpt83, M. bovis Ampt70, and M. bovis Ampt83 at 3- and 16-weeks.
A ~3 log reduction was observed by endpoint in all isogenic strains (p <0.0001, 2-way ANOVA).
e) Histopathology of right accessory lobe at week 3 and week 16 compared to uninfected control
(H&E stain, n= 5 mice/group). Photos representative of overall mouse pathology. f) Schematic of
M. bovis Ampt70 _mpt83 aerosol infection. Mice were randomly selected for euthanasia at week 3,
16, 32, or 52. Results representative of n= 2 independent experiments. At experimental endpoint,
lungs and spleen were evaluated for bacterial burden; right accessory lobe of lung was extracted
for histopathological assessment. g) Lung burden of M. bovis Ampt70 mpt83 at week 3, 16, 32
and 52. Bacterial burden reduced by ~5 logs between week 3 and 52 (p < 0.0001, 2-way ANOVA).
h) Splenic bacterial burden of M. bovis Ampt70 mpt83 monitored at weeks 3, 16, 32 and 52
following aerosol infection. Spleens showed no significant reduction in bacterial burden at week
32 or 52 compared to week 3 burden (2-way ANOVA, p >0.05). i) Corresponding lung:spleen ratio
over time; by week 52, splenic burden was greater than lung bacterial burden (Kruskal-Wallis test,
p=0.0001). j) Overview of experimental design. k) Kaplan-Meier survival curve of C57BL/6 RAG
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-/- mice infected with either WT M. bovis or M. bovis Ampt70_mpt83. Median survival: M. bovis
WT= 30 days, M. bovis Ampt70_mpt83= 39 days (~350 CFU in both experimental groups). M.
bovis Ampt70 _mpt83 shows prolonged survival compared to M. bovis WT (p <0.01). 1) Associated
lung bacterial burden at compassionate endpoint. WT M. bovis infected mice have significantly
higher burden compared to M. bovis Ampt70_mpt83 at compassionate endpoint (p= 0.03, Mann-
Whitney). Lung bacterial burden is increased in both experimental groups in RAG -/- mice

compared to WT C57BL/6 mice.
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Figure 21. mpt70 immunization prolongs survival following M. orygis aerosol challenge.
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a) Kaplan-Meier curve of WT M. orygis compared to M. orygis Ampt70 mpt83 (2 experiments,
n= 30 mice), M. orygis Ampt70 (1 experiment, n= 15 mice) and M. orygis Ampt83 (1 experiment,
n= 15 mice) following aerosol infection. M. orygis WT curve representative of control experiment.
Median survival of M. orygis WT = 24 days; M. orygis Ampt70 mpt83 = 23 days; M. orygis
Ampt70 and M. orygis Ampt83= 22 days, Dosing: M. orygis Ampt70 _mpt83 ~180 CFU; M. orygis
Ampt70 and M. orygis Ampt83 ~400 CFU. b) Lung bacterial burden of WT M. orygis versus M.
orygis Ampt70 _mpt83 at day 7, 14, and 21 (n= 5 mice per timepoint per group; independent
experiment). No significant differences between groups at any timepoint observed. Day 1 included
to show comparable dose (~300 CFU). ¢) Experimental overview of subunit vaccination followed
by aerosol challenge with M. orygis 51145. BCG Russia vaccination and PBS-sham vaccination
performed in tandem as previously described (Fig. 20b). d) Kaplan-Meier survival curve. Mice
vaccinated with either PBS, MPT70, ESAT-6 or BCG Russia were challenged with M. orygis via
the aerosol route and monitored for signs of clinical disease (n= 15 mice/group). Median survival
of MPT70 and ESAT-6 immunized mice did not significantly differ (T= 119 days and 112 days
respectively, p=0.598). Median survival of PBS-sham vaccinated mice= 24 days, median survival
of BCG Russia vaccinated mice = 171 days. e) Representative macroscopic images of lung at
compassionate endpoint per experimental group. The extent of lesions observed in PBS-infected
lungs is not recapitulated in vaccinated groups, though few lesions at endpoint are present (grey

arrows).
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Figure 22. Conceptual overview.

Evolutionary scenario for the three Mycobacterium tuberculosis complex organisms studied. M.
tuberculosis (sensu stricto) forms a distinct lineage from the cattle-associated pathogens, M.
bovis and M. orygis, who share a short branch before being separated by deep branches. M. th, M.

bovis and M. orygis are all positive for ESAT-6 and CFP-10 production but show different
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expression levels of MPT70 (and MPTS83). Since the inferred common ancestor of M.
tuberculosis complex organisms, the data suggest either a) an attenuation of virulence in M.

tuberculosis, and/or b) a gain-of-virulence in M. bovis and M. orygis.
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7. Tables

Position PacBio  Illumina Codon Sanger Locus_Tag Gene name
change
2017392 T C p-Met507Thr C RJtmp 001858 eccC5
577991 TT T . T RJtmp 000510 mshA
2093004 T G p-Asp38Ala G RJtmp 001924 Rv1856¢
3161714 CC C C Del gene RJtmp 002996  Rv2905 (Ippw)
3161737 GTC T G Del gene RJtmp 002996  Rv2905 (Ippw)
3161754 A G A Del gene RJtmp 002996  Rv2905 (Ippw)
3161764 TT T T Del gene RJtmp 002996  Rv2905 (Ippw)
3161772 AA A A Del gene RJtmp 002996  Rv2905 (Ippw)
3161779 TT T T Del gene RJtmp 002996  Rv2905 (Ippw)
3161790 CC C C Del gene RJtmp 002996  Rv2905 (Ippw)
3161799 TTT T T Del gene RJtmp 002996  Rv2905 (Ippw)
3161811 AA A A Del gene RJtmp 002996  Rv2905 (Ippw)
3161818 CC C C Del gene RJtmp 002996  Rv2905 (Ippw)
3161828 AA A A Del gene RJtmp 002996  Rv2905 (Ippw)
3161834 GG G G Del gene RJtmp 002996  Rv2905 (Ippw)
3161843 TT T T Del gene RJtmp 002996  Rv2905 (Ippw)
3161850 AA A A Del gene RJtmp 002996  Rv2905 (Ippw)
3161881 CC C C Del gene RJtmp 002996  Rv2905 (Ippw)
3161889 AA A A Del gene RJtmp 002996  Rv2905 (Ippw)
3161898 CGGA GG C Del gene RJtmp 002996  Rv2905 (Ippw)
3161929 CC C C Del gene RJtmp 002996  Rv2905 (Ippw)
3161940 CC C C Del gene RJtmp 002996  Rv2905 (Ippw)
3161947 CC C C Del gene RJtmp 002996  Rv2905 (Ippw)
3161967 AA A A Del gene RJtmp 002996  Rv2905 (Ippw)
3161979 AA A A Del gene RJtmp 002996  Rv2905 (Ippw)
3162155 1T T T Del gene RJtmp 002997  Rv2906¢(trmD)
3162210 GTC T T Del gene RJtmp 002997  Rv2906¢(trmD)
3162228 AA A A Del gene RJtmp 002997  Rv2906¢(trmD)
3162245 GG G G Del gene RJtmp 002997  Rv2906c(trmD)
3162282 CC C C Del gene RJtmp 002997  Rv2906¢(trmD)
3162291 GG G G Del gene RJtmp 002997  Rv2906c(trmD)
3162299 CC C C Del gene RJtmp 002997  Rv2906c(trmD)
3162303 GGC G G Del gene RJtmp 002997  Rv2906c(trmD)
3162311 TT T T Del gene RJtmp 002997  Rv2906¢(trmD)
Table S. Genomic corrections following Illumina HiSeq
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M. tuberculosis M. bovis M. orygis
H37Rv Ravenel 51145
Genome Size (bp) 4417942 4371545 4352140
GC content (%) 65.5 65.5 65.6
Genes 4206 4109 4089
CDSs 3857 3866 3788
Hypothetical 475 449 422
proteins
Pseudogenes 147 192 250
(total)
Transposases 44 28 79
(total)
tRNA 45 45 45
PPE-family 55 45 41
PE-family 63 80 75

Table 6. Genomic characteristics of Mycobacterium tuberculosis complex subspecies

(MTBCs).
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Wildtype strains Isogenic mutants

M. orygis 51145 (M. or; reference) M orygis AesxA*

M. orygis 2019-352 (clinical isolate) M. orygis Ampt70_mpt83*
M. bovis Ravenel (M. bo) M. orygis Ampt70

M. tuberculosis H37Rv (M. tb, reference) M. orygis Ampt83

M. tuberculosis Erdman M. bovis AesxA*

M. tuberculosis HN878 M. bovis Ampt70 _mpt83**
M. bovis BCG Russia M. bovis Ampt70 *

M. bovis BCG Danish

Table 7. Bacterial strains used in virulence studies.

* indicative of hygromycin resistance cassette. All other isogenic mutants listed contain the zeocin

resistance cassette. + indicates use in secretomic studies (Chapter III).
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Behavior (B)
Clinical Sign
BAR (Bright, alert and responsive)

Active but hunched posture

Less active when observed outside of cage
but active when stimulated

Inactive even when stimulated (no respond
to touch, no righting reflex)

Respiration (R)
Clinical Sign
Normal
Increased respiratory rate, mild abdominal
breathing
Dyspnea (severely increased respiratory

rate, open-mouth and abdominal
breathing)

Body Condition (BC)

Mouse is emaciated; skeletal structure extremely

prominent, vertebrae distinctly segmented

Score

Score

Mouse is under-conditioned; segmentation of vertebral
column evident, dorsal pelvic bones are easily palpable

Normal; mouse is well-conditioned. Vertebrae and
dorsal pelvis not prominent but palpable with light

pressure

Mouse is over-conditioned; vertebrae palpable only with

firm pressure

Mouse is obese; bone structure disappears under flesh

and subcutaneous fat

Table 8. Clinical assessment of mice.

Appearance (A)
Clinical Sign
Normal (hair coat and posture, eyes open)

Slightly hunched, piloerection, eyes partially
closed

Moderately hunched, piloerection, eyes
moderately closed, pale mucous membranes
Ruffled coat, very hunched, eyes completely
closed, pale mucous membranes

Dehydration (D
Clinical Sign

Normal (pinching the skin over the shoulder
blades, the skin will quickly return to its
original shape)

Moderate (Delay in skin return to its normal
position after pinching the skin over the
shoulder blades)

Severe (sunken eyes, skin stay bunched up)

Score

Score

Score

If behaviour/appearance reached score of 3 or respiration/dehydration reached score of 2, animal
was euthanized. If body condition score (BCS) is < 2 or body weight loss > 20%, animal was

euthanized.
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Parameter Score
Quality control 0 1 2 3
Tissue quality Inadequate Good Very good Excellent
Distribution of lesions Bronchial/Peribronchial ~ Parenchymal
% affected area 0-100%

Inflammation intensity 0 1 2 3
Bronchial/endobronchial Normal/absent Mild Moderate Marked
Peribronchial Normal/absent Mild Moderate Marked
Perivascular Normal/absent Mild Moderate Marked
Interstitial Normal/absent Mild Moderate Marked
Pleural Normal/absent Mild Moderate Marked
Intra-alveolar Normal/absent Mild Moderate Marked

Inflammatory cellular N/A A C AC

infiltrate
Type of cellular infiltrate Not applicable Acute Chronic Aand C
(neutrophils)  (lymphohistiocytic)

Vascular damages 0 1 2 3
Hemorrhages
Endothelialitis
Capillary vascular Absent Mild Moderate Marked
congestion

Pulmonary edema 0 1 2 3
Pulmonary edema Absent Mild Moderate Marked

Table 9. Semiquantitative scoring scale of histological parameters.

For inflammation intensity, vascular damages, and pulmonary edema fractions of points were also

allowed. Very mild= 0.5, mild to moderate= 1.5, and moderate to marked= 2.5
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CHAPTER V: INSIGHTS FROM A NATURAL HOST

1. Introduction

Prior to this dissertation, the infection outcome of M. orygis had never been formally
assessed in an animal model. In the previous chapter, we showed that M. orygis infection using a
standardized aerosol model results in significant morbidity and expedited mortality compared to
M. tb infected C57BL/6 mice®!7#34435 Moreover, we concluded that, like M. bovis, M. orygis is a
hypervirulent member of the MTBC. The main caveat of this conclusion is that it is informed from
experimentation with mice and may not be representative about the natural pathology and
progression of M. orygis infection and/or disease. As such, our main objective for this chapter was
to evaluate the outcome of M. orygis infection in a well-defined maintenance host (Bos taurus)
following aerosol exposure (experiment performed in collaboration with Jeffery Chen and the
Animal Services Department at the University of Saskatchewan). Three possibilities emerge: either
M. orygis recapitulates the M. tb phenotype, M. orygis recapitulates the M. bovis phenotype, or M.
orygis acts uniquely within a cattle host. In murine studies, there was a clear divide between the
survival of mice experimentally infected with animal-associated or human-associated pathogens.
We hypothesized that the disease phenotype of M. orygis infected cattle is comparable to M. bovis,

but markedly more severe than M. tb.

2. Methods

2.1 Aerosol challenge in a natural host:

Aerosol challenge was performed in collaboration with the University of Saskatchewan
Vaccine and Infectious Disease Organization (VIDO) in an agricultural biosafety containment
level 3 (CL3) facility. Bacteria were resuspended in 4 mL of saline solution and nebulized. Fifteen

Bos taurus calves (age= 6-7 weeks, post-weaned) were randomized into M. orygis 51145, M. bovis
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AF2122, and M. tb H37Rv infection groups (n= 5) and challenged with ~10* CFU/calf via the
aerosol route (Figure 23a). Following infection, calves were monitored by the Animal Services
Department at VIDO through both physical examination and CCTV footage. Inoculum from each
group was plated on 7H10 + OADC agar to determine initial challenge material (100 pL). For the
remainder of this chapter M. orygis 51145 will be referred to as M. orygis, M. bovis AF2122 will

be referred to as M. bovis, and M. tb H37Rv will be referred to as M. tb.

2.2 Gross pathology:

Fifteen weeks (~105 days) post infection, calves were euthanized in three randomized
batches. At necropsy, myself and the VIDO CL3-Agriculture staff extracted whole lungs, spleen,
liver, and lymph nodes (tracheobronchial, TBLN; mediastinal, MLN. Prior to necropsy, 2 calves
succumbed to ‘free bloat’ (M. bovis; M. orygis infected calves), 1 calf succumbed to suspected co-
infection with Mycoplasma bovis (M. bovis infected calf) resulting in the final experimental groups
of: M. th n= 5, M. bovis n= 3, and M. orygis n= 4. For the remaining cattle, individual lobes of
lungs were visually inspected and palpated to determine a final lesion score (0-5 per lung, total
pathology score= 40). Parameters of lesion scoring are described in Table 1033, A score of 0
indicates no gross lesions seen and/or palpated whereas a score of 5 indicates numerous coalescing
lesions of varying sizes observed (Figure 23b,c; Table 10)*33. Spleen, liver, TBLNs, and MLNs
were visually assessed for the presence or absence of lesions but not scored (marked as + or -;
Table 11). Weight at endpoint was recorded for each calf (Figure 23d). Lungs corresponding to

greatest lung pathology in M. tb, M. bovis, and M. orygis infected cattle depicted in Figure 23e.

2.3 Histopathology:

3 x 3 x 3 cm pieces of tissue were allocated for histopathology (left or right cranial, mid,

and caudal lobes of lung; TBLN and MLN). Tissue was stored in 10% neutral buffered formalin
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and processed by the Goodman Cancer Research Centre Histology Core (McGill University) using
standard parafilm embedding protocols. 4 pM slices were cut and transferred to slides to be H&E
or ZN stained as indicated. Due to the heterogeneity of the bovine granuloma, traditional scoring
criteria described by Wangoo et al. was modified to include ‘atypical’ granuloma presentation
observed in young calves (~4 months or younger) with the main changes to the schema being the
presence/absence of a capsule’>*#%%7 Due to the age of the calves in this study, we defined
granulomas as the following: stage I granulomas (including satellite granulomas) consist of
epithelioid macrophages, with or without areas of necrosis and/or the presence of neutrophils.
Langhans giant cells (multinuclear cell composed of fused epithelioid macrophages) and
lymphocytes may also be present. Stage II granulomas are larger than stage I granulomas and
dominated by epithelioid macrophages, a higher frequency of giant cells, lymphocytes, and areas
of necrosis. Stage III granulomas are larger than stage II and have large necrotic areas, often
demarcated by a capsule, with a peripheral layer of macrophages, lymphocytes, and neutrophils.
In young calves, granulomatous borders may be poorly defined and were also considered as part
of stage III. Stage IV granulomas are similar to stage III granulomas at the cellular level but have
multiple foci of caseous necrosis and/or mineralization dominating the structure. These are large,
irregular, and/or encapsulated. Healthy lung tissue was defined as preserved airway (intact alveoli)
with no inflammation. Examples of granuloma staging are depicted in Figure 24. Staging and
disease progression were confirmed by a trained pathologist blinded to experimental group
(Philippe Joubert, Institut Universtaire de Cardiologie et de Pneumologie de Québec). Lower limit
of detection of acid-fast bacilli (AFB) by ZN stain ~5x 10° CFU/mL?! (AFB visualized in Figure

25). In this chapter, Langhans giant cells will be referred to as multinucleated giant cells (MNGCs).

2.4 CFU enumeration:
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Tissue was extracted from each lobe of lung (both right and left cranial lobes, mid lobes,
and caudal lobes), TBLN, MLN, spleen, and liver using a sterile biopsy punch (~1 g) and plated
on 7H10 PANTA OADC plates. For CFU interpretation, any raw bacterial counts under 10 were
excluded from CFU quantification in lung, MLN, and TBLN. Due to the size of calf, burden in all
organs processed is calculated as CFU/g (logio). Lung bacterial burden is presented as the sum of

left and right caudal, middle, and cranial lobes (CFU/g).

2.5 Statistics:

Statistical analysis was conducted using GraphPad Prism (version 10.0.3). Due to
distribution and variability of calves, Kruskal-Wallis test (Dunn’s multiple comparison test, non-
parametric) was used unless otherwise indicated. Statistical significance was defined as p < 0.05.

Where applicable, data are shown as individual points with median and interquartile range.

3. Results

In this study, M. tb infected cattle at necropsy were unremarkable. Lungs had an average
pathology score of 1.6 (out of 40, range between 0 and 3) with good colouration and tissue integrity
(pink and spongy) (Figure 23e, Figure 26a). Of cattle where lesions were recorded, they could only
be detected by palpation rather than visual inspection (3/5). Moreover, lesions were not present in
either lymph node (TBLN, MLN), spleen, or liver (Table 11). Comparatively, both M. bovis and
M. orygis infected cattle showed severe disease at necropsy, evidenced by extensive lesions, and
significantly enlarged lymph nodes. The mean pathology score of M. bovis infected cattle was 16.7
(out of 40; range: 9-30) whereas the mean pathology score of M. orygis was 24.3 (range: 12-36)
with M. orygis trending towards greater gross pathology than M. bovis (Figure 23c). Contrary to
M. tb infected cattle, all M. orygis and M. bovis infected cattle showed the presence of lesions in

the lymph nodes (TBLN, MLN) with no visible splenic lesions (Table 11). Notably, only two calves
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showed macroscopic evidence of lesions in the liver- both of which were infected with M. orygis
(Table 11; calf33, 41). If ranking cattle by gross pathology, there was an obvious division between
the cattle-associated strains (M. bovis and M. orygis) and the human-associated strain (M. D),
concordant with what has been observed historically and what was observed in our mouse model.
M. orygis infected cattle ranked first and third (pathology scores 36 and 28) whereas 1 M. bovis
infected calf ranked second (pathology score 30). Gross pathologic differences between
experimental groups outlined in Figure 23. Weight at experimental endpoint was comparable

across groups and could not be used as a proxy for disease progression (Figure 23d).

3.1 M. tb infected calves:

Concordant with gross pathology of the lungs, TBLNs and MLNs of M. tb infected calves
were unremarkable (Figure 26a, 27a, M. tb infected lymph nodes representative of experimental
group). Further, no areas of necrosis were observed microscopically, though areas of minor
thickening (inflammation) were noted. Few early granulomas (~stage I) could be observed
following H&E staining; ZN staining could not identify AFB+ bacteria in the lungs or lymph
nodes. Though viable bacteria could be observed in a portion of the M. tb infected calves (lungs,
lymph nodes) these were sporadic, and below the threshold of quantification. Comparative

bacterial burdens of lung, lymph nodes, spleen and liver are described in Figure 28.

3.2 M. bovis infected calves:

All calves were positive for lesions in the lung, TBLN, and MLN but negative for lesions
in the spleen and liver (3/3) (Figure 26a,27a; Table 11). Despite this, only 1/3 calves were
considered ‘positive’ for CFU in the lungs, as determined by our limit of quantification (calf 37)
(Figure 28a). At necropsy, lungs of all calves were poor quality, typically paler than their M. b

infected counterparts, with evidence of surface lesions (the extent of which varied depending on
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the calf). Lesions were most evident following transverse slicing of the lung (whitish grey crystal-
like structures) and by palpation of lung (Figure 26). As expected, M. bovis infection presented
predominantly as a lymphatic disease, with minimal lung involvement*8-44! This was particularly
evident in calf 37 which had the largest TBLNs and MLNs of all experimental groups (MLN >>
TBLN) (Figure 27). Gross inspection revealed that solid, coalescing areas of nodules
(granulomatous lymphadenitis, shown in white) composed the entire lymph node with evidence of
damage to the structure of the lymph nodes (holes). Further, granulomatous regions were
segmented by thick pale connective tissue and both the TBLN and MLN were completely engulfed
by granulomatous formations (Figure 27). At 9 weeks post-infection, calf 37 required surgical
intervention due to chronic bloat (rumenostomy). The moderate bloat was likely due to
compression of the vagus nerve due to the size of the lymph nodes extracted**?. Moreover, calf 37
was the only calf to present with lung involvement above limit of quantification, though this was
limited to the left middle lobe (Figure 28a). This result may be due to a sampling bias, as only 1 g
of tissue was obtained per lobe of lung. At necropsy, calves 32 and 38 showed comparable lung
pathology (pathology score 9 versus 12 respectively) as well as TBLN and MLN pathology. Both
TBLN and MLN were enlarged with extensive nodules interspersed throughout the lymph nodes
and significant hemorrhage. However, in calf 38 the MLN was larger than the TBLN whereas in
calf 32, the opposite was observed.

Histopathology revealed significantly more advanced disease in both the TBLN and MLN
compared to the lungs (Figure 26b, 27b). This was determined through two lines of evidence: first,
the staging of the granuloma, second, the number of necrotic foci. The lung tissue of calf 37 and
38 showed preserved airways/intact alveoli, with minor regions of atelectasis and inflammation.

Early-stage granulomas (stage I), lymphocyte infiltrates, and MNGCs were observed sporadically.
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Despite calf 37 having a much higher gross pathology score, calf 38 showed more extensive
inflammation and pockets of lymphocytic infiltrates (Figure 26b). Surprisingly, calf 32 showed the
greatest extent of lung injury microscopically. The mid-lobe of the lung was dominated by a large,
stage IV granuloma. A central necrotic core was surrounded by layers of innate and adaptive cells
and encapsulated by a thin, fibrous capsule. There was a clear separation between recruited
macrophages, neutrophils, and lymphocytes forming three distinct borders and within the central
core, with acellular regions (Figure 26b). This phenotype was restricted only to the mid-lobe of
lung; in the caudal and cranial lobes inflammation was minimal, though lymphocytic pockets were
observed (Figure 26b). As suggested previously, this difference may be due to the random sampling
of the lung at necropsy and not fully representative of disease progression.
Comparatively, the TBLN and MLN of all three calves showed much more extensive pathology
due to infection (Figure 27b). 3/3 MLNs and 2/3 TBLNs had at least one stage III or higher
granuloma (Table 11). Satellite stage I granulomas were also common. Concordant with gross
pathology, the MLN of calf 37 showed the most progressed granulomas (stage III and IV). Tissue
was disorganized with multiple necrotic foci, acellular regions, and numerous MNGCs
surrounding the necrotic core. Dense regions of lymphocytes were limited compared to M. b
infected lymph nodes and instead, granulomas dominated the structure (n= 8 necrotic foci). In the
TBLN, only 2 necrotic cores were observed, however extensive acellular regions, ill-defined
borders, and a decreased lymphocyte population was apparent (pale purple colour). Calf 32 and 38
also showed significant lymphatic pathology in the MLN but, of the two, only calf 32 showed
necrosis in the TBLN (calf 38 has a dominant lymphocyte population with no evidence of late-
stage granulomas) (Figure 27b). Both TBLN and MLN were AFB+, though bacilli detection was

infrequent. Bacteria harboured in the necrotic centre of granulomas showed markedly different

Danchuk, SN 164 PhD Thesis



morphology compared to bacteria harboured in MNGCs and early-stage granulomas when
detected. Bacteria in necrotic core did not manifest the traditional bacilli formation, instead being
clustered with some evidence of shearing**3##, No bacteria could be observed in lung tissue by
microscopy.

Bacterial burden of M. bovis infected cattle was concordant with histopathological and
macroscopic findings. Lung bacterial burden could only be quantified in 1/3 calves (calf 37)
whereas MLN and TBLN bacterial burden were quantified in all 3 calves (Figure 28a-c). Only one
calf showed evidence of liver involvement (calf 32, no surface lesions visible at necropsy) and
splenic involvement was not observed in any of the M. bovis infected cattle (0/3) (Table 11). Calf
38 had the lowest bacterial burden in the TBLN (300 CFU/g); in the same animal, the MLN burden
was ~2 logio higher per gram (Figure 28b,c). Calf 37 had the greatest bacterial burden in both the
MLN and the TBLN (~1-2 logio higher per gram) compared to other members of the M. bovis
infected group. Additionally, calf 37 had the greatest lymphatic burden across all experimental
groups- correlating well with the size and pathology of lymph nodes at necropsy (MLN= ~10°
CFU/g; TBLN= ~7x10* CFU/g). On average, the MLN housed ~2x more bacteria per gram
compared to the TBLN. These results are supported by the recent report that M. bovis infection
induces increased proinflammatory responses in young calves, resulting advanced granulomatous

lesions, necrosis, and increased bacterial burden due to decreased mycobactericidal activity*.

3.3 M. orygis infected calves:

Lesions were seen macroscopically and felt by palpitation, showing extensive disease at
necropsy. Multiple calves showed the formation of granulomas and had visible areas of necrosis,
particularly evident following transverse slicing of the lungs (Figure 29a). Two calves (calf 35, 45)

had significantly discoloured, fluid-filled lungs and expelled foam from the trachea following
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euthanasia (likely independent of disease). As in the M. bovis infected group, one calf required a
rumenostomy, also suspected to be caused by a compression of the vagus nerve due lymphatic
enlargement**? (calf 41, n= 9 weeks post infection). All M. orygis infected calves presented with
significantly enlarged TBLNs and MLNs compared to the M. tb group, correlative to the pathology
rank of the calf (Figure 30a). As expected, calf 45 had the most extensive lymph node pathology.
Within the TBLN and MLN, a thick, fibrous, connective tissue encapsuling areas of caseous
necrosis (composed of coalescing nodules; white in colour) could be observed with evidence of
microhemorrhage (Figure 30a). This calf had the largest LNs collected from all M. orygis infected
cattle and showed the greatest clinical progression. Subsequently, in calves 41 and 35, thick
connective tissue was observed surrounding areas of granulomatous lymphadenitis (white, solid
nodules). In calf 35, both the TBLN and MLN showed evidence of hemorrhage in addition to
lesions. Calf 33 had mild granulomatous formations, with small, white nodules dispersed
throughout the LNs. Of the calves which showed liver involvement (calf 33, 41), a small, white,
surface nodule was evident.

Histopathology of the lungs, TBLN, and MLN was concordant with macroscopic
observations (Figure 29b, 30b). Limited healthy tissue was observed microscopically, though this
varied depending on the lobe of lung assessed. Stage III or higher granulomas were observed in at
least one lobe of all M. orygis infected lungs (4/4 calves). This was distinct from M. tb infected
calves where airways were predominantly conserved, showed limited granuloma formation, and/or
no acellular features (5/5 calves). Additionally, the frequency of granulomas was significantly
increased in the M. orygis infected group compared to the M. th control group; often many
granulomas contained multiple necrotic foci with nearby satellite granulomas (Figure 26b, 29b).

In both the TBLN and MLNs stage III or higher granulomas were seen in all M. orygis infected
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calves (Figure 30b). Interestingly, despite having the greatest gross pathology, calf 45 did not show
the same areas of progressive necrosis/mineralization observed in other M. orygis infected cattle.
In general, M. tb and M. orygis infected lymph nodes can be easily differentiated by colouration
of the H&E staining. Due to the cell populations and pathology caused by infection, M. orygis
lymph nodes present with significantly fewer patches of lymphocytes (stained purple nuclei) and
more advanced granulomatous features (ex: necrosis, disorganization, acellular regions) compared
to M. tb infected nodes (Figure 27b, 30b). Both TBLN and MLN were AFB+ by ZN staining. Like
M. bovis infected cattle, bacilli at the centre of necrotic cores were clustered and/or fragmented,
though in a subset of samples, rod-shaped bacilli were also observed (heterogeneous morphology;
bacilli not restricted to the empty centre of the core). Additionally, bacilli were more frequently
detected by microscopy in the M. orygis experimental group compared to either M. tb or M. bovis
groups. Intracytoplasmic bacilli were apparent. Due to limit of detection, lungs were AFB- with
microscopy.

When assessing lung bacterial burden, all M. orygis cattle had bacteria present in at least
one lobe of lung, the MLN, and the TBLN (4/4 calves) (Figure 28a-c). This contrasts directly to
M. bovis infected cattle- in which bacterial burden was above the LOD in the lungs of only one
calf- as well as M. tb infected cattle. In the lungs, burden directly correlated with gross pathology,
however this was not consistently observed in the MLN or TBLN. Additionally, bacteria could be
cultured from the liver and spleen of calf 33 and 41 (2/4, liver burden > splenic burden) (Figure
28d,e). Like M. bovis, M. orygis presented predominantly as a lymphatic disease as lymph nodes
contained ~1-2 logio more bacteria compared to lungs. On average, the MLNs housed roughly
~1.5x more bacteria per gram compared to the TBLN, despite the respective sizes of the lymph

nodes (TBLN > MLN). Notably, calf 45 (highest lung pathology score) had significantly more
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lung and MLN burden compared to other M. orygis infected cattle, however TBLN burden was

comparable to calf 41.

3.4 Considerations

Despite the robustness of this data, we must be aware of the following caveats. First, three
calves were lost prior to completion of the study (2 due to free bloat caused by premature weaning
and a lack of roughage in their food supply; 1 euthanized due to suspected co-infection with
Mycoplasma bovis). Mycoplasma bovis is a common bovine pathogen responsible for pneumonia,
respiratory disease, osteitis, arthritis, and other chronic illness in young calves (termed
Mycoplasma bovis associated disease). In western Canada, up to 30% of feedlot/auction cattle are
treated for bovine respiratory disease (BRD) though field cases of Mycoplasma bovis have also
been recorded**®**7. Gross pathological findings of the calf euthanized due to co-infection,
indicated that Mycobacterium bovis infection was not the sole cause of death- though the extent to
which this agent played a role is unknown. Notably these calves were only lost from our zoonotic
experimental groups (M. bovis and M. orygis). This resulted in a reduced sample size and
subsequently, less statistical power. As such, though the trends in this experiment are evident, they
cannot be definitively proven as significant. Second, this experiment used aerosol (inhalation) as
the route of infection. Though this has been largely accepted as the most common route of infection
in cattle, there still is significant debate over the contribution of other transmission routes such as

ingesti0n332’44l’448

. In M. bovis infected cattle, an aerogenic route of transmission is correlated to
the presence of lesions in the upper and lower respiratory tracts and their associated lymph nodes
(such as the tracheobronchial and mediastinal lymph nodes). Comparatively, exposure to M. bovis

through ingestion (the oral route) is correlated to involvement of lymph nodes associated with the

digestive system, seldom disseminating to the lungs*2. Accordingly, it has been suggested that the
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infection outcome, and progression of disease, is associated with how/where the bacilli come into
contact with the host332441449430  Qur experimental outcomes are only representative of disease
progression following inhalation and do not account for differences in disease manifestation due
to differences in route of exposure. Moreover, the transmission route of M. orygis has yet to be
formally demonstrated; instead, it can only be inferred from case series and data about well-
established members of the MTBC?32:239242498 ' This means that 1) M. orygis may be spread via
aerosolized droplets, ingestion, and (more rarely), transplacental, mammary, or genital
transmission and 2) the most common route of infection may not be via aerosol*32. Lastly, M.
orygis is the causative agent of bovine tuberculosis in South Asia whereas M. bovis is the causative
agent of bovine tuberculosis in Europe, Africa, and the Americas®-222232234239 Correspondingly,
the cattle populations differ in these locations: Bos indicus (Zebu-like cattle) in South Asia and
Bos taurus in the ‘“Western world’??2. Our study utilized a well-established aerosol model in Bos
taurus cattle, which means that results may not fully recapitulate the host-pathogen interactions in
Bos indicus®®’. Moreover, in studies of M. bovis infected cattle, induction of pro-inflammatory
responses are differentially expressed depending on the bacterial strain and the breed of

Cattle 177,451

4. Discussion

M. tb is a specialist pathogen that predominantly transmits from human-to-human, and
occasionally, human-to-animal. Infection of mammalian hosts (other than humans) are considered
to represent spillover infections, rather than host preference, and no animal-to-animal transmission
of M. tb has been recorded*. It has been well-documented that disease and infection outcome
depends on host-pathogen interactions. In humans, M. th most often presents as a pulmonary

infection with extensive lesions, bloody sputum, fever, and weight loss; however where reported
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in cattle, M. tb is attenuated, often showing no outward signs of clinical disease?!3:16:129:453,

Typically, this has occurred in regions of the world where M. b is endemic, contact with cattle
herds is common, and is considered a ‘dead-end’ infection**. Comparatively, in humans, livestock,
and wild animals naturally infected with M. bovis or M. orygis similar disease phenotypes are
observed, often presenting with severe extrapulmonary infection, granulomatous lesions in the
lung/lymph nodes and lymphadenitis (scrofula)!®6-232.239:408:436 Moreover, M. bovis and M. orygis
can be maintained in both animal- and human-populations without re-infection.

Historically, our understanding of virulence has come from post-mortem examination of
naturally infected hosts. In 1901, it was established that M. ¢b is attenuated in animal hosts, such
as cattle, pigs, donkeys, sheep and goats!?. Regardless of route of infection, when cattle were
infected with ‘human tuberculosis’, no gross pathology could be observed at necropsy!>!6129,
Conversely, when infected with ‘bovine tuberculosis’, cattle showed extensive lesions (site of
infection, lymph nodes, lung, spleen etc.), weight loss, fever, and in a subset of cattle: mortality!%.
Since then, this observation has been repeatedly validated?!*#32, The pathogenesis of M. bovis in
mammalian hosts (including humans) has been investigated for over a century, though driving
forces behind differences in disease presentation have yet to be fully understood!®!2>213, In their
natural hosts (M. th="humans; M. bovis= cattle), progression from infection to disease parallel each
other. Though we successfully used a C57BL/6 mouse aerosol model to compare M. th, M. bovis
and M. orygis survival, this does not perfectly recapitulate natural infection, largely due to the

absence of ‘classic’ necrotizing granulomas®!’

. The granuloma is the hallmark of tuberculosis
disease and the early events of granuloma formation determine infection outcome (proliferation,

containment, and/or clearance)’?>#>~47, This structure acts as a host defense mechanism by

physically containing mycobacteria, however, the recruitment and activation of immune cells
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result in increased cell-to-cell contact, providing a niche for mycobacteria to exploit (Figure 24)*.
The classical granuloma consists of a mycobacterial centre surrounded by an inner core of
macrophages and an outer core of lymphocytes (predominantly T-cells)”>*°. Depending on the
stage of granuloma, the inner ‘innate’ layer may also include MNGCs (Langhans), neutrophils,
dendritic cells, and natural killer cells, in varying proportions’>#>%4%0, Ag such, the establishment
and control of M. tb and M. bovis infection by the host depends on a balance between the
production of proinflammatory cytokines (such as TNF-a, IFN-y, IL-2) and anti-inflammatory
cytokines (such as IL-10, TGF-B) during the initiation of granuloma formation*?®, Crucial to the
survival of both M. tb and M. bovis is the ability of MTBCs to counteract and manipulate the
‘killing” mechanisms of the host, often by (though not limited to) the prevention of phagolysosomal

fusion, acidification, and inhibition of controlled cell death (apoptosis)*®!

. Despite these
similarities, the infection outcome of M. th and M. bovis diverge, allowing us to categorize one as
attenuated (M. tb) and one as virulent (M. bovis). Our study demonstrates this same categorization
for M. orygis.

In Chapter IV we proposed that a host-damage threshold was a key determinant of the
mortality and morbidity of C57BL/6 mice; this result is echoed in Bos faurus cattle and informed
by M. bovis virulence studies in mammalian hosts (calves, mice, goats, camels etc.)!>16129462 T
this study, M. orygis and M. bovis show a comparable disease phenotype following aerosol
infection. However, the role and composition of the granuloma has yet to be studied following M.
orygis infection. We know from experimental cattle infections with M. bovis that the cellular
composition of the granuloma differs depending on tissue type (ex: lung versus lymph node),

mycobacterial growth, and/or time post infection suggesting the influence of a local

microenvironment on disease control*®®, The breakdown of the granuloma is a crucial determinant
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in the progression of both M. b and M. bovis infection. Advanced necrosis and mineralization lead
to the collapse of the granuloma centre and the release of mycobacteria to adjacent cells whereas
the formation of multinucleated giant cells contain it’#%4, Thus, signalling and recruitment
correspond to either increased ‘host control’ of infection (low grade encapsulated granulomas) or
increased ‘bacterial-control’ (high grade, extensively necrotic granulomas)*°. Moreover, if
excessive amounts of proinflammatory cytokines are produced, a hyperinflammatory state is
induced, resulting in irreparable tissue damage to the host*®*. In this experiment, we observe that
late-stage granulomas dominate the lungs and lymph nodes of M. orygis infected cattle, indicating
a poorly controlled, hyperinflammatory infection by the host; this concordant with post-mortem
examination of ungulates which naturally succumbed to M. orygis infection (cattle, black bucks,
buffalo, deer etc.) and comparable to our C57BL/6 model**’. When compared to another animal-
associated strain (M. bovis), M. orygis infected cattle had increased bacterial burdens in the lungs,
but similar TBLN and MLN burdens (Figure 28a-c). Moreover, both M. orygis and M. bovis
experimental groups presented with significantly more advanced granulomas compared to M. tb
infected cattle microscopically and more frequent, hardened, coalescing lesions macroscopically.
This corresponds to what has been previously reported in surveillance studies: M. bovis infected
cattle frequently present with lesions in the TBLN and MLN, but sparingly present with lesions in
the lung?! 3438440466

How M. orygis utilizes the host immune response is unknown. However, it has been
postulated that the difference between M. th and M. bovis pathogenesis in cattle may be attributed
to host- and pathogen-specific factors. At the level of the host, modifications to early immune
events correlate to differences in infection outcome. These include variation within granuloma cell

populations (such as an increase in neutrophils and MNGCs), increased proinflammatory cytokine
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profiles, or differential conversion from a T-helper I (Thl) response to a T-helper-2 (Th2) response
over the course infection!9>-334426431.467 ' Concordantly, an ‘inflammation signature’ (CCL4, IL-1,
IL-6 and TNF-a) and the upregulation of both inflammatory processes and autophagy have been
previously described following M. bovis, but not M. tb infection in a bovine host3+#!,
Additionally, in our study, MNGCs (including stage I satellite granulomas) were most commonly
seen in M. orygis and M. bovis experimental groups but seldom observed in M. tb infected cattle.
This is concordant with the observation that M. tb does not efficiently induce multinucleated giant
cells in bovine macrophages whereas in M. bovis granulomas these cells act as indicators of lesion
severity!'?>. Accordingly, these host responses are mediated at the level of the pathogen. Though it
would be unwise to use M. bovis as a proxy for M. orygis infection, it provides a starting point for
further research into the similarities, or differences between MTBCs, building upon what has
already been established. ‘Cattle-associated’ factors (host or pathogen) which dictate the infection
outcome of M. bovis, may also have a role in M. orygis survival and could explain the difference
between M. orygis, M. bovis, and M. tb disease presentation in calves. Additionally, our recent
characterization of the M. orygis secretome (chapter III) may allow further investigation the host-
pathogen interaction and delineate factors associated with ‘generalist’ versus ‘specialist’ pathogens
driving differential virulence.

This study is the first to interrogate the pathogenesis of M. orygis in a natural host using an
experimental animal model**”. By all markers of morbidity within this study, cattle infected with
M. orygis had significantly worse experimental outcomes compared to M. ¢b infected cattle. This
correlates well to the binary distribution observed in our established murine model. Both M. bovis
and M. orygis infected mice have more severe pathology and significantly expedited median

survivals when compared to M. b infected mice. This experiment underscores that result; though
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infection with M. bovis and M. orygis does not result in calf mortality, differences in morbidity are
readily observed compared to M. tbh infection. Previously, our group has suggested that M. b
H37Rv should not be used alone as the main resource in virulence studies, as non-canonical
virulence factors may be inadequately represented in vitro. Accordingly, the potential role of these
factors may not be systematically evaluated in vivo. Two arguments are often posed against this
suggestion; first that this data comes from mice considered ‘resistant’ to mycobacterial infection,
and second, that if M. bovis- and M. orygis- were more virulent, they would outcompete M. ¢th and
be the causative agent of tuberculosis in humans?°%323, The infection outcome of M. orygis in a
natural host (against two well-studied members of the MTBC) dispels this. We focussed on
readouts of morbidity, mortality, and bacterial burden to compare M. th, M. bovis and M. orygis
and determined that in both cattle and mice, M. orygis mimics M. bovis. Moreover, M. orygis
trends towards increased disease severity compared to M. bovis in its natural host as increased
pulmonary involvement and lung burden is also observed. Next, in humans, M. b is virulent but
in cattle- and mice- this is not the case. If we define virulence traditionally as the morbidity and
mortality attributed to the pathogen, M. bovis and M. orygis have worse infection outcomes
compared to M. th. If we include transmission as a measure of virulence in this definition, within
the cattle host, M. bovis and M. orygis are still more virulent, as there has been no reported animal-
to-animal transmission of M. tb whereas M. bovis and M. orygis commonly cause outbreaks. Why
M. bovis is not the causative agent of tuberculosis in humans remains unknown. Ultimately,
observing differential virulence in two unrelated, animal hosts (one experimental, one natural) with
two different bacteria further emphasizes that the pathogenesis of M. tbh may need to be revisited.
Whether M. orygis and M. bovis have had a gain-of-virulence or M. tb has undergone attenuation

since their common ancestor remains an open question.
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5. Figures
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Figure 23. Experimental overview

a) Schematic overview of calf acrosol infection. Bos taurus calves were randomized into M. tb
H37Rv, M. bovis AF2122, and M. orygis 51145 experimental groups (~104 CFU/calf). At week 15,
organs were harvested for pathology studies and bacterial burden. b) Pathology score
determination. Each lobe of lung was measured on a scale of 0-5 based on size, frequency, and
distribution of lesions. Maximal pathology score= 40. ¢) M. orygis infected cattle have

significantly greater lung pathology compared to the M. ¢b experimental group (p= 0.01, Kruskal-
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Wallis test). M. th pathology range = 0-3 (out of 40), M. bovis pathology range= 9-30, and M.
orygis pathology range = 12-36. d) Weight of cattle at experimental endpoint e) Gross pathology
of lungs at necropsy for M. th H37Rv, M. bovis AF2122, and M. orygis 51145 infected cattle
(transverse slice). Lungs presented correspond to cattle with the highest overall pathology score in
their respective experimental group. Calf 46= M. b, total pathology score = 3; Calf 37= M. bovis,

total pathology score= 30, Calf 45= M. orygis, total pathology score= 36
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Stage 11

Figure 24. Classification of four stages of granulomas in infected calves.

Scoring criteria based on previously established parameters by Wangoo et al.,**” and Carrisoza-
Urbina et al’ . Tissues stained with hematoxylin and eosin (H&E). a) Stage I: initial formation of
the granuloma. Macrophages (typically epithelioid) cluster to form a centre (white arrow). Debris
may or may not be present in the centre of structure. No multinucleated cells observed; no necrosis.
Lymphocytes surround structure (black arrow). b) Stage II: Larger structure than stage I.
Significant increase in frequency of multinucleated giant cells (MNGCs, Langhans) (white arrow)
with partial encapsulation (black arrow). Depending on progression of granuloma, minimal areas
of necrosis may be present. Lymphocytic infiltrates evident. ¢) Stage III: Central necrotic core
surrounded by acellular region (caseous necrosis, with or without mineralization; black arrow).

Cellular debris observed. Granuloma encapsulated and distinct from surrounding tissue. Mixture
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of macrophages, MNGCs, and lymphocytes among other cell populations. d) Stage I'V: Furthest
progressed granuloma. Extensive necrosis; often multiple necrotic foci fused together. Cell debris
within centre of the structure; mineralization usually evident. Necrotic cores + debris surrounded
by acellular region (black arrow). MNGCs frequent throughout structure; typically presenting as

satellite granulomas (white arrow). Structure encapsulated; central hemorrhage observed.
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Figure 25. Ziehl-Neelsen (ZN) staining of infected lymph nodes.

a) 100x magnification of multinucleated giant cell (MNGC; Langhans). Structure formed by the
fusion of activated epithelioid macrophages; nuclei arranged in circular/ovoid pattern at cell
periphery (indicated by black arrow). b-¢) Black arrow: MNCG showing intracytoplasmic
mycobacteria (fuchsia; rod-shaped bacilli). MNGC delineated by border of nuclei. 100x

magnification. White arrow: pro-inflammatory foamy macrophage surrounding MNGC.
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Cytoplasm of cell composed predominantly of lipids (white, 100x magnification). d-f) Variable
morphology of mycobacteria within the necrotic core of stage IV granuloma (black arrows; 100x
magnification). Mycobacteria presented as rod-shaped, clustered, fragmented, and/or circular
(fuchsia). This was seen both within the same tissues, and between calf samples. White arrow:

mineralization/debris within necrotic core. 100x magnification.
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b) Calf 46 Calf 37 Calf 38 Calf 32

=

Caudal Lobe

Middle Lobe

Figure 26. M. bovis presents with progressed lung disease compared to M. tb.

a) Gross pathology of infected cattle at necropsy. Left: lungs of M. ¢b infected calf corresponding
to highest pathology rank (calf 46). Right: lungs of M. bovis infected cattle in decreasing order of

pathology rank (calf 37 > calf 38 > calf 32). Additionally pathological features: calf 37 presents
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with significantly enlarged lymph nodes; calf 38 and 32 present with collapsed lung due to
aspiration (cause independent of infection). b) Corresponding histopathology of M. tb and M. bovis
infected lungs. Presented overview of cranial, caudal, and middle lobe of lung. 3 x 3 x 3 cm pieces
of lung were extracted from lobe of interest and stained with hematoxylin and eosin (H&E) and

assessed for presence/absence of granulomatous structures.
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Figure 27. M. bovis presents as severe lymphatic disease.

a) Gross pathology of tracheobronchial (TBLN) and mediastinal lymph nodes (MLN) following

either M. tb or M. bovis infection. Whole, encapsulated TBLN/MLN sliced transversely to assess
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lesion distribution. Top: M. tb infected TBLN/MLN negative for lesions (no lymphatic
involvement). Bottom: M. bovis infected TBLN/MLN. Calves in order or decreasing pathology
(37>38>32). Calf 37 TBLN and MLN most significantly enlarged. Indistinguishable, coalescing
lesions observed following transverse slice of encapsulated node. Regions of lesions segregated
by thin margins. In centre of node, white, connective tissue covers portion of lesions (web-like
presentation); hemorrhage observed. Two small holes evident at necropsy. b) Corresponding
histopathology to M. tb and M. bovis infected lymph nodes. Left side: overview of lymph node
architecture (TBLN, MLN). Right side: higher magnification of areas of interest (indicated by
black box). 3 x 3 x 3 cm pieces of lung were extracted from TBLN/MLN and stained with

hematoxylin and eosin (H&E).
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Figure 28. Comparative bacterial burdens

a) Lung bacterial burden (CFU/g). M. orygis infected cattle have significantly greater lung burden
compared to M. tb infected cattle (p < 0.05, Kruskal-Wallis test). Additionally, compared to M.
bovis infected cattle, there is a trend for greater lung involvement in M. orygis infected cattle (p ~
0.07, Kruskal-Wallis; not statistically significant). Bacterial burden calculated as CFU/g (log,). 1
g per lobe extracted by sterile biopsy punch and plated (left + right cranial, caudal, and middle

lobes). b) Bacterial burden of M. tb, M. bovis and M. orygis infected tracheobronchial lymph nodes
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(TBLNs). 1 g of TBLN was extracted by sterile biopsy punch and plated. M. orygis infected calves
show significantly greater burden compared to M. b infected calves (p < 0.05, Kruskal-Wallis
test). No significant difference in burden was observed between M. th and M. bovis infected cattle
(p=0.11, Kruskal-Wallis) nor M. bovis and M. orygis (p>0.99, Kruskal-Wallis). Burden calculated

as CFU/g (log,,). ©) Bacterial burden of M. tb, M. bovis, and M. orygis infected mediastinal lymph

node (MLN). Both M. orygis and M. bovis infected cattle show significantly greater bacterial
burden in the MLN compared to M. tb infected cattle (p < 0.05, Kruskal-Wallis test) but
comparable burden to each other (M. bovis v. M. orygis). d) Splenic burden of M. th, M. bovis and
M. orygis infected cattle. No significant differences between experimental groups. CFU above
limit of quantification in spleen only observed following M. orygis infection. e) Liver burden of
M. th, M. bovis and M. orygis infected cattle. No significant differences between experimental

groups. CFU above limit of quantification in liver only observed following M. orygis infection.
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b) Calf 45 Calf 4 Calf 35 Calf 33

Middle Lobe

Figure 29. M. orygis infected lungs present with significantly worse pathology compared to

M. tb and M. bovis infected cattle.

Danchuk, SN 187 PhD Thesis



a) Gross lung pathology of M. orygis infected cattle. Far left: highest pathology score (calf 45;
pathology score= 36); far right: lowest pathology score (calf 33; pathology score= 12). Calves
organized in decreasing pathology (calf 45 > 41 > 35 > 33). Additional pathological features
include visible surface lesions, edema (calf 35, 45), and tracheal foam (calf 35, 45; independent of
infection) b) Corresponding histopathology of M. orygis infected lungs. 3 x 3 x 3 cm pieces of
lung were extracted from lobe of interest and stained with hematoxylin and eosin (H&E) and

assessed for the presence/absence of granulomatous structures.
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Figure 30. M. orygis lymphatic disease is distinct from M. b but comparable to M. bovis
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a) Gross pathology of M. orygis infected tracheobronchial (TBLN) and mediastinal lymph nodes
(MLN). Whole, encapsulated TBLN/MLN sliced transversely to assess lesion distribution. All M.
orygis infected lymph nodes positive for granulomatous lesions. Calf 45 shows a complete
consolidation of lesions, with limited margins between lesion foci (2/4 sides of opened lymph node
show no distinction between lesions). In the centre of the node there is extensive necrosis and
hemorrhage, as well as thin connective tissue (similar to calf 37). Calf 41 MLN lymphadenitis
clear; individual lesions beginning to fuse throughout the node but are not as progressed as calf 37
or 45. Additionally, thick margins of connective tissue segregate foci of lesions. Severe
hemorrhage observed in calf 35 TBLN/MLN. b) Corresponding histopathology of M. orygis
infected TBLN/MLN. Left side: overview of lymph node architecture (TBLN, MLN). Right side:
higher magnification of areas of interest (indicated by black box). 3 x 3 x 3 cm pieces of lung were
extracted from TBLN/MLN and stained with hematoxylin and eosin (H&E). All sections of M.

orygis TBLN/MLN contained at least one stage III-IV granuloma with or without mineralization.
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6. Tables

Score Description

0 No gross lesions

1 < 10 lesions AND/OR
All lesions < 10 mm in diameter

2 6-10 lesions AND/OR
Rare (< 2) lesions between 10-20 mm in
diameter

3 11-20 lesions AND/OR

Occasional (3-5) lesions between 10-20 mm
in diameter

4 > 20 lesions AND/OR
Frequent (> 5) between 10-20 mm in diameter

5 Numerous and coalescing lesions AND/OR
> 50% lesions > 10 mm
> Identification of any lesions > 20 mm
Table 10. Lung pathology scoring criteria.

Adapted from Dr. Jeffery Chen, University of Saskatchewan; Waters et al. 201433*

M. th M. bovis M. orygis
Lungs 3/5 (60%) 3/3 (100%) 4/4 (100%)
TBLN 0/5 (0%) 3/3 (100%) 4/4 (100%)
MLN 0/5 (0%) 3/3 (100%) 4/4 (100%)
Spleen 0/5 (0%) 0/3 (0%) 0/4 (0%)
Liver 0/5 (0%) 0/3 (0%) 2/4 (50%)

Table 11. Lesion presentation.

Infected calves positive for gross lesions in the lungs, lymph nodes, spleen or liver at necropsy.
TBLN: tracheobronchial lymph nodes; MLN= mediastinal lymph nodes. Lungs considered

positive if lesions were detected in any lobe.
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CHAPTER VI: DISCUSSION

In this thesis, I describe how experimental tools and models can be used to investigate
MTBCs, whether they are new or poorly defined. I first aimed to use mycobacterial engineering
in M. bovis BCG, M. bovis, and M. orygis strains. For this, I utilized the pNIT:ET system to
generate mono-resistant BCG strains, and the ORBIT system to generate deletion strains in M.
bovis and M. orygis. 1 then used these strains to determine infection outcomes of WT and isogenic
strains using ex vivo, and in vivo models. Additionally, I used standard murine and calf models to
investigate a novel pathogen (M. orygis) and understand how it presents compared to the human
associated M. tb and the cattle-associated M. bovis. I sought to investigate why MTBCs show such
significant differences in virulence and the genes that may be responsible for this.

In my project, I went from in vitro characterization to in vivo infection outcomes. My work
emphasized how natural experiments can inform fundamental research. Specifically, it shows how
mutations occurring due to mycobacterial evolution, on a ‘micro’ scale as seen in response to
antibiotic exposure, or on a ‘macro’ scale as is evidenced across the MTBCs, can be recreated
using current molecular techniques. For decades, the inability to engineer the MTBC complicated
fundamental research, however tools are no longer the ‘limiting reagent’ for these studies. Instead,
we are limited by the questions we choose to investigate.

In chapter II, I implemented mono-resistant BCG strains as quality controls for diagnostics.
The panel developed in this chapter was a by-product of the failure of the pNIT:ET recombineering
system. Initially, pNIT:ET was employed for the development of mycobacterial gene deletions.
However, given its reliance on general homologous recombination, a deletion strain could not be
generated. Notably, the RpsL K43R mutation was suggested by the authors as a positive control

for the efficacy of this system and became the first mono-resistant BCG strain I developed. The
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high fidelity of the K43R mutation led to the idea that pNIT:ET could be repurposed for the
generation of any resistance conferring SNP and that this may be useful to both clinicians and
patients. This addressed a technical gap in the clinic and highlighted the need for robust tools as
the diagnostic landscape shifts from phenotypic to genotypic testing. There is growing demand for
better, faster tools in order to detect and treat M. tb globally, but there are no controls in place to
properly confirm these claims. My panel is designed to be expanded upon; resistance-conferring
mutations from a variety of sources (such as patient isolates, clinical trials, the WHO mutation
catalogue, etc.) can be engineered in the laboratory. In fact, since its conception, a new strain
containing a targeted mutation both in GyrA (D94G) and KatG (S315T) has been added to the
panel. As these strains are alive, two benefits are apparent: 1) if a mutation truly confers drug
resistance can be confirmed and 2) controls can be modified to keep pace with new diagnostics.
This is particularly important as a recent study of over 15,000 M. b isolates identified 492 SNPs
across 13 antibiotics, including all first-line anti-mycobacterial agents (except PZA), and 8 drugs

from the current MDR-TB treatment recommendation®®

. After proving the utility of my work, the
panel described in chapter II was implemented as a standard control at the McGill University
Health Centre (Montréal, QC), Inuulitsivik Health Centre (Puvirnitug, QC), and Centre de Santé
Tulattavik de I’'Ungava (Kuujjuaq, QC), and Christian Medical College (Vellore, India) for routine
TB testing. It was then deposited in the Belgian Co-ordinated Collection of Microorganisms
(BCCM, Brussels) to allow other laboratories globally to request this panel. The work in this
chapter can be summarized by the concept of ‘bench-to-bedside’. I used common laboratory tools

to develop strains that can be implemented in the clinic to address a critical oversight in current

diagnostic tests.
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As described, the pNIT:ET system was initially employed to engineer deletion strains.
However, due to the low rates of general homologous recombineering and the size of the insert,
this was not feasible. Instead, the ORBIT system- which combined the most efficient components
of mycobacterial recombineering- was implemented. This supports the overarching theme of this
dissertation that as molecular tools develop, previously uncharacterized differences between
mycobacterial strains can be experimentally investigated. My work in chapters III and IV enabled
me to identify MPT70 and MPT&83 as non-canonical virulence factors. I determined that in M.
bovis MPT70 and/or MPT83 were necessary for full virulence whereas in M. orygis MPT70 and/or
MPT83 continue to have unknown roles. As such, MPT70/MPTS83 can be further characterized as
‘species-specific’ virulence factors. These findings were supported by data at the in vitro level
(proteomics), the ex vivo level (macrophage infections), and the in vivo level (murine infections).
I also confirmed the role of esx4 in M. orygis virulence, establishing this for the first time. Perhaps
the most obvious limitation in this thesis is that my knockouts were not complemented, due to time
limitations. As an attempt to determine if there were off-target mutations, I did WGS on my
deletion strains to verify the absence of mutations outside of the targeted genes. Additionally, the
PCAs performed in these studies supported that the main drivers of variance in M. bovis could be
attributed to differential expression of the proteins whose genes were deleted. In the murine
infection model, the phenotype is severe (i.e. death versus survival) and as such, we suspected that
a complement may not fully restore lethality, as complements in mouse models often only partially
restore the bacteriological phenotype. This remains to be tested. However, a complement may
provide useful insights at the in vitro and ex vivo levels. For example, the MTBCs have an
overwhelming arsenal of effectors designed to resist and evade host stressors including factors

involved in lipid and fatty acid metabolism and/or synthesis, cell envelope proteins, and complex
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free lipids?47-262

. As MPT83 is a lipoprotein and has been associated with modifications to the cell
death pathway, it may be interesting to restore MPT83 without its lipid anchor and determine if
and/or how this impacts immunogenicity. Further, infection with M. bovis Ampt83 showed
increased pathology at week 16 compared to infection with either M. bovis Ampt70 and M. bovis
Ampt70 _mpt83 (ex: increased regions of consolidation, cellular infiltrates, etc.); it may be pertinent
to investigate if MPT70 or MPT83 mediates a pro-inflammatory cascade, such as neutrophil
recruitment, that leads to this pathology. In chapter IV, I explored differential survival between M.
th, M. bovis, and M. orygis. For M. bovis and M. orygis it was observed that if mice survived
beyond day 28, they stabilized until a second ‘cliff’ of mortality, occurring at ~120 days (week
16). However, following infection with M. bovis in which MPT70 and/or MPT83 are absent this
cliff appeared to be circumvented. This poses two questions: first, does MPT70 and/or MPTS83
play a role in immune exhaustion? Second, as lung bacterial burden at week 16 showed significant
reduction compared to week 3, is bacterial burden the main mediator of mortality? This could be
further informed by infection with Mycobacterium caprae, a member of the MTBC which
harbours the same two missense mutations in RskA as M. bovis!9-186,

Throughout the MTBC it is often seen that virulence factors act in tandem with other
partners. This may be a potential explanation as to why M. orygis mortality cannot be prevented
the way it is in M. bovis following the deletion of MPT70 and/or MPT83. For example, in M.
orygis, there is increased expression of ESX-5 associated proteins, many of which are poorly
characterized. It may be possible that MPT70 and/or MPTS83 either interact or work in concert
with these proteins to generate high level virulence. Further, though the role of MPT70 and MPT83

1s most evident in the context of M. bovis, it cannot be overlooked that vaccination with an MPT70

based subunit vaccine delayed the mortality ‘clift” of M. orygis infected mice until ~16 weeks (12
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weeks longer than expected) and at a comparable level to that of an ESAT-6 based subunit vaccine.
At the time of submission, there is an ongoing M. orygis aerosol infection comparing naive (PBS)
mice to HI107e-vaccinated mice. The H107¢ subunit vaccine (Statens Serum Institute,
Copenhagen, Denmark) contains 8 M. tb antigens, including ESAT-6, MPT70, and MPT&83, and
has shown some protective effect against M. tb aerosol infection when co-administered with
BCG*®”. The goal of this experiment is to determine if M. orygis mortality can be overcome and if
this vaccine can result in clearance rather than containment of infection.

The hypotheses of this thesis hinge on my studies with bacterial strains in which MPT70
and/or MPT83 is absent (Ampt70, Ampt83, and Ampt70 _mpt83). The latter deletion strain disrupts
not only mpt70 and mpt83, but also the intermediate gene, dipZ!%6. This gene is broadly
characterized as an integral membrane protein and associated with cytochrome biogenesis. It has
been suggested that DipZ is a fused protein, composed of protein subunits homologous to CcdA
and TIpA'#, Interestingly, DipZ, in its full length, is only found in slow-growing, pathogenic
mycobacteria; in other bacterial species CcdA and TIpA are separated. DipZ is controlled by
SigK/RskA regulation!®, Accordingly, like MPT70 and MPT83, DipZ is constitutively expressed
in M. bovis and M. orygis'®®. In chapter IV, I demonstrated that in M. bovis, deletion of MPT70
and MPT83 alone showed attenuation comparable to a deletion of MPT70, DipZ, and MPT83. The
comparison of AdipZ to Ampt70 and Ampt83 may provide insights into the mechanism of MPT70
and MPT83 in infection outcomes. By engineering AdipZ both MPT70 and MPT83 proteins
remain intact; if attenuation is not recapitulated following aerosol infection, this supports that
MPT70 and/or MPT83 mediate the host reaction to M. bovis infection and pathology. It would also

be interesting to determine if the bacterial clearance phenotype observed following Ampt70),
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Ampt83 and Ampt70 _mpt83 is maintained in the absence of DipZ. This could indicate that
recognition of MPT70 and/or MPT83 mediates the establishment of infection.

Additionally, it cannot be overlooked that ex vivo studies in this dissertation relied on
murine BMDMSs, which may not be representative of the immune mechanisms following natural
infection. This may account for why bacterial burden does not differ between WT and isogenic
strains. As such, it may be more appropriate in future to evaluate M. bovis and/or M. orygis in
bovine alveolar macrophages to determine if the presence or absence of MPT70 and MPTS83 results
in a host-mediated phenotype, as described in chapter IV.

The exact mechanisms of MPT70 and/or MPTS83 remain elusive; however, they may be
uncovered through a variety of molecular microbiology methods, either by using the MTBC
mutants already generated or studying orthologues in M. marinum by using a zebrafish
experimental infection model*’’. It has been well-established that M. marinum is the causative
agent of tuberculosis-like disease in fish and frogs*’!. Moreover, it can infect both
immunocompromised (ex: HIV+ patients) and immunocompetent humans via contaminated
wounds (often called ‘fish tank granulomas’)*’%472, M. marinum is closely related to the MTBCs
and possesses 4 ESX systems (ESX-1, -3, -4, and -5) and a conserved SigK regulon (in which only
MPTS3 is absent). Like M. tb the SigK regulon of M. marinum is induced in response to host-
stressors such as hypoxia and starvation'®®. The zebrafish model has been employed for decades
as a proxy to study mycobacterial virulence, as M. tb and M. marinum share pathogenic
mechanisms (enabling the intracellular growth and survival in macrophages), are conserved at the
amino acid level (~85%), and present with similar pathology*’%47147 Moreover, this is a level two

pathogen, bypassing the need for a CL3 facility.
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Zebrafish are transparent as embryos and larvae, and in early stages of development rely
solely on the innate immune system*’°. In chapter IV, I showed that in the absence of an adaptive
immune response (RAG -/- mice), mice infected with M. bovis Ampt70 _mpt83 showed a delay in
mortality and a reduced bacterial burden at compassionate endpoint compared to mice infected
with wildtype M. bovis. Infecting zebrafish with a fluorescent strain of M. marinum could allow
an investigation into the interplay between MPT70 and the innate system, the localization of
infection (providing insight into a potential dissemination phenotype), as well as the role of MPT70
alone, as MPT83 is naturally absent from the genome. Further, both pNIT:ET and ORBIT
recombineering systems could be combined to investigate differences in infection outcomes that
can be directly attributed to MPT70. This could be accomplished by engineering M. marinum
expressing no MPT70 (M. marinum Ampt70) and M. marinum overexpressing MPT70 (M.
marinum::rskAongis). As described in chapter I, the constitutive expression of M. orygis can be
attributed to a single SNP (X233S). Accordingly, this is an ideal candidate for oligo-mediated
recombineering (via pNIT:ET). In M. marinum RskA is conserved genomically (100% identity).
Like the panel of mono-resistant BCG strains, the M. orygis SNP can be introduced into M.
marinum using pNIT:ET. As this is not a resistance conferring mutation, this oligomer can be
combined with the control oligomer (RpsL K43R) to increase selection of a viable candidate. This
would allow a simultaneous comparison of three M. marinum strains in an in vivo model, one in
which MPT70 is inducible (WT), one in which MPT70 is absent, and finally one in which MPT70
is constitutively expressed. As suggested above, M. marinum AdipZ could also be engineered to
explore its role in M. marinum virulence. As ESX-1, 3, and 5 are conserved, if there are any

partners acting in tandem with MPT70, these too can be investigated. At the time of submission,
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M. bovis AdipZ, M. marinum ORBIT, and M. marinum Ampt70 have been constructed and verified
(not shown).

In chapters IV and V, I described the novel pathogen (M. orygis) using proteomics,
macrophage infections, and both murine and cattle models. Through these studies, it was
determined that this pathogen is fundamentally different from M. #b and warrants further
investigation. I have definitively shown that M. orygis can be used in virulence studies and that
these insights may be translated into M. tb research by providing a third comparator species.
Additionally, though not described in this dissertation, I have used single-cell imaging mass
cytometry (SC-IMC) to evaluate the immune composition of M. tb and M. orygis infected lungs at
21- and 28-days. Unlike flow cytometry, SC-IMC uses heavy metal conjugated antibodies to label
cell populations expressing the markers of interest*’*. Preliminary data indicates that at both day
21 and 28, M. orygis elicits a more robust immune response compared to M. ¢b infected mice at
the same timepoints (Figure 31a). Moreover, this immune response is hyper-inflammatory,
dominated by neutrophils (evidenced by excessive production of myeloperoxidase) and
macrophages (Figure 31b). The SC-IMC data is consistent with the microscopic evaluation by a
trained pathologist described in chapter IV showing that the M. orygis infected mouse with the
lowest pathology score shows significantly more inflammation than the highest scored M. b
infected mouse. The SC-IMC data also provides insights into potential immune populations of
interest. For example, myeloperoxidase (MPO) is a key component of neutrophilic extracellular
traps (NETs); based on the preliminary data, we posit that the consolidation and exacerbation of
lung damage in M. orygis infected mice may be the result of uncontrolled neutrophilic influx,
NETosis, and/or subsequent recruitment of other inflammatory immune cells rather than a

phenotype mediated by the bacteria*'3*!°>, Moreover, MPO was observed as early as day 21, which
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may be indicative of future mortality. The presence of this MPO-rich histopathologic phenotype
was not recapitulated following M. b infection at either day 21 or 28, supporting the hypothesis
that M. orygis is hypervirulent compared to M. th, in the same host. It is well established that
susceptibility to mycobacterial infection is controlled by the balance of pro- and anti-inflammatory
responses and that immunopathology is caused by dysregulation of these responses*’>.
Accordingly, it is evident that in murine infections, pathology is mediated by the host rather than
uncontrolled infection. At both day 21 and day 28, M. th and M. orygis bacterial burden was
comparable. This was observed in the lungs and liver though M. ¢b spleen burden was significantly
greater than M. orygis. Further, at day 28 (the point at which mortality was first observed) M.
orygis showed no increased lung burden compared to M. orygis infected mice at day 21, supporting
that death is not caused by burden alone. This highlights that neutrophils- a key contributor to host
pathology- may be a pertinent ex vivo model and can be used to assess differences, such as cytokine
secretion, bacterial uptake and/or bacterial burden following WT infection (ex: M. tb v. M. bovis v.
M. orygis) or isogenic infection (ex: M. bovis v. M. bovis Ampt70 _mpt83).

Given the severity of infection observed in WT C57BL/6 mice following M. orygis
infection, and its significant divergence from M. tb infection, it may be interesting to assess the
outcome of mice deficient in ‘M. th- associated’ immune receptors following M. orygis infection.
Specifically, those associated with susceptibility and resistance (prolonged survival). The objective
of this experiment would be to determine how (if at all), the mortality curve shifts and if there is a
host-receptor integral to propagating M. orygis infection. For example, it has been previously
shown that C57BL/6 mice lacking the receptor for type I interferons (IFNAR) have prolonged
survival and reduced lung burden compared to WT mice, though this may be dependent on strain

of mouse utilized (i.e. ‘susceptible’ v. resistance’ strains)*’®. In M. tb infection, type I interferons
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(IFNs) induce pro-inflammatory cascades via the recruitment of innate immune cells, such as
monocytes, macrophages, and neutrophils*’®#78, Whether type I IFNs are beneficial to the
pathogen (promotes infection) or beneficial to the host (controls infection) appears to be context
dependent, though it has been suggested that there is a relationship between increased secretion of
type I IFNs and increased M. tb virulence*’¢478, This is particularly relevant in M. orygis infection,
as hyperinflammation correlates with expedited mortality of the mice. Accordingly, preliminary
data of an ongoing survival study has demonstrated that IFNAR -/- mice (C57BL/6 background)
exposed to M. orygis do not reach median survival until 128 days post infection, consistent with
the second ‘cliff” of mortality observed in previous WT infection studies (Figure 32). As type |
IFNs have limited impact on T-cells, this provides further evidence that the second cliff may be
mediated by a loss of control by the adaptive immune system (ex: immune exhaustion)*”’.
However, all work with murine models remains limited, as it may not be representative of infection
in a natural host.

Finally, in chapter V, it was observed that, in contrast to murine infection, gross- and
histopathology correlated to bacterial burden in the lungs and lymph nodes. Notably, this infection
was in Bos taurus cattle rather than Bos indicus, the host most commonly associated with M.
orygis*??. As such we do not know if this correlation of bacterial burden and pathology is time-
dependent (i.e. calves survived beyond day 28) or host dependent. Previously, it has been reported
that bTB arose following the divergence of Bos taurus and Bos indicus cattle and that Bos indicus
cattle are more resistant to bTB infection (defined by incidence of bTB, containment/resolution
over time, and differences in gross pathology of the lung and/or lymph nodes)*’>479480,
Interestingly, this trend is not limited to bTB; epidemiological observations also show that Bos

taurus cattle are more susceptible to bovine tropical Theileriosis (a parasitic infection caused by
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Theileria annulata) when compared to Bos indicus breeds*”. This, of course, poses the questions
of if resistance is mediated by genetic differences of the host and its response to mycobacteria,
once again emphasizing the importance of context in infection. Presently, there are few studies in
which genetic loci mediating resistance have been investigated. Where candidate genes were
assessed, almost all genes reported were associated with the innate immune system and major
innate signalling pathways*’>#7°. Moreover, these studies were not based on experimental infection
but instead on observational studies*’>. Given these differences, the chapter V cattle study should
be repeated in Bos indicus cattle with a timepoint for one group at week 4 and secondary timepoint
at week 15 (as described in the pilot study). This would allow comparison of the week 4 timepoint
across experimental hosts (mice and calves) and establish if an early phenotype, such as differences
in burden and/or pathology, occurs. Additionally, this would separate the study into ‘acute’ v.
‘chronic’ phases of infection, enabling different arms of the immune system to be studied. The
main readout of this experiment would be M. orygis infection outcome. As described in chapter V,
in Bos taurus calves, M. orygis infection presented with increased gross and histopathology in both
the lungs and lymph nodes, and increased lung burden compared to M. ¢tb and M. bovis. It would
be interesting to see if these trends are maintained in Bos indicus calves or if this host is
‘specialized’ for M. orygis. For example, if infection it Bos indicus calves is less severe, perhaps
this promotes transmission between herds and at the human-animal interface. Further, as the cattle
model is well established, it may also be interesting to assess differences in burden (lung, lymph
nodes) and/or pathology following infection with WT and isogenic M. bovis strains. This would
enable direct observation of the roles of MPT70 and/or MPTS3 in the context of a natural infection

and thus, bovine specific immune responses.

Danchuk, SN 202 PhD Thesis



1. Figures
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Figure 31: M. orygis mounts an early and aggressive immune response
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a) Comparative heatmap of uninfected, M. tb and M. orygis experimental groups at pre-determined
experimental endpoint (day 21 and 28) as determined by Z-score. Markers associated with
neutrophil (MPO, Ly6G, Ly6C-Ly6G), macrophage (CD206), and phagocyte (CD68) responses.
Colour intensity indicative of strength of response. Heatmap generated using GraphPad Prism
v.10.0.3. b) Single cell and mass cytometry readouts (SC-IMC). H&E staining of right accessory
lobe following M. tb or M. orygis infection at pre-defined timepoints (day 21 or day 28).
Uninfected control obtained from age-matched C57BL/6 female mouse on day 21. Red square
representative of 1 mm? region of interest (ROI) acquired. Images shown are representative of
median pathology score per experimental group reported in Fig. 20g). Uninfected= 2.5, M. tb (day
21)=40, M. orygis (day 21) =367.5, M. tb (day 28)= 162.5, M. orygis (day 28)= 600. Populations
of interest: nuclear DNA (DNAT1), and neutrophils/phagocytes. Population markers and respective
colours in Table 12. Images generated with MCD™ Viewer v.1.0.560.6 (post-acquisition pseudo-

colouring).
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Figure 32: Mice lacking IFNAR show prolonged survival compared to WT C57BL/6.

Kaplan-Meier survival curve of WT and IFNAR -/- C57BL/6 mice. Male and female mice were
challenged with M. orygis via the aerosol route (n= 18 mice per group; 3 mice sacrificed at day 1
for initial dosing). IFNAR -/- mice showed significantly prolonged survival compared to WT
C57BL/6. Median survival IFNAR -/- C57BL/6 = 128 days; WT C57BL/6= 29 days (p= 0.0005,
Mantel-Cox). Mortality in IFNAR -/- group observed beginning at day 84 compared to day 27 in
the WT group. At time of submission, experiment is still ongoing (n="7 IFNAR -/- mice remaining;

n=2 WT mice remaining).
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2. Tables

Cell Population Metal-Tag Conjugated Antibody Colour
Nuclei 191Ir DNAI1 White
Neutrophils 151Eu Ly6G Blue
Neutrophils 176Yb Ly6C-Ly6G Pink
Neutrophils (major) 163Dy Myeloperoxidase (MPO)  Green
Monocytes (minor)

Phagocytes 165Ho CD68 Red
Macrophages 169Tm CD206 Yellow

Table 12. Markers for single-cell imaging mass cytometry (SC-IMC)

Conjugated antibodies used in immune cell profiling and their respective metal-tags. Colours
correspond to Fig. 33b pseudo-colouring. DNAT included as nuclear control. Markers for T-cell,

B-cell, natural killer cells, and dendritic cells also included in SC-IMC panel (not shown).
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SUMMARY AND FINAL CONCLUSIONS

In this thesis, I had two aims. The first, to utilize current molecular tools to develop isogenic
MTBC strains. I did this using two different recombineering systems: pNIT:ET (for resistance-
conferring SNPs) and ORBIT (for creating genetic knockouts). The second, to evaluate infection
outcomes using a subset of these strains using ex vivo and in vivo models. In total, I generated a
panel of six isogenic BCG strains, four M. bovis deletion strains, and four M. orygis deletion
strains. Accordingly with my first hypothesis, I was able to implement strains developed by these
tools into multiple clinical settings (both nationally and internationally) and utilize deletion strains
to investigate putative virulence factors, and in the process discovered a role for MPT70 and
MPTS83 in M. bovis infection. Further, for the first time, I investigated how in vivo infection
outcomes of M. orygis compared to M. bovis and M. tb and experimentally characterized this
overlooked and understudied pathogen. As hypothesized, cattle-associated strains showed
increased pathology and decreased survival compared to multiple M. ¢b strains in the same host
(mice and cattle). This may suggest that over the course of mycobacterial evolution, M. th may
have lost virulence, allowing an increased transmission between human hosts, and/or M. bovis and
M. orygis gained virulence, perhaps enabling spread to multiple animal hosts. Moreover, I showed
how the overexpression of MPT70 and MPTS83 (a phenotype exclusive to M. bovis, M. caprae,
and M. orygis) contributes to the enhanced virulence of M. bovis but unfortunately, does not alter
M. orygis infection outcomes. However, it was observed that vaccination with MPT70 alone can
significantly prolong survival. This enables future research into potential virulence partners which
may act in tandem with MPT70 and/or MPT83, such as ESX-5 associated proteins. Additionally,
my work in this dissertation has established that the study of M. orygis may result in translational

applications and could be foundational to future pathogenesis studies. Despite this progress, many
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questions still remain. Why is the host range of M. tb limited? Why do two independent mutations
in a conserved regulon lead to the same overexpression phenotype? Why does this overexpression
phenotype result in divergent infection outcomes? And finally, across mycobacterial evolution,
why are certain genes upregulated while other genes are lost entirely?

Ultimately, between MTBC subspecies there is ~0.05% difference at the genomic level.
This thesis focuses on what the relevance of this difference may be and highlights that, despite
conservation, the MTBCs cannot be treated as the same pathogen at either the micro- or global-
level. Moreover, I have shown that even a single SNP may be informative to understanding how
M. th, M. bovis, and M. orygis remain public health threats. Further investigations building upon
this work may provide the basis for new diagnostics, vaccines, and/or treatment, and broaden the

reference species used in MTBC virulence studies.
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