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ABSTRACT

Zoonoses, or the diseases transmitted from animals to humans, make up ~60% of human
diseases and ~75% of emerging pathogens. The threat of zoonotic disease transmitted by bovines
is of concern due to their global population and the reliance of many societies on bovines for
dairy and meat. There are several mycobacterial species which infect bovines and have zoonotic
potential. This includes Mycobacterium bovis and M. orygis, which are members of the M.
tuberculosis complex (MTBC) and can cause bovine and zoonotic tuberculosis (TB). The TB
vaccine strain is an attenuated strain of M. bovis called bacille Calmette-Guérin (BCG) which
causes disease on rare occasions in children with primary immunodeficiencies. Finally, M. avium
subsp. paratuberculosis (MAP) is known to cause the ruminant gastrointestinal disease
paratuberculosis and is hypothesized to be etiologically linked to Crohn’s disease.

In this thesis, I explored the epidemiology and pathogenesis of these organisms through
two aims. First, I aimed to determine the proportion of MTBC subspecies causing disease in
South Asia. I hypothesized that disease would be caused primarily by M. tuberculosis with a
smaller proportion caused by M. bovis, M. orygis, and BCG. Second, I aimed to study the
pathogenesis of bovine mycobacteria by developing mouse models of oral infection. I
hypothesized that streptomycin pre-treatment would improve mycobacterial organ infection
following gavage and would model disease in mice.

In chapter II, we conducted a molecular epidemiological screen of 940 positive TB
cultures from a clinic in Vellore, India using assays designed to differentiate between members of
the MTBC. We then performed an analysis of all publicly available genomes of MTBC

subspecies from South Asia (n=715) to determine whether what was observed in India was also
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found in nearby countries. As expected, most cases were caused by M. tuberculosis. We found
that zoonotic TB occurred, albeit infrequently, and was caused by M. orygis. Although some
cases of BCG disease were detected, we found no evidence of M. bovis in the cultures from India
nor in the genomes from South Asia.

In chapter III, we aimed to develop an improved assay for BCG disease that could be
implemented in the clinic in Vellore, which previously did not have molecular tests for its
detection. We developed a two-step real-time PCR assay which detected BCG using single
nucleotide polymorphisms (SNPs). This assay was also designed to differentiate between early
and late strains of BCG which have previously been suggested to be linked to different rates of
adverse events. We demonstrated that the assay was accurate and robust, and we validated its use
on a pilot data set of 19 clinical samples from BCG-suspected patients, 10 of which were
identified as BCG.

In chapter IV, we studied the pathogenesis of bovine mycobacteria by creating an oral
mouse model which utilizes streptomycin pre-treatment to improve organ infection in the gut.
We found that streptomycin pre-treatment significantly increased organ colony forming units
(CFUs) following gavage. When this model was applied to M. bovis and M. orygis, this led to a
persistent infection of the intestines and mesenteric lymph nodes (MLNs) as well as pulmonary
disease consistent with zoonotic TB. When the model was applied to MAP, persistent local
infection occurred in the intestines and MLNs up to 24 weeks, but with no evidence of
inflammation or disease. This suggested that additional modifications may need to be explored to
generate a small animal model of MAP enteritis.

Taken together, this thesis encompasses a broad range of fundamental novel information

regarding the epidemiology and pathogenesis of several bovine mycobacteria. This thesis has
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provided new tools to detect bacteria in the clinic as well as generated important insights
concerning the geographic distribution of zoonotic TB pathogens and the pathogenesis of

mycobacterial infections in the intestines.
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RESUME

Les zoonoses, ou les maladies transmises des animaux aux humains, représentent environ
60% des maladies humaines et environ 75% des agents pathogeénes émergents. La menace de la
maladie zoonotique transmises par les bovins est un sujet de préoccupation en raison de leur
population mondiale et de la dépendance de nombreuses sociétés a ces animaux pour les produits
laitiers et la viande. Il y a plusieurs espeéces de mycobactéries qui infectent les bovins et qui
présentent un potentiel zoonotique. Cela inclut Mycobacterium bovis et M. orygis, qui sont
membres du complexe M. tuberculosis (CMTB) et qui peuvent causer la tuberculose (TB) bovine
et zoonotique. La souche vaccinale contre TB est une souche atténuée de M. bovis appelée
bacille Calmette-Guérin (BCG) qui peut provoquer occasionnellement la maladie chez les
enfants présentant des immunodéficiences primaires. Enfin, M. avium subsp. paratuberculosis
(MAP) est connue pour causer la paratuberculose, une maladie gastro-intestinale chez les
ruminants, et on émet I’hypothese qu’elle pourrait étre liée étiologiquement a la maladie de
Crohn.

Dans cette these, j’ai exploré 1’épidémiologie et la pathogenése de ces organismes avec
deux objectifs. Premierement, j’ai cherché a déterminer la proportion de sous-especes du CMTB
causant des maladies en Asie du Sud. J’ai émis I’hypothése que la maladie serait principalement
causée par M. tuberculosis avec une plus petite proportion causée par M. bovis, M. orygis, et
BCG. Deuxiemement, j’ai cherché¢ a étudier la pathogenése des mycobactéries bovines en
développant des modeles murins d’infection orale. J’ai émis 1I’hypothése qu’un prétraitement a la
streptomycine améliorerait I’infection mycobactérienne dans les organes apres gavage et

permettrait de modéliser les maladies chez les souris.
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Dans le chapitre II, nous avons effectué une étude d’épidémiologie moléculaire de 940
cultures tuberculeuses positives provenant d’une clinique a Vellore, en Inde en utilisant des tests
congus pour différencier les membres du CMTB. Nous avons ensuite effectué une analyse de
tous les génomes disponibles au public des sous-especes de CMTB d’Asie de Sud (n=715) afin
de déterminer si ce qui a été observé en Inde se retrouvait également dans les pays voisins.
Comme prévu, la plupart des cas €étaient causés par M. tuberculosis. Nous avons constaté que la
tuberculose zoonotique se produisait, bien que rarement, et était causée par M. orygis. Bien que
quelques cas de la maladie de BCG aient été détectés, nous n’avons trouvé aucune preuve de la
présence de M. bovis dans les cultures de I’Inde ni dans les génomes d’Asie du Sud.

Dans le chapitre III, nous avons cherché a développer un test amélioré pour la maladie de
BCG qui pourrait étre mis en ceuvre dans la clinique de Vellore, qui n’avait auparavant pas de
tests moléculaires pour sa détection. Nous avons mis au point un test PCR en temps réel en deux
¢tapes qui détecte la BCG en utilisant des polymorphismes d’un seul nucléotide (PSNs). Ce test
était également congu pour différencier les souches précoces et tardives du BCG dont on a
précédemment suggéré qu’elles étaient liées a des taux différents d’évenements indésirables.
Nous avons démontré que le test était précis et robuste et nous avons validé son utilisation sur un
ensemble de données pilotes de 19 échantillons cliniques de patients suspectés, dont 10 ont été
identifi¢ comme ayant la BCG.

Dans le chapitre I'V, nous avons cherché a étudier la pathogenése des mycobactéries
bovines en créant un modele expérimental oral chez les souris qui utilise un prétraitement a la
streptomycine pour améliorer I’infection dans les intestins. Nous avons constaté que le
prétraitement a la streptomycine a significativement amélioré les unités formant colonies (UFCs)

dans les organes apres gavage. Lorsque ce modele a été appliqué a M. bovis et M. orygis, cela a
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mené a une infection persistante des intestins et des ganglions mésentériques (GMs) ainsi qu’a
une maladie pulmonaire qui était similaire a la TB zoonotique. Lorsque ce mode¢le a été appliqué
a MAP, une infection locale persistante s’est produite dans les intestins et GMs pendant 24
semaines, mais avec aucune preuve d’inflammation ou de maladie. Cela a suggéré qu’il faudrait
peut-étre explorer d’autres modifications supplémentaires pour générer un modele d’entérite
avec MAP chez le petit animal.

Dans I’ensemble, cette these englobe une vaste gamme de nouvelles informations
fondamentales concernant 1’épidémiologie et la pathogenése de plusieurs mycobactéries bovines.
Cette these a fourni de nouveaux outils pour détecter les bactéries dans la clinique et a généré des
idées importantes concernant la distribution géographique des pathogeénes de la TB zoonotique et

la pathogenese des infections mycobactériennes dans les intestins.
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CHAPTER1

Literature Review

1. The relationship between animal and human health

The potential for development of human disease from animal sources has long been
recognized as a significant threat to public health. Zoonoses, or the diseases transmitted from
animals to humans, represent an estimated ~60% of human pathogens'. The concept of One
Health refers to approaching disease control and surveillance in a collaborative and
transdisciplinary manner which recognizes the close interactions between human health, animal
health, and the environment?. Zoonotic diseases are also the source of ~75% of emerging new
pathogens!. It has been shown that the emergence of zoonotic diseases is often driven by human
actions such as deforestation, climate change, tourism, and trade?. As society continues to
develop, the threat of emerging diseases is increasing®. A One Health approach to controlling and
monitoring disease is an essential concept to safeguard public health and establish pandemic
preparedness?.

The impacts of zoonotic diseases have acted as major landmarks in our history. The bubonic
plague, caused by the transmission of Yersinia pestis from infected fleas, was responsible for the
death of ~25 million people in the 14" century*. The 1918 influenza pandemic which caused the
death of an estimated 50 million people was avian in origin>®. Human immunodeficiency virus
(HIV) arose following transmission of virus from African primates and caused a global crisis
beginning in the 1980s’. This disease has led to the death of ~40.1 million people since its
discovery®. Ebola outbreaks are also thought to be incited following transmission from an

infected animal such as a bat or non-human primate to humans’. The largest Ebola epidemic to
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date occurring in west Africa from 2014-2016 caused global panic and led to the death of over
11,000 people'’. Finally, the origin of the recent COVID-19 pandemic which led to worldwide
shutdowns and caused the death of ~7 million people to date is still debated!'. However, a
prevailing theory suggests the virus had zoonotic origins similar to the related SARS and MERS
outbreaks!?,

The risk of zoonoses presented by bovines (cattle, buffalo, bison) is of particular concern due
to the widespread societal reliance on these animals for dairy products and meat'®. There are an
estimated 1.4 billion cattle worldwide'4, emphasizing the importance of understanding the risks
of zoonotic disease transmitted by these animals and the application of a One Health approach to
their monitoring and prevention. The genus Mycobacterium includes several bacterial pathogens
which infect bovines and have zoonotic potential. This includes animal-associated members of

the Mycobacterium tuberculosis complex as well as non-tuberculous mycobacterial species.

2. Introduction to mycobacteria
The genus Mycobacterium was first named in 1896 by Lehmann and Neumann'?.
Mycobacteria are a part of the Actinomycetales order and the only genus within the
Mpycobacteriaceae family. To date, there are 195 species in the genus, the most famous of which
being Mycobacterium tuberculosis and M. leprae. The genus comprises a diverse collection of
species which include environmental, opportunistic, and pathogenic bacteria. Mycobacteria are
aerobic, meaning they grow in the presence of oxygen. They are generally rod-shaped (bacilli),
but some species such as M. avium are shorter and more rounded (coccobacillary). On solid agar,

colonies may be smooth or rough and are often buff or yellow in color'®. The unique features of

the mycobacterial cell envelope are what makes it acid fast and allows it to be distinguished from
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other bacteria using a Ziehl-Neelson (ZN) stain. Mycobacteria have a cell wall containing
peptidoglycan which is surrounded by a layer of arabinogalactan and an outer layer of mycolic
acids. This lipid-rich structure is what allows mycobacteria to resist decolorization and appear
pink following ZN staining'’.

The genus Mycobacterium can be broadly characterized into 3 groups (Figure 1). The first is
the Mycobacterium tuberculosis complex which is a group of 19 subspecies which have high
genetic similarity but differ in their host specificity'®. The second is the leprotic bacteria M.
leprae and M. lepromatosis which are uncultivatable but are known to cause leprosy, a disease
affecting the skin, peripheral nerves, upper respiratory tract, and eyes'*?°. The remaining

mycobacteria fit into the third diverse group called nontuberculous mycobacteria®!.

2.1. Mycobacterium tuberculosis complex

The Mycobacterium tuberculosis complex (MTBC) is a group of highly related
mycobacterial subspecies known to cause tuberculosis (TB) in their hosts. The subspecies within
the MTBC are 99.9% identical at the nucleotide level and share the same 16S sequence??. TB is
an infectious disease which is typically spread by aerosol and which most often presents as
pulmonary disease*’. However, it can also affect other organs in the body such as the lymph
nodes, bones, and gastrointestinal tract in a presentation called extrapulmonary TB. The most
common symptoms associated with TB are cough, weight loss, fever, and night sweats®*. This
disease is one of the leading causes of death worldwide with an estimated 10.6 million cases and
1.4 million deaths in 2021%,

The MTBC includes 9 lineages of human-adapted members known to cause TB in

humans®> 2. Lineages 1-4 and 7 are referred to as M. tuberculosis sensu stricto*®. Lineages 5 and
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6 have previously been called M. africanum and are so named due to their geographic restriction
to west Africa?®. The remaining lineages M. tuberculosis lineage 8 and 9 were first described in
2020 and 2021 respectively and both are suggested to also be restricted to different parts of
Africa®?’. M. canettii is sometimes considered as a part of the MTBC but may also be listed as
an outgroup. It is an environmental bacterium rarely isolated from humans within the Horn of
Africa. It is thought to share features with the suggested common ancestor of the MTBC?’.

The complex also includes 9 animal-associated members which are known to cause
tuberculosis in a variety of animal hosts. Among animal-associated members are M. pinnipedii
which is known to cause TB in seals and sea lions, M. microti which causes TB in voles, M.
mungi which is a pathogen of mongooses, M. caprae which has been isolated from livestock
animals such as goats, and M. suricattae which infects meerkats. Other members include the
chimpanzee bacillus and dassie bacillus which cause TB in chimpanzees and rock hyraxes
respectively!'®2®, The 2-remaining animal-associated members of the MTBC M. bovis and M.
orygis have been frequently isolated from bovines, a range of other animals, as well as humans.
The vaccine strain against TB, M. bovis bacille Calmette-Guérin (BCQG) is an attenuated strain of
M. bovis®. These 3 subspecies M. bovis, M. bovis BCG, and M. orygis will be discussed in detail

within this thesis.

2.2. Nontuberculous mycobacteria

Nontuberculous mycobacteria (NTM) refer to a large and diverse group of mycobacterial
species. They can be broadly divided into those that are fast-growing (e.g. M. abscessus
complex, M. smegmatis) and those that are slow-growing (e.g. M. ulcerans, M. avium complex).

Some NTMs are purely environmental and are often found in the soil or in water, some species
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can cause opportunistic disease in immunocompromised hosts, whereas others are professional
pathogens?'.

The M. abscessus complex (MABC) consists of 3 subspecies: M. abscessus subspecies
abscessus, M. abscessus subspecies bolletii, and M. abscessus subspecies massilense’'. The
MABC species can be found in water, dust, and soil. However, they have also been linked to
pulmonary, skin, and soft tissue infections*?. Skin infections are most often found following
injury, cosmetic procedures, or transplantation®>*. MABC subspecies are intrinsically resistant
to a number of antibiotics including aminoglycosides and quinolones and, in some subspecies,
macrolides. This makes infections with MABC subspecies very difficult to treat. MABC
infection is of particular concern in patients with cystic fibrosis whose most common cause of
death is chronic bacterial infections*2.

M. smegmatis is a model species for mycobacterial research. It is both fast-growing and
non-pathogenic, making it an easy-to-work with and safe alternative to other slow-growing,
pathogenic mycobacterial species. It grows in a wide range of temperatures and readily accepts
plasmids and genetic manipulation. As a model organism, the genome of M. smegmatis mc*155
is also well-characterized. Over 2,800 of its genes have orthologs with >50% amino acid identity
in M. tuberculosis. Therefore, this species is often used in the laboratory as a tool for training
new students, for testing new molecular methods, and for studying genes shared in mycobacterial
species that are more difficult to work with>.

M. marinum, as its name suggests, is often associated with aquatic environments. It was
first isolated from diseased fish in 1926 and was noted to cause tuberculous lesions in their

spleen and liver with occasional involvement of other parts of the body such as the gills*®. In

humans, it can cause granulomatous skin lesions typically in people with an open wound who
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take care of fish tanks or are spending a lot of time doing waterborne activities®”. M. marinum
can also be used as a model for M. tuberculosis because of its genetic similarity and ability to
cause disease. The genome of M. marinum shares 3,000 orthologs with M. tuberculosis with
>85% amino acid identity®® and experimental infection of fish with M. marinum models
tuberculosis pathogenesis®’.

M. ulcerans is the most genetically similar species to M. marinum, sharing >98% of the
nucleotide sequence™. M. ulcerans is the causative agent of the Buruli ulcer. This disease causes
painless ulcers to develop on the skin which can be treated with surgery. Cases of Buruli ulcer
are most often seen in riverine areas with warm and humid climates. It is still not entirely
understood how the disease is transmitted to people, but M. ulcerans has been recovered from
mollusks and fish*.

M. haemophilum, like both M. marinum and M. ulcerans, is associated with skin lesions
and prefers a lower temperature (30-32°C) for growth in vitro. M. haemophilum requires the
presence of hemin or large amounts of ferric ammonium citrate for laboratory growth due its
inability to produce the iron-binding siderophore mycobactin*'*?, This NTM typically causes
cutaneous lesions on the extremities of severely immunocompromised individuals, such as those
with HIV or those who recently received an organ transplant. In rare cases, M. haemophilum has
caused infection in other locations such as the skeletal muscle and bone*!. Whole-genome
sequencing of this bacteria revealed a close genetic relatedness to M. leprae. Since M. leprae is
uncultivatable, M. haemophilum has potential to be used as a model to study their shared genes**.

Finally, the M. avium complex (MAC) consists of 12 mycobacterial species with >99.4%
sequence identity of the 16S rRNA gene and >97.3% sequence identity of the hsp65 gene®.

Most of its members are environmental bacteria capable of causing opportunistic infections. It
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includes M. intracellulare which is often found in soil and has been shown to cause pulmonary
disease in patients with pre-existing lung disease such as chronic obstructive pulmonary disease
(COPD) or those with acquired immunodeficiency syndrome (AIDS)**. Another member M.
columbiense was first described in 2006 after its isolation from HIV-infected patients with severe
pneumonia*®. The complex also includes M. chimera which was linked to a series of endocarditis
cases following contamination of equipment used in heart surgery*’. Finally, the 4 subspecies of
M. avium are also a part of this complex which includes M. avium subspecies paratuberculosis
(MAP), a well-known cattle pathogen*®.

Overall, this thesis will consider 4 bovine or bovine-derived mycobacteria with the
potential to cause disease in humans: 3 MTBC subspecies (M. bovis, M. bovis BCG, M. orygis)

and 1 NTM (MAP).

3. Zoonotic tuberculosis

This section discusses zoonotic tuberculosis, which is caused by the transmission of an
MTBC subspecies from an animal to a human. One of the most likely routes of zoonotic TB
infection is thought to occur through drinking unpasteurized milk from bovine TB-infected
animals. Zoonotic TB is defined by the World Health Organization (WHO), the World
Organisation for Animal Health (WOAH), and the Food and Agriculture Organization (FAO) as
a form of TB caused by M. bovis*. However, as it will become clear throughout this thesis, other
animal-associated members of the MTBC such as M. orygis are also capable of causing bovine

and zoonotic TB*?,
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3.1 Mycobacterium bovis

The discovery and characterization of M. bovis was a significant milestone in the history
of microbiology and had important implications for future research. In 1882, Robert Koch
reported his isolation of the tubercule bacillus, the causative agent of TB, from both human and
bovine samples®'. In 1898, Theobald Smith published data demonstrating differences in bacterial
characteristics and virulence between the bovine and human tubercule bacillus. He stated his
belief that the use of the names bovine tubercule bacillus and human tubercule bacillus may be
misleading because it may incorrectly suggest that one bacillus is incapable of infecting the
opposite host>>>. However, Koch proclaimed in 1901 that the bovine tubercule bacillus was not
able to infect humans and therefore diseased cattle did not present a significant threat to human
health®>*, This controversy was the subject of considerable debate over the next decade.
Although Koch’s theory was later disproven, this idea had a lasting effect on the views of
zoonotic diseases and their ability to transmit between humans and animals for many decades®.
A Royal Commission proved that the bovine tubercule bacillus could in fact infect and cause TB
in humans, however this was not the typical cause of human TB>>. This Royal Commission was
the first of its kind to not only seek the opinions of scientific experts but also fund additional
research. This became the template for future committees™>.

The bovine tubercule bacillus was eventually renamed to M. bovis in 1970 by Karlson
and Lessel’>>. In 1997, the reference strain M. bovis AF2122/97 was isolated from a cow sick
with bovine TB. This strain was fully sequenced and annotated in 2003. Although M. bovis
shares >99.95% of its genome with M. tuberculosis®’, there are several basic laboratory tests
which have historically been applied to differentiate the 2 subspecies. In early TB research, the

bovine tubercule bacillus was differentiated from the human tubercule bacillus based on their
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pathogenicity in different animals. It was found that both bacilli were virulent in guinea pigs, but
the human tubercle bacillus had less severe outcomes in rabbits®. Later, biochemical tests were
applied to differentiate between the 2 subspecies. For example, M. bovis strains are
microaerophilic, meaning they prefer to grow just beneath the surface of Lebek semisolid agar
whereas M. tuberculosis will grow at the surface™. A test more commonly applied to distinguish
M. bovis is susceptibility to pyrazinamide, a frontline antibiotic used to treat TB. Most strains of
M. bovis are intrinsically resistant to pyrazinamide whereas M. tuberculosis is susceptible®.
However, use of any one of these kinds of tests is not a reliable method to definitively identify
M. bovis as variation does exist among strains®!. These tests are also time-consuming due to the
slow growth rate of M. tuberculosis and M. bovis. The doubling time is ~24 hours for M.
tuberculosis and 16-20 hours for M. bovis®>®*. Today, it is much more common to use a
molecular approach. Within the MTBC, there are genomic regions named regions of difference
(RDs) which vary between subspecies and can be used to differentiate between different
branches of the complex®*%°, Previous studies have shown that RDs can be used to reliably
identify M. bovis from clinical samples®® %,

As its name suggests, M. bovis has primarily been isolated from bovines and is
commonly identified as the cause of bovine TB in Africa and Europe. However, M. bovis has

also been isolated from a wide variety of other animals including badgers, elk, wild boars,

possums, cats, chimpanzees and humans®.

3.2 Mycobacterium orygis

M. orygis is a lesser-known, understudied animal-associated member of the MTBC. This

status may in part be explained by the fact that M. orygis is relatively new to the scientific
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community compared to M. bovis. The oryx bacillus was first isolated from an oryx, which is a
species of antelope, within a zoo in 1976. Researchers noted that the bacteria were pathogenic to
guinea pigs but not to rabbits’’. In 1994, van Sooligan and colleagues published that they thought
the oryx bacillus to be a subgroup of M. bovis’'. However, it wasn’t until 2012 that the oryx
bacillus was characterized as a phylogenetically distinct member of the MTBC and renamed to
M. orygis by van Ingen and colleagues’.

The reference strain M. orygis 51145 was originally collected in Quebec and was
sequenced and annotated in 202173, M. orygis has a unique pattern of RDs which can be used to
differentiate it from M. bovis and other MTBC subspecies’?. It also carries specific single
nucleotide polymorphisms (SNPs) which are unique. For example, the G698C mutation in
Rv0444c causes M. orygis to produce high levels of the antigenic proteins MPB70 and MPB&3.
M. bovis and some strains of BCG also produce high levels of these proteins, but through
independent mutations (C320T and C551T)’*. The strains of M. orygis studied by van Ingen
often produced a spoligotyping pattern previously labeled as M. africanum, suggesting it may
have been mislabeled in previously published studies. Like M. bovis, it has a wide host range
with isolates being identified in antelopes, cattle, waterbucks, rhesus monkeys, and humans. But
unlike M. bovis, M. orygis is susceptible to all frontline antibiotics against tuberculosis including
pyrazinamide’?.

As more data accumulated identifying M. orygis in animals and humans, a trend began to
emerge which suggested that M. orygis may be endemic to South Asia. When M. orygis was
characterized in 2012, all isolates collected were derived either from animals in zoos or humans
originating from South Asia (one was from Southeast Asia). This was followed by a report of a

woman originally from India which transmitted M. orygis to a cow in New Zealand”. M. orygis
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was then isolated from a rhinoceros, blue bull, and spotted deer in Nepal’®””. In 2017, 8 more
isolates were identified in New York, all of whom migrated from India, Pakistan, or Nepal’®.
Finally, M. orygis was reported from 18 cattle and 2 rhesus monkeys in Bangladesh by Rahim
and colleagues’®. These findings suggesting the endemicity of M. orygis in South Asia are what
initiated the project outlined in chapter II of this thesis where we used molecular assays to screen
cultures from TB patients for zoonotic TB in India. Our study identified cases of zoonotic TB
caused by M. orygis without any evidence of disease caused by M. bovis*. Since its publication
in 2020, several additional studies have been conducted which continue to support this theory.
M. orygis was isolated in several species of ungulates in India and 5 additional cases of human
M. orygis infections were identified in Norway in patients from South Asia®" 2,

There are 2 circulating theories to explain the distribution of M. orygis in South Asia and
M. bovis in other areas of the world. The first is that there were 2 independent cattle
domestication events which resulted in M. bovis becoming the pathogen of Bos taurus which is
the predominant species of cattle found today in Europe and the Americas and M. orygis
becoming the pathogen of Bos indicus which is more commonly found in South Asia®. The
second theory is that M. orygis emerged first and traveled to South Asia with the migration of
humans before the establishment of M. bovis”. Considering that South Asia reports ~4.02
million (~38%) of the world’s TB cases and screening for zoonotic TB is not routinely done, the

threat posed by M. orygis to humans requires further investigation®**>.

3.3 Bovine tuberculosis

Like human TB, bovine TB is a chronic disease which primarily affects the lungs. The

disease can be spread by infected air droplets or by ingesting milk from an infected cow. There
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are no published studies to date concerning M. orygis pathogenesis or experimental infections,
but there are many studies using M. bovis. It is understood that M. bovis is primarily engulfed in
the phagosome of alveolar macrophages. M. bovis will block phagosome maturation and use
virulence factors such as early secreted antigenic target (ESAT)-6 to lyse the phagosome and exit
into the cytosol to replicate. The infected macrophage will ultimately burst and release cytokines
and chemokines which recruit additional immune cells which will also be infected with the
bacteria. Some infected cells spread to local lymph nodes and present antigen to recruit
lymphocytes to the infection site. This leads to the eventual development of caseating
granulomas which contain a necrotic core surrounded by macrophages, multinucleated giant
cells, and lymphocytes®*. Diseased animals experience cough and decreasing lung function, loss
of appetite, weight loss, and weakness leading to eventual death®’.

The presence of bovine tuberculosis is a threat both to surrounding livestock as well as to
public health due to the potential for zoonotic infection. However, with the implementation of
national control programs, bovine TB is well-controlled in many countries. These programs
primarily rely on a test and cull strategy to maintain healthy herds. However, the presence of
wildlife hosts may prevent the complete eradication of the disease. For example, in the United
Kingdom and the Republic of Ireland, badgers are well-known to act as a reservoir for M. bovis
and have thwarted efforts to eliminate the disease within the cattle population®. Similarly in
New Zealand, the Australian brushtail possum acts as a maintenance host for M. bovis and has
created numerous hurdles for controlling the disease in livestock®’.

Around the world, bovine tuberculosis remains a considerable problem and a major
economic burden. A 2020 meta-analysis estimated the pooled global prevalence to be 13.12%%.

In India, which has the world’s largest cattle population, there are an estimated 21.8 million
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animals infected with bovine TB¥. The factors associated with economic costs of disease vary
by country. In countries where bovine TB prevalence is low due to the presence of national
control programs, economic costs are primarily related to testing, program maintenance, and
trade barriers. In countries which lack these control programs due to economic or social
constraints, bovine TB costs are primarily associated with reduced production and animal
mortality®®. In Ethiopia, which does not have a control program in place, the economic costs
associated with bovine TB within the dairy industry was estimated to be 132 million USD over
10 years®!. In contrast, in the United Kingdom, which does have a control program, there are

£120 million in costs per year associated with the disease®?.

3.4 Zoonotic tuberculosis

The concern that TB could be transmitted from infected bovines into humans has existed
since the discovery of the tubercle bacilli. The process of pasteurization was developed in 1864
originally to remove contaminating microorganisms from wine and beer, but it was later applied
to decontaminate milk®>. About 40% of animals slaughtered during this time had clear signs of
tuberculosis®?. Therefore, prior to the widespread adoption of pasteurization, milk presented a
significant risk to the development of TB, particularly in young children where it often presented
as extrapulmonary disease®>®!. It was estimated that bovine TB caused ~25% of child TB cases
during this time®*. In 1937, Dr. Stanley Griffith reported that 91% of cervical lymph node TB
cases were caused by bovine TB in children under 5 years old®>.

In many countries today, pasteurization is required by law and bovine TB is managed
through national control programs, which minimize the risk of zoonotic TB. However, zoonotic

TB is still a concern in many places around the world where bovine TB remains prevalent or
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where drinking unpasteurized milk is still a common practice. In 2019, the WHO estimated that
there were 140,000 TB cases caused by M. bovis. The prevalence was estimated to be highest in
Africa (68,900 cases) followed by South-East Asia (43,400 cases)’®. However, it is likely that
these numbers underestimate the total number of cases because surveillance for zoonotic TB is
not done in many high burden countries and this estimate did not account for the contribution
made by other animal associated MTBC members. A 2021 meta-analysis of zoonotic TB cases
caused by M. bovis reported that prevalence estimates among studies were highly variable
(ranging 0.4-76.7%) and that this was dependent on the diagnostic techniques applied”’.

Zoonotic TB in humans can present with many of the same symptoms as infection with
M. tuberculosis such as cough, fever, weight loss, and night sweats’®. However, as mentioned,
zoonotic TB is more often associated with extrapulmonary disease. In a systematic review of
primary infection sites with M. tuberculosis vs zoonotic TB (M. bovis or M. caprae), the median
proportion of extrapulmonary disease in zoonotic TB cases was over 2-fold higher than
infections with M. tuberculosis. The median proportions of affected sites were 30% lymph
nodes, 25% genitourinary system, 13% bones and joints, 6% intestines and peritoneum, and 5%
nervous system’”. Although less information about the clinical features of M. orygis is currently
known, in a recent study of 8 cases of M. orygis in India, all had extrapulmonary disease and 2
had concomitant lung involvement. Of the 8 cases, M. orygis was shown to affect the spine (3),
genitourinary system (1), lymph node (2), abdomen (1), and spleen/liver (1)!. The higher
frequency of extrapulmonary disease in zoonotic TB poses several challenges to its surveillance
and control. Extrapulmonary disease is variable and can therefore be more difficult and require
more time for a diagnosis. It is also much more challenging to acquire samples from

extrapulmonary disease sites compared to sputum. Therefore, in many clinics in high burden
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countries, culturing of extrapulmonary TB is not routinely done'®!. If zoonotic TB is more often
extrapulmonary, it may be missed more frequently due to lack of surveillance.

To treat TB, typically patients are prescribed a 6-month regimen of anti-tubercular
therapy (ATT) including rifampicin, isoniazid, pyrazinamide, and ethambutol. Since M. bovis is
intrinsically resistant to pyrazinamide, patients are recommended to be treated with a 9-month
regimen of rifampicin, isoniazid, and ethambutol'%2. In cases of extrapulmonary TB which
involve the central nervous system, bones or joints the treatment recommendation is extended to
a total of 9-12 months'®. In a study of 110 patients infected with M. bovis treated with these 3
drugs in The Netherlands, the intention-to-treat success rate was 83%!%%1%, This is similar to the
global success rate of ATT against M. tuberculosis infection which was 86% in 20207,
Information regarding treatment of M. orygis is limited, but in the aforementioned study of 8
extrapulmonary cases in India, 2 were lost to follow-up, 4 were successfully treated with ATT
for 9-18 months, and 2 were successfully treated with ATT for 12-23 months and surgery!'%.
Treatment for drug susceptible pulmonary TB infections is known to be a long and difficult
process due to the large number of medications prescribed and their various side effects.
Treatment of zoonotic TB, although a rarer circumstance, likely poses further challenges due to

its proclivity to cause extrapulmonary disease and the intrinsic antibiotic resistance of M. bovis.

3.5 Control strategies

In 2015, the WHO set the ambitious goal of reducing TB incidence rates by 90% by
2035'%, As of 2022, incidence rates had only dropped by 10%2*. To complete this goal, massive
efforts need to be made to reduce transmission of the disease. However, just as badgers and

brushtail possums prevent elimination of M. bovis in cattle populations in the United Kingdom
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and New Zealand®®*’, the persistence of TB in bovines may create additional hurdles to achieve
these large reductions in TB incidence in humans. This situation is further complicated by recent
reports which have isolated M. tuberculosis sensu stricto from bovine TB-infected animals in
Africa and South Asia!®®!%7 There is the possibility these cases occurred by reverse zoonosis
where a human infected with TB transmitted disease to the animal. However, M. tuberculosis
may have also been transmitted animal-to-animal or animal-to-human. If M. tuberculosis is
circulating among cattle herds and being transmitted back to humans, this could confound our
ability to accurately identify cases of zoonotic TB and reduce potential routes of exposure.
Zoonotic TB control requires the application of a One Health approach where
information from human, veterinary, and environmental health are simultaneously taken into
account to conduct research and design strategies for disease surveillance and management®!%,
When applying One Health to zoonotic TB, this includes concepts such as improving detection
through molecular-based diagnostics (human health), monitoring dairy products for TB
contamination (animal health), and managing interactions between livestock and environmental
or wildlife reservoirs (environmental health)!®. However, the concept of One Health is
frequently overlooked. In a systematic review of zoonotic TB surveillance programs, only 4/119
countries investigated had implemented programs which considered One Health practices!?. It is
also important that the interconnectedness of human, animal, and environmental health is well
understood by animal caretakers and the public. A 2021 study conducted in Ethiopia, which has
the largest cattle population in Africa and a heavy burden of bovine TB, revealed that 58.5% of
farmer owners/manager screened were not aware of the zoonotic risks posed by bovine TB!'!?. A
more comprehensive approach must be implemented to better understand and manage zoonotic

TB and its contribution to the global TB burden.
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4. BCG disease
This next section will discuss the vaccine strain used against tuberculosis which was
originally derived from M. bovis and which can cause disease in certain individuals. The
importance of BCG disease detection in these individuals will be explored in chapter III of this

thesis.

4.1 Mycobacterium bovis bacille Calmette-Guérin

M. bovis BCG is the vaccine strain against tuberculosis originally developed by Albert
Calmette and Camille Guérin®. It is one of the most widely used vaccines with over 100 million

"1 BCG is an attenuated strain of M. bovis that was originally isolated

doses given each year
from a diseased cow in 1902!'2, It has been suggested by some that the selection of M. bovis as
the starting point for the development of an attenuated strain originally stemmed from Robert
Koch’s erroneous statement that the bovine tubercule bacillus was incapable of causing disease
in humans®!. Calmette and Guérin had discovered that growing M. bovis in glycerol and potato
medium with the addition of ox bile led to a less virulent version of the bacteria. They then
continued to passage M. bovis in this media roughly 230 times at which point the bacteria no
longer caused tuberculosis in infected animals®®!'!®, The full mechanism of attenuation is still not
entirely understood, but loss of RD1 which includes virulence factors ESAT-6 and culture filtrate
protein (CFP)-10 have been shown to reduce virulence''*. In July of 1921, an infant was given
the first vaccination with BCG in Paris. Over the next several years, over 100,000 infants were
vaccinated®.

Studies measuring the efficacy of BCG vaccination have been varied. In the early 1950s,

54,239 participants in the United Kingdom were vaccinated with BCG. The participants were
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followed over 20 years and researchers reported a 77% efficacy throughout the study!'>.

Conversely, a study conducted around the same time of 64,136 participants in the United States
found next to no benefit of BCG!'®!!”. The results from these studies impacted the policies
enacted for BCG vaccination in the respective countries. In the United States, routine BCG
vaccination was not administered, and BCG was instead given to those deemed high risk.
However, in the UK and many other countries around the world, BCG vaccination was routinely
done®. In 2022, a systematic review reported BCG to have a 18% effectiveness, with protection
only significant in children under 5 years old'!®. Evidence of BCG protection against miliary and
meningeal TB in particular has supported its continued use in many countries today!!'!1°,

In 1930, 251 newborns were vaccinated with BCG in Liibeck, Germany. Of those, 228
infants later developed signs of TB and 72 (29%) died of the disease. Although it was later
determined that the BCG vaccine had been contaminated with M. tuberculosis rather than the
BCQG strain reverting to virulence, the safety of the vaccine was severely criticized following this
event'?’. Today, it is understood that BCG is associated with varying degrees of adverse events
with low incidence rates. This includes superficial reactions at the injection site, cutaneous
lesions distinct from the injection site, and lymphadenitis'?!. A 2020 study from Korea which
reviewed the incidence of BCG vaccine adverse events over 5 years determined that
lymphadenitis was the most common reaction (18.2 cases per 100,000 doses)'?*. Systemic
adverse events are rare but may also occur. Among these are osteitis, osteomyelitis , and finally
disseminated BCG disease'?!, an outcome which will be discussed in more detail in the next
section.

There has been some variability observed in BCG efficacy and safety, and one theory

which may explain this phenomenon stems from the fact that there are 14 different BCG strains.
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Rather than a single strain being developed and replicated throughout the world, BCG was
distributed to labs within different countries who maintained the bacteria using varying media.
This resulted in the eventual emergence of different BCG strains with significant heterogeneity
among them>®!'3, Some have suggested that certain BCG strains may provide more protection or
may be associated with more adverse events than other strains. BCG strains can be divided into
what are known as “early” and “late” strains. The early strains are those which were obtained
from the Pasteur Institute before 1927 and includes commonly used strains such as BCG Russia
and BCG Japan. The late strains are those that were obtained after 1927 and includes strains such
as BCG Danish and BCG Pasteur. One of the key differences between early and late strains is
that early strains produce high levels of the antigenic proteins MPB64, MPB70, and MPBS§3,
which suggests they could be more immunogenic. Reports comparing efficacy and safety
between strains have been variable. A 2020 study comparing BCG Russia, Danish, and Japan
found no differences in morbidity or mortality among strains'?. In the previously
aforementioned study in Korea, adverse events were 41.6 cases per 100,000 doses following
BCG Danish vaccination versus 25.9 cases per 100,000 doses following BCG Japan
vaccination!??.

BCG has also been investigated as a potential therapeutic or preventative measure for
aliments unrelated to TB. A meta-analysis of BCG clinical trials found that vaccination reduced
all-cause mortality in neonates by 38%!'?*. It is thought that BCG leads to off-target
immunological effects which can provide non-specific protection, however the exact
mechanisms of how this occurs is still uncertain'?®. In 1959, Old and colleagues found that BCG
vaccination was associated with increased resistance to tumor transplantation in mice'?%!?’, This

led to the investigation of BCG as an immunotherapy against acute lymphoblastic leukemia,
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melanoma, and eventually non-muscle-invasive bladder cancer (NMIBC)!?-13°, Today,
treatment of intermediate to high risk NMIBC tumors with BCG is recommended to reduce

progression and recurrence of disease'!

. BCG vaccination was also recently explored as a
method to improve COVID-19 outcomes. Unfortunately however, no significant differences
were found from the placebo group in a 2023 clinical trial'*2. Finally, since work with BCG does
not require a biosafety level 3 laboratory like other MTBC subspecies, BCG is also useful as a

safer organism to test new methods and to study MTBC shared genes and mechanisms!?>,

4.2 Clinical features of disseminated BCG disease

Development of disseminated BCG disease is a rare event, only occurring at an incidence
of 0.06-3.4 cases per million'?>!3*13>_ However, when it does occur it is associated with severe
morbidity and a high mortality rate (~60%)'3*13%!37_ The disease typically develops within a few
months from birth and subsequent vaccination'?*!3®, Disseminated BCG disease is suspected in
young patients under 2 years of age who are experiencing symptoms such as fever, weight loss,
abscess, failure to thrive, and lymphadenopathy. This should be followed by radiologic
assessment and a biopsy to be sent for culture and histopathology. A diagnosis of disseminated
BCG is confirmed by systemic symptoms which involve 2 or more sites beyond the vaccination
site along with microbiological and/or histopathological identification of BCG!'3®.

Since the disease is systemic, it is associated with a wide variety of clinical symptoms
and can affect a variety of organ systems. In a study of 44 cases of disseminated BCG disease
occurring over 10 years in Iran, the most common clinical features observed were
lymphadenopathy (86%), abscess (84%), abnormal levels of C reactive protein (CRP) (84%),

abnormal abdominal sonography (75%), abnormal erythrocyte sedimentation rate (ESR) (70%),
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hepatomegaly (68%) splenomegaly (66%), and weight loss (64%)!*®. Less common clinical
features that have been observed in cases of BCG disease include osteomyelitis, meningitis, and

nephritis!371%.

4.3 Risk factors for disease development

Primary immunodeficiency diseases (PIDs) are a collection of inherited immune
disorders which are often associated with recurrent infections, adverse events following
vaccines, and certain types of cancers. BCG vaccination is contraindicated in individuals with
PIDs because they are much more likely to suffer from BCG disease'*. In a systematic review of
1,691 individuals with PIDs who were vaccinated, 41.5% were diagnosed with BCG disease'*!.
However, these disorders are often undiagnosed prior to BCG vaccination which is routinely
done shortly after birth in many countries as per national immunization programs®®. The PIDs
which are more commonly associated with BCG disease are severe combined immunodeficiency
disorder (SCID), chronic granulomatous disease (CGD) and Mendelian susceptibility to
mycobacterial diseases (MSMD)!'?,

SCID patients lack functional T lymphocytes and are sometimes deficient in B
lymphocytes and NK cells as well, which impedes their ability to combat infections and respond
appropriately to live attenuated vaccines such as BCG. There are a number of genetic mutations
which have been associated with the development of SCID, but no studies have yet associated
specific polymorphisms with different outcomes of BCG disease'*’. In a study of 349 patients

with SCID who were vaccinated with BCG at birth, 118 (34%) developed BCG disease and 46

(13%) died'*2.
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CGD is caused by a mutation which impairs the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase enzyme complex'4’. This prevents the production of reactive
oxygen species which are important for killing of microorganisms by macrophages, monocytes,
and neutrophils'“’. In a study of 23 patients with BCG disease and CGD, the 10-year survival
rate was 34%. The probability of survival was shown to be strongly correlated with the degree of
dissemination, where mortality rate increased with the number of different organ systems
affected'®.

MSMD is caused by mutations affecting the secretion of IFN-y either directly by
affecting the IFN-y receptor or indirectly via genes such as the IL-12 receptor. BCG, like many
mycobacterial species, infects cells intracellularly. In response, the host mounts a Th1 immune
response mediated by IFN-y and other cytokines to promote phagosomal killing and production

144 As the name suggests, deficiencies in this IFN-y response are

of cytotoxic nitric oxide
therefore associated with increased susceptibility to disseminated BCG or NTM infections as
well as infection with M. tuberculosis'*. The frequency of BCG disease has been shown to be
highest in cases of MSMD compared to the other PIDs'*!.

In addition to PIDs, HIV status is another major risk factor for the development of BCG
disease post-vaccination. HIV is known to infect CD4+ T lymphocytes and lead to deficient
immune responses to secondary infections!#. The chance of transmission of HIV from an
infected mother to her infant prior to or during birth (vertical transmission) is about 15-45%.
With anti-retroviral therapy (ART), this risk of transmission is greatly reduced!*S. However,
vertical transmission continues to frequently occur in many high-burden countries. In 2018,

approximately 160,000 infants were infected with HIV, primarily in sub-Saharan Africa where

TB is prevalent and BCG vaccination is routinely administered®>!'*>147_ In a 2004-2006 study
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conducted in South Africa, the incidence of BCG disease was 992 per 100,000 HIV-infected

babies!*3. This is approximately 10,000-fold greater than the general population!?%!34135,

4.4 Treatment and follow-up

To treat BCG disease, both the mycobacterial infection and the immune status of the
patient should be considered. Like its predecessor M. bovis, the BCG vaccine strain is resistant to
pyrazinamide. There are no official treatment guidelines listed to treat BCG. However, case
reports usually describe a minimum treatment with the anti-tuberculosis drugs rifampicin,
ethambutol, and isoniazid. Other drugs have also frequently been added to the regimen such as
an aminoglycoside (e.g. streptomycin, amikacin) or a fluoroquinolone (e.g. levofloxacin,
moxifloxacin)'?%1%>1%° There have been several documented cases of resistance to isoniazid,
which may necessitate the inclusion of these other drugs in the regimen'#*!>°, Antibiotic therapy
may also be combined with surgical intervention to drain abscesses or excise infected lymph
nodes'’. Like treatment for TB, BCG treatment times are long, with case reports ranging from 6
to 25 months'3%!1%°,

In a study of 134 cases of BCG disease in China, over 80% of them had an identified
PID'"!. Thus, suspicion or diagnosis of disseminated BCG should spur a clinical investigation
into the immune status of the patient. Patient outcomes have been shown to improve with early
intervention of therapies directed at those with PIDs'’. For example, in patients with MSMD
and CGD, the administration of recombinant IFN-y can be an effective method to help them
mount proper immune responses against an infection. This only works in cases where the IFN-y
receptor is intact'>?. Case studies with comparisons of the effect of IFN-y treatment versus no

treatment for BCG disease survival are limited in size. In one study of 22 CGD patients, 11 of
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which received IFN-y therapy, there was no significant differences in survival between the 2
groups'*. However, in a second study of 19 patients, 7 of which received IFN-y therapy, only
those who received therapy were cured within one year of treatment. Of the remaining 12
patients, 3 died and the remaining were cured only after IFN-y therapy was started over a year
after the start of antibiotic treatment'™,

Hematopoietic stem cell transplant (HSCT) offers a potentially curative treatment to
those with certain PIDs including SCID, CGD, and MSMD!**!53_[f the genetic mutations
causing disease are intrinsic to the hematopoietic stem cells, it is possible to cure the disease by
replacing these cells with those without the mutation. This process involves the ablation of the
patient’s bone marrow using chemotherapy followed by donation of hematopoietic stem cells
from a matched donor. This process has improved in recent years with new technology to more
easily find donors and reduce the chance of graft versus host disease'*>. In 31-year retrospective
in Germany, HSCT was found to be curative in most SCID patients with BCG disease. However,
the authors noted that BCG disease was likely to worsen following HSCT and thus cases must be

carefully monitored and treatment must be paired with intensified antibiotic regimens and other

therapies.

5. Paratuberculosis and Crohn’s disease
The final bovine pathogen to be discussed in this thesis is MAP, the cause of
paratuberculosis in ruminants and a hypothesized cause of Crohn’s disease in humans. This
pathogen has particular relevance to Canada which has a high incidence rate for both of these 2

diseases.
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5.1 Mycobacterium avium subspecies paratuberculosis

A major cattle NTM with potential for zoonosis is MAP. MAP is an obligate intracellular
pathogen known to cause a deadly chronic gastrointestinal disease called paratuberculosis'*®. The
disease was first described in 1895 by Johne and Frothingham in a cow that exhibited signs of a
wasting disease and had an inflamed intestine infiltrated with abundant acid-fast bacteria. They
originally though it died due to intestinal TB, but an infected sample failed to produce disease
when injected into guinea pigs'>’. The bacteria was first isolated in 1912 by Twort and Ingram
who originally named the bacteria M. enteritidis chronicae pseudotuberculosae bovis Johne'>®.
The name MAP was not given until 1990 and the reference genome MAP K10 was sequenced in
200554159 In addition to the impact of MAP on animal health, MAP is of zoonotic concern
because there is a highly debated theory that it may be the etiological agent of Crohn’s disease in
humans. The evidence concerning this potential link will be discussed in detail within this
chapter.

MAP is an intracellular pathogen of intestinal macrophages. It invades the intestine often
through microfold cells found in Peyer’s patches of the gut-associated lymphoid tissue (GALT).
Once in the sub-epithelium, MAP will typically invade macrophages. The best characterized
interaction for how this occurs is through binding of its ManLAM with the mannose receptor of
the macrophage. MAP has also been shown to invade dendritic cells through interaction of
ManLAM and DC-SIGN. Once intracellular, MAP is taken up into the phagosome and blocks
phagosome acidification and fusion with the lysosome'®’. Infected macrophages may also travel
by the afferent lymphatic vessels into the mesenteric lymph nodes where MAP is able to
persist!®!. Initially, an appropriate Th1 immune response is mounted against the bacteria and the

disease remains subclinical. However, it is thought that the transition to clinical disease is
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instigated by a change from a Th1 to a Th2 response'®?

. MAP infections can be multibacillary
where there are large numbers of macrophages infected with many acid-fast bacteria, or they can
be paucibacillary where there are few bacteria per macrophage and typically more T cells. Both
of these forms can lead to the same gross pathological and clinical outcomes'®’.

MAP is one of the slowest growing cultivatable mycobacteria with a generation time
ranging from 1.3 to 4.4 days'®*. As mentioned, MAP is a member of the M. avium complex and
is 1 of 4 subspecies of M. avium. The other 3 members are M. avium subspecies avium (MAA)
which causes TB in birds, M. avium subspecies silvaticum (MAS) which is rare and causes TB in
wood pigeons, and M. avium subspecies hominissuis (MAH) which is primarily environmental
but can cause opportunistic infections in pigs and humans*®. MAH is the closest relative
subspecies of MAP. When MAP emerged from MAH it gained 125 kB of genes which are found
on genomic islands called large sequence polymorphisms of paratuberculosis (LSP"s). There are
6 in total: LSP?4, LSP?11, LSP?12, LSP"14, LSPP15, and LSPP16'®°. Considering that MAP is an

obligate pathogen and its predecessor MAH is environmental, the genes unique to MAP found on

LSP"s may carry important information which allow the bacteria to cause disease.

5.2 Paratuberculosis

Paratuberculosis is a disease which affects ruminants such as cattle, sheep, goats, and
deer. It is sometimes called Johne’s disease when referring to disease specifically in cattle.
Paratuberculosis is most often spread by the fecal to oral route, but it has also been shown to
spread in the milk, colostrum, and in utero'®. It is a slowly progressing condition where clinical

167

symptoms do not typically arise for 2-5 years post-infection °’. When disease manifests, it is

characterized by granulomatous enteritis with a thick corrugated intestinal wall most often in the
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168 Malabsorption

terminal ileum paired with enlarged mesenteric lymph nodes and edema
occurs and infected animals will experience symptoms including weight loss, diarrhea, reduced
milk production, and eventual death!6%168,

Paratuberculosis is widespread around the world and a major economic burden. Herd-
level prevalence of paratuberculosis varies by region and type of animal but estimates range from
10% to 70%. Typically beef herds have lower prevalence of the disease than dairy herds which is
likely a result of their shorter life spans!®. Paratuberculosis has particular relevance in Canada
where an estimated 46% of dairy herds are positive for MAP'®. This burden is associated with a
cost of ~§28 million (USD) per year due to reduced milk production and premature culling of
infected animals'”’. In the United States, where approximately 70.4% of dairy herds are positive
for MAP, this number is as high as $198 million per year!%!7!,

Like bovine TB, paratuberculosis control relies on a test and cull strategy to maintain
healthy livestock. Despite the presence of paratuberculosis control programs based on this
practice in use in Canada, the disease continues to persist' . There are several major factors
which contribute to this. The first is that paratuberculosis remains subclinical for years prior to
disease manifestation. During this time, the animal does not display any obvious signs of
infection, but may still be excreting bacteria into the environment which could infect other
animals in the herd!®. The second related factor is the limitation of the diagnostics for
paratuberculosis. There are several tests available to detect MAP including fecal culture and PCR
or ELISA of the serum or milk. However, these tests are either time-consuming (fecal culture
requires months) or have poor sensitivity or specificity, particularly for subclinical animals!6%-173,

Additionally, although MAP does not replicate outside of a host, it is capable of persisting for up

to 55 weeks in environment'’*. There is therefore the risk of re-introduction of MAP into

Dufty, SC 27 PhD Thesis



previously negative herds through environmental exposure. Considering these circumstances, it
remains very difficult to identify and maintain all animals within a herd as MAP negative to

eliminate the disease.

5.3 Crohn’s disease

Crohn’s disease and ulcerative colitis make up the 2 main forms of inflammatory bowel
disease (IBD). Crohn’s disease is a chronic inflammatory condition which can affect the entire
gastrointestinal tract. Patients with Crohn’s often experience frequent abdominal pain, diarrhea,
and perianal lesions. Pathologically, the disease is characterized by non-continuous “skip”
lesions of transmural inflammation along the intestine potentially accompanied by creeping fat.
More severe complications requiring surgical intervention can also arise such as the formation of
strictures which can cause obstructions or fistulae which cause intestinal contents to leak. These
symptoms of Crohn’s disease are difficult to manage and can have a severe impact on a patient’s
quality of life!”>.

Canada has one of the highest prevalence values of Crohn’s disease globally (up to 319
per 100,000 people), second only to Germany (322 per 100,000 people). Notably however the

176 Crohn’s disease has been found to occur

data is limited in countries within Africa and Asia
more frequently in Ashkenazi Jewish people, those living in cities, and those living in the
northern hemisphere. Additionally, risk of Crohn’s disease has been shown to increase in those
who smoke, those who were exposed to antibiotics early in life, and those who take oral birth

control medication'”?

. However, the cause of Crohn’s disease is unknown. Research suggests
that it is a complex disease which arises from a combination of host and environmental factors

including genetic predisposition, immune dysregulation, and a microbial trigger!”” 1", MAP is
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one bacterium suggested to play a role in its etiology, however adherent-invasive Escherichia
coli (AIEC) and microbial dysbiosis have also been explored!'8%-18!,

To treat Crohn’s disease, there are several therapeutic options. Factors including severity
of disease and history of the patient are considered to determine which of the available options
would be the best fit. Corticosteroids, which have anti-inflammatory and immunosuppressant
effects, have been a mainstay in Crohn’s disease care and are recommended to treat a flare up of
mild to moderate severity. However, they are associated with a variety of side effects and are not
recommended for the long-term maintenance of remission'®?. Instead, patients may be prescribed
immunosuppressants such as azathioprine, which have been shown to be effective at maintaining
remission but not statistically better than placebo at inducing remission. Biologics such as the
anti-TNF drugs infliximab (Remicade) and adalimumab (Humira) are recommended for higher
risk patients since they are more effective at maintaining remission than azathioprine. Biologics

may be also be used for remission induction'”

. Unfortunately, 40-50% of patients who initially
respond positively to anti-TNF therapy will stop responding 6-12 months post-treatment. There
are several newer biologics which may provide an alternative option such as ustekinumab

(Stelara) which targets IL-12 and IL-23 and vedolizumab (ENTIVIO) which blocks lymphocyte

migration to the intestine by blocking a lymphocytic integrin'®?

. Although biologics have
improved the care of Crohn’s patients, further advancement is still essential. In a recent analysis,
the net remission rates after 56 weeks of biologics ranged only from 6.7% (vedolizumab) to

34.8% (ustekinumab)'83, There is an obvious need for more effective therapeutics to manage this

chronic disease and to improve patients quality of life.
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5.4 Potential link between paratuberculosis and Crohn’s disease

The following section is a book chapter published in 2020 which discusses the hypothesis
that MAP is etiologically linked to Crohn’s disease. This chapter examines the data in support or

against this potential relationship published since the previous edition of this book in 2010.

Chapter 3 — Paratuberculosis and Crohn’s disease
Paratuberculosis: Organism, Disease, Control (2™ ed.), pp 29-44, CAB International, Nov 2020
Authors: Shannon C. Dufty and Marcel A. Behr
5.4.1 Introduction
The potential aetiological relationship between Mycobacterium avium subsp.
paratuberculosis (MAP) and Crohn’s disease was first proposed over 100 years ago'®*. This
hypothesis was stimulated by clinical and pathological similarities observed between
paratuberculosis and Crohn’s disease. Clinically, both conditions are characterized by
intermittent diarrhoea and weight loss; pathologically, the conditions often present with disease
within the ileocecal area, and the formation of ulcerations and intramural granulomas'®®. Yet,
several differences between the two diseases have also been noted'*®.
The cause of Crohn’s disease remains unknown, but it is generally considered to involve
a genetically determined immune dysregulation to an intestinal microbiological exposure!”’"17°.
Of note, while a number of MAP-centred reviews discuss the possibility of a MAP—Crohn’s
link'87-1%_with varying degrees of conviction, most Crohn’s aetiology reviews do not mention
MAP, as this is not presently a leading hypothesis among inflammatory bowel disease (IBD)

researchers. The reasons for this general lack of interest in the MAP hypothesis are variable but

appear to include intellectual fatigue (the hypothesis has not advanced in a century), uncertainty

Dufty, SC 30 PhD Thesis



(inconsistent results from different studies) and the limited effect of anti-mycobacterial drugs
(16% absolute efficacy of anti-MAP treatment in a clinical trial published by Selby ef al.,
2007)'°. Each of these will be addressed below, after a review of the data that have accumulated
since the previous edition of this book. Our objective is to provide an up-to-date summary of the
latest research, which provides evidence for and against the potential relationship between MAP
and Crohn’s disease (Tables 1 and 2). In doing so, we intend to identify what remains unresolved

and what further studies could ultimately answer this century-old question, one way or the other.

5.4.2 Clinical and Pathological Comparison of Paratuberculosis and Crohn’s Disease

Crohn’s disease is a chronic systemic inflammatory condition presenting primarily with
gastrointestinal pathology. It is a debilitating disease, which typically leads to weight loss,
abdominal pain, diarrhoea and obstruction, among others'®!. The diseased tissue in both Crohn’s
and paratuberculosis is characterized by transmural ulceration, non-caseating granulomas,
infiltration of lymphocytes and macrophages, mucosal cobblestoning and creeping mesenteric
fat'®2, More recent comparative pathology studies have emphasized that both disease tissues
display relatively the same frequency of granulomatous enteritis, lymphoplasmacytic enteritis,
oedema and lymphangiesctasia'®*.

However, differences have been observed between these two conditions. A comparative
pathological study between 29 Crohn’s disease, 17 ulcerative colitis and 35 bovine
paratuberculosis samples described Crohn’s disease lesions as more destructive than
paratuberculosis, as defined by the degree of damage to the epithelium, ulcer and fissure

194

formation, among others'”*. Conversely, a recent study found that vasculitis was observed in

nearly all paratuberculosis tissues and only a small percentage of Crohn’s disease tissues. The
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most prominent pathological difference between classical paratuberculosis and Crohn’s disease
is the ability to readily visualize acid-fast bacteria in the diseased tissue from cattle'**. The
detection of MAP in tissues of humans with Crohn’s disease has proven inconsistent or
unsuccessful, a fact that will be discussed in more detail in a future section.

Together, these observations demonstrate that the rationale implicating MAP in Crohn’s
disease is backed by the many similarities with paratuberculosis. However, it is noted that
granulomatous pathology is not pathognomonic for a single aetiology; other granulomatous
conditions range from a wood splinter to berylliosis and include bacterial infections (e.g.
leprosy) and fungal infections (e.g. histoplasmosis). Furthermore, while differences in
pathological presentation between paratuberculosis and Crohn’s disease might argue against a
common aetiological agent, Crohn’s disease is generally accepted to develop due to a
combination of genetic, immune and environmental factors. Given the differences in genetics,
immunology and environmental exposures between humans and cattle, the final clinical and

pathological outcomes of a similar microbial exposure need not be identical.

5.4.3 Epidemiological Evidence Investigating Transmissible Infection
An extensive amount of recent research has supported the presence of MAP in several
potential routes of human exposure. Both viable MAP and MAP DNA have been detected in

milk!%>!% including in commercially available milk!®”!® revealing the ability of this pathogen to

200,201

withstand pasteurization. MAP has also been detected in meat!®’, cheese , infant

202,203 204-206

formula , water sources and aerosols®”’. From these data, it can be agreed upon that
there are numerous opportunities for humans to be exposed to MAP. Yet the ability to detect

MAP in the environment does not provide direct evidence of transmission of bacteria into
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humans, nor does it demonstrate that the burden in these sources exceeds the unknown infectious
dose for humans.

A 2009 report described three individuals who developed Crohn’s disease that lived in
close proximity to one another but otherwise had no recorded contact. The author hypothesized
that exposure may have occurred due to a shared water system?%. Another study published by
the same author described seven unrelated children who developed Crohn’s disease after moving
to Forest, Virginia, where the number of cases of IBD was 47 times more than expected. Of these
seven individuals, five (71.4%) were positive for MAP-specific antibodies (anti-p35 and anti-
p36)**. MAP infection was suggested to have occurred due to contaminated water from nearby
dairy farms. Although MAP has been reported in drinking water, neither of these studies
investigated whether MAP was present in the water system of the patients’ homes. In contrast to
these results, a questionnaire-based assessment of the risk of IBD development and milk
consumption in over 400,000 participants found that those consuming more milk were at a
significantly reduced risk for development of Crohn’s disease?!’. Again however, the presence of
MAP was not evaluated in this study. One study, which did measure MAP presence in both
patients and the potential source of exposure, was conducted in a region of Italy where MAP is
endemic in cattle. The authors found MAP DNA in 23/35 (65.7%) biopsies from patients with
Crohn’s disease and in the circulating tap water®!!. It is important to note that MAP was detected
in 7/35 (20%) controls in this study. Although the detection of MAP was significantly greater in
patients with Crohn’s disease, these findings reinforce that exposure is not sufficient to cause
disease.

An argument raised in regard to the epidemiology of the disease is that there is no

evidence of an increased risk to developing Crohn’s disease associated with persons in contact
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with MAP-infected animals such as farmers or veterinarians>'2. Since the previous edition, there
have been few published studies that have addressed this argument. A 2010 cross-sectional
survey of 1476 cattle farmers and veterinarians found no relationship between Crohn’s disease
and MAP exposure®!3, although there were only seven cases of Crohn’s disease recorded in total.
In contrast, a study conducted on 58 animal attendants with reported gastrointestinal problems
cultured more MAP compared with controls?!'*. These data suggest a role of additional
confounding factors such as location or the type of livestock.

Additional research is required in order to gain a clearer picture of the epidemiology
surrounding the link between MAP and Crohn’s disease. But there are several circumstances
concerning these types of studies that should be considered. First, research aimed at associating
exposure to MAP (today) with presentation of disease (later) is impeded by the unknown
incubation period; in cattle bacteria typically persist undetected in a subclinical state for 2-5
years before disease manifests'¢’. Therefore, studies starting with ascertained MAP exposure
may fail to link cases, which present years later; conversely, studies starting with Crohn’s disease
cases are unable to do microbial analysis of the environment to which one was exposed in the
preceding years. Second, the idea that contact with infected animals must lead to an increased
risk in development of the disease is not found with other bacteria whose aetiological role is
accepted. For example, cattle are the known reservoirs for E. coli O157:H7, however no
increased risk was associated with disease development in those in direct contact with infected
cattle’'®. Third, Crohn’s disease development is thought to involve a combination of factors
including genetic susceptibility and immune dysregulation. If MAP only plays a pathogenic role

in such susceptible hosts, the vast majority of those exposed would not develop disease. Future
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research aimed at rigorously evaluating this argument must be long-term and evaluate both

bacteriological exposure and host predisposition.

5.4.4 Detection of MAP in Crohn’s Disease Patients

Earlier systematic reviews have concluded that MAP detection is significantly enriched in
Crohn’s disease patients?'®2!®, An updated systematic review conducted by Waddell et al., 2015
also found a significant association across several methods, but they noted heterogeneity
between studies detecting MAP by PCR vs hybridization?'°. It is important to note that the
primary data compiled in such systematic reviews may be subject to publication bias. As it is
more difficult to publish a negative result, investigators in the field need to be reminded that
negative data remain critical in the future to updating the collective literature on MAP and
Crohn’s disease.

Isolation in pure culture from diseased tissue is classically the gold standard for
demonstrating the presence of a bacterium and serves as the first step in determining if the
bacterium is associated with a particular disease (if found to be more common in diseased than in
control subjects). However, this method comes with a set of challenges, some inherent to MAP
microbiology and some inherent to research involving human subjects. MAP is among the
slowest-growing culturable mycobacteria, and proper decontamination is difficult to achieve in
tissue samples containing many other competing bacteria. Yet, other chapters of this book
provide details on how to isolate this same slow-growing bacterium from manure, demonstrating
technical feasibility. Complicating factors in human studies include the nature of the sample and
the status of the patient. In Crohn’s patients who are clinically stable, one can only obtain

mucosal biopsies or stool samples. If the organisms reside beneath the mucosa (e.g. the
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muscularis, the mesenteric lymph nodes), then the chance of detecting them is greatly reduced.
In most Crohn’s patients who have progressed to the point of requiring a surgical excision, there
has been a trial of pre-operative antibiotics to avoid surgery (e.g. metronidazole and
ciprofloxacin) and there are usually peri-operative antibiotics given to reduce the risk of a post-
operative infection??’. The effect of these in vivo antibiotic treatments on the ability to isolate
MAP in culture from the sample is unknown.

Overall, recent reports have detected MAP by culture in a small percentage of Crohn’s
disease patients. One study cultured MAP from 2/18 (11.1%) Crohn’s patients, although none
could be cultured from ulcerative colitis or non-IBD controls®*!. Banche et al. (2015) cultured
MAP from 13/76 (17.1%) samples from patients with Crohn’s disease compared with 2/44
(4.5%) controls®*2. Another study did not culture MAP from Crohn’s disease patients, however
only five patients were included in the study??. In a larger study including 75 individuals
recently diagnosed with Crohn’s disease, two (2.7%) were MAP positive by culture compared
with 2/135 (1.5%) controls?*.

Due to the difficulties with MAP culture, most studies combine culture with molecular
methods such as IS900 PCR to detect MAP. However, the presence of bacterial DNA does
not equate with actively growing bacteria, as exemplified by the use of ancient DNA in
anthropology. The majority of molecular method-based studies have reported a higher frequency
of MAP in Crohn’s disease patients, but they are also subject to considerable heterogeneity.
Indeed, many recent studies have reported a significant association with Crohn’s
disease??!222:225:226: however, PCR detection rates continued to range from 0—100% across
studies??’??°. A 2015 systematic review indicated that a significant amount of heterogeneity

could be explained by choice of primers and the sampling frame?'°. Even within the rubric of
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PCR-based detection of IS900, there are technical variants, such as the nested IS900 PCR assay.
Several recent studies have applied this method, nearly all of which reported a positive
association!?*3¢-234 However, one study did not detect MAP in 75 recently diagnosed Crohn’s
disease patients using nested IS900 PCR?*,

Another method used to detect MAP in tissue is staining. Staining for acid-fast bacilli and
looking under oil-immersion microscopy was described by Jeyanathan et al. (2007), who applied
methods previously validated on tissue from mice experimentally infected with MAP (positive
control) and M. tuberculosis (negative control)>*>?3®, Banche et al. (2015) reported non-
significant differences in detection where 3/76 (3.95%) Crohn’s disease samples were positive
by acid-fast staining compared with 0/44 (0%) non-IBD controls®*2. Zarei-Kordshouli et al.
(2019) detected acid-fast bacteria in 2/30 (7%) Crohn’s disease subjects compared with 0/30
(0%) non-IBD controls and 27/30 (90%) caprine paratuberculosis samples'®*. Studies using
immunohistochemistry also failed to detect differences between samples from Crohn’s disease
and controls*?*?3’. However, MAP infection in humans is often observed to be paucibacillary,
which can be more difficult to visualize using acid-fast staining. In addition, some studies have
suggested that this lack of visualization is due to MAP entering a cell wall-deficient spheroplast

238 Given that cell wall-

form in human tissue, which will not be detected by acid-fast staining
deficient forms of MAP have not to our knowledge been described in the natural bovine and
ovine hosts, this would be a unique situation in clinical microbiology where a zoonotic agent
undergoes a morphologic transition during the human spillover infection. An alternative
possibility is that MAP does undergo a transformation into a cell wall-deficient form in its

natural hosts, but this has not been reported to date.

There is some evidence to suggest intra-study variability in results due to changes in
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MAP status in individuals. In 2009, Kirkwood et al. reported significant MAP association in
biopsies and peripheral blood mononuclear cells (PBMCs) of children with Crohn’s disease
by 1S900 PCR and culture compared with non-IBD controls**°. The children participating in this
study were then followed up for up to 4 years. MAP was found to persist only within a subset of
patients and the authors suggested that infection status at disease onset may be an important

factor in predicting infection persistence?*’

. Overall, the recent data suggest that, although a
positive association between MAP and Crohn’s disease has been consistently reported by
systematic reviews, heterogeneity between and within studies continues to be reported. Future

studies applying multiple externally validated and standardized methods may allow for more

robust cross-study comparison.

5.4.5 Comparative Genotyping of Human and Bovine-Derived MAP Isolates

An argument previously raised against the potential link between MAP and Crohn’s
disease was the perception that the genotypes of human-derived MAP isolates are significantly
different from those of bovine origin'®. This argument originated from research using multiplex
PCR of IS900 integration loci (MPIL) fingerprinting, which found that bovine isolates clustered

together, whereas human and ovine isolates were more diverse?*!

. Many research studies
followed reporting similarity between MAP cattle and human isolates, using several different
comparative genomics methods: DNA microarrays, IS/371 PCR restriction enzyme analysis,
short-sequence repeat genotyping and, most recently, whole genome sequencing®*?246, The
latter, most definitive method, has repeatedly shown that human MAP isolates are similar to

bovine isolates, in different countries. Bannantine et al. (2014) reported the whole genome

sequence of MAP isolated from the breast milk of a person with Crohn’s disease and determined

Dufty, SC 38 PhD Thesis



the isolate was highly similar to those of bovine origin?*. Another study that sequenced the
genome of a human MAP isolate 43,545 also found that it was most closely related to bovine
type?*24. Wynne et al. (2011) performed comparative genomics on seven human MAP isolates
(four from Crohn’s disease patients), two bovine isolates and one ovine isolate’**. Sequencing
again revealed that all human-derived isolates were similar to one another and closely related to
a bovine isolate.

When considering the presented evidence, it can be concluded that most human MAP
isolates studied have the genotype of bovine MAP. While some variation has been described

247

between human isolates”™’, it is noted that single nucleotide polymorphism (SNP) genotyping of

MAP isolates from 26 dairy herds has revealed heterogeneity, both within and between herds?*%.
Unless MAP is proposed to have ‘jumped’ once into humans, and that clone subsequently spread
uniquely in humans, there is little reason to anticipate that there should be a human-specific
genotype. Additionally, if a MAP lineage associated with sheep was isolated from a human

sample, this would not invalidate the zoonotic potential of MAP; rather it would point to a

different potential source.

5.4.6 MAP Immune Responses in Crohn’s Disease Patients

Immune responses that might be detectable in Crohn’s disease include humoral and
cell-mediated responses. In serological studies, Verdier et al. (2013) found significantly
increased IgG against four MAP antigens (glycosyl-transferase-d, Johnin-purified protein

derivative (PPD), heparin-binding haemagglutinin, L5P) in gut lavage fluids**’

. Another study
also found a positive association in antibody titres against two MAP antigens (MAP3865C133-

141 and MAP3865125-133)%?!. Lefrancois et al. (2011) described a MAP laminin-binding/
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histone-like protein (Lbp/Hlp) that is bound by serum antibodies of patients with Crohn’s
disease®*’. In addition, Xia et al. (2014) found that anti-PtpA antibodies were significantly
increased in Crohn’s disease patients compared with healthy controls?*!. However, many of these
antigens are also found in other mycobacterial species. Therefore, seropositivity may not indicate
reactivity to MAP but rather cross-reactivity due to previous exposure with another
mycobacteria. These studies are also limited by the fact that detection of MAP-reactive
antibodies indicates prior exposure to the bacteria but does not specify ongoing infection. In
animals with paratuberculosis, detection of MAP antibodies is often a lagging indicator, where

252 When considered with the above culture data, it does

culture positivity precedes seropositivity
raise the possibility of some Crohn’s disease occurring as a post-infectious pathology, given that
the prevalence of antibodies to MAP is generally much greater than the prevalence of a live MAP
culture. To our knowledge, only one study has looked at serology and culture in the same
matched subjects, so this hypothesis is difficult to explore from the published literature. Zamani
et al. (2017) found that 13/28 (46%) and 11/28 (39%) of Crohn’s disease patients were
seropositive for MAP3865c133.141 and MAP3865c125.133 peptides, respectively. MAP was cultured
from two of these patients®*!.

Crohn’s disease lesions typically have an abundance of CD4+ T cells that will produce
inflammatory cytokines including IL-17 and IFN-y, which are characteristic of a Th1/Th17
immune response. In contrast to the expanding literature on a humoral immune response to MAP
in Crohn’s disease, there is a relative paucity of evidence for MAP-reactive T cells present in
patients with Crohn’s disease. Sibartie et al. (2010) found that PBMCs co-incubated with MAP

produced significantly more T cells in patients with Crohn’s disease compared with ulcerative

colitis or controls?**. Similarly, T-cell lines were shown to proliferate more in response to MAP
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when isolated from Crohn’s disease patients compared with ulcerative colitis. These T cells
produced both IL-17 and IFN-y, supporting the presence of a Th1/Th17 immune response*. In
intestinal biopsies of Crohn’s disease patients, the frequency of T cells reactive to mycobacteria
was found to be significantly higher than those reactive against Escherichia coli. These T-cell
lines were also shown to produce both IL-17 and IFN-y**°. In contrast however, Nakase et al.
(2011) compared the cytokine production of monocytes from Crohn’s disease patients in

response to MAP and M. avium®®

. Although significantly more tumour necrosis factor o (TNF-
o) was produced by monocytes infected with MAP, both IL-12p40 and IL-6 were not produced,
arguing against the induction of a Th1/Th17 response.

A key component of the rationale linking MAP to Crohn’s disease concerns the gene
mutations associated with an increased risk of disease. Many of these genes are involved in
innate immune recognition of intracellular bacteria, suggesting that those who develop Crohn’s
disease are at an increased risk of certain types of infection. Loss of function mutations in NOD2,
an intracellular pathogen recognition receptor, are significantly associated with Crohn’s
disease?*”>*8, The NOD2 receptor will bind to bacterial muramyl dipeptide (MDP).
Mycobacteria are known to produce a glycolylated form of MDP, which is a more potent and
efficacious activator of NOD2%%2%°_ Other genes include IRGM1, which encodes a GTPase

261,262 ;

including mycobacteria?632%4,

involved in resistance to intracellular pathogens and
ATGI6L1, which is involved in induction of autophagy and the formation of the
autophagosome?®>2%, Taken together, one interpretation of the genomic data suggests that
Crohn’s disease occurs in individuals with a genetically determined susceptibility to infection

with an intracellular bacterium that produces glycolyl-MDP, such as MAP. However, several

studies aimed at determining the relationship between MAP infection status and Crohn’s disease
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susceptibility genes including NOD2 have not found a positive association between them?>%2%7,

An alternative interpretation of the data is that the genetic predisposition to Crohn’s disease
overlaps not with the risk of developing a persistent infection, but rather with the risk of
developing an inflammatory reaction to that intracellular pathogen. Research conducted by Fava
et al. (2016) has shown that the predisposition to leprae reactions, which are inflammatory
reactions during or after treatment of leprosy, have a remarkably similar genetic profile to
Crohn’s disease?®®. Supporting this paradigm, Wagner et al. (2013) found that susceptibility gene
mutations in TLR4, which promotes proinflammatory responses in the gut*®®, and IL-10Ra, the
receptor for an immunoregulatory cytokine?’, were significantly associated with MAP-positive
Crohn’s disease patients®’!.

Overall, recent research has provided more evidence of antibodies to MAP antigens in
Crohn’s disease along with more limited evidence of a potential induction of a Th1/Th17
immune response against MAP infection in Crohn’s disease patients. More data are required

concerning host immune responses to MAP in order to gain a clearer picture of how MAP could

contribute to the development of Crohn’s disease.

5.4.7 The Effect of Immunosuppressive Therapy on MAP Infection

Anti-inflammatory agents such as anti-TNF-a and corticosteroids are common effective
treatments for Crohn’s disease. These treatments are also recognized to have immunosuppressive
effects. In the case of tuberculosis, it is known that these treatments are associated with risk of
disseminated disease'®’. Indeed, Crohn’s disease patients treated with TNF-o, inhibitors are at an
increased risk of tuberculosis when compared with untreated individuals*’>. The lack of reported

disseminated MAP infection following immunosuppressive therapy has served as a strong
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argument against its potential link with Crohn’s disease. However, there is evidence to suggest
that MAP responses to immunosuppressive therapy may not follow the established paradigm of
other mycobacteria. Research using calf infection models have suggested that prior depletion of
CD4 cells has no effect on MAP disease progression®’?; this stands in stark contrast to the
expectation from the human literature on AIDS-associated CD4 depletion and M. avium disease.
An additional observation is that M. leprae, the cause of leprosy, has not been reported to cause
disseminated disease following anti-TNF-a and steroid treatments?’#; indeed, anti-TNF-o. has
been used as an adjunctive therapy to manage hyperinflammatory phenotypes of leprosy, albeit
while also receiving antimicrobial therapy. In this section we will review the recent research
which has aimed to understand anti-TNF-a in MAP infection.

Several studies have suggested that Crohn’s disease immunosuppressive therapies lead to
a measurable decrease in MAP infection status. Bach ef al. (2011) demonstrated that subjects
with Crohn’s disease had significantly higher titers of antibodies against the MAP proteins PtpA
and PknG when compared with controls and that these antibodies were decreased in those who
were treated with infliximab?’>?7®, Similarly, Xia et al. (2014) found that anti-PtpA antibodies
were significantly decreased in Crohn’s disease patients treated with the immunosuppressant
azathioprine, but not 5-aminosalycilic acid, steroids or their combination with azathioprine®'. In
a study involving experimental infection of macrophages with MAP, macrophages from IBD
patients treated with infliximab retained significantly lower MAP colony-forming units when
compared with those without treatment or healthy controls. The authors suggested that this
finding could be a result of an increased induction of MAP dormant forms, which may not

proliferate well despite immunosuppression®’’, an explanation that warrants further investigation.
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In order to understand the effect of TNF-a inhibitors, more research is required to
delineate the role of TNF-a in host responses to MAP. Recent studies have suggested that MAP
infection modulates TNF-a production to support its survival in the host, potentially explaining
how anti-TNF-a treatments may negatively impact MAP. The gut culture supernatant TNF-a
levels are increased in Crohn’s disease patients positive for MAP when compared with MAP-

278

negative patients”’®. Human macrophages have been shown to secrete increased levels of TNF-a

when infected with MAP, but not when infected with other mycobacteria such as M. avium*.
Additionally, two SNPs in the TNFa receptor, which were previously associated with undesired
outcomes of anti-TNFa therapy, have been associated with increased susceptibility to infection
with MAP*”_ In opposition to this argument however, Campos et al. (2011) found that
macrophages from Crohn’s disease patients had a defective TNF-a response to MAP compared
with healthy controls, although this effect was not specific to bacterial challenge with MAP*,
Taken together, recent data suggest that a lack of observed MAP dissemination following
immunosuppressive treatments neither proves nor disproves a potential role of MAP in Crohn’s

disease. More research is required to elucidate the role of TNF-a in MAP pathogenesis and how

this may further our understanding of patient responses to anti-TNF-a therapy.

5.4.8 The Use of Anti-Mycobacterial Therapy for Treatment of Crohn’s Disease

Another argument against the role of MAP in Crohn’s disease is that anti-mycobacterial
therapies are ineffective at treating patients with Crohn’s disease. This argument primarily stems
from the results of a double-blind randomized control trial conducted in 2007, where 213
Crohn’s disease patients were treated with anti-mycobacterial drugs or placebo!®®. The authors

reported an absolute benefit of 16% at week 16, but no evidence of a sustained benefit through
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the remainder of the 2-year study. However, an intention-to-treat reanalysis of the data later
revealed that the benefit observed at 16 weeks was maintained at weeks 52 and 104?%!,
Notwithstanding the duration of the observed benefit, a major constraint of this trial was the lack
of evaluation of MAP status prior to inclusion in the study. The study evaluated whether patients
got better, which is a clinically valid outcome, but could not provide insights into a pathogenic
role of MAP.

The varying interpretations of these data has left the potential efficacy of
antimycobacterial therapy unresolved. A systematic review conducted by Feller et al. (2010)
evaluated the outcomes of Crohn’s disease remission and relapse for patients treated with
antibiotics vs placebo®®?. This study found a significant benefit in studies treating patients with
clofazimine, an antibiotic known to be active against mycobacteria, but no benefit was observed
in studies involving classic anti-tuberculosis drugs. A second systematic review conducted in
2011 evaluated the effect of antibiotic therapy in IBD treatment using only randomized control
trials. The authors found a statistically significant effect of antibiotics over placebo in treating
both active and quiescent Crohn’s disease®. It is important to note however, that these
systematic reviews included a variety of antibiotics, including those active and those inactive
against mycobacteria.

In 2013, RedHill Biopharma began a phase III double-blind placebo-controlled
randomized control trial to assess the effect of RHB-104 vs placebo for treatment of moderate to
severe active Crohn’s disease. An important difference from the 2007 study is that the changes in
MAP blood status would be evaluated by PCR, although MAP positivity was not a requirement
for inclusion in the trial (clinicaltrials. gov NCT01951326). RHB-104 is a formulation of

rifabutin, clofazimine, and clarithromycin shown to be effective against MAP strains isolated
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from Crohn’s disease patients***?%. RedHill Biopharma has announced that the treatment group
was superior to placebo in achieving remission at week 26 (37% vs 23%) with statistically
greater responses. They also reported those receiving RHB-104 experienced a significant benefit
in attaining an earlier remission and in maintaining remission to week 522%¢. Additionally, the
company stated that RHB-104 was shown to have a greater calculated maintenance of remission
over other standard-of-care therapies for Crohn’s disease such as Infliximab®®’. At the time of
writing, the RedHill study remains unpublished.

Overall, these results indicate a statistically significant, although clinically modest benefit
of antimycobacterial therapy in the treatment of Crohn’s disease. More data are required to
determine whether this clinical benefit supports a direct involvement of MAP in development of

Crohn’s disease.

5.4.9 Conclusions and Directions Forward

Although there are many recognizable similarities between paratuberculosis and Crohn’s
disease, several inconsistencies exist. There have been ~200 papers published on the potential
aetiological role of MAP in the development of Crohn’s disease since the first edition of this
chapter. Yet, despite this new information, the hypothesized relationship has yet to be proven or
invalidated. At the time of the previous edition, there were several outstanding arguments that
argued against a link. Although one argument has been largely refuted by recent data — the
differences in the genotypes of human and bovine MAP isolates — the remaining arguments have
yet to be resolved. The intent of this chapter is to emphasize these pending areas of uncertainty
and highlight what types of future research studies would be most beneficial to ultimately resolve

this debate.
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Epidemiological research is limited by the many challenges involved in associating MAP
exposure to disease outcomes, including its slow growth rate and the multifactorial nature of
Crohn’s disease. Although clusters of Crohn’s disease have been described in the population,
how these relate to MAP is uncertain. Future studies would benefit from implementing bacterial
genotyping in order to establish a transmissible infection from the suggested source of exposure.
Additionally, the majority of research investigating a relationship between occupational exposure
and disease development have not found an association with direct contact with livestock.
However, the notion that occupational risk should be considered a defining point for establishing
an aetiological relationship is not consistently found in other types of intestinal infection.
Therefore, whether this argument should play a significant role in evaluating this theory going
forward should be considered. Studies seeking to detect MAP in humans have demonstrated a
positive association between MAP and Crohn’s disease as described by multiple systematic
reviews. However, the interpretation of the results across multiple studies is largely impeded by
small sample sizes and the use of different, non-standardized detection methods. To rigorously
evaluate an association between MAP and Crohn’s disease, future studies must follow a
recognized standard method in order to ease cross-comparison analysis. In addition, the
discrepancy observed between acid-fast staining detection of MAP in paratuberculosis and
Crohn’s disease could theoretically be explained by the formation of a cell wall-deficient form in
humans, however what role (if any) this form plays in paratuberculosis must be investigated if
the theory of a spheroplast infection in humans is to be supported.

Key knowledge gaps exist in our understanding of the immunology of MAP infection in
humans, which limits our ability to determine its involvement in the development of Crohn’s

disease. Recent research has broadly established the potential for a MAP-induced Th1/Th17
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immune response in humans. Future studies should aim to delineate the role of TNF-a as a host
defence mechanism or as a response initiated by MAP to modulate the host immunity to promote
its own infection. This may provide evidence to explain the counterintuitive host responses to
Crohn’s disease immunosuppressive therapies if MAP is implicated in disease aetiology.
Additionally, many of the genes positively associated with disease are involved in innate
immune responses to intracellular bacterial infection such as with MAP. However, no
relationship with MAP-positive status has been established with a number of susceptibility genes.
As research in this field has been primarily focused on searching for MAP, we may be
overlooking other potential candidates, which involve similar host immune responses.

In addition to the need for further bench-level research, incoming data from the recently
concluded RHB-104 phase III trial will be a key piece of information in determining how the
elimination of MAP infection affects outcomes of Crohn’s disease. Both this study and a
previous report have shown a 15-20% absolute benefit of antibiotic therapy in Crohn’s disease
treatment. However, the direct measurement of MAP and its relationship with disease severity
has not yet been evaluated. If reversal of MAP infection status is shown to have a significant
impact on the benefit observed from RHB-104, this would provide strong support of a
pathogenic role of MAP in development of Crohn’s disease.

[End of book chapter.]

6. Animal models of bovine mycobacteria
To study how the bovine mycobacteria M. bovis, M. orygis, and MAP cause disease and
their potential for zoonoses, it is important to have a representative small animal model in the

laboratory. These models can provide fundamental value in understanding the role of
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mycobacterial genes in disease pathogenesis and translational value in testing potential vaccines
and drugs. A murine model of infection has limited space requirements, is accessible,
inexpensive, and uses an extremely well-characterized host for which there are also readily
available genetically defective variants. At the time of writing, there are no published studies of
infection models of these bacteria in mice which model the oral route of exposure, and which

mimic natural disease progression. Chapter IV of thesis explores avenues of accomplishing this.

6.1 Existing models of Mycobacterium bovis and Mycobacterium orygis

M. bovis experimental infections have been conducted in both bovines and mice as well
as several other species such as badgers, rabbits, deer, and pigeons>** !, Bovine models have
been performed by experimental infection where an inoculum of M. bovis is administered
directly to the animal. Experimental infections are useful for studying bacterial pathogenesis
because the inoculum is defined and comparable between animals. This has been done by a
variety of infection routes including the intranasal, intratracheal, acrosol, and oral route** 2, In
a comparison of intratracheally and orally infected calves, the route of infection was shown to
direct the location of lesion development: intratracheally infected calves developed lesions
primarily in the thorax and lungs whereas orally infected calves developed lesions primarily in
the abdomen?*®. Studies of M. bovis in cattle have also been performed by natural infection
where uninfected calves were housed in the same area as one that was experimentally infected>%S.
Natural infection models can be useful for understanding disease dynamics and spread as well as
understanding the range of infection outcomes which can occur. This type of experiment was

used to show how M. bovis elimination in cattle herds is hindered by transmission of M. bovis

from wildlife reservoir hosts such as badgers®®. Although bovine infections have the obvious
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benefits of being a natural host for M. bovis, these experiments are expensive, labor-intensive,
and require large, specialized facilities and equipment.

Mouse experimental infections offer a comparably less expensive option to investigate M.
bovis pathogenesis. This makes them more amenable to larger experiments involving more
animals and experimental conditions. In the literature, there are studies assessing infection
outcomes in mice that have been infected intranasally, intravenously, orally, and by aerosol**”
390 Intranasal infection of C3HeB/Fel mice with M. bovis led to histopathological features
shared by experimentally infected cattle including formation of classic tuberculous lung
granulomas with a caseous necrotic core surrounded by neutrophils, foamy macrophages, and
multinucleated giant cells. However, approximately half of the mice had a severe response to
infection and died 4-5 weeks post-aerosol following rapid weight loss and development of large
necrotic lung lesions with abundant acid-fast bacilli*’’. Additionally, oral infection of house mice
with M. bovis caused 33% death in under 5 weeks with tuberculous lesions primarily restricted to
the lungs. The surviving mice regained lost weight and stabilized until the 60 day experimental
endpoint>®,

The published research concerning M. orygis has largely focused on its epidemiology and
isolation in humans. There is currently no research in the literature which has performed
experimental infections with M. orygis to study its pathogenesis. In the Behr lab, there are
several experiments currently ongoing characterizing infection outcomes of aerosol infection of
M. orygis in mice. PhD candidate Sarah Danchuk has uncovered that aerosol infection of M.
orygis leads to severe lung disease and ~50% mortality 4 weeks post-infection in C57BL/6 mice
(unpublished data). This is in stark contrast to aerosol infection with M. tuberculosis where the

median survival time is ~40 weeks>!.
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The current mouse models of infection with M. bovis and M. orygis do not mimic what
has been found in cases of zoonotic TB in humans. A large proportion of zoonotic TB is
extrapulmonary sometimes with concomitate lung involvement and the most common route of
exposure for zoonotic TB is thought to be through ingestion of unpasteurized milk or
contaminated milk products. To create a more representative mouse model of zoonotic infection
with M. bovis or M. orygis, bacteria would ideally be administered via the oral route and would
lead to the development of a slower-progressing tuberculosis with potentially extrapulmonary

organ involvement.

6.2 Existing models of Mycobacterium avium subspecies paratuberculosis

Like M. bovis, experimental infections of MAP have been performed in bovines, mice
and other animals including other ruminants (goats, sheep, deer) and rabbits. In bovine
infections, there are both long-term and short-term models. Long-term models are used to study
disease outcomes, test vaccines and diagnostics, and evaluate therapeutics. Published long-term
models have administered MAP via the oral, intragastric, or parenteral routes, however the oral
route is recommended since this models the natural route of infection. Two consecutive doses of
5x108 CFU over 2 days to young calves has been shown to lead to detectable intestinal
colonization 4-12 weeks post-infection. The short-term models take place over a few hours to a
couple weeks and are useful for studying host-pathogen interactions. One model involves
cannulation of the ilea to directly deliver MAP to the site of infection. This is useful for
measuring local immune responses to MAP. Another short-term model is the ligated intestinal

loop model where the ilea and potentially the jejunum are excised and injected with MAP. This
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experiment takes place in 12 hours or less and therefore has been most useful to study early host
immune responses>2.

For the same reasons previously mentioned in regards to zoonotic TB pathogens, small
animal experimental models have a number of advantages to study MAP. Although mice are the
most accessible option, there have been a couple of studies using rabbits which had notable,
although inconsistent success>%2. In 2005, Vaughan and colleagues infected pregnant white
rabbits with 3 oral doses of 5x10® CFU MAP. Once the rabbit juveniles were born, a subset of
these was also infected with 3 oral doses of 108 CFU MAP. Clinical signs and histopathological
lesions characteristic of paratuberculosis were observed in Y4 adult rabbits and 3/16 juveniles

303

between 3-24 months of age’”. However, other studies using a rabbit model have reported MAP

colonization but no clinical signs of disease development>4303,

There are a number of published studies using various mouse strains and infection
strategies to try to model MAP infection. However, a representative mouse model which uses the
natural route of infection (oral) in an immunocompetent mouse to induce intestinal disease has
not yet been achieved. The model which is the most reproducible is infection of high doses of
MAP through the intraperitoneal route®??. This leads to consistent colonization of the spleen and
liver with the formation of epithelioid granulomas®%. This type of model has been useful to study
the role of specific genes on MAP viability through infection with transposon libraries or MAP
knockout strains**"*%, This model has also been attempted on immunodeficient mice including
SCID mice where MAP injection led to mild infiltration of inflammatory cells into the intestinal

39 Unfortunately, infection with MAP via the oral route may lead to colonization

lamina propria
but it does not lead to clinical symptoms or intestinal pathology. Cooney and colleagues infected

BALB/c mice with 2 doses of 10° CFU and reported chronic infection in the mesenteric lymph
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nodes at 24-weeks post-infection with some minor evidence of inflammation in the liver’'°.
Perhaps the model which was closest to modeling MAP disease was what was reported by Veazy
and colleagues in 1995. They found that oral infection with 10'! CFU of MAP in 3-week old
C57BL/6 mice resulted in granulomatous lesions 11 months post-infection, however these were
restricted to the mesenteric lymph nodes®!'!. Mouse intrinsic resistance to oral infection is not
uncommon and has been found with other known enteropathogens such as enteropathogenic E.
coli (EPEC) and enterohemorrhagic E. coli (EHEC)*!'. To create a representative MAP model in

mice, new strategies will need to be employed.

6.3 Streptomycin pre-treatment models

Salmonella enterica serovar Typhimurium is a pathogen which causes enterocolitis in
both bovines and humans. However, oral infection of this pathogen in mice leads to systemic
disease rather than inflammation in the intestines. Barthel and colleagues found that when they
pre-treated mice with streptomycin to reduce colonization resistance in the intestines and then
followed that with an oral infection of a streptomycin-resistant strain of S. enferica serovar
Typhimurium, this led to reproducible colonization (10°to 10° CFU/g) and inflammation within
the ceca of C57BL/6 mice. Colonization was also found in the ileum, mesenteric lymph nodes,
spleen, and liver although the CFU levels were lower. When they repeated the experiment using
a non-pathogenic Lactobacillus species, no obvious signs of inflammation were observed,
indicating that the infection outcomes were specific to S. enterica serovar Typhimurium rather
than the result of the antibiotic pre-treatment®!3,

A streptomycin pre-treatment model of infection with M. bovis, M. orygis, or MAP is an

intriguing option to model the disease they cause. If streptomycin can reduce competing bacteria
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within the mouse, this may allow for an orally administered slow-growing mycobacteria to

colonize the intestine more easily and may lead to representative disease development.

7. Figure

M. tuberculosis
M. bovis
— M. microti
— M. pinnipedii  MTBC
M. bovis BCG

M. canettii

M. caprae

— M. marinum

M. leprae

M. avium subsp. hominissuis MAC

M. avium subsp. silvaticum
M. avium subsp. avium

M. smegmatis

M. abscessus

0.005 Adapted from Rue-Albrecht et al. 2014

Figure 1: Phylogenetic tree of the Mycobacterium genus

This phylogenetic tree represents the evolutionary relationships of different species within the
genus Mycobacterium. This includes members of the MTBC such as M. tuberculosis and M.
bovis, leprotic bacteria including M. leprae, and NTMs such as members of the MAC. This tree

was adapted from Rue-Albrecht and colleagues®'.
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8. Tables

Responses from

Arguments emerging data References

1. Clinical and pathological similarities of Confirmed Zarei-Kordshouli et al., 2019
paratuberculosis and Crohn’s disease

2. Presence in food chain (milk, meat)and ~ Confirmed Beumer et al., 2010; Carvalho
water supplies et al., 2012; Rhodes et al., 2014;

Espeschit et al., 2018; Gerrard et al.,
2018; Lorencova et al., 2019

3. Increased detection of MAP in Crohn’s Confirmed Feller et al., 2007; Abubakar et al.,
disease tissues by culture, PCR, FISH 2008; Waddell et al., 2015

4. Positive blood cultures of MAP in Crohn’s Unresolved Parrish et al., 2009; Mendoza et al.,
disease patients 2010

5. Increased serological responses to MAP ~ Confirmed Verdier et al., 2013; Xia et al., 2014;
in Crohn’s disease patients Zamani et al., 2017

6. Therapeutic responses to combination Confirmed Feller et al., 2010; Khan et al., 2011

anti-tuberculosis therapy that include
macrolide antibiotics

MAP, Mycobacterium avium subsp. Paratuberculosis;PCR, polymerase chain reaction;FISH, fluorescence in situ
hybridization;

Table 1 Pros. Arguments in favour of the potential aetiological role of Mycobacterium avium

subsp. paratuberculosis (MAP) in Crohn’s disease. Based on Sartor, 2005
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Responses from

Arguments emerging data  References

1. Difference in clinical and pathological Confirmed Momotani et al., 2012; Zarei-Kordshouli

responses in paratuberculosis and Crohn’s etal., 2019

diseases

2. Lack of epidemiological support of Unresolved Pierce, 2009; Pierce et al., 2011; Pistone

transmissible infection etal., 2012; Opstelten et al., 2016

3. No evidence of transmission to humans Unresolved Qual et al., 2010; Singh et al., 2011a

in contact with animals infected with MAP

4. Genotypes of Crohn’s disease and Refuted Paustian et al., 2008; Singh et al., 2009;

bovine MAP isolates not similar Bannantine et al., 2014; Wynne et al.,
2011; Timms et al., 2015

5. Variability in detection of MAP by PCR  Confirmed Waddell et al., 2015

(0-100% in Crohn’s disease and ulcerative
colitis tissues) and serological testing

6. No evidence of mycobacterial cell wall ~ Unresolved Jeyanathan et al., 2007; Banche et al.,
by histochemical staining 2015; Zarei-Kordshouli et al., 2019

7. No worsening of Crohn’s disease Unresolved Allen et al., 2011

with immunosuppressive agents or HIV

infection

8. No documented cell mediated immune  Refuted Sibartie et al., 2010; Olsen et al., 2009,
responses to MAP in patients with Crohn’s 2013

disease

9. No therapeutic response to traditional ~ Unresolved Selby et al., 2007; Behr and Hanley,
antimycobacterial antibiotics 2008; RedHill Biopharma, 2018a, b

MAP, Mycobacterium avium subsp. paratuberculosis;PCR, polymerase chain reaction;
Table 2 Cons. Arguments against the potential aetiological role of Mycobacterium avium subsp.

paratuberculosis (MAP) in Crohn’s disease. Based on Sartor, 2005
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AIMS AND HYPOTHESES OF RESEARCH

In this thesis I will be discussing epidemiologic and pathogenetic studies of bovine
mycobacteria. M. bovis, M. orygis, and MAP have a significant impact on animal health and
contribute to substantial global economic losses each year. Their zoonotic potential makes them
an additional public health concern. M. bovis and M. orygis have both been shown to cause
bovine and zoonotic TB. However, the contribution of zoonotic TB to the global TB burden is
still uncertain and the geographic distribution of these 2 pathogens is not entirely understood.
The vaccine strain BCG is an attenuated strain of M. bovis which can also contribute to human
disease in certain groups, however methods of rapid detection of BCG are not always available.
Finally, MAP is the known cause of paratuberculosis in ruminants and the hypothesis that it may
be involved in Crohn’s disease has existed but made very little progress for several decades. In
order to study the pathogenesis of these mycobacteria, a small animal model of disease would be

a valuable tool.

My PhD thesis has 2 aims to address both the epidemiology and pathogenesis of bovine
mycobacteria.
Aim 1: To understand the proportion of MTBC subspecies (M. tuberculosis, M. bovis,
BCG, and M. orygis) causing disease in the context of South Asia.
Aim 2: To study the pathogenesis of bovine mycobacteria by developing representative

mouse models of infection.
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These aims are aligned with 2 hypotheses:
Hypothesis 1: I hypothesize that MTBC disease in South Asia is caused primarily by M.
tuberculosis with a smaller proportion of cases caused by M. bovis, M. orygis and BCG.
Hypothesis 2: I hypothesize that an oral streptomycin pre-treatment model of infection

with bovine mycobacteria would improve organ infection and model disease progression.
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PREFACE TO CHAPTER II

In chapter I of this thesis, I have stated that the WHO defines zoonotic tuberculosis as
tuberculosis caused by M. bovis. I have also described the scientific evidence suggesting that M.
orygis is endemic to South Asia and explained how cases of zoonotic tuberculosis are likely
missed due to lack of surveillance and its tendency to present as extrapulmonary disease. In
chapter II, I describe the findings from a collaboration with researchers from Christian Medical
College Vellore, a large referral hospital in the south of India which regularly collects cultures
from cases of extrapulmonary tuberculosis. I developed several methods of rapidly screening
positive cultures using RD regions that can differentiate between MTBC members. After
screening 940 cultures using these assays, I found zoonotic tuberculosis was infrequent and was
caused by M. orygis. No cases were caused by M. bovis, but several were identified as BCG. We
then expanded our search and analyzed all of the publicly available MTBC genomes published
from South Asian countries (n=715). More cases of M. orygis were identified, but again there
was no evidence of zoonotic TB caused by M. bovis in South Asia. This led us to conclude that
M. orygis is likely the primary cause of zoonotic TB in South Asia and therefore the WHO

definition of zoonotic TB should be expanded to include other MTBC subspecies.

Dufty, SC 59 PhD Thesis



CHAPTER 11
Reconsidering Mycobacterium bovis as a proxy for zoonotic tuberculosis:

a molecular epidemiological surveillance study

Published Manuscript- The Lancet Microbe, Volume 1, Issue 2, E66-E73, June 2020

Shannon C Duffy, Sreenidhi Srinivasan, Megan A Schilling, Tod Stuber, Sarah N Danchuk, Joy S
Michael, Manigandan Venkatesan, Nitish Bansal, Sushila Maan, Naresh Jindal, Deepika
Chaudhary, Premanshu Dandapat, Robab Katani, Shubhada Chothe, Maroudam Veerasami,

Suelee Robbe-Austerman, Nicholas Juleff, Vivek Kapur, Marcel A Behr

Department of Microbiology and Immunology (S C Duffy BSc, S N Danchuk BSc, Prof M A
Behr MD), McGill International Tuberculosis Centre (S C Duffy, S N Danchuk, Prof M A
Behr), and Department of Medicine (Prof M A Behr), McGill University, Montreal, QC,
Canada

Infectious Diseases and Immunity in Global Health Program, Research Institute of the
McG:ill University Health Centre, Montreal, QC, Canada (S C Duffy, S N Danchuk,

Prof M A Behr)

Department of Animal Science and the Huck Institutes of the Life Sciences, The
Pennsylvania State University, University Park, PA, USA (S Srinivasan PhD, M A Schilling
PhD, R Katani PhD, S Chothe PhD, Prof V Kapur PhD)

National Veterinary Services Laboratories, Animal and Plant Health Inspection Service,

US Department of Agriculture, Ames, IA, USA (T Stuber BSc, S Robbe-Austerman PhD)
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Department of Clinical Microbiology, Christian Medical College Vellore, Vellore, India
(Prof'J S Michael MD, M Venkatesan MSc)

Department of Veterinary Public Health and Epidemiology (N Bansal PhD, N Jindal PhD, D
Chaudhary PhD), and Department of Animal Biotechnology (Prof S Maan PhD), College of
Veterinary Sciences, Lala Lajpat Rai University of Veterinary and Animal Sciences, Hisar,
India

Eastern Regional Station, Indian Veterinary Research Institute, Indian Council of
Agricultural Research, Kolkata, India (P Dandapat PhD)

Cisgen Biotech Discoveries, Chennai, India (M Veerasami PhD)

Bill & Melinda Gates Foundation, Seattle, WA, USA (N Juleff PhD)

1. Summary
Background Zoonotic tuberculosis is defined as human infection with Mycobacterium bovis.
Although globally, India has the largest number of human tuberculosis cases and the largest
cattle population, in which bovine tuberculosis is endemic, the burden of zoonotic tuberculosis is
unknown. The aim of this study was to obtain estimates of the human prevalence of animal-
associated members of the Mycobacterium tuberculosis complex (MTBC) at a large referral
hospital in India.
Methods We did a molecular epidemiological surveillance study of 940 positive mycobacteria
growth indicator tube (MGIT) cultures, collected from patients visiting the outpatient department
at Christian Medical College (Vellore, India) with suspected tuberculosis between Oct 1, 2018,
and March 31, 2019. A PCR-based approach was applied to subspeciate cultures. Isolates

identified as MTBC other than M tuberculosis or as inconclusive on PCR were subject to whole-
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genome sequencing (WGS), and phylogenetically compared with publicly available MTBC
sequences from south Asia. Sequences from WGS were deposited in the National Center for
Biotechnology Information Sequence Read Archive, accession number SRP226525 (BioProject
database number PRINAS575883).

Findings The 940 MGIT cultures were from 548 pulmonary and 392 extrapulmonary samples. A
conclusive identification was obtained for all 940 isolates; wild-type M bovis was not identified.
The isolates consisted of M tuberculosis (913 [97-1%] isolates), Mycobacterium orygis (seven
[0-7%]), M bovis BCG (five [0-5%]), and nontuberculous mycobacteria (15 [1:6%]). Subspecies
were assigned for 25 isolates by WGS, which were analysed against 715 MTBC sequences from
south Asia. Among the 715 genomes, no M bovis was identified. Four isolates of cattle origin
were dispersed among human sequences within M tuberculosis lineage 1, and the seven M orygis
isolates from human MGIT cultures were dispersed among sequences from cattle.
Interpretation M bovis prevalence in humans is an inadequate proxy of zoonotic tuberculosis.
The recovery of M orygis from humans highlights the need to use a broadened definition,
including MTBC subspecies such as M orygis, to investigate zoonotic tuberculosis. The
identification of M tuberculosis in cattle also reinforces the need for One Health investigations in
countries with endemic bovine tuberculosis.

Funding Bill & Melinda Gates Foundation, Canadian Institutes for Health Research.

2. Introduction
Globally, tuberculosis is the most deadly disease arising from a single infectious agent,
leading to 1-4 million deaths each year, primarily in low-income and middle income countries

(LMICs).! Tuberculosis in cattle (bovine tuberculosis) is also a considerable animal health
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problem and endemic in most LMICs, costing an estimated US$3 billion worldwide each year.>
WHO, the World Organisation for Animal Health, and the Food and Agriculture Organization of
the United Nations define zoonotic tuberculosis as human infection with Mycobacterium bovis, a
member of the Mycobacterium tuberculosis complex (MTBC).!** As such, detection of M bovis
is often used as a proxy for measuring the prevalence of zoonotic tuberculosis. On the basis of
this definition, WHO estimated that the annual number of human tuberculosis cases due to
zoonotic tuberculosis was 143 000 in 2018.!

By 2035, WHO is aiming to reduce the incidence of tuberculosis by 90% as a part of its
End TB Strategy.’ India has the largest burden of human tuberculosis globally, with more than
2-6 million cases and 400 000 deaths reported in 2019.! The cattle population in India exceeds
300 million, a population larger than any other country.® Yet in India, bovine tuberculosis is both
uncontrolled and endemic, with an estimated 21-8 million infected cows as of 2017.” Some
previous studies have estimated the prevalence of zoonotic tuberculosis in India to be around
10%; however, these studies were limited in their ability to differentiate between MTBC
members.®1° Other evidence in the past decade has suggested that Mycobacterium orygis,
an MTBC member described in 2012, might be endemic to south Asia;!""'* however, robust
estimates of M orygis prevalence in humans and cattle are lacking.

In the present study, we sought to evaluate the definition of zoonotic tuberculosis, and
investigate the prevalence of MTBC members in a large referral hospital in southern India, via
molecular analyses of 940 positive broth cultures. Our findings are subsequently evaluated
within the framework of other sequences collected in south Asia. We sequence 25 isolates by

whole-genome sequencing (WGS) and compare these sequences with representative genomes of
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the MTBC lineages circulating worldwide, and with 715 publicly available genomes collected

from cattle and humans in south Asia.

3. Research in context

3.1 Evidence before this study

WHO, the World Organisation for Animal Health, and the Food and Agriculture
Organization of the United Nations currently define zoonotic tuberculosis as human infection
with Mycobacterium bovis of animal origin. However, other members of the Mycobacterium
tuberculosis complex (MTBC), such as Mycobacterium orygis, have been reported as the cause
of tuberculosis in humans, especially in patients from India. Consequently, the burden of
zoonotic tuberculosis might be underestimated by surveillance studies restricted to M bovis. In
India, which has the largest number of human tuberculosis cases and the largest cattle population
worldwide, and where bovine tuberculosis is endemic, the burden of zoonotic tuberculosis is
unknown. On July 17, 2019, we searched PubMed using the terms “zoonosis” AND
“tuberculosis” OR “zoonotic tuberculosis” AND “India” without date or language restrictions,
which returned 45 results. Only three studies had screened for zoonotic tuberculosis in humans,
none of which used methods capable of reliably differentiating between MTBC subspecies.
These three studies were also small in scale (maximum of 331 samples), and none subspeciated

positive cultures or attempted to identify zoonotic subspecies other than M bovis.

3.2 Added value of this study

This study is the first to screen pulmonary and extrapulmonary culture isolates in India

with tests to detect different MTBC subspecies capable of causing zoonotic tuberculosis. This
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study represents an advance from previous surveillance reports in that screening was done
directly on broth cultures with a two-step protocol, involving identification by PCR, and
confirmatory testing by whole-genome sequencing. Our findings were further validated by
comparisons in the context of other publicly available sequences collected from humans and
cattle from south Asia. Our research showed that in a large referral hospital in southern India, M
bovis infection is uncommon, and that zoonotic tuberculosis might instead be caused by M orygis

and potentially M tuberculosis.

3.3 Implications of all the available evidence

The findings indicate that M bovis is an inadequate proxy for the detection of zoonotic
tuberculosis infection. In regions where other MTBC subspecies are the primary pathogen
among the cattle population, M bovis prevalence might substantially underestimate the burden of
zoonotic tuberculosis. The operational definition of zoonotic tuberculosis provided by WHO, the
World Organisation for Animal Health, and the Food and Agriculture Organization for the
United Nations should be broadened to include other MTBC members capable of causing human
disease such as M orygis. This research highlights the importance of a One Health approach to
tuberculosis control in India, and elsewhere, in which medical surveys should be informed by

corresponding veterinary data.

4. Methods

4.1 Study design and isolates

In this molecular epidemiological surveillance study, we used 940 positive mycobacteria

growth indicator tube (MGIT) cultures previously collected at Christian Medical College in
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Vellore, India between Oct 1, 2018, and March 31, 2019. This study took place from Jan 5 to
June 9, 2019. Institutional review board approval (approval number 11725, dated Dec 19, 2018)
and ethical clearance from Christian Medical College were obtained for this study. All patient
data were denominalised before inclusion of each isolate in our study. An isolate was defined as
a pure pathogen collected from an individual patient. A sample was defined as the patient
specimen that was previously cultured to obtain an isolate.

All PCR screening was done at Christian Medical College. WGS was done at Lala Lajpat
Rai University of Veterinary and Animal Sciences in Hisar, India. WGS analysis and
construction of phylogenetic trees was done at The Pennsylvania State University, State College,
PA, USA, in collaboration with the United States Department of Agriculture in Ames, [A, USA.
The study design and procedure are outlined in appendix 1 (p 1).

The MGIT cultures screened in this study were obtained from patients who visited the
outpatient department at Christian Medical College with signs and symptoms of suspected
tuberculosis (from Oct 1, 2018, to March 31, 2019). Pulmonary isolates were defined as those
collected from the lung fluid or tissue; extrapulmonary isolates were defined as those collected
from tissue other than the lungs. These definitions served to differentiate disseminated disease

from disease confined to the lungs and their adjacent structures.

4.2 PCR assays

Cultures were screened with PCR assays previously established and validated at McGill
University in Montreal, QC, Canada. DNA was prepared for screening by boiling. We planned to
screen the first 600 isolates by conventional PCR between Jan 5 and Jan 25, 2019, to assess the

proportion of M tuberculosis, as opposed to M bovis, M orygis, or other MTBC subspecies. Two
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deletion-based conventional PCR assays were developed for this screening. A three-primer PCR
was designed to detect the presence or absence of region of difference (RD) 9, which is present
in M tuberculosis and absent from other MTBC subspecies (appendix 1 p 2).!! A six-primer PCR
was developed to detect differences in the deletion size of RD12. The RD12 region is present in
M tuberculosis and absent from M bovis and M orygis; however, the M orygis deletion is larger
than in M bovis and the insertion sequence 1S6110 is inserted (appendix 1 p 2).!! All primers
were designed with Primer3 software (version 0.4.0; appendix 1 p 3).!> PCR reaction conditions
are described in appendix 1 (p 4). PCR products were separated by gel electrophoresis on a 2%
(w/v) agarose gel containing a 1:10 000 dilution of ethidium bromide.

A five-probe multiplex real-time (rt) PCR assay was developed to screen the remaining
340 isolates between May 11 and May 20, 2019. Forty isolates identified as M tuberculosis and
all isolates identified as MTBC other than M tuberculosis by conventional PCR were also
assessed by rtPCR to confirm consistent identity across assays. Four of the probes used have
been described by Halse and colleagues,'® which detected the presence of RD1, RD9, RD12, and
a conserved region external to RD9. The RD1 probe allows for the differentiation of wild-type M
bovis from M bovis BCG.!! A fifth probe was designed to target the M orygis-specific single
nucleotide polymorphism (SNP) in Rv0444c (G698C).!” These probes allowed for differentiation
of several members of the MTBC (appendix 1 p 5). The Rv0444c probe and primers were
designed with Primer Express (version 3.0). All primer and probe sequences, and conditions of

the rtPCR reactions are given in appendix 1 (pp 3—4).
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4.3 Sequencing assays

Isolates identified as MTBC other than M tuberculosis or as inconclusive by PCR were
processed for WGS. Genomic DNA was extracted as previously described.'® Libraries were
prepared with the Nextera DNA Flex Library Prep Kit (Illumina, San Diego, CA, USA). We
assessed the quality of each library with a Fragment Analyzer Automated CE System (Agilent,
Santa Clara, CA, USA) using a Next Generation Sequencing Fragment Kit (1-6000 bp; Agilent).
Libraries were paired-end sequenced on an Illumina MiSeq System with a MiSeq Reagent Kit
(version 3, 600-cycle). Sequences were deposited for download in the National Center
for Biotechnology Information (NCBI) Sequence Read Archive (SRA) accession number
SRP226525 (BioProject database number PRINAS575883). For isolates not amplified by PCR,
suggestive of a nontuberculous mycobacteria, ~sp65 sequencing was done by the Sanger method,

as previously described. "

4.4 Bioinformatics

Genome sequences were assessed with the validate SNP (vSNP) tool of the US
Department of Agriculture-Veterinary Services. The vSNP pipeline involved a two-step process.
Step 1 determined SNP positions called against a best-matched reference (either M tuberculosis
strain H37Rv or M bovis strain AF2122). Step 2 assessed SNPs called between related isolate
groups, which shared a common SNP, to output SNP alignments, tables, and phylogenetic trees.
For an SNP to be considered in a group there needed to be at least one locus with an allele count
of 2, a quality score greater than 150, and map quality greater than 56, as per standard thresholds

in VSNP. The output SNP alignment was used to assemble a maximum likelihood phylogenetic
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tree with RAXML software (version 8.2; GTRCATI model).?° Additional details of the pipeline
are provided in appendix 1 (pp 6-7).

To situate sequences generated in this study within the context of global MTBC diversity,
we used SPAdes (version 3.14.1) to assemble 373 genomes representing recognised lineages
associated with humans and animals, derived from the NCBI SRA database, and constructed a
phylogenetic tree with kSNP3.0 (appendix 2 p 1).2! We followed the kSNP3.0 manual
instructions using the kmer value calculated with the kchooser tool.

To compare the newly sequenced genomes with sequences from south Asia, we searched
the NCBI SRA using the search terms (“Mycobacterium bovis” OR “Mycobacterium
tuberculosis” OR “Mycobacterium africanum” OR “Mycobacterium orygis” OR
“Mycobacterium canetti” OR “Mycobacterium caprae” OR “Mycobacterium bovis BCG” NOT
“H37Rv” NOT “H37Ra”) from (“India” OR “Bangladesh” OR “Nepal” OR “Sri Lanka” OR
“Pakistan”). All sequences were downloaded from the SRA with the fasterq-dump tool from the
SRA toolkit (version 2.9.6) and sequences were filtered for quality, according to the criteria in
appendix 1 (p 8). Sequences of the required quality were run through vSNP (appendix 2 p 2).
Phylogenetic trees were constructed with vSNP to compare the sequences from this study with
the genomes from south Asia. SRA reference sequences of the MTBC lineages were also
included for comparison (appendix 2 p 3). Phylogenetic trees were rooted to M tuberculosis
strain H37Rv. As a post-hoc assessment, to determine whether human M orygis isolates were
dispersed among cattle isolates, and whether cattle M tuberculosis isolates were dispersed among
human isolates, sequences generated in this study were phylogenetically compared with M orygis

sequences from south Asia and M tuberculosis sequences of cattle origin. We visualised all
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phylogenetic trees using the interactive tree of life (version 4).?? Further details on tree assembly

are provided in appendix 1 (pp 6-7).

4.5 Statistical analysis

The minimum sample sizes were determined to be 300 pulmonary isolates and 300
extrapulmonary isolates to ensure that a zero numerator would indicate a 95% CI of 1:0% or
less. Statistical analysis was done with GraphPad Prism (version 8.1.2). Prevalence ratios of
extrapulmonary and pulmonary tuberculosis, as a function of age and mycobacterial species,
were calculated in GraphPad and compared with Fisher’s exact tests, with a p value of less than
0-05 considered to indicate statistical significance. Prevalence ratio 95% CIs were calculated

with the Koopman asymptotic score in GraphPad.

4.6 Role of the funding source

The funders of the study had no role in data collection, data analysis, or data
interpretation. NJu is the Senior Program Officer at the Bill & Melinda Gates Foundation and
was involved in study design and writing of the report. The corresponding authors had full access

to all the data in the study and had final responsibility for the decision to submit for publication.

5. Results
DNA was prepared from 940 positive MGIT cultures. In total, 548 pulmonary samples
and 392 extrapulmonary samples were included in our study. Table 1 describes the
characteristics of patients from whom isolates were obtained. Pulmonary isolates were from

sputum (504 samples), pleural samples (30), lung biopsies (eight), endotracheal aspirate (three),
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bronchoalveolar lavage (two), and chest wall abscess (one). The extrapulmonary sample types
are listed in appendix 1 (p 9). Extrapulmonary tuberculosis was most prevalent in patients of
younger age. Extrapulmonary isolates were obtained from 19 (73-1%) of 26 patients younger
than 10 years, and 373 (40-8%) of 914 patients aged 10 years and older (prevalence ratio 1-8
[95% CI 1-:3-2-2]; p=0-0018). Meanwhile, pulmonary tuberculosis was most prevalent in
patients of older age. Pulmonary isolates were obtained from 88 (80-0%) of 110 patients aged 60
years and older, and 460 (55-4%) of 830 patients younger than 60 years (prevalence ratio 1-4
[1-3-1-6]; p<0-0001). Most patients were from 20 states and territories in India (884 [94%] of
940); all other patients were from Bangladesh (54 [6%]) and Nepal (2 [<1%]; table 1, figure 1A).
Within India, most isolates were collected from patients living in the states of Tamil Nadu (341
[39%] of 884 Indian isolates), West Bengal (187 [21%]), and Andhra Pradesh (100 [11%]).
Pulmonary isolates comprised the majority of isolates from each location, except for Bangladesh
where 35 (64:8%) of 54 isolates were extrapulmonary (figure 1B).

Isolates were assessed by conventional and rtPCR to evaluate the proportions of MTBC
subspecies. Following PCR screening, 25 isolates were selected for WGS (appendix 1 p 10).
Based on PCR, these isolates were provisionally identified as M orygis (seven), M bovis BCG
(six), inconclusive (eight), and M tuberculosis isolates negative for RD12 (two). The two
remaining isolates, identified as M tuberculosis, were assigned for WGS in error. Of the eight
inconclusive isolates, seven were categorised as such because of delayed amplification of
the RD12 probe, and one was selected following poor amplification of the RD1 probe.

The proportions of mycobacterial species identified in our study after all genotyping are
described in table 2 and appendix 3. No wild-type M bovis was identified. Seven (0-7%) of the

940 isolates were identified as M orygis, six of which were extrapulmonary. M orygis was
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enriched in extrapulmonary isolates compared with pulmonary isolates, with a prevalence ratio
of 8:4 (95% CI 1-3-52-9; p=0-023). Six of the seven M orygis isolates were from patients from
Bihar, Jharkhand, and West Bengal in northeast India (figure 1B, appendix 3). The remaining

M orygis isolate was from a patient from Karnataka in south India. 913 isolates (97-1%) were
identified as M tuberculosis. The two isolates that lacked RD12 on PCR were assigned as M
tuberculosis and not Mycobacterium canettii by WGS. The seven isolates categorised as
inconclusive because of delayed amplification of the RD12 probe contained an SNP in the RD12
reverse primer sequence, and were assigned as M tuberculosis. The other isolate categorised as
inconclusive because of poor amplification of RD1 was found to have a 5962 bp deletion
spanning Rv3871-Rv3877 including the site of the RD1 probe, and was assigned as M
tuberculosis. Five isolates (0-5%) were confirmed as M bovis BCG by WGS. All of these
isolates were identified in patients aged 3 years or younger, consistent with expectations for a
population in which BCG vaccine is routinely administered. 15 isolates (1-6%) were identified as
non-tuberculous mycobacteria. The most common non-tuberculous species were Mycobacterium
abscessus and Mycobacterium intracellulare (three isolates each; appendix 1 p 11). The
identification of one isolate was inconsistent across methods, suggestive of tube mislabelling: the
isolate was identified as M bovis BCG by rtPCR and M tuberculosis by WGS, and was assigned
as M tuberculosis.

A phylogenetic tree was constructed of the 25 isolates sequenced in this study in the
context of the MTBC lineages circulating worldwide (figure 2). The 13 M tuberculosis isolates
were dispersed across M tuberculosis lineage 1 (Mtb L1; nine isolates), Mtb L2 (one), Mtb L3
(one), and Mtb L4 (two). Of the nine Mtb L1 genomes collected in our study, seven were found

to cluster together; these seven isolates shared an SNP in the RD12 reverse primer sequence. All
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five confirmed M bovis BCG isolates identified as the Russian strain. No isolates clustered with
wildtype M bovis or M caprae. The seven isolates that clustered with previously sequenced M
orygis isolates were separated from each other by 66282 SNPs (appendix 1 p 12).

A search of the NCBI SRA for MTBC isolates from south Asia generated 1640 genomes.
These sequences were filtered before tree assembly, giving 715 high-quality sequences
(appendix 2 p 2). The downloaded genomes were phylogenetically compared with our newly
sequenced isolates and their respective metadata (figure 3A, appendix 2 p 4). No wild-type M
bovis was identified in the 715 genomes. As expected, Mtb L1 and Mtb L3 were enriched.
Almost all Mtb L1 genomes were from India (two sequences were from Bangladesh and three
were from Pakistan); whereas, the Mtb L2, L3, and L4 sequences were from a variety of other
countries in south Asia. Sequences of cattle origin from south Asia were represented in Mtb L1
(four isolates) and the M orygis lineage (20 isolates). On post-hoc assessment, the four isolates of
cattle origin in Mtb L1 were dispersed among human sequences; similarly, the seven human M

orygis isolates from this study were dispersed among sequences collected from cattle (figure 3B).

6. Discussion
Zoonotic tuberculosis is increasingly recognised as a potential threat to the control of
tuberculosis.?* M bovis was identified as a cause of bovine tuberculosis in 1898, nearly a century
before descriptions of other distinct MTBC subspecies infecting cattle, at which point the
scientific community had arrived at a general consensus that zoonotic risks associated with
tuberculosis were caused by M bovis.>* M bovis as the causal agent continues to be defined as

zoonotic tuberculosis by WHO, the World Organisation for Animal Health, and the Food and
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Agriculture Organization of the United Nations,'** despite mounting evidence that human
infections can also be caused by other members of the MTBC, such as M orygis.!! 4% To
evaluate M bovis as a proxy for zoonotic tuberculosis and investigate the potential role of other
MTBC subspecies, we did a molecular epidemiological screen of 940 clinical tuberculosis
isolates from a large referral hospital in southern India. Our search was then broadened to
include 715 MTBC sequences from south Asia deposited in the SRA database. Notably, no wild-
type M bovis was identified in our study. Seven cases of tuberculosis were found to be caused by
M orygis, and these were more likely to present as extrapulmonary tuberculosis (table 2). These
findings suggest that M bovis might be an inadequate proxy for zoonotic tuberculosis infection in
regions where M bovis is not the predominant MTBC member in livestock.

Detection of M orygis in this study is concordant with previous reports linking M orygis
to patients with tuberculosis from south Asia.!!"!* Marcos and colleagues'? identified eight M
orygis isolates in individuals originating from India, Pakistan, or Nepal. All seven M orygis
isolates collected by Lavender and colleagues'® were from patients from India. Additionally, M
orygis has been detected in cattle and rhesus monkeys in Bangladesh.!!!'* Collectively these data
indicate that members of the MTBC complex other than M bovis might be relatively more
prevalent in livestock in these countries. In 2018, Brites and colleagues?® proposed that the
distribution of M orygis and M bovis could be traced back to two independent cattle
domestication events, wherein M orygis became a pathogen of cattle in south Asia, primarily Bos
indicus, while M bovis became a pathogen of Bos taurus. Virulence studies comparing
pathogenicity between these two subspecies in infected cattle breeds are yet to be done.
Conversely, Rahim and colleagues'* suggested that the global distribution of these subspecies

indicates the emergence of M orygis before M bovis from a common MTBC ancestor, wherein M
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orygis might have been dispersed to south Asia with the migration of humans and become
established before the arrival of M bovis. However, previous establishment of an MTBC lineage
does not negate the potential for introduction of another lineage at a later point in time, as shown
by the widespread dispersal of Mtb L2 and L4.>’

We observed M tuberculosis isolates from south Asia to be dispersed across lineages 1-4
with an enrichment of Mtb L1 and L3, concordant with previous reports.?” MTBC sequences of
cattle origin from south Asia were distributed among lineages Mtb L1 and M orygis, highlighting
the need to understand pathogenicity and transmission dynamics of these pathogens in cattle. M
tuberculosis transmission from humans to cattle has been reported, which might have important
implications for transmission control in countries with a high burden of endemic
tuberculosis.?®* Collectively, our data support the occurrence of zoonotic tuberculosis in India
but suggest an association with M orygis, and possibly M tuberculosis, rather than M bovis.

In this molecular epidemiological study, we screened almost 1000 clinical tuberculosis
isolates from positive MGIT cultures. Our approach has several advantages compared with
previous studies.® '° The use of positive broth cultures ensured that active tuberculosis cases
were microbiologically confirmed, unlike PCR-based investigations done on direct clinical
samples without culture corroboration. The two-step protocol enabled provisional identification
by PCR and assessment of inconclusive results by WGS. In addition, compared with
conventional PCR, our five-probe multiplex rtPCR allowed for streamlined differentiation of
many MTBC subspecies in a single reaction (appendix 1 p 5), showing promise for easy
adoption in routine screening for zoonotic tuberculosis, depending on the needs and resources of
the location. Furthermore, the detection of M bovis BCG served as a positive control for the PCR

assays to identify M bovis, were it present. However, deletion of RD1, along with WGS analysis,
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confirmed that these isolates were the Russian BCG strain, consistent with the vaccine currently
used in India. An important limitation is our single-centre surveillance approach, meaning the
isolates collected might be biased to locations within or nearby Tamil Nadu or to the patients
who travelled to the study site. Future studies need to be done in other areas of India and other
countries in south Asia to obtain a representative dataset. Furthermore, WGS analysis indicated
that RD12 might be an inadequate marker for detection of M tuberculosis. This region was
deleted in two M tuberculosis isolates, and seven M tuberculosis isolates were first categorised
as inconclusive due to an SNP in the RD12 reverse primer sequence.

In conclusion, this study indicates that M bovis might be uncommon in India, and thus its
detection is potentially an ineffective proxy for the prevalence of zoonotic tuberculosis. The
operational definition of zoonotic tuberculosis should be broadened to include other MTBC
subspecies capable of causing human disease. The increasing evidence supporting M orygis
endemicity in south Asia and the identification of M tuberculosis in cattle highlight the
importance of a One Health approach, involving multisectoral collaboration across the veterinary

and clinical sectors, to the control of tuberculosis in India.
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11. Figures
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Figure 1 Distribution and sample types of patient isolates within India and surrounding countries
(A) Geographical distribution of the collected isolates. Numbers indicate isolates collected per

area. No isolates were screened from locations in white. (B) Sample types of isolates from
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locations where 20 or more samples were collected. Inner pie charts show the proportion of
pulmonary and extrapulmonary isolates collected from each location. Outer doughnut charts
indicate the proportion of mycobacterial subspecies collected from each location. Exact numbers
are provided in appendix 3. CMC=Christian Medical College. M tuberculosis=Mycobacterium

tuberculosis. M orygis=Mycobacterium orygis. M bovis=Mycobacterium bovis.
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Figure 2 Phylogenies of newly sequenced isolates in the context of genetic diversity among
global MTBC isolates

The unrooted tree shows clustering of 25 isolates sequenced in this study (circles) in the context
of representative samples (n=373) of MTBC lineages from around the world (appendix 2 p 1).
MTBC=Mycobacterium tuberculosis complex. Mtb L1=Mycobacterium tuberculosis lineage 1.
M suricattae=Mycobacterium suricattae. M mungi=Mycobacterium mungi. M
caprae=Mycobacterium caprae. M microti=Mycobacterium microti. M bovis=Mycobacterium

bovis.PZA=pyrazinamide. M orygis=Mycobacterium orygis.
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Figure 3 Phylogenies of newly sequenced isolates in the context of Mycobacterium
tuberculosis complex isolates in south Asia

(A) The outermost band shows our 25 sequenced isolates in the context of south Asian
sequences. Other bands represent 715 MTBC sequences downloaded from the National Center
for Biotechnology Information Sequence Read Archive. The sequences represent different
lineages (first band from the middle), different host species (second band), and different
countries (third band). Cattle isolates included one bison isolate as part of the Bovidae family.
(B) Represented in the dendrogram are isolates from this study, all downloaded M orygis
sequences (all of cattle origin; 20 sequences), and all downloaded Mtb L1 sequences of cattle

origin (four). One sample was from Bangladesh and the rest were from Indian states. M
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tuberculosis=Mycobacterium tuberculosis. Mtb L1=M tuberculosis lineage 1. M

bovis=Mycobacterium bovis. M orygis=Mycobacterium orygis.

12. Tables
Pulmonary Extrapulmonary Total (n=940
sample (n=548 sample(n=392 patients)
patients) patients)
Age, years
0-9 7 (1%) 19 (5%) 6 (3%)
10-19 54 (10%) 42 (11%) 6 (10%)
20-29 112 (20%) 101 (26%) 213 (23%)
30-39 100 (18%) 83 (21%) 183 (19%)
40-49 99 (18%) 71(18%) 170 (18%)
50-55 88 (16%) 54 (14%) 142 (15%)
60-69 64 (12%) 14 (4%) (8%}
=/0 24 (4%) 8 (2%) 2(3%)
Sex
Female 185 (34%) 178 (45%) 363 (39%)
Male 363(66%) 214 (55%) 577 (61%)
Location
India 528 (96%) 356 (91%) 884 (94%)
South 297 (56%) 168 (47%) 465 (53%)
East 209 (40%) 173 (49%) 382 (43%)
Northeast 15 (3%) 13 (4%) 28 (3%)
Central 5 (1%) 0 5(1%)
North 2 (<1%) 1(<1%) 3 (<1%)
West 0 1(<1%) 1 (<1%)
Bangladesh 19(3%) 35 (9%) 54 (6%)
Nepal 1(<1%) 1(<1%) 2 (<1%)

Table 1 Characteristics of patients from whom isolates were obtained and screened for zoonotic
tuberculosis

Data are number of patients (%). Percentages do not always equal 100% due to rounding. For the
purposes of the present study, regions of India are divided by location as follows: south India

includes the Andaman and Nicobar Islands, Andhra Pradesh, Karnataka, Kerala, Lakshadweep,
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Puducherry, Tamil Nadu, and Telangana; east India includes West Bengal, Bihar, Jharkhand, and
Odisha; northeast India includes Arunachal Pradesh, Assam, Manipur, Meghalaya, Mizoram,
Nagaland, Sikkim, and Tripura; central India includes Chhattisgarh and Madhya Pradesh; north
India includes Jammu and Kashmir, Himachal Pradesh, Punjab, Chandigarh, Uttarakhand,
Haryana, National Capital Territory of Delhi, Rajasthan, and Uttar Pradesh; and west India

includes Dadra and Nagar Haveli, Daman and Diu, Goa, Gujarat, and Maharashtra.

Pulmonary  Extrapulmonary Total isolates

isolates isolates (n=392) (n=940)
(n=548)
Mycobacterium 535(97:6%) 378 (96-4%) 913 (97-1%)*
tuberculosis
Mycobacterium orygis 1(0-2%) 6 (1-5%) 7 (0:7%)t
Mycobacterium bovis 0 0 0
Mycobacterium bovis 1(0-2%) 4 (1:0%) 5(0-5%)T
BCG
Non-tuberculous 11 (2-0%) 4(1-0%) 15 (1-6%)

mycobacteria

WGS=whole-genome sequencing. *Including two M tuberculosis isolates negative
for RD12 on PCR but confirmed by WGS (both extrapulmonary); eight inconclusive
isolates on PCR identified as M tuberculosis by WGS (six pulmonary,

two extrapulmonary); and one pulmonary isolate identified as M bovis BCG by PCR
and M tuberculosis by WGS. tAll detected by PCR and confirmed by WGS.

Table 2: Isolate subspecies determined by PCR and WGS

Table 2 Isolate subspecies determined by PCR and WGS

WGS=whole-genome sequencing.

* Including two M tuberculosis isolates negative for RD12 on PCR but confirmed by WGS (both
extrapulmonary); eight inconclusive isolates on PCR identified as M tuberculosis by WGS (six
pulmonary, two extrapulmonary); and one pulmonary isolate identified as M bovis BCG by PCR
and M tuberculosis by WGS.

T All detected by PCR and confirmed by WGS.
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13. Supplementary figures

| 940 MGIT® positive cultures collected at CMC |

600 screened by conventional PCR I———'I Subset subject to real-time PCR for assay validation | 340 screened by real-time PCR

| Identified as non-M. tuberculosis MTBC or inconclusive | | Identified as M. tuberculosis |

‘ Subject to WGS at LUVAS |

Appendix 1 (p 1) Supplementary Figure 1 Study design
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Appendix 1 (p 2) Supplementary Figure 2 Conventional PCR to detect differences in deletions
of RD9 and RD12

(A) A three-primer PCR reaction was developed to detect the presence of absence of RD9, which
is found in M. ¢b but is absent in all other MTBC members. (B) A 209bp band is amplified when
M. tb 1s present and a 410bp band is amplified when other MTBC members are present. (C) A
six-primer PCR was developed to detect differences in the deletion size of RD12. RD12 is
present in M. tb and absent in M. bovis and M. orygis. In M. orygis, the RD12 deletion is larger
and 1s replaced with IS6100. (D) A 409bp band is amplified when M. tb is present, a 615bp band
is amplified when M. bovis or BCG is present, and a 264bp band is amplified when M. orygis is

present.
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1640 total samples from SRA database

Filtering Step 1 (1425)

Only SRAs that were WGS of DNA with paired end sequencing

Filtering Step 2 (1322)

SRAs that downloaded as forward and reverse reads

Filtering Step 3 (733) Average Depth of Coverage: 60-400
SRAs that passed the quality and read depth limits

A

Filtering Step 4 (715)

SRAs that were not mixed samples — Final Number of Samples

Appendix 1 (p 8) Supplementary Figure 3 Selection and filtering pipeline of downloaded SRA
MTBC genomes from South Asia

A total of 1640 SRAs were downloaded from NCBI with the search terms (“Mycobacterium
bovis” OR “Mycobacterium tuberculosis” OR “Mycobacterium africanum™ OR “Mycobacterium
orygis” OR “Mycobacterium canetti” OR “Mycobacterium caprae” OR “Mycobacterium bovis
BCG” NOT “H37Rv” NOT “H37Ra”) from (“India” OR “Bangladesh” OR “Nepal” OR “Sri
Lanka” OR “Pakistan”). Through multiple filtering steps, the total number of SRAs analyzed in
the phylogenetic tree in Fig 2B was 715. The lists of SRAs after each filtering step can be found

in the Supplemental Tables 4-8.
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Appendix 1 (p 12) Supplementary Figure 4 SNP distances between 7 M. orygis isolates from
this study

The intensity of the color corresponds to the distance between isolates. The bottom portion of the
matrix indicates the number of SNPs between the two isolates. The top portion indicates the

percent of total SNPs shared between them.
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Appendix 1 (p 13) Supplementary Figure 5 Maximum likelihood phylogenetic tree of newly

sequenced isolates and 715 MTBC genomes collected from South Asia with lineage metadata
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Appendix 1 (p 14) Supplementary Figure 6 Maximum likelihood phylogenetic tree of newly

sequenced isolates and 715 MTBC genomes collected from South Asia with host metadata
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Appendix 1 (p 15) Supplementary Figure 7 Maximum likelihood phylogenetic tree of newly

sequenced isolates and 715 MTBC genomes collected from South Asia with country metadata
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14. Supplementary tables

Assay Name Sequence (5’ = 3’) Dye Quencher
Conventional PCR RD9_Forward CCGATACCATGCAACAACGG
RD9_Reversel CGGTCTCTCCGAGCATTC
RD9_Reverse2 GCTCGAGCTAGACCTGCAC
RD12Mtb_Forward GTATTTGCGCCCATATCCTGG
RD12Mtb_Reverse CCTGGCTTCAAGCACCATTC
RD12Mbovis_Forward GGCCATCAACGTCAAGAACCTC
RD12Mbovis_Reverse CGAACTCGTATTTTGTGGCCAC
RD12Morygis_Forward GTGGAAATGGAAGCGTTGACC
RD12Morygis_Reverse GGTACCTCCTCGATGAACCAC
Real-time PCR Rv0444c_Probe CTCGGCTGACCCGA FAM MGBNFQ
Rv0444c_Forward GATGCTGGGCACCATTGTC
Rv0444c_Reverse GCCCACCGGTACCATCTTG
RD1 Probe CACTCTGAGAGGTTGTCA VIC MGBNFQ
RD1_Forward CCCTTTCTCGTGTTTATACGTTTGA
RD1_Reverse GCCATATCGTCCGGAGCTT
RD9 Probe AGGTTTCA+CCTTCGAC+CC TEX615 BHQ
RD9_Forward TGCGGGCGGACAACTC
RD9_Reverse CACTGCGGTCGGCATTG
RD12 Probe TGCGCTGACCCCAC NED MGBNFQ
RD12_Forward CGTTGGAACGCGAAATACG
RD12_Reverse CCAGGATATGGGCGCAAAT
extRD9_Probe G+TT+CTTCAG+CTGGT+CC CY5 BHQ
extRD9_Forward GCCACCACCGACTCATAC

extRD9_Reverse

CGAGGAGGTCATCCTGCTCTA

Appendix 1 (p 3) Supplementary Table 1 Primer and probe sequences for conventional and

real-time PCR assays

The real-time PCR RD1, RD9, RD12, and ext-RD9 probes and primers are as described in Halse

et al. The Rv0444c, RD1, and RD12 probes are Tagman MGB probes. The RD9 and ext-RD9

probes are locked nucleic acid probes. A ‘+’ indicates insertion of a locked nucleic acid base.
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Assay Master mix Thermocycling conditions

Conventional PCR 6.25 ul of 10X Tag buffer (Thermo Scientific) Initial denaturation 94°C for 3 minutes
6.25 pl acetamide 50% (wt/vol) 35 cycles of:
1.6 mM MgCl, - Denaturation at 94°C for 30 seconds
0.2 mM deoxynucleoside triphosphates (dNTPs) - Annealing at 55°C for 1 minute
2.5 U per reaction Tag polymerase (Thermo Scientific) - Elongation at 72°C for 1 minute,
500 nM of each primer Final elongation step at 72°C for 10 minutes

5ul of template DNA
Sterile water
50ul total volume

Real-time PCR 10 pl TagMan multiplex master mix (Applied Biosystems) 95°C for 10 minutes
450 nM of each primer 40 cycles of:
125 nM of each probe -95°C for 15s
1 pl of template DNA - 60°C for 1 minute

Sterile water
20ul total volume

Appendix 1 (p 4) Supplementary Table 2 Master mix preparation and thermocycling

conditions for conventional and real-time PCR assays

RD1 RD9 RD12 Rv0444c Ext-RD9
+ + - +

M. tuberculosis +
M. orygis + - - +
M. bovis +
M. bovis BCG - - - -

M. africanum + -

+ + + + +

+
M. microti - - + -
NTMs - - - - -

Appendix 1 (p 5) Supplementary Table 3 Interpretation of RT-PCR results to determine

MTBC sample identity

Appendix 2 containing supplementary Tables 4-7 has been included as an additional Excel file

with this thesis.

Appendix 2 Supplementary Tables 4-7
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Sample type Number
Abdomen/Peritoneal fluid 15
Anal fistula 2
Biopsy 5
Bone 43
Bone marrow 2
Brain abscess 1
Colon 5
Cerebrospinal fluid 27
Fluid 5
Lymph node 162
Muscle abscess 5
Pus 56
Pericardium 1
Skin 1
Synovium 8
Tissue 40
Urine 13
Unspecified 1
Total 392

Appendix 1 (p 9) Supplementary Table 8 Number and tissue types of extrapulmonary samples

Extrapulmonary samples were defined as cultures from tissues other than the lungs or lung fluid.
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Isolate number Identification by real-time PCR Average coverage Genome coverage (%) Phred quality score R1 Phred quality score R2  SNP count

Identification by WGS

P70

P280
ES0

E110
E280
E396
P326
P4l14
P443
P465
E343
E369
E379
E415
E277
E428
P429
E36

E65

E120
E157
E313
E374
E186
E363

M. bovis BCG 103.2 99.35
M. bovis BCG 80.4 99.15
M. bovis BCG 54.4 99.49
M. bovis BCG 85.0 99.68
M. bovis BCG 77.2 99.33
M. bovis BCG 98.7 99.38
Inconclusive 53.5 99,27
Inconclusive 82.2 99.42
Inconclusive 78.7 99.36
Inconclusive 121.2 99.46
Inconclusive 277.6 99.53
Inconclusive 75.1 99.33
Inconclusive 115.2 99.51
Inconclusive 153.8 99.53
M. tuberculosis 138.6 99.39
M. tuberculosis 105.6 99.66
M. orygis 12.2 97.49
M. orygis 72.9 98.26
M. orygis 34.6 97.75
M. orygis 111 97.15
M. orygis 64.7 98.26
M. orygis 58.8 98.28
M. orygis 139.1 98.45
M. tuberculosis RD12 absent  90.3 98.74
M. tuberculosis RD12 absent  107.4 99.00

34.6
345
337
33.8
341
339
339
336
34.8
34.1
35.1
338
34.2
339
34.8
34.0
343
335
334
339
341
341
34.6
341
34.5

311
311
303
29.6
28.0
28.8
29.2
27.8
303
28.7
325
29.5
293
28.9
304
29.0
30.7
28.2
29.2
311
28.9
316
311
29.1
30.2

803

1834
784

797

804

817

2322
2412
987

2476
2607
2429
2499
2510
1691
2594
2299
2547
2408
2330
2478
2483
2566
968

2474

M. bovis BCG Russia

M. tuberculosis lineage 2
M. bovis BCG Russia

M. bovis BCG Russia

M. bovis BCG Russia

M. bovis BCG Russia

M. tuberculosis lineage 1
tuberculosis lineage 1
tuberculosis lineage 4
tuberculosis lineage 1
tuberculosis lineage 1
tuberculosis lineage 1
tuberculosis lineage 1
tuberculosis lineage 1
tuberculosis lineage 3
tuberculosis lineage 1
orygis

orygis

orygis

orygis

orygis

orygis

orygis

tuberculosis lineage 4
M. tuberculosis lineage 1

TXTETZTETZTTETITETETEEEEEER

Appendix 1 (p 10) Supplementary Table 9 Selection, library preparation and whole genome

sequencing data of 25 selected isolates

Sample name PCRID Top BLAST match Seq length Query coverage % ldentity
E133 NTM Mycobacterium phocaicum 430 100.00% 99.77%
E153 NTM Mycobacterium engbaekii 440 99.00% 99.32%
E193 NTM Mycobacterium abscessus 440 100.00% 100.00%
P24 NTM Mycobacterium sp. K328YA 438 94.00% 100.00%
P30 NTM Mycobacterium alvei 437 100.00% 98.40%
P390 NTM Mycobacterium abscessus 432 100.00% 100.00%
P4a27 NTM Mycobacterium intracellulare 419 100.00% 100.00%
P146 NTM Mycobacterium simiae 443 99.00% 99.32%
P149 NTM Mycobacterium intracellulare 424 100.00% 99.76%
E22 NTM Mycobacterium abscessus 357 100.00% 99.72%
P219 NTM Mycobacterium yongonense 359 100.00% 99.44%
P281 NTM Mycobacterium fortuitum 362 100.00% 100.00%
P426 NTM Mycobacterium intracellulare 333 100.00% 100.00%
P81 NTM Mycobacterium parascrofulaceum 381 100.00% 99.48%

Appendix 1 (p 11) Supplementary Table 10 Hsp65 sanger sequencing results of non-

tuberculous mycobacteria (NTM) isolates
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Appendix 3 containing supplementary Tables 11-12 has been included as an additional Excel file
with this thesis.

Appendix 3 Supplementary Table 11-12 Meta data and pivot tables

15. Supplementary methods
Appendix 1 (p 6-7) Supplemental methods
Bioinformatics
Sequences were assessed using the United States Department of Agriculture Animal and

Plant Health Inspection Service Veterinary Services pipeline vSNP (https://github.com/USDA-

VS/vSNP). The vSNP pipeline involved a two-step process. Step 1 determined SNP positions
called within the sequence. Paired FASTQ files were processed using BWA-MEM to align reads
to a reference genome M. tuberculosis H37Rv (NC_000962.3) for sequences included in this
study (!). Duplicate reads were tagged and removed using the Mark Duplicates tool from Picard

v 2.20.2 (http://broadinstitute.github.io/picard). SNPs were called using FreeBayes v. 1.3.1 ().

Unmapped reads shorter than 64 base pairs were removed and low-coverage contigs with an
average k-mer coverage of less than 5 were removed. Depth of coverage was calculated using
Pysam (https://github.com/pysam-developers/pysam) and positions with zero coverage were
added to the VCF file. Step 2 assessed SNPs called between closely related isolate groups to
output SNP alignments, tables and phylogenetic trees. For a SNP to be considered in a group
there must have been at least one position with an allele count (AC) =2, quality score >150 and
map quality > 56. Once determined, SNPs were aligned using the following workflow. If the
quality score for a SNP position was greater than 150, the alternate allele was called if AC=2.

However, if AC=1, the position was called ambiguous. Deletions were called when the alternate
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allele was a gap. If the quality score was between 50 and 150, the allele was marked N. If the
quality score was less than 50, then the reference allele was called. Uninformative SNPs were
not included. BAM files were used to visualize SNP calls. Unreliable positions due to read
alignment error may have been removed from the analysis. The output SNP alignment was used

to assemble a maximum likelihood phylogenetic tree using RAXML (%).

Phylogenetic tree assembly
To compare the 25 newly sequenced genomes in the context of sequences from South

Asia, a NCBI Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) search was

performed using the search terms (“Mycobacterium bovis” OR “Mycobacterium tuberculosis”
OR “Mycobacterium africanum” OR “Mycobacterium orygis” OR “Mycobacterium canetti” OR
“Mycobacterium caprae” OR “Mycobacterium bovis BCG” NOT “H37Rv” NOT “H37Ra”)
from (“India” OR “Bangladesh” OR “Nepal” OR “Sri Lanka” OR “Pakistan”). This search
yielded 1640 genomes. These sequences were then filtered prior to tree assembly
(Supplementary Figure 3). A total of 215 were excluded because they were not from studies that
performed with paired end sequencing. A further 103 were excluded as they did not contain
forward and reverse read files. Another 589 sequences whose average depth of coverage was not
between 60-400 were excluded. Finally, 18 were excluded after running vSNP step 2 due to the
samples being mixed and generating multiple SNPs at all locations in the genome. In total, 715
sequences remained (Supplementary Table 5). All sequences were download from the SRA using

the fasterqg-dump tool from the sra toolkit v. 2.9.6 (https://ncbi.github.io/sra-tools/) and sequences

were run through steps 1 and 2 of vSNP. Phylogenetic trees were constructed using vSNP to

compare the 25 sequences from this study with the total 715 available genomes from South Asia
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and a subset. Reference sequences were also included for comparison (Supplementary Table 6).

Phylogenetic trees were rooted to M. tuberculosis H37Rv. To compare the sequences collected in

this study in the context of the global MTC, treeSPAdes (http://cab.spbu.ru/software/spades/)

was used to assemble reads for kSNP3 (*). Genomes assemblies had expected complete genome

sizes. The kSNP3 manual instructions were followed using kchooser calculated kmer value. All

phylogenetic trees were visualized using the Interactive Tree of Life (iTOL) with their respective

metadata (Supplementary Table 7) (°).
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PREFACE TO CHAPTER 111

While completing the research described in chapter II, we were informed that there was
currently no method available at Christian Medical College which could rapidly identify cases of
BCG disease. We also found that deletion-based assays which use RDs may not be the ideal
method to differentiate between MTBC subspecies because some strains had mutations in or
around these regions. We determined that a rule-in approach may be more reliable than a rule-out
approach-based assay. As described in chapter I, BCG disease is associated with high mortality
rates and its treatment requires specific management that is unique from TB. A rapid and
accurate diagnosis of BCG is important to improve patient outcomes. In this chapter, I describe a
diagnostic assay I developed to identify BCG and its use in a small pilot study of BCG-suspected
patients at Christian Medical College. For this diagnostic, I developed a real-time PCR assay
which identifies BCG using BCG-specific SNPs and is capable of differentiating between early
and late BCG strains in order to determine whether one BCG strain is contributing to more cases
of BCG disease than another. Overall, we demonstrated that the assay was an accurate and robust
method of rapidly identifying BCG and we identified BCG disease in 10/19 suspected cases at

Christian Medical College.
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1. Abstract

Mycobacterium bovis bacillus Calmette-Guérin (BCG) is a live attenuated vaccine which
can result in local or disseminated infection, most commonly in immunocompromised
individuals. Differentiation of BCG from other members of the Mycobacterium tuberculosis
complex (MTBC) is required to diagnose BCG disease, which requires specific management.
Current methods for BCG diagnosis are based on mycobacterial culture and conventional PCR;
the former is time-consuming and the latter often unavailable. Further, there are reports that
certain BCG strains may be associated with a higher rate of adverse events. This study describes
the development of a two-step multiplex real-time PCR assay which uses single nucleotide
polymorphisms to detect BCG and identify early or late BCG strains. The assay has a limit of
detection of 1 pg BCG boiled lysate DNA and was shown to detect BCG in both pure cultures
and experimentally infected tissue. Its performance was assessed on 19 suspected BCG clinical
isolates at Christian Medical College in Vellore, India, taken from January 2018 to August 2020.
Of these 19 isolates, 10 were identified as BCG (6 early and 4 late strains), and 9 were identified
as other MTBC members. Taken together, the results demonstrate the ability of this assay to
identify and characterize BCG disease from cultures and infected tissue. The capacity to identify
BCG may improve patient management, and the ability to discriminate between BCG strains
may enable BCG vaccine pharmacovigilance.

IMPORTANCE Vaccination against tuberculosis with bacillus Calmette-Guérin (BCG)
can lead to adverse events, including a rare but life-threatening complication of disseminated
BCG. This complication often occurs in young children with immunodeficiencies and is
associated with an ~60% mortality rate. A rapid method of reliably identifying BCG infection is

important because BCG requires treatment unique to tuberculosis. BCG is resistant to the first-
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line antituberculosis drug pyrazinamide. Additionally, diagnosis of BCG disease would lead to
further investigation of a possible underlying immune condition. We have developed a
diagnostic assay to identify BCG which improves upon previously published methods and can
reliably identify BCG from bacterial culture or directly from infected tissue. This assay can also
differentiate between strains of BCG, which have been suggested to be associated with different
rates of adverse events. This assay was validated on 19 clinical isolates collected at Christian
Medical College in Vellore, India.

KEYWORDS: real-time PCR identification, BCG disease, disseminated

BCG, Mycobacterium bovis BCG, Mycobacterium tuberculosis

2. Introduction

Mycobacterium bovis bacillus Calmette-Guérin (BCG) is a live attenuated vaccine which
is widely administered for protection against tuberculosis®. BCG vaccination can be associated
with local adverse events such as injection site abscesses or lymphadenitis. It may also lead to
systemic infection, causing osteomyelitis or disseminated BCG?. Disseminated disease is rare
and often occurs in young children with primary immunodeficiency diseases (PI1Ds), such as
severe combined immunodeficiency (SCID), chronic granulomatous disease (CGD), and
Mendelian susceptibility to mycobacterial disease (MSMD)*%. PIDs are a group of genetic
disorders which cause impaired immunity and can result in increased susceptibility to infection
and vaccine complications®. Children with HIV are also at an increased risk of BCG
complications®. The estimated incidence of disseminated BCG is 0.06 to 3.4 cases per million,
but nearly 1 per 100 in HIV-infected babies®>8. Although the World Health Organization

recommends against giving BCG to patients with documented immunodeficiency conditions, in
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India, as per the National Immunisation Programme, BCG is given soon after birth when these
conditions have not yet been diagnosed™-2,

To diagnose BCG disease, laboratory differentiation of mycobacterial isolates is
essential, as BCG has similar growth kinetics and morphology to M. tuberculosis strains. The
treatment of patients with BCG infection will differ from those with tuberculosis since BCG is
resistant to one of the first-line antituberculosis drugs, pyrazinamide’. In addition, a diagnosis of
BCG infection should lead to an immediate investigation into the patient’s immune status*®. A
BCG diagnosis would also confirm the absence of a contagion, and a public health inquiry into
the source of infection would not need to be conducted. Current methods of diagnosis of BCG
often rely on the detection of regions of difference (RD) by PCR>®'®, RD-based approaches
apply a rule-out strategy, where the detection of RDs is used to eliminate a potential
mycobacterial species identity. A rule-in approach using lineage-defining single nucleotide
polymorphisms (SNPs) may provide a simplified method of positively identifying mycobacteria.
Additionally, conventional gel-based PCR is an open system which requires the running of a gel
and is therefore not a pragmatic option in many clinical labs. This method can also only target
one region of the genome at a time. Real-time PCR is advantageous because it is a closed
system, requires a single step, and is easily multiplexed.

Given the increased data on M. tuberculosis SNPs and the availability of real-time PCR
reagents that enable multiplexed analyses, we developed a two-step real-time PCR assay to
rapidly identify BCG from a bacterial culture or directly from infected tissue. The two steps were
designed to (i) identify BCG from other members of the MTBC and (ii) differentiate between
early and late strains of BCG, something of interest in India, where two different BCG strains

(BCG Russia and BCG Danish) with potentially different rates of adverse events are in use? 1426,
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This assay was validated on 19 clinical isolates previously collected at Christian Medical College
in Vellore, India, and our results suggest that the use of this assay may better inform patient

management and enable BCG vaccine pharmacovigilance.

3. Results

3.1 Specificity, reaction efficiency, and limit of detection.

The specificity of the assay was tested on DNA from boiled lysate preparations of 26
isolates from 20 different mycobacterial species, including 8 BCG strains. The results for the
step 1 and step 2 assays for all DNA correlated 100% as expected (Table S1 in the supplemental
material). The expected step 1 amplification curves of several mycobacterial species are shown
in Fig. 1. BCG was positive for all 3 probes (1S1081, kdpD, and pncA), M. bovis was positive for
1S1081 and pncA, M. tuberculosis was positive for IS1081 only, and M. abscessus was negative
for all 3 probes. The expected step 2 amplification curves of a BCG early and late strain are
shown in Fig. 2. BCG Russia, an early strain, was positive for crp, and BCG Danish, a late
strain, was positive for mmaA3. The reaction efficiencies of the probes were calculated by
plotting the cycle threshold (Cr) values from a serial dilution of BCG Russia boiled lysate DNA
for step 1 (Fig. S1 in the supplemental material) and both BCG Russia and BCG Danish boiled
lysate DNA for step 2 (Fig. S2 in the supplemental material). The reaction efficiencies for all
probes ranged between 95.72 and 103.99%, which is within the range of desired values of 90 to
110% (Table 1). The limit of detection for step 1 was 1 pg of BCG Russia boiled lysate DNA.
For step 2, the limit of detection was also 1 pg, whether using BCG Russia or BCG Danish
boiled lysate DNA (Table 1). One picogram of BCG Russia DNA or 1 pg of BCG Danish DNA

IS estimated to equal 212.3 or 210 genome copies, respectively.
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3.2 Assay reproducibility and robustness.

The inter- and intra-assay reproducibility was evaluated by comparing the Cr values of 3
separate plates with 5 technical replicates per plate. The Ct values remained consistent across all
replicates: the Ct values remained under 2 Cr of difference across all replicates using step 1
(Fig. S3A in the supplemental material) and under 3 Cr of difference across all replicates using
step 2 (Fig. S3B in the supplemental material). The ability of all probes to produce the expected
amplification plot in the presence of excess nonspecific DNA was tested using 1 ng target DNA
(either BCG Russia or BCG Danish as indicated) with the addition of 10 ng of DNA from M.
abscessus. All probes amplified as expected despite the presence of nonspecific DNA (Fig. S4 in

the supplemental material).

3.3 Identification from mice.

To determine whether the assay could be used to detect BCG directly from tissue, DNA
was extracted from the spleen, liver, and lungs of 3 C57BL/6 mice which were intravenously
infected with M. bovis BCG Russia. In all samples, the step 1 assay correctly identified the
presence of BCG DNA (Fig. 3A), and the step 2 assay correctly identified the presence of an

early BCG strain (Fig. 3B).

3.4 Validation with clinical samples.

The assay was validated on a set of 19 isolates previously collected at Christian Medical
College in Vellore, India (Table 2). Samples were taken from pus (6), lymph node (4), gastric
aspirate (4), thigh sinus tract (1), bone (1), pleural tissue (1), colonic ulcer (1), and mastoid tissue

(1). The samples came from patients in the following 5 states in India: Tamil Nadu (8), Andhra
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Pradesh (5), Karnataka (2), West Bengal (2), and Odisha (1). One sample was taken from a
patient from Bangladesh. DNA was extracted from a culture on the mycobacteria growth
indicator tube (MGIT) (13) or Lowenstein-Jensen (LJ) medium (5) or directly from a pus swab
(1) (Table S2 in the supplemental material). Of the 19 isolates included, 10 (52.6%) were
confirmed to be BCG. Four (40%) of the BCG isolates were from female patients. The median
age of the BCG-infected patients was 6.5 months (range 3 to 12 months). In total, 4 of the BCG
isolates came from patients diagnosed with immune conditions: 2 BCG isolates were from
patients with SCID and 2 from those with MSMD (Table S2 in the supplemental material). Of
the 10 BCG isolates, 6 (60%) were identified as a BCG early strain, and 4 (40%) were identified
as a BCG late strain. Sample amplification plots of 2 clinical isolates, 1 early strain and 1 late
strain, are provided in Fig. S5 in the supplemental material. The other 9 isolates included in this
study were identified as MTBC by the step 1 assay. Two (~22.2%) of the MTBC isolates came
from female patient samples. Of the 9 MTBC isolates, 7 (~77.8%) came from patients between 1

and 2 years old (the maximum age of inclusion).

4. Discussion
A rapid method of differentiating BCG from other mycobacterial species is essential to
providing optimal care for BCG infection, particularly in cases of disseminated BCG, which is
associated with a mortality rate of ~60%°81-20, A method of determining whether an early or
late strain is causing a case of disseminated BCG may also provide an opportunity for
pharmacosurveillance, to determine whether certain strains are linked to a higher rate of adverse
events?4, Here, we have developed a two-step multiplex real-time PCR assay to rapidly identify

BCG isolates from other mycobacterial species and differentiate between BCG early and late
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strains. This assay was shown to detect BCG from a culture, directly from the tissue of infected
mice, or from a patient pus swab in a case where a culture was unavailable. The ability to
identify BCG directly from a clinical sample circumvents time-consuming mycobacterial culture
to inform patient treatment. This assay was tested on a small validation set of 19 clinical isolates
previously collected at Christian Medical College in Vellore, India, where two different BCG
strains are in use: BCG Russia (an early strain) and BCG Danish (a late strain). There was no
assay for BCG detection in use at Christian Medical College prior to conducting this study. If
clinicians suspected a patient was infected with BCG based on their age, disease presentation,
and immune status, they were treated accordingly. Additionally, we are not aware of any real-
time PCR assays which detect BCG using SNPs, nor are we aware of any which can discriminate
between BCG strains. Of the 19 isolates tested, 10 were identified as BCG, 6 of which were early
strains.

The clinical management of a patient diagnosed with BCG disease will differ compared
to a patient with M. tuberculosis. Unlike M. tuberculosis, BCG infection would not trigger the
need for contact tracing to identify the source of infection and perhaps other infected persons.
Confirmation of BCG infection may also affect which drugs would be included in the patient
treatment regimen. Since BCG is derived from M. bovis, all strains are naturally resistant to
pyrazinamide, a first-line antituberculosis drug’. The assay described in this study confirms
pyrazinamide resistance using the pncA probe. In addition, the mmaA3 probe used to identify late
strains detects a SNP which is associated with a loss of methoxymycolate production and is
suggested to cause low levels of isoniazid resistance in late strains’?!. A diagnosis of BCG
infection should also lead to further investigation of possible underlying immune conditions,

which may not have been recognized at the time of disease presentation®®. In a previous study of
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349 SCID patients, 118 developed disseminated BCG disease, a 33,000-fold increase over the
general population®’. In this study, of the 10 isolates identified as BCG, 2 came from patients
confirmed to have SCID and 2 came from patients confirmed to have MSMD (Table S2 in the
supplemental material). Although BCG vaccination is contraindicated in people with these
conditions, the Universal Immunisation Programme (UIP) recommends BCG vaccination in
India at birth or as early as possible (https://www.nhp.gov.in/universal-immunisation-
programme_pg), so these rare immune conditions are usually not recognized until after
vaccination.

There are 14 different BCG strains, which have evolved with considerable genetic and
phenotypic heterogeneity among them. BCG strains differ from one another by genetic deletions,
SNPs, and duplications®. It has been suggested that some BCG strains may be associated with a
higher rate of adverse events®'416, This possibility is of particular interest in India, where both
an early and a late BCG strain are currently in use. In Finland, BCG osteitis rates were as high as
36.9 per 100,000 while using the early strain BCG Sweden. Upon switching to the late strain
BCG Glaxo in 1978, that rate decreased to 6.4 per 100,000%*. Conversely, in phase 1 of a
randomized control trial in which BCG Danish was compared with BCG Russia, lymphadenitis
was reported in 6 out of 582 patients given BCG Danish and 1 out of 575 patients given BCG
Russia®®. In this study, 6 out of 10 BCG isolates were early strains, presumably BCG Russia. The
other 4 were identified as late strains, presumably BCG Danish. The sample size of this study is
too small to draw conclusions concerning an association between the BCG strain and adverse
events; however, screening is ongoing, and this question may be revisited with the established

assay as the total sample size rises.
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To conclude, we have developed a rapid method of reliably identifying BCG early and
late strains which improves upon previously described assays. This assay may be used to inform
patient treatment without the time constraints of mycobacterial culture. The ability to
differentiate between early and late strains may also inform BCG vaccine pharmacovigilance in a

country in which two vaccine strains are currently in use.

5. Materials and methods

5.1 Assay design.

A two-step real-time PCR protocol was designed to identify BCG isolates from clinical
samples. Step 1 identifies BCG from other MTBC subspecies. It is a three-probe multiplex real-
time PCR assay which detects the MTBC insertion element 1S1081, the BCG-specific
SNP kdpD c247t, and the pyrazinamide resistance SNP pncA ¢169g”?. Step 2 differentiates
BCG isolates as early or late strains. It is a two-probe real-time PCR assay which detects the
BCG early strain SNP in crp c140t and the BCG late strain SNP in mmaA3 g293a’. The probes
and primers were designed using Primer Express v. 3.0 (Applied Biosystems, Foster City, CA,
USA). All primer and probe sequences are listed in Table 1. The 1S1081, kdpD, crp, and mmaA3
probes are TagMan MGB probes (Applied Biosystems), and the pncA probe is a PrimeTime
BHQ probe (Integrated DNA Technologies, Coralville, 1A, USA). All primers were purchased

from Invitrogen (Carlsbad, CA, USA).

5.2 Real-time PCR.

All real-time PCRs were performed in a 20-pl reaction mixture containing 1 ul DNA at a

concentration of 10 ng/ul unless otherwise specified. Step 1 reaction mixtures were prepared
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with 10 pl TagMan multiplex master mix (Applied Biosystems), 100 nM 1S1081 forward and
reverse primers, 300 nM forward and reverse kdpD primers, 900 nM pncA forward and reverse
primers, 125 nM 1S1081 probe, 125 nM kdpD probe, and 500 nM pncA probe. Step 2 real-time
PCR mixtures were prepared using 10 ul TagMan multiplex master mix, 300 nM crp and mmaA3
forward and reverse primers, 250 nM crp and mmaA3 probes, and 1 pul dimethyl sulfoxide
(Sigma-Aldrich, St. Louis, MO, USA). Real-time PCRs were performed using a CFX96 touch
real-time PCR detection system (Bio-Rad, Hercules, CA, USA) under the following
thermocycling conditions: one cycle at 95°C for 10 min followed by 40 cycles of 95°C for 15 s
and 63°C for 1 min. A summary of how results are interpreted is found in Fig. S6 in the

supplemental material.

3.3 Specificity.

The specificity of the two-step assay was evaluated with the following bacterial
species: M. tuberculosis, M. bovis, M. orygis, M. africanum, M. caprae (2), M. microti, M.
avium subsp. paratuberculosis (4), M. avium subsp. avium (3), M. avium subsp. hominissuis, M.
kansasii, M. abscessus, M. smegmatis, BCG Russia, BCG Moreau, BCG Sweden, BCG Japan,
BCG Danish, BCG Pasteur, BCG Prague, and BCG Glaxo. If more than one isolate of
each mycobacterium was tested, the number of isolates is indicated in parentheses. Cultures of
each bacterial species were grown in 7H9 Middlebrook medium (Becton, Dickinson, Franklin
Lakes, NJ, USA), ADC (Becton, Dickinson), 0.2% glycerol (Sigma-Aldrich), and 0.05% Tween
80 (Sigma-Aldrich) to approximately an optical density at 600 nm (ODsoo) Of 0.5 to 0.8. The
medium was supplemented with 1 pg/ml ferric mycobactin J (Allied Monitor, Fayette, MO,

USA) for M. avium subsp. paratuberculosis cultures. One milliliter of culture was added to a
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screw cap microcentrifuge tube and centrifuged for 5 min at 13,000 rpm. The supernatant was
discarded, and the pellet was resuspended in 200 ul molecular grade water. The tube was boiled
at 95°C for 40 min and then centrifuged again for 5 min at 13,000 rpm. The supernatant was
transferred to a new tube for real-time PCR use. Boiled lysate DNA was used in this study to
demonstrate the assay robustness and evaluate the assay using a DNA preparation that would be
a pragmatic and convenient option for many labs. The prepared DNA was stored at —20°C until

ready for testing by real-time PCR.

5.4 Reaction efficiencies, limits of detection, reproducibility, and robustness.

The reaction efficiencies of all probes were determined by plotting the Ct values obtained
from a standard curve of 10-fold dilutions of DNA isolated from BCG Russia or BCG Danish.
The reaction efficiency was calculated using the formula E = (107" — 1) x 100%, where m is the
slope of the line. The limit of detection of all probes was determined by the minimum amount of
DNA to yield a positive amplification result from the above standard curves. The inter- and intra-
assay reproducibility was evaluated by comparing the Cr values of the step 1 and step 2 assays
completed on 3 separate plates with 5 technical replicates per plate. The ability of the assay to
function in the presence of excess nonspecific DNA was tested by performing real-time PCR

with 1 ng of target DNA (BCG Russia or BCG Danish) and 10 ng of M. abscessus DNA.

5.5 Mouse infection.

The ability of the assay to identify BCG directly from tissue was determined using
infected mice. Three C57BL/6 mice (Jackson Laboratories, Bar Harbor, MA, USA) were

intravenously infected with 2.3 x 108 CFU BCG Russia. After 3 weeks, the mice were sacrificed,
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and spleen, liver, and lung samples were collected. The organs were homogenized, and infection
was confirmed by serial dilution and plating onto Middlebrook 7H10 agar (Becton, Dickinson),
OADC enrichment (Becton, Dickinson), 0.5% glycerol (Sigma-Aldrich), and PANTA antibiotic
mixture (Becton, Dickinson). DNA was extracted from organ homogenates as previously

described?®. DNA was then quantified and analyzed by the two-step real-time PCR assay.

5.6 Clinical samples.

The assay was validated using 19 clinical isolates previously collected at Christian
Medical College, Vellore, India, from January 2018 to August 2020. This study obtained
approval and ethical clearance from the Institutional Review Board (IRB) of Christian Medical
College, Vellore (IRB approval number 11725, dated 19 December 2018). An isolate is defined
as a pure microbe cultured from an individual patient. A sample is defined as the patient
specimen provided for culture. Isolates were collected from patients presenting with suspected
tuberculosis who were 2 years of age or younger or by request of the clinician due to suspected
BCG disease. Clinicians suspected BCG involvement with a BCG site abscess or axillary
lymphadenitis, or when disseminated MTBC was isolated in an infant with an immunodeficiency
disorder such as SCID or MSMD. DNA was extracted from positive mycobacteria growth
indicator tube (MGIT) or Lowenstein-Jensen (LJ) cultures as available. In one sample, a culture
was not available, and DNA was extracted directly from a pus swab. DNA was prepared by
boiling for samples collected before March 2019 or by using the QIAamp DNA minikit (Qiagen,
Hilden, Germany) for samples collected after March 2019. All DNA was analyzed by the step 1

real-time PCR assay. If an isolate was identified as BCG in step 1, it was analyzed by step 2.
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Figure 1 Step 1 assay specificity

A sample amplification curve of several mycobacteria with different probe amplification patterns

using 10 ng of DNA: an MTBC subspecies M. tuberculosis, pyrazinamide-resistant M. bovis, a

BCG strain BCG Russia, and a nontuberculous mycobacterium M. abscessus.
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A sample amplification curve for the early strain BCG Russia and the late strain BCG Danish

using 10 ng DNA.
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Figure 3 Real-time PCR results of DNA extracted directly from the tissue of BCG-infected mice

The Cr values of DNA analyzed using the step 1 (A) and step 2 (B) assays. The number indicates

the mouse, S indicates DNA extracted from the spleen, Li indicates DNA extracted from the

liver, and Lu indicates DNA extracted from the lungs.
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9. Tables

Reaction efficiency Limit of detection

Assay Name Sequence (5'-3') Dye Quencher R? (%) (pg)
Step 1 (identify BCG)  1S1081_Probe CTGAAGCCGACGCCCTGTGC  FAM MGBNFQ 0.9971 95.72 1
1S1081_Forward  GGCTGCTCTCGACGTTCATC
1S1081_Reverse =~ CGCTGATTGGACCGCTCAT
kdpD_Probe ATGATCTCGCCGCGC VIC MGBNFQ 0.9997 103.99 i)
kdpD_Forward GCAACAAGACCGCGAAACTG

kdpD_Reverse GCAGTACTGCCTCCACATCGA

pncA_Probe TGACGACTTCTCCGGCA TEXAS RED BHQ 0.9945 101.08 1
pncA_Forward AGCGGCGGACTACCATCAC
pncA_Reverse TGTCCAGACTGGGATGGAAGT

Step 2 (identify strain) crp_Probe TCGGCTGTACATCAT FAM MGBNFQ 0.9996 96.92 1
crp_Forward CCGTGGACACACGGTCTTC
crp_Reverse GGCGACCGATCTTGACCTT
mmaA3_Probe TCGTCGACTTGACC VIC MGBNFQ 0.9908 100.04 1
mmaA3_Forward CGAGCGCTACGACGTCAA
mmaA3_Reverse CTGGCAGTAGGCGTGCTGAT

Table 1 Sequences, reaction efficiencies, and limits of detection of probes and primers

Isolate no. Age (mo) Sex Location

Sample type

Assay result

0O NO UL WN =

o]

10
1
12
13
14
15
16
17
18
19

3

ONOO LU W

M

EEEEETTTHEETmEEESETTMET

Karnataka
Andhra Pradesh
Karnataka
Tamil Nadu
Tamil Nadu
Tamil Nadu
Andhra Pradesh
Andhra Pradesh
Tamil Nadu
Tamil Nadu
West Bengal
Tamil Nadu
Odisha

Tamil Nadu
Andhra Pradesh
Andhra Pradesh
Bangladesh
West Bengal
Tamil Nadu

Abscess pus
Gastric aspirate
Lymph node pus
Lymph node
Lymph node pus
Lymph node
Lymph node

Thigh sinus tract biopsy specimen

Lymph node
Lymph node pus
Talar bone

BCG site pus
Gastric aspirate
Lymph node
Gastric aspirate
Pleural tissue

Colonic ulcer biopsy specimen

Gastric aspirate
Mastoid tissue

BCG late strain
MTBC

BCG late strain
BCG early strain
BCG late strain
MTBC

BCG early strain
BCG early strain
BCG early strain
BCG late strain
BCG early strain
BCG early strain
MTBC

MTBC

MTBC

MTBC

MTBC

MTBC

MTBC

Table 2 Patient information and assay results of 19 suspected BCG clinical isolates
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Figure S1 Reaction efficiency calculations of step one probes
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(A-C) A plot of the Ct values of a 10-fold serial dilution of BCG Russia DNA and calculation of

the reaction efficiency for the IS1081 probe (A), the kdpD probe (B) and the pncA probe (C).
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Figure S2 Reaction efficiency calculations of step two probes
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(A) A plot of the Ct values of a 10-fold serial dilution of BCG Russia DNA and calculation of the

reaction efficiency of the crp probe. (B) A plot of the Ct values of a 10-fold serial dilution of

BCG Danish DNA and calculation of the reaction efficiency of the mmaA3 probe.
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Figure S3 Inter- and Intra-assay reproducibility

(A, B) The Ct values were compared using 1 ng of BCG Russia DNA with step 1 (A) or step 2
(B) assay. The inter-assay reproducibility was evaluated by comparing the Ct values across five
technical replicates. The intra-assay reproducibility was evaluated by comparing the Ct values

across three assay replicates.
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Figure S4 Assay performance in presence of 10ng of excess non-specific DNA

The ability of the assay to produce the expected amplification plot in the presence of excess non-

specific DNA was evaluated. (A) A total of 10 ng of DNA from M. abscessus (Mab) was added

to a step one reaction mixture containing 1 ng of BCG Russia DNA. (B) A total of 10 ng of DNA

from Mab was added to a step one reaction mixture containing 1 ng of either BCG Russia or

BCG Danish DNA.
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Figure S5 Clinical isolates amplification plots
(A, B) Example amplification plots of two clinical isolates using the step one (A) and step two
(B) assay. Isolate number 3 was identified as a BCG late strain and isolate number 4 was

identified as a BCG early strain.
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Figure S6 Assay workflow and interpretation
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1S1081

11. Supplementary tables

kdpD

pncA crp mmaA3

M. tuberculosis H37TRv
M. bovis AF2122/97
M. orygis 51145
M. afiicanum MT18 7400
M. caprae 6032
M. caprae 65749
M. microti
M. abscessus ATCC 19977
MAP K10
MAP Holland
MAP 6758
MAP 8645
MAH 104
MAA 15769
MAA 35713
MAA 35718
M. kansasii ATCC 12478
M. smegmatis MC?155
BCG Russia
BCG Danish
BCG Pasteur
BCG Sweden
BCG Morecau
BCG Glaxo
BCG Japan
BCG Prague

+

+ 4+ 4+ ++ + + 4

+ o+

L
+ o+

R S S e
o+
1

Table S1 Summary of specificity results from 26 isolates

Boxes filled in gray indicate not applicable
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Age Year of Extraction  Extraction
Isolate No. (months) Sex Location Sample type Clinical di diagnosis  from method Assay result
1 3 M Karnataka Abscess pus Failure to thrive; BCG abscess 2020 LI Qiagen kit BCG Late strain
2 3 F Andhra Pradesh Gastric aspirate TB meningitis and PTB 2020 MGIT Qiagen kit MTBC
3 4 M Karnataka Lymph node pus Axillary lymphadenitis 2019 L) Qiagen kit BCG Late strain
4 5 F Tamil Nadu Lymph node Axillary lymphadenitis 2018 MGIT Heat prep BCG Early strain
5 5 F  Tamil Nadu Lymph node pus Axillary lymphadenitis 2020 LJ Qiagen kit BCG Late strain
6 6 M Tamil Nadu Lymph node Submandibular lymphadenitis 2019 MGIT Heat prep MTBC
7 6 M Andhra Pradesh Lymph node MSMD, disseminated BCG infection 2018 MGIT Heat prep BCG Early strain
8 7 M Andhra Pradesh Thigh sinus tract Post-immunization abscess with sinus tract on 2020 LI Qiagen kit BCG Early strain
biopsy thigh
9 9 F Tamil Nadu Lymph node pus SCID, PCP, failure to thrive, disseminated BCG 2019 MGIT Heat prep BCG Early strain
infection
10 9 F  Tamil Nadu Lymph node pus MSMD, axillary lymphadenitis 2020 Pus swab Qiagen kit BCG Late strain
11 10 M West Bengal Talar bone Ankle tubercular arthritis 2019 MGIT Qiagen kit BCG Early strain
12 12 M Tamil Nadu BCG site pus SCID, BCG site ulceration 2018 MGIT Heat prep BCG Early strain
13 12 F Odisha Grastric aspirate Congenital TB 2020 MGIT Qiagen kit MTBC
14 12 F Tamil Nadu Lymph node TB cervical lymphadenopathy 2020 MGIT Qiagen kit MTBC
15 18 M Andhra Pradesh Gastric aspirate PTB 2019 MGIT Heat prep MTBC
16 19 M Andra Pradesh Pleural tissue TB pleural effusion 2019 MGIT Heat prep MTBC
17 20 M  Bangladesh Colonic ulcer biopsy Chronic active colitis 2019 MGIT Heat prep MTBC
18 22 M West Bengal Gastric aspirate TB meningitis and PTB 2019 MGIT Qiagen kit MTBC
19 24 M Tamil Nadu Mastoid tissue Tubercular mastoiditis 2020 L) Qiagen kit MTBC

Table S2 Clinical and DNA extraction information for 19 suspected BCG clinical isolates

PTB — pulmonary tuberculosis, MSMD — Mendelian susceptibility to mycobacterial disease,

SCID — severe combined immunodeficiency disorder, PCP — pneumocystis pneumonia, CNS —

central nervous system, MGIT — mycobacterial growth indicator tube, LJ — Lowenstein Jensen

medium, MTBC — Mycobacterium tuberculosis complex
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PREFACE TO CHAPTER IV

In this next chapter, we aimed to develop a model to study the pathogenesis of bovine
mycobacteria within the lab. We sought to apply this model to MAP, a pathogen which has
particular relevance to Canada due to the high prevalence of paratuberculosis and Crohn’s
disease. As mentioned in chapter I, there are currently no mouse models of infection with M.
orygis, M. bovis, or MAP which mimic their natural route of infection and progression to disease.
An appropriate mouse model would act as a valuable tool to study bacterial pathogenesis and to
test novel diagnostics or vaccines. In this chapter, I describe my development of a streptomycin
pre-treatment mouse model of oral infection with MAP and my assessment of the finalized model
in zoonotic TB pathogens M. bovis and M. orygis. 1 determined that an orally administered
streptomycin pre-treatment model of infection with high doses of MAP led to chronic infection
of the intestines and mesenteric lymph nodes up to 24-weeks post-gavage. However, there was
no evidence of inflammation or disease. When this model was applied to M. bovis or M. orygis,
this again led to persistent infection in the intestines and mesenteric lymph nodes, but pulmonary
dissemination and disease also occurred. We concluded that this model mimicked what can be
observed in zoonotic TB in humans where an oral infection progressed to lung disease. However,
other methods, such as an immune-deficient mouse strain, may need to be explored in order to

model MAP enteritis in mice.
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CHAPTER 1V
Establishment of persistent enteric mycobacterial infection following

streptomycin pre-treatment
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1. Abstract

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative agent of
paratuberculosis, a chronic gastrointestinal disease affecting ruminants. This disease remains
widespread in part due to the limitations of available diagnostics and vaccines. A representative
small animal model of disease could act as a valuable tool for studying its pathogenesis and to
develop new methods for paratuberculosis control, but current models are lacking. Streptomycin
pre-treatment can reduce colonization resistance and has previously been shown to improve
enteric infection in a Salmonella model. Here, we investigated whether streptomycin pre-
treatment of mice followed by MAP gavage could act as a model of paratuberculosis which
mimics the natural route of infection and disease development in ruminants. The infection
outcomes of MAP were compared to M. avium subsp. hominissuis (MAH), an environmental
mycobacterium, and M. bovis and M. orygis, two tuberculous mycobacteria. Streptomycin pre-
treatment was shown to consistently improve bacterial infection post-oral inoculation. This
model led to chronic MAP infection of the intestines and mesenteric lymph nodes (MLNs) up to
24-weeks post-gavage, however there was no evidence of inflammation or disease. These
infection outcomes were found to be specific to MAP. When the model was applied to a
bacterium of lesser virulence MAH, the infection was comparatively transient. Mice infected
with bacteria of greater virulence, M. bovis or M. orygis, developed chronic intestinal and MLN
infection with pulmonary disease similar to zoonotic TB. Our findings suggest that a
streptomycin pre-treatment mouse model could be applied to future studies to improve enteric

infection with MAP and to investigate other modifications underlying MAP enteritis.
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2. Introduction

Mycobacterium avium subsp. paratuberculosis (MAP) is the cause of a chronic
gastrointestinal disease called paratuberculosis which affects ruminants such as cattle, sheep,
goats, and deer!. Post-MAP infection, animals enter an initial subclinical period lasting 2-5 years
which is followed by clinical disease characterized by diarrhea, wasting, and eventual death?.
Control of paratuberculosis relies on a test and cull strategy to remove infected animals from the
herd, however its efficacy is constrained by several factors such as the limitations of MAP
diagnostics®*. Paratuberculosis therefore remains widespread with global prevalence estimates
ranging from 10-70%?. This disease poses a major economic burden in many countries, such as
in the United States, where it is associated with a cost of $198 million per year®. In addition,
MAP may also pose a threat to public health if, as hypothesized, it is etiologically linked to
Crohn’s disease®.

MAP is a nontuberculous mycobacterium which emerged from M. avium subsp.
hominissuis (MAH), an environmental species which can cause opportunistic disease in humans
and pigs’®. MAP is an obligate intracellular pathogen of intestinal macrophages’. It will invade
the intestines through M cells in Peyer’s patches and infect macrophages found within the lamina
propria’. The infected macrophages may remain local or travel to the mesenteric lymph nodes
(MLNs) where MAP can also persist!'®. Diseased animals will develop granulomatous enteritis

with a thickening of the intestinal wall, primarily in the terminal ileum, accompanied by
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inflamed MLNs!!. MAP is shed into the feces allowing other animals to be infected via the fecal
to oral route’. However, MAP may also be acquired from the environment due to the ability of
the bacteria to persist for long periods of time in water and soil'>!3.

To study MAP pathogenesis and develop new methods for paratuberculosis control, a
small animal model could be a valuable tool. Bovine models, while offering the obvious benefit
of being a natural MAP host, are often an impractical choice due to their cost, space, and
personnel training requirements. Mouse models alternatively offer several benefits including
reduced cost, increased accessibility, and availability of a variety of defined and well-
characterized mouse strains. Although intraperitoneal injection of mice with MAP leads to
reproducible infection of the spleen and liver, it does not mimic the natural route of infection'?.
An oral infection model would match the natural route; however, gavage of MAP can lead to
inconsistent infection and does not result in intestinal disease!>!'®. This phenomenon has also
been observed with other known enteropathogens such as enteropathogenic and
enterohemorrhagic Escherichia coli'™'. In the case of Salmonella enteria serovar Typhimurium,
gavage infections in mice lead to systemic dissemination rather than local disease in the
intestine. However, Barthel et al. found that if the mice were pre-treated with streptomycin to
reduce colonization resistance posed by gut microbes prior to gavage with a streptomycin-
resistant strain of S. enterica serovar Typhimurium, intestinal infection does occur with disease
which more closely mimics the enterocolitis observed in humans'®.

Here, we investigated whether an oral streptomycin pre-treatment model of MAP
infection could act as a representative mouse model of MAP-induced intestinal infection and
disease. To compare how our MAP results compared with other mycobacteria, we applied the

same infection strategy to MAH, a mycobacterium of lesser virulence, which is primarily
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environmental but has been shown to cause opportunistic infections in immunocompromised
humans and pigs?’. The model was also applied to 2 mycobacteria of greater virulence (M. bovis,
M. orygis) which are causes of bovine and zoonotic TB and are suggested to infect humans
through drinking unpasteurized milk?!?%. Overall, we determined that following streptomycin
pre-treatment, MAP resulted in chronic intestinal infection with no evidence of intestinal disease,
unlike MAH which infected only transiently and M. bovis/M. orygis which disseminated to the

lungs and caused pulmonary disease.

3. Materials and methods

3.1 Media

All mycobacterial strains were grown in Middlebrook 7H9 broth (Difco Laboratories,
Detroit, MI) with 0.2% glycerol, 0.1% Tween 80, and 10% albumin-dextrose-catalase (Becton,
Dickinson and Co., Sparks, MD) with rotation at 37°C. For colony isolation, the bacteria were
plated on Middlebrook 7H10 medium supplemented with 10% oleic acid-albumin-dextrose-
catalase (Becton, Dickinson and Co.). To grow MAP, 0.1% mycobactin J (Allied Monitor,
Fayette MO) was added to liquid and solid media. The antibiotics kanamycin (50pg/mL),
streptomycin (50pug/mL), or PANTA antibiotic mixture (Becton, Dickinson and Co.) were

included in the media when required.

3.2 Generation of streptomycin-resistant strains

To generate streptomycin-resistant (strep-R) strains of MAP K10, MAH 104, M. bovis
Ravanel and M. orygis 51145, a K43R mutation was introduced into the psL gene of each

species using oligo-mediated recombineering as previously described with minor
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modifications?. This mutation is known to confer resistance to streptomycin?*. In brief, the
pNit::ET plasmid (from Kenan Murphy — Addgene plasmid #107692) was first introduced into
each strain and selected on kanamycin-containing media. The plasmid was confirmed by PCR of
the kanamycin cassette (Supplementary Table 1). To introduce the K43R mutation in MAP, M.
bovis and M. orygis, 30mL cultures containing pNit::ET were grown to log phase in 7H9 media
with kanamycin and then diluted to an ODgoo of 0.1. When cultures reached an ODgoo of 0.8,
30uL of a 1000X stock of isovaleronitrile was added to stimulate the pNit::ET plasmid. When
cultures reached an ODgoo of 1.0, 3mL of 2M glycine was added to the culture. The next day, the
cultures were washed 3 times in 10% glycerol. The cells were resuspended in ImL 10% glycerol
and 200uL of cells were transferred to a 2mm gap electroporation cuvette (Fisherbrand,
Waltham, MA) containing 1pg of a 70-mer oligo designed to introduce the K43R mutation
(Supplementary Table 1). The cells were electroporated using the following settings: 2.5 kV,
1,000€2, and 25pF. The cells were then transferred to 3mL of 7H9 and incubated at 37°C. After 5
days (MAP) or 2 days (M. bovis, M. orygis), the cultures were recovered on 7H10 agar with
streptomycin.

To generate the rpsL mutation in MAH, the same procedure was followed except for the
following modifications: the starting culture was 50mL, 50uL of isovaleronitrile was used in
stimulation, 7.5mL of 2M glycine was added prior to electroporation, washes were performed
with pre-warmed 10% glycerol with 2M sucrose, cells were resuspended in 800uL 7H9 with 2M
sucrose prior to recovery, and cells were recovered after 1 day.

Colonies which grew on streptomycin were grown up and screened for the K43R
mutation by PCR of the 7psL gene followed by Sanger sequencing (Supplementary Table 1).

Sequences were visualized using Geneious Prime (version 2022.1.1).
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3.3 Whole genome sequencing and analysis

Genomic DNA was extracted from strep-R MAP and the parental strain using the
QIAamp UCP pathogen mini kit (Qiagen, Hilden, Germany) according to manufacturer’s
instructions. Paired end sequencing libraries were prepared using the S4 reagent kit (Illumina,
San Diego, CA) and shotgun sequencing was performed using the NovaSeq 6000 S4 PE150 -
35M reads (Illumina). The sequence was aligned to the MAP K10 reference genome
(NC_002944.2) using BWA-MEM?. The reads were sorted using SAMtools and visualized
using Integrative Genomics Viewer (IGV)*%?7,

The strep-R MAP sequence was analyzed for deletions and for SNPs outside of the
engineered K43R mutation in rpsL. Duplicate reads in sorted BAM files were removed using
Picard (http://broadinstitute.github.io/picard). Variant calling was done using Freebayes v1.3.6
with mapping quality 60, minimum read coverage 10, and minimum allele frequency of 0.5%.
Variant calls were annotated using SNPEff v.4.3%. Variants identified in strep-R MAP were

compared with the parental strain to identify unique variants.

3.4 pH experiment

The gastric pH of a mouse is between 3.0 (fed) and 4.0 (after fasting)*°. To quantify the
amount of MAP potentially lost due to the acidic environment of the stomach, strep-R MAP was
grown to an ODeoo of 1.0 (~2x108 colony-forming units (CFU)/mL) in 7H9 media. The culture
was then split and resuspended in PBS with 0.1% Tween-80 at either a pH of 7.0 or 3.0 and
incubated at 37°C for 1, 2, or 4 hours. At the indicated timepoint, the cultures were spun down

and resuspended in 7H9 then serially diluted and plated on 7H10 agar.
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3.5 Animals

Mice were housed in a pathogen-free environment at the Research Institute of the McGill
University Health Centre (RI-MUHC). All animal experiments were in accordance with the
guidelines of the Canadian Council on Animal Care (CCAC) and all protocols were approved by
the animal resource division of the RI-MUHC. C57BL/6 and BALB/c mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) at 7-weeks of age and quarantined in-house for 1

week prior to infections. All mouse infections were sex and age matched.

3.6 MAP mouse infection model

Infection outcomes were compared using a strep-R MAP inoculum of 10% or 10° CFU.
Bacterial inoculum was prepared by growing strep-R MAP to an ODggo of 0.5 (~1x10® CFU/mL)
in 7H9 with streptomycin, washing the cells once in PBS with 0.01% Tween-80, and then
resuspending the bacteria in either 1/5 or 1/50 the original volume in PBS with 0.01% Tween-80
to generate a stock of 5x10% CFU/mL or 5x10° CFU/mL. Prior to all gavage steps, mice were
fasted of food and water for 3 hours. The first day, mice were given 200uL of streptomycin
(100mg/mL) by oral gavage. Twenty-four hours later mice were orally inoculated with 200uL of
the prepared strep-R MAP stock (equivalent to a dose of 10% or 10° CFUs). Mice given the higher
dose were given a second 10° CFU strep-R MAP infection by oral gavage the following day.
When indicated, mice were given 100uL of 3% sodium bicarbonate 30 minutes®! prior to oral
gavage of strep-R MAP. At the indicated timepoints, mice were sacrificed, and the small
intestine, large intestine, MLNSs, spleen, liver, and lungs were taken for quantification of organ
CFUs. The small intestine, large intestine, and MLNs were also sent for histopathology

assessment.
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3.7 MAH murine infection model

A 5x10° CFU/mL bacterial stock of strep-R MAH was prepared by growing the bacteria
to an ODgoo of 0.5 (~1x10® CFU/mL). The culture was washed once in PBS with 0.01% Tween-
80 and then resuspended in 1/50 of the original volume in PBS with 0.01% Tween-80. Mice were
fasted of food and water for 3 hours prior to all oral gavage steps. Mice were given 200uL of
streptomycin (100mg/mL) followed by two consecutive doses of 200uL of strep-R MAH (5x10°
CFU/mL) at 24-hour intervals. Mice infected with strep-R MAH were euthanized 48-hours, 4-, 8-
, 12-, and 24-weeks post-infection and the small intestine, large intestine, and MLNs were

assessed for CFUs.

3.8 M. bovis and M. orygis mouse infection model

All M. bovis and M. orygis experiments took place in the containment level 3 facilities at
the RI-MUHC as a fully virulent M. bovis strain (M. bovis Ravanel) was used rather than an M.
bovis BCG vaccine strain. M. orygis is a cause of zoonotic TB in people in or migrating from
South Asia?!, and a clinical isolate collected in Canada (M. orygis 51145) was used*?. A 5x10°
CFU/mL bacterial stock of strep-R M. bovis/M. orygis was prepared by first growing strep-R M.
bovis/M. orygis in TH9 to an ODgoo of 0.5 (~5x10” CFU/mL). The culture was washed once in
PBS with 0.01% Tween-80 and then resuspended in 1/100 of the original volume in PBS with
0.01% Tween-80. Mice were fasted of food and water for 3 hours prior to all oral gavage steps.
Mice were given either 200uL of streptomycin (100mg/mL) or no pre-treatment followed by two
consecutive doses of strep-R M. bovis/M. orygis spaced 24-hours apart. Due to the recognized

33,34

virulence of M. bovis/M. orygis in mice’>”", infected mice were weighed and monitored for

survival throughout the 24-week experiment. Mice were euthanized at 4- and 24- weeks post-
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infection and the small intestine, large intestine, MLNs, and lungs were assessed for CFUs and

histopathology.

3.9 Organ CFU quantification

At each timepoint, the small and large intestines were excised, separated, and cut open
longitudinally. The fecal matter and mucus were removed mechanically using the flat end of
curved tweezers, and the organs were washed 3 times in PBS with 0.01% Tween-80 before being
placed in ImL 7H9. The intestines were processed in this way to identify MAP CFUs that had
invaded into the organ tissue and to avoid CFUs passing through the intestines as a result of the
inoculation at the earlier timepoints. The spleens, livers, and lungs were placed directly in 1mL
7HO. The organs were then homogenized with an Omni Tissue Homogenizer TH (Omni
International, Kennesaw, GA) for 45 seconds. Finally, the MLN chain was directly pushed
through a 70pm sterile cell strainer (Fisher Scientific, Waltham, MA) into 1mL 7H9. The
resulting homogenates for all collected organs were serially diluted in 7H9 and plated on 7H10
containing PANTA to quantify CFUs. If no colonies were counted on the lowest dilutions plated,

the organ was assigned the limit of detection (LOD).

3.10 F57 real-time PCR of fecal pellets

DNA was extracted from fecal pellets of C57BL/6 and BALB/c mice that were
uninfected or 12-weeks post-MAP infection using the QIAmp PowerFecal Pro DNA kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. The MAP K10 genome is
4,829,781 base pairs which corresponds to ~5.3fg per copy'®. A standard curve for gPCR was

prepared from 1x107 genome equivalents (ge) (53ng) to 1 ge (5.3fg). A Maxima SYBR
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Green/ROX real-time PCR assay (Thermo Fisher Scientific, Waltham, MA) was performed using
primers for the single copy gene F57 (Supplementary Table 1) following the manufacturer’s

instructions.

3.11 Histopathology

Small intestines and large intestines from all infected and uninfected control mice,
mesentery from MAP-infected and uninfected mice, and lungs from M. bovis-infected, M. orygis-
infected, and uninfected mice were sent to the histology core at McGill University. The organs
were paraffin-embedded and 4pum sections were cut and stained by hematoxylin and eosin
(H&E) staining. Positive control slides of enteritis were generously provided from Dr. Laura
Sly’s lab who has a model of spontaneous enteritis in SHIP”~ mice*®. All slides were reviewed by

a pathologist at the MUHC. All slides were photographed with a Nikon Eclipse NI microscope.

3.12 Lipocalin-2 ELISA

Fecal pellets were collected from infected and uninfected control mice and stored at -
80°C until processed. Fecal pellets were weighed and placed in a 1.5mL screwcap tube. PBS
with 0.1% Tween-20 was added at a volume of 10ul per Img of feces. The tubes were vortexed
at maximum speed for 20 minutes and then spun down in a microcentrifuge at 12,000 x g for 10
minutes at 4°C. The supernatant was transferred into a new screwcap tube and stored at -20°C
until ready for ELISA of lipocalin-2, a broad marker of intestinal inflammation in mice®’. The
assay was performed using the mouse lipocalin-2/NGAL DuoSet ELISA (Bio-techne,
Minneapolis, MO) and DuoSet ELISA ancillary reagent kit (Bio-techne) according to the

manufacturer’s instructions.
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3.13 Statistics

Statistical analyses were conducted with GraphPad Prism (version 9.3.1). Grouped data
are graphed as individual datapoints with the sample median. Multiple groups comparisons were
performed using a two-way ANOVA with Sidak’s multiple comparisons test. To compare 2
groups, an unpaired t-test was used. Analysis of pooled organ data was performed using a Mann-

Whitney test.

4. Results

4.1 Streptomycin pre-treatment increases MAP bacterial burden following oral infection

A strep-R MAP strain was generated by introducing a K43R mutation into the psL gene
via oligo-mediated recombineering. The SNP introduction was confirmed via Sanger sequencing
(Supplementary Fig. 1A) and the strain was shown to grow on 7H10 agar with 50pg/mL
streptomycin (Supplementary Fig. 1B). Whole-genome sequencing was performed on the strep-R
MAP and parent strain to determine whether any off-target mutations occurred in the generation
of strep-R MAP. No deletions were detected and only 1 additional point mutation was detected in
mtrB, a gene which makes up a two-component regulatory system. The mtr4B system has
previously been associated with multidrug resistance in M. avium, therefore it is possible that this
is a compensatory mutation®®. To test whether streptomycin pre-treatment would improve
infection of MAP following oral gavage, C57BL/6 mice were given 20mg of streptomycin or no
pre-treatment followed by a dose of 108 CFU strep-R MAP 24-hours later. After 48 hours, mice
were euthanized and the organ CFUs were compared between the 2 groups (Fig. 1A). The mean
strep-R MAP CFUs were ~14X greater (*p=0.04) in the large intestine in mice that received

streptomycin pre-treatment (Fig. 1B).
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4.2 Increasing gastric pH does not improve MAP infection following oral inoculation

In order to determine whether MAP intestinal load could be further increased following
streptomycin pre-treatment, the effect of the acidic gastric pH of the mouse stomach on MAP
death following gavage was tested. The effect of pH on MAP survival was tested both in vitro
and in vivo. Strep-R MAP was grown to an ODgoo of 1.0 (~2x10% CFU) and then transferred to
PBS at a pH of either 7.0 or 3.0. There were significantly fewer CFUs in cultures exposed to an
acidic pH after 1- (*p=0.019), 2- (**p= 0.009) and 4-hours (**p=0.009). One hour in PBS at a
pH of 3.0 decreased the number of viable strep-R MAP by ~0.5-log and 4 hours decreased the
number of viable strep-R MAP by >1-log (Fig. 1C).

To investigate whether increasing the mouse gastric pH would therefore improve MAP
infection post-gavage, mice were administered sodium bicarbonate prior to gavage of strep-R
MAP. Mice were pre-treated with 20mg of streptomycin and then 24-hours later half of the mice
were given 3% sodium bicarbonate 30 minutes®! before all mice were given 1x10® CFU strep-R
MAP (Fig. 1D). After 48 hours, there were no differences in bacterial burden found between
mice that received sodium bicarbonate and those that did not in the large intestine (Fig. 1E),
small intestine (Fig. 1F) or MLNs (Fig. 1G). This indicated that although a low pH reduced
strep-R MAP CFUs in vitro, increasing gastric pH in vivo did not improve strep-R MAP organ

infection post-gavage and therefore was not performed in later experiments.

4.3 Two consecutive oral doses of strep-R MAP led to infection of the mesenteric lymph nodes

The effect of increasing the dosage of strep-R MAP organ infection was next evaluated.
C57BL/6 mice were given streptomycin pre-treatment followed either by a single dose of 1x10%

CFU strep-R MAP or 2 doses of 1x10° CFU given 24-hours apart (Fig. 2A). Organ CFUs were
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assessed at 48-hours, 4-, and 8-weeks post-infection. No differences were observed between the
doses in infection of the large intestine (Fig. 2B) or small intestine (Fig. 2C). However, only
mice that received the 2 high doses of strep-R MAP had CFUs in the MLNs (Fig. 2D),
suggesting that a greater dose is required for MAP migration to the lymph nodes. This was
significant at 48-hours (*p=0.013) 4- (**p=0.009) and 8-weeks (***p=0.001) post-infection. At
48-hours post-infection, strep-R MAP CFUs in the higher dose group were greatest in the large
intestine (~10°-10* CFU/g) and MLNs (~10' CFU/MLN chain). Later at 4- and 8-weeks post-
infection, strep-R MAP CFUs were primarily restricted to the MLNs (~10'-10> CFU/MLN
chain). This persistence of MAP within the MLNs is consistent with the known course following
natural infection!®. The higher dose infection model was therefore chosen for the remaining

mouse experiments.

4.4 The streptomycin pre-treatment MAP model leads to chronic infection without disease

To determine whether the streptomycin pre-treatment MAP model led to long-term
infection, the inoculation was repeated with timepoints extending to 24-weeks post-infection
(Fig. 3A). Strep-R MAP was found to persist primarily in the large intestine (Fig. 3B) and MLNs
(Fig. 3C) with CFUs sporadically observed in the small intestine (Fig. 3D). At initial uptake,
MAP infects the large intestine (~10°-10* CFU/g) and MLNSs (~10' CFU/MLN chain). At 4- and
8-weeks post-infection MAP was primarily detected in the MLNs (~10'-10> CFU/MLN chain).
By 12-weeks post-infection MAP was detected at greatest abundance in the large intestine (~10%-
10° CFU/g). At 24-weeks post-infection, MAP infection remained in some mice but had been
cleared in most. MAP was not consistently detected in the spleen, liver, or lungs throughout the

24-week experiment (Supplementary Fig. 2). Considering 12-weeks post-gavage was the peak of
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MAP infection in the large intestine, fecal shedding was assessed via quantitative PCR of the F57
gene between uninfected controls and mice infected 12 weeks prior. No observable differences
were detected between these 2 groups at this timepoint and the ge values were consistent with
background (Supplementary Fig. 3).

To determine whether chronic infection led to inflammation or observable differences in
histopathology, organs were sent for processing and H&E staining. The slides of the large
intestine, small intestine, and MLNs were compared with slides from controls at the 12- and 24-
week timepoints by a pathologist. These timepoints were chosen since MAP disease progression
typically occurs after a long subclinical period and the 12-week timepoint was the peak of
bacterial load in the large intestine. No changes were observed in the histopathology of infected
animal organs compared to uninfected controls (Fig. 3E). To investigate whether more subtle
inflammatory changes had occurred, fecal pellets were also processed for quantification of
lipocalin-2, a broad marker for inflammation in mice®” (Fig. 3F). No differences were observed
in levels of lipocalin-2 compared to uninfected controls. Together this data suggests that a
streptomycin pre-treatment model can result in long-term (up to 24 weeks) organ infection of

MAP in C57BL/6 mice without signs of inflammation or disease.

4.5 The infection outcomes of a streptomycin pre-treatment MAP model are comparable between

C57BL/6 and BALB/c mice

To identify whether infecting a mouse strain more susceptible to mycobacteria®® would
lead to increased bacterial burden or disease induction, the model was compared between
C57BL/6 and BALB/c mice (Fig. 4A). Overall, no significant differences were observed between

the 2 mouse strains in strep-R MAP infection of the large intestine (Fig. 4B), small intestine (Fig.
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4C) or MLNs (Fig. 4D). This suggests that MAP organ infection is not affected by the differences
between the genotypes of the C57BL/6 and BALB/c mice. Based on the comparable results
across the different mouse strains, we pooled the results together to explore any time-dependent
trends. Analysis of total CFU burden revealed that infection peaked at 12-weeks post-gavage and
that the burden was diminished by 24-weeks (*p=0.045) (Fig. 4E). This trend was seen also by
analysis of each organ with a significant difference observed in the MLNs (*p=0.049)
(Supplementary Fig. 4). Consistent with the findings from C57BL/6 mice, no changes were
observed in the histopathology of BALB/c mice compared to unexposed controls (Fig. 4F). The
levels of lipocalin-2 were also comparable between the 2 groups, other than at 24-weeks where a
minor increase was observed in infected animals (*p=0.042) (Fig. 4G). When streptomycin pre-
treatment was compared with no pre-treatment in BALB/c mice, strep-R MAP CFUs were shown
to increase in the large intestine and MLNs with streptomycin pre-treatment. Slight increases in
lipocalin-2 were observed in the streptomycin group compared to no pre-treatment
(Supplementary Fig. 5). Overall, this data suggests that infection outcomes are largely unchanged

by using BALB/c mice.

4.6 The streptomycin pre-treatment infection strategy with MAH leads to comparatively transient

infection

To understand how infection outcomes compare when the same infection strategy was
applied to an environmental mycobacterium, the infection was repeated using MAH, the closest
relative to MAP®. A strep-R strain of MAH was generated using oligo-mediated recombineering
to introduce a K43R mutation in the 7psL gene and was confirmed by Sanger sequencing

(Supplementary Fig. 6A). C57BL/6 mice were given 20mg streptomycin followed by 2
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consecutive doses of 1x10° CFU strep-R MAH (Fig. 5A). Organ CFUs were found in the large
and small intestine only 48-hours post-infection, after which strep-R MAH was cleared (Fig. 5B,
5C). Bacterial load ranged from ~10°-10* CFUs/g in the large intestine, which is comparable to
MAP CFUs at 48-hours (Fig. 3B). In the MLNSs, infection was observed in some mice at 48-
hours and 4-weeks post-infection, after which it was also cleared (Fig. 5D). Collectively, this
data suggests that the persistence phenotype of MAP observed following this infection strategy is

specific to the bacteria rather than the mode of infection.

4.7 Application of the streptomycin pre-treatment strategy with M. bovis or M. orygis leads to

pulmonary infection and disease

To investigate whether the streptomycin pre-treatment infection model could lead to
disease with more pathogenic species, infection outcomes were compared with M. bovis and M.
orygis, 2 bovine mycobacteria causing tuberculosis. Strep-R M. bovis/M. orygis strains were
generated by oligo-mediated recombineering and the K43R mutation was confirmed by Sanger
sequencing (Supplementary Fig. 6B). For M. bovis infections, C57BL/6 mice were given 20mg
streptomycin or no pre-treatment followed by 2 consecutive oral doses of 1x10° CFU of strep-R
M. bovis each spaced 24-hours apart (Fig. 6A). Strep-R M. bovis infection consistently occurred
in the large intestine (Fig. 6B), small intestine (Fig. 6C), and MLNs (Fig. 6D). Dissemination
was also detected in the lungs (Fig. 6E). At 24-weeks post-infection, streptomycin pre-treatment
led to significantly increased CFUs in the large intestine (*p=0.041), small intestine (*p=0.048)
and lungs (**p=0.0085). Over the course of the experiment, 2 mice in the streptomycin pre-
treatment group had to be euthanized at 5-weeks (mouse 1) and 15-weeks (mouse 2) post-

infection (Fig. 6F). Assessment of the histopathology of their lungs indicated that mouse 1 likely

Dufty, SC 147 PhD Thesis



died due to lung disease due to the large areas of consolidation and immune cell infiltration
observed. The lungs of mouse 2 appeared normal which indicated it may have died due to
reasons unrelated to M. bovis infection (Fig. 6G). At the experimental endpoint of 24-weeks,
sections of the lungs of the remaining mice were also sent for histopathology which indicated
that 3 out of 4 mice had some evidence of lung disease including airway consolidation and
interstitial lymphocytic infiltration (Fig. 6H). None of the M. bovis-infected mice had evidence
of disease in their small or large intestine.

To determine whether similar infection outcomes would occur with another cause of
bovine and zoonotic TB, the infection was repeated with strep-R M. orygis (Supplementary Fig
7A). Similar outcomes were observed in this experiment where gavage led to local infection of
the large intestine, small intestine, and MLNs with dissemination to the lungs at 24-weeks post-
infection (Supplementary Fig. 7B-E). One mouse died at 13-weeks post-infection without
evidence of lung disease observed by H&E staining (Supplementary Fig. 7F, G). The surviving
mice that were euthanized at the experimental endpoint had some evidence of lung disease with
areas showing reactive peri-bronchial lymphoid aggregates, interstitial lymphocytic infiltration
and foamy histiocytes (Supplementary Fig. 7H). None of the M. orygis-infected mice had

evidence of disease in their small or large intestine.

5. Discussion
Paratuberculosis remains a widespread concern for animal health and a significant
economic burden. The limitations of available diagnostics and vaccines for paratuberculosis
deters elimination of the disease. The development of a mouse model of MAP which mimics the

natural route of infection and leads to intestinal disease would be a valuable tool for testing new
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methods of detecting or preventing paratuberculosis. However, oral infection models of MAP are
currently lacking. Here, we investigated whether streptomycin pre-treatment, a method
previously shown to support S. enterica serovar Typhimurium induced enteritis, could improve
MAP infections and model paratuberculosis in mice.

Streptomycin pre-treatment was found to significantly improve MAP infection of the
large intestine (Fig. 1B). The benefit of streptomycin pre-treatment to increase organ bacterial
load was also found when infecting another mouse strain (BALB/c) or when inoculating another
mycobacterium (M. bovis) (Supplementary Fig. 5, Fig. 6). To further enhance MAP infection, the
dosage was increased to 2 consecutive doses of 10° and only mice that received this higher dose
were shown to have MAP infection in the MLNs (Fig. 2). During the clinical phase of
paratuberculosis, inflamed MLNs are one of the frequently observed signs of disease!!, thus this
higher dosage led to a more representative MAP model. Streptomycin pre-treatment followed by
a high dose MAP gavage led to a persistent MAP infection in the intestines and MLNs which
peaked at 12-weeks. Our strategy for assessing intestinal CFUs was designed to detect bacterial
burden within the organ tissue. It is possible that additional CFUs may have been detected within
the intestines if the mucus was not washed away during processing. Although the improvement
in MAP burden using this streptomycin pre-treatment was promising, there was no evidence of
inflammation or disease in either C57BL/6 or BALB/c mice (Fig. 3, Fig. 4). Furthermore, there
was no evidence that MAP was being shed through the feces at the time of the maximum
infection burden. Future studies attempting to model paratuberculosis in mice may benefit from a
streptomycin pre-treatment strategy to enhance MAP infection. However, given that disease was

not generated at an inoculum that is difficult to exceed, for technical reasons, additional host
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manipulations such as an immunodeficient mouse strain are likely required to generate MAP
enteritis.

In addition to streptomycin pre-treatment, our study investigated the effect of gastric pH
on infection outcomes. Although in vitro studies showed that a low pH like the environment of
the mouse stomach did lead to reduced MAP CFUs, when sodium bicarbonate was used to
increase the mouse gastric pH prior to gavage with MAP, no differences were observed in the
organ CFUs compared to mice given no sodium bicarbonate (Fig. 1C-G). It is possible that the
effect seen in vitro did not translate into a detectable difference in vivo, simply because of the
amount of time MAP spends in mouse stomach. Schwartz et al. reported the mouse gastric
emptying time to be 74 + 17 minutes but also reported considerable variability between animals*.
Given that the tissue burden of MAP was much lower than the inoculum we delivered via
gavage, our results suggest that there are other pH-independent factors which hinder MAP
infection post-oral inoculation.

To determine how infection outcomes may vary when using the same infection strategy
with mycobacteria of lesser or greater virulence, the infection was compared with MAH, a
primarily environmental bacteria, and M. bovis/M. orygis, bacteria known to cause bovine
tuberculosis. Gavage of MAH led to a transient infection in the large intestine and MLNs which
was cleared after 48-hours or 4-weeks post-infection respectively (Fig. 5). This indicated that the
persistence of MAP was specific to the bacteria rather than the method of streptomycin pre-
treatment. When mice were inoculated with M. bovis or M. orygis, this led to both infection of
the intestines and MLNs, and dissemination to the lungs. After 24 weeks, these mice had clear
signs of lung disease which varied in severity. Overall, these infection outcomes were consistent

with a model of zoonotic tuberculosis where exposure via the oral route led to pulmonary
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disease. This indicates that MAP localization and lack of disease development within the

streptomycin pre-treatment model was again bacteria-specific rather than a product of the

infection strategy.

In conclusion, our data suggests that streptomycin pre-treatment is an effective method

for improving infection of MAP post-gavage. When compared to MAH, M. bovis, and M. orygis,

MAP gavage led to local persistent infection which was not observed with the other bacteria.

Future studies aiming to develop an oral infection model of MAP may build upon these data to

enhance infection and/or to produce an inflammatory response to MAP infection. A mouse model

of paratuberculosis could act as an important platform for testing novel diagnostics and vaccines

to improve management of paratuberculosis.
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Figure 1: The effect of pre-treatment with streptomycin and sodium bicarbonate on MAP
infection
A. C57BL/6 mice were given 20mg of streptomycin or no pre-treatment followed by an oral
gavage of 108 CFU strep-R MAP 24-hours later. Mice were sacrificed and the large intestines
were assessed for CFUs 48-hours post-infection. B. Large intestine CFUs were compared
between mice given streptomycin pre-treatment or no pre-treatment (*p<0.05). C. Strep-R MAP
was subject to a pH of 7.0 or 3.0 for 1, 2, or 4 hours. The CFUs following incubation at either pH
was plotted over time (*p<0.05, **p<0.01). D. Mice were orally given 20mg of streptomycin.
The next day half of the mice were given sodium bicarbonate followed by a gavage of 108 CFU
strep-R MAP in all mice 30 minutes later. Mice were sacrificed and their organs were assessed

for CFUs 48-hours post-infection. E-G. The MAP CFUs of the large intestine (E), small intestine
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(F), and MLNs (G) were compared between mice given sodium bicarbonate and streptomycin

pre-treatment or only streptomycin pre-treatment.
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Figure 2: Comparison of a single dose of 10® CFU strep-R MAP and 2 consecutive doses of 10°
CFU strep-R MAP

A. Mice were pre-treated with 20mg of streptomycin. The following day, mice were given either
108 or 10° CFU strep-R MAP. Mice that were inoculated with the higher dose were given a
second dose of 10° CFU strep-R MAP 24-hours later. Mice were euthanized 48-hours, 4-weeks,
or 8-weeks post infection and the organs were assessed for CFUs. B-D. Strep-R MAP CFUs were
compared between the lower and higher dose infection strategies in the large intestine (B), small

intestine (C), and MLNs (D) (*p<0.05, **p<0.01, ***p<0.001).
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Figure 3: Assessment of chronic infection and disease following streptomycin pre-treatment and

MAP gavage

A. Mice were pre-treated with 20mg streptomycin followed by 2 consecutive doses of 10° CFU
strep-R MAP given 24-hours apart. Mice were euthanized and assessed at 48-hours, 4-, 8-, 12-,
and 24-weeks post-infection. B-D. Strep-R MAP CFUs were assessed in the large intestine (B),
MLNSs (C), and small intestine (D) throughout the 24-week experiment. E. Representative
sections of the large intestine (H&E, original magnification x100), small intestine (x100), and
MLNSs (x40) from mice 12-weeks post MAP infection are shown. F. Fecal pellets were obtained
from uninfected mice and strep-R MAP infected mice 4-, 8-, 12-, and 24-weeks post-infection
and processed. The amount of lipocalin-2 found in samples from both groups was evaluated by

ELISA.
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Figure 4: Comparison of infection outcomes between C57BL/6 and BALB/c mice
To evaluate whether using a more susceptible mouse strain would induce disease following
strep-R MAP infection, the infection model was compared with BALB/c mice. A. Either
C57BL/6 or BALB/c mice were given 20mg streptomycin followed by 2 consecutive doses of
10° CFU strep-R MAP. Mice were sacrificed and assessed at 48-hours, 4-, 8-, 12-, and 24-weeks
post-infection. B-D. Strep-R MAP CFUs were compared between the 2 mice strains in the large
intestine (B), small intestine (C), and MLNs (D). E. Total MAP burden was pooled for the large
intestine, small intestine, and MLNs of C57BL/6 and BALB/c mice and compared at 12- and 24-
weeks post-infection (*p<0.05) F. Representative sections of the large intestine (H&E, original
magnification x100), small intestine (x100), and MLNs (x40) from BALB/c mice 12-weeks post
MAP infection are shown. G. Fecal pellets were obtained from uninfected and strep-R MAP
infected BALB/c mice 4-, 8-, 12-, and 24-weeks post infection and processed. The amount of

lipocalin-2 found in samples from both groups were evaluated by ELISA (*p<0.05).
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Figure 5: Comparison of infection model with MAH

To determine how infection outcomes would compare using an environmental mycobacterium,
the same infection strategy was repeated using strep-R MAH. A. C57BL/6 mice were given
20mg of streptomycin followed by 2 consecutive doses of strep-R MAH 24-hours apart. Mice
were euthanized 48-hours, 4-, 8-, 12-, and 24-weeks post-infection and organs were assessed for

CFUs. B-D. Strep-R MAH CFUs were assessed in the large intestine (B), small intestine (C), and

MLNs (D) at each timepoint.
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Figure 6: Comparison of infection model with M. bovis

To determine how infection outcomes may change using a pathogenic tuberculous
mycobacterium, the same infection strategy was repeated using strep-R M. bovis. A. C57BL/6
mice were given 20mg of streptomycin or no pre-treatment followed by 2 consecutive doses of
strep-R M. bovis 24-hours apart. Mice were sacrificed 4- and 24-weeks post-infection and organs
were assessed for CFUs. B-D. Strep-R M. bovis CFUs were assessed between mice given
streptomycin pre-treatment or no pre-treatment in the large intestine (B), small intestine (C),
MLNs (D) and lungs (E) at each timepoint (*p<0.05, **p<0.01). F. Survival was monitored
between groups over the 24-week experiment. Two mice were flagged for euthanasia at 5-weeks
(mouse 1) and 15-weeks (mouse 2) post-infection G. The histopathology of the lungs was
assessed for the 2 mice that reached endpoint. Shown are representative images of sections of

their lungs (H&E, original magnification x40). H. At the experimental endpoint of 24-weeks, the
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histopathology of the lungs was assessed for the surviving mice. Representative images of the

lungs sections (x40) from streptomycin pre-treated mice are pictured.

8. Supplementary Figures

Strep-R MAP T i P i a P a

Strep-R MAP

wT MAP |

7H10 + streptycin (50ug/mL)
Supplementary Figure 1: Generation of strep-R MAP
Oligo-mediated recombineering was employed to generate a K43R mutation in rpsL of MAP
which is known to confer resistance to streptomycin. A. The sequence of the rpsL gene of
wildtype (WT) MAP and strep-R MAP was generated by Sanger sequencing. Amino acids 40-46
of MAP rpsL are visualized on Geneious Prime and the point mutation in strep-R MAP is
highlighted by a green box. B. The WT MAP and strep-R MAP strains were plated on 7H10 agar

with streptomycin to compare growth.
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Supplementary Figure 2: Dissemination of strep-R MAP
A. C57BL/6 mice were given 20mg of streptomycin followed by 2 consecutive doses of 10° CFU
strep-R MAP each 24-hours apart. B-D. Dissemination of MAP into the spleen (B), liver (C), and

lungs (D) was evaluated at 48-hours, 4-, 8-, 12-, and 24-weeks post-gavage.
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Supplementary Figure 3: Fecal shedding assessment

A. A standard curve was prepared for quantitative PCR of the F57 gene using MAP K10 genomic
DNA diluted from 1x10”to 1 genome equivalents in order to interpolate values from fecal
samples. B. Fecal shedding was assessed in uninfected controls and mice 12-weeks post-gavage
with MAP.
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Supplementary Figure 4: Pooled organ CFUs of C57BL/6 and BALB/c mice at 12- and 24-

weeks post-infection

The organ CFUs of the large intestine (A), small intestine (B), and MLNs (C) were pooled from

C57BL/6 and BALB/c mice and compared between 12- and 24-weeks post infection (*p<0.05).
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Supplementary Figure 5: Comparison of streptomycin pre-treatment and no pre-treatment in
BALB/c mice

To determine whether streptomycin pre-treatment would also increase infection in BALB/c mice,
infection outcomes were compared between BALB/c mice given streptomycin pre-treatment or
no pre-treatment. A. BALB/c mice were given 20mg streptomycin or no pre-treatment followed
by 2 consecutive doses of 10° CFU strep-R MAP each 24-hours apart. B-D. The CFUs of the
large intestine (B), small intestine (C), and MLNs (D) were compared between mice groups 48-
hours, 4-, 8-, 12-, and 24-weeks post-infection. E. Fecal pellets were collected and processed
from uninfected BALB/c mice and MAP-infected BALB/c mice with or without streptomycin

pre-treatment. The levels of lipocalin-2 found in the feces of each group were evaluated by

ELISA (*p<0.05, **p<0.01).
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Supplementary Figure 6: Generation of strep-R MAH and strep-R M. bovis

Oligo-mediated recombineering was employed to generate a K43R mutation in rpsL of MAH and
M. bovis. A. The sequence of the rpsL gene of WT MAH and strep-R MAH was generated by
Sanger sequencing. Amino acids 42-44 of MAH rpsL were visualized on Geneious Prime and the
point mutation in strep-R MAH is indicated by a green box. B. The sequence of the rpsL gene of
WT M. bovis and strep-R M. bovis was generated by Sanger sequencing. Amino acids 42-44 of
M. bovis rpsL were visualized on Geneious Prime and the point mutation in strep-R M. bovis is

highlighted by a green box.
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Supplementary Figure 7: Comparison of infection model with M. orygis

The streptomycin pre-treatment model was repeated with another pathogenic bovine
mycobacteria M. orygis. A. C57BL/6 mice were given 20mg of streptomycin followed by 2
consecutive doses of strep-R M. orygis 24-hours apart. Mice were euthanized 4- and 24-weeks
post-infection. B-D. Strep-R M. orygis CFUs were assessed in the large intestine (B), small
intestine (C), MLNs (D) and lungs (E) at each timepoint. F. Survival was monitored over the 24-
week experiment. One mouse was flagged for euthanasia at 13-weeks post-infection (mouse 1).
G. The histopathology of the lungs was assessed for mouse 1. Shown is a representative image of
the H&E-stained section of its lungs (original magnification x40). H. At the experimental
endpoint of 24-weeks, the histopathology of the lungs was assessed for the surviving mice.

Shown are representative images of the lungs (x40) sections.

Dufty, SC 170 PhD Thesis



9. Supplementary Table

Name Sequence Function
Kan_F GAAAGCCACGTTGTGTCTCA To confirm presence of pNit plasmid
Kan_R ATTCCGACTCGTCCAACATC To confirm presence of pNit plasmid

MAP_rpsL_K43R

MAH_rpsL_K43R

Mbovis_rpsL_K43R

MACrpsL_F
MACrpsL_R
MTBCrpsL_F
MTBCrpsL_R
F57_F

F57_R

CGCGGGCGACCTTCCGAAGCGCCGAGTTCGGCTTC
CTCGGGGTGGTGGTGTACACGCGGGTGCATACGCC

CGCGGGCGACCTTCCGAAGCGCCGAGTTCGGCTTC
CTCGGGGTGGTGGTGTACACGCGGGTGCATACGCC

CGCGGGCAACCTTCCGAAGCGCCGAGTTCGGCTTC
CTCGGAGTGGTGGTGTACACGCGGGTGCATACACC

ACAAGATCGGCAAGGTCAAG
GGATGATCTTGTACCGCACAC
GCCGACAAACAGAACGTG
GTGACCAACTGCGATCCGTAG
TACCGAATGTTGTTGTCACCG

TGGCACAGACGACCATTCAA

To generate strep-R MAP

To generate strep-R MAH

To generate strep-R M. bovis

To confirm rpsL K43R mutation by Sanger sequencing
To confirm rpsL K43R mutation by Sanger sequencing
To confirm rpsL K43R mutation by Sanger sequencing
To confirm rpsL K43R mutation by Sanger sequencing
To test for fecal shedding of MAP

To test for fecal shedding of MAP

Supplementary Table 1: Primer and oligo sequences
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CHAPTER YV

Discussion

1. Discussion

In this thesis, I describe my research investigating both the epidemiology and
pathogenesis of bovine mycobacteria. I first aimed to generate tools to rapidly identify MTBC
subspecies to determine the prevalence and cause of zoonotic TB in South Asia. My work
emphasized the importance of M. orygis, rather than M. bovis, as the primary cause of bovine
and zoonotic TB in India and the other countries of South Asia which make up ~38% of the
world’s TB cases?®. This study also highlighted the need for accessible and reliable methods of
identifying BCG disease, which led to my development of a second assay which was
implemented into a clinic in Vellore. Finally, I sought to better understand the pathogenesis of
bovine mycobacteria by generating an experimental model which would mimic the disease
observed upon infection with MAP (paratuberculosis), or with M. bovis or M. orygis (zoonotic
TB). I found that a high dose streptomycin pre-treatment model of oral infection with MAP led to
persistent localized intestinal infection and its use with M. bovis or M. orygis led to pulmonary
dissemination and disease. Taken together, this thesis demonstrates how epidemiological studies
can inform research conducted at the bench, and conversely, how the tools developed at the
bench can be translated into clinical application. This research has produced immediate products
(novel methods of detecting infection with bovine mycobacteria in the clinic) as well as
generating fundamental knowledge regarding the pathogenesis of intestinal mycobacterial

infections.
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The completion of the work described in chapter II sparked interest in zoonotic TB and
initiated several new research opportunities to continue investigations in South Asia. One of the
key questions which emerged from this work was where does the transition from M. orygis to M.
bovis occur geographically? If the distribution of M. bovis in Africa, Europe, and the Americas
and M. orygis in South Asia resulted from 2 independent cattle domestication events of Bos
taurus and Bos indicus respectively as has been previously suggested®®, then in what location
would one expect to see a transition from M. bovis to M. orygis infections or a mix of the 2? This
question led to a collaboration with Dr. Mamoona Chaudhry and Dr. Rubab Magsood where we
investigated the MTBC subspecies identified from gross TB-like lesions found in buffalo and
cattle at a slaughterhouse in Punjab, Pakistan (manuscript in revision). [ used the same assays
described in chapter II to identify the MTBC subspecies causing disease from DNA extracted
from these lesions. Our study identified 20 cases of bovine TB caused by M. orygis (n=10) and
M. tuberculosis (n=10), but again no cases were caused by M. bovis. Larger studies on more
cases of bovine and zoonotic TB should be conducted in Pakistan to confirm these findings.
However, this study suggested that the transition to disease caused by M. bovis may be occurring
in countries further west such as Iran.

The research outlined in chapter II also led to the formation of the Estimation and Risk
Assessment of the burden of Zoonotic Tuberculosis (ERAzTB) group. This is a collection of
researchers, clinicians, and veterinarians within South Asia, North America, and Europe who
meet weekly to collaborate and present on projects related to bovine and zoonotic TB. One of the
key objectives of this group was to obtain a bigger dataset of positive TB cultures from India
which was representative of all regions within the country, rather than being obtained from a

single clinic. The results of this large collaborative study are upcoming, but they continue to
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support that zoonotic TB in India does occur, albeit infrequently, and when it occurs, it is caused
by M. orygis, not M. bovis.

In chapter III, I described my development of an assay to detect BCG disease and
differentiate between early and late BCG strains. This assay was designed keeping in mind the
lessons learned in chapter II about screening samples in a high-volume clinical laboratory. I
found that RD regions can vary amongst isolates leading to the WGS of several isolates in our
study which were originally labeled as inconclusive due to their being negative for either RD12
or RD1 but retaining the other RDs consistent with M. tuberculosis sensu stricto. 1 also found
that conventional PCR assays can be more laborious and space-consuming due to the need for a
gel. A closed system which does not require electrophoresis and photo steps was determined to
be a more reliable and practical option. Upon learning that the work described in chapter II had
provided a means of identifying BCG disease in patients where previously there was not one
available, we set out to develop an improved BCG assay which built upon our findings. I
designed a SNP-based real-time PCR assay which avoided the use of RDs and used a rule-in
approach to identify BCG while simultaneously providing additional important clinical
information (e.g. pyrazinamide resistance, BCG strain).

In chapter IV, I found that zoonotic TB could be modeled by a streptomycin pre-
treatment model of gavage with either M. bovis or M. orygis where oral exposure led to infection
of the intestines and mesenteric lymph nodes, following which there is dissemination to the lungs
resulting in a slow-progressing lung disease. Considering that the model used 2 very high doses
of M. bovis and M. orygis with streptomycin pre-treatment and there was no evidence of enteritis
after 24-weeks, this suggests that the mice strain we used are quite resistant to intestinal disease

with these bacteria. It has been previously shown that the same mice infected with M. bovis by
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aerosol can rapidly develop pulmonary disease and suffer high rates of early mortality when
compared to M. tuberculosis*®’*!>. Unpublished data from the Behr lab has shown that a similar
phenomenon occurs post-aerosol with M. orygis. Yet following 2 doses by gavage that are
5,000,000 times greater than infections by aerosol, only 1-2 mice died over the course of 24-
weeks. Despite there being bacteria in the lungs as early as 4-weeks post-infection, only some of
the mice displayed varied degrees of lung disease from mild to more severe at the experimental
endpoint of 24-weeks post-infection. This result demonstrated that the route of inoculation
affects the outcome of infection and suggests that the location and types of initial interactions
between the host and the pathogen affect the host’s ability to contain the bacteria and combat
disease progression.

Given the need for streptomycin pre-treatment and such high doses of zoonotic TB
pathogens to induce zoonotic TB-like disease in mice, one may ask whether additional host or
environmental factors must be involved for zoonotic TB to occur in humans. We cannot be
certain that the results obtained in mice would translate to humans, therefore we cannot rule out
that these results are host specific. However, it seems unlikely that humans are exposed to such
high levels of M. bovis or M. orygis when drinking unpasteurized milk. In addition, not everyone
who drinks unpasteurized milk contaminated with these pathogens develops zoonotic TB — in
fact, the great majority of people living in parts of the world where there is no bovine TB control
program and dairy products are not pasteurized do not develop zoonotic TB. Collectively, this
suggests that host-specific factors play a role in who progresses to disease following exposure. In
human infection with M. tuberculosis sensu stricto only about 5-10% of those infected will
develop active TB disease’!®. In the case of zoonotic TB, one can infer that a much smaller

proportion of people drinking unpasteurized milk contaminated with M. orygis or M. bovis
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progress to disease. This indirectly suggests that additional factors, whether genetic or acquired,
are required for disease to ensue.

Considering that 2 high doses of M. bovis or M. orygis by gavage led to a large reduction
in the severity of infection outcomes compared to aerosol, one of the additional questions that we
explored was whether a previous oral exposure could be protective against a future aerosol
challenge. I performed an infection where I gave mice a single reduced gavage dose of 108 CFU
of strep-R M. orygis with or without streptomycin pre-treatment followed by an aerosol
challenge of ~200 CFUs of wildtype M. orygis 24-weeks post-gavage (Figure 1). Following the
initial gavage, all mice survived and gained weight and no mice had clinical signs of disease
(Figure 2). When mice were challenged by aerosol, the median survival time of naive mice was
3.5 weeks whereas the median survival time of those that were previously exposed was 20.5
weeks (Figure 3). When comparing streptomycin pre-treatment with no pre-treatment, the
median survival of mice previously given M. orygis by gavage without streptomycin pre-
treatment was 16 weeks and the median survival of mice previously given M. orygis by gavage
with streptomycin pre-treatment was 23 weeks (Figure 4). The mice previously exposed to M.
orygis had a significant increase in survival time compared to naive (**p=0.002) and within a
subset analysis, mice given streptomycin pre-treatment had a significant increase in survival time
compared to those given no streptomycin pre-treatment (*p=0.025). Since we have seen that
streptomycin pre-treatment has led to a significant increase in organ CFUs, this suggests that an
increase in CFUs led to a more robust host response which was more protective against a future
challenge. One interesting idea suggested by this data is whether people who drink unpasteurized
milk are gaining some protection from contracting TB, if they are exposed to M. tuberculosis

through aerosols. In the future, it may be interesting to determine whether previous gavage by M.
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orygis or M. bovis is protective against aerosol challenge with M. tuberculosis and investigate
how this compares with the current vaccine strain BCG.

When the streptomycin pre-treatment high dose infection strategy was applied to MAP,
dissemination did not occur. There was however a persistent infection of the gastrointestinal tract
which peaked at 12 weeks and persisted in some animals to 24 weeks. Despite the ongoing
infection, there was no evidence of disease, detected either by histopathology or by ELISA of the
feces for the inflammatory marker lipocalin-2. These findings begged the question as to whether
MAP disease could be modeled in mice or whether a change in host species is necessary. To
answer this, [ have recently repeated the streptomycin pre-treatment and high dose strep-R MAP
infection in mice which are lacking the receptor for IFN-y (IFN-yR”" mice). IFN-y is a cytokine
that is key to mounting proper immune responses to intracellular pathogens such as MAP3!". As
previously discussed, the human immunodeficiency disease MSMD is caused by mutations
causing improper secretion of IFN-y and is associated with high susceptibility to MTBC and
NTM infections'*. It is well-known that this mouse strain is also highly susceptible to infection
with mycobacteria®'®,

The weights of these mice were monitored over the course of 12-weeks before all mice
were sacrificed, and their organs were collected for both histopathology and CFUs. We chose a
timepoint of 12-weeks since this was found to be the peak of organ infection in C57BL/6 mice.
The mice weights were stable throughout the experiment and the mice did not develop any signs
of clinical disease (Figure 5). Upon sacrifice, the large intestine of approximately half of the
mice appeared enlarged compared to uninfected controls, but otherwise appeared healthy (Figure
6). A qPCR for the F57 gene did not reveal any evidence of fecal shedding of MAP in these mice

nor was there evidence of inflammation detected by ELISA for lipocalin-2 (Figure 7).
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Assessment of the histopathology of the small intestines of infected IFN-yR”" mice suggested
some sites of potential mild inflammation which will continue to be investigated by the Behr lab
(Figure 8). Notable differences were observed in the organ CFUs of infected IFN-yR”" mice
(Figure 9). Within the intestines, there was a shift in the location of MAP CFUs, where IFN-yR™
mice primarily had CFUs in the small intestine whereas C57BL/6 mice more consistently had
CFUs in the large intestine. There were also significantly higher CFUs in both the small intestine
and MLNs of IFN-yR” mice compared to C57BL/6. Dissemination of MAP to the spleen, liver,
and lungs remained minimal. There were no significant differences in the dissemination of MAP
between C57BL/6 and IFN-yR”" mice (Figure 10). In animals with paratuberculosis, MAP is
primarily found in the terminal ileum of the small intestine and the MLNs!®8. Thus, an IFN-yR™
mouse infection seems to more closely mimic natural MAP infection. This model will continue
to be developed within the Behr lab to explore whether reproducible MAP-induced enteritis can

be achieved using this mouse strain.
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2. Figures

-, mf e, (@R

+/- 20mg streptomycin 108 CFU strep-R M. orygis 200 CFU M. orygis aerosol
Figure 1 Oral gavage of mice with strep-R M. orygis followed by aerosol challenge with
wildtype M. orygis
C57BL/6 mice were given either 20mg of streptomycin or no pre-treatment followed 24-hours
later by a gavage of 10® CFU of strep-R M. orygis. After 24-weeks, all mice were challenged

with 200 CFU of wildtype M. orygis by aerosol and monitored for survival.
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Figure 2 Mice weights post-gavage with strep-R M. orygis

After mice were exposed to strep-R M. orygis gavage with or without streptomycin pre-

treatment, their weights were monitored over 24-weeks.
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Figure 3 Survival curve of naive mice and mice previously-gavaged with strep-R M. orygis post-
aerosol challenge

The survival curves were compared between naive mice and all mice given a previous gavage of
strep-R M. orygis prior to aerosol challenge with wildtype M. orygis. The 2 survival curves were

compared using a log-rank (Mantel-Cox) test.
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Figure 4 Survival curve of naive mice and mice previously-gavaged with strep-R M. orygis with
or without streptomycin pre-treatment post-aerosol challenge

The survival curves were compared between naive mice and mice given a previous gavage of
strep-R M. orygis with or without streptomycin pre-treatment prior to aerosol challenge with

wildtype M. orygis. Survival curves were compared using a log-rank (Mantel-Cox) test.
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Figure 5 IFN-yR” mice weights following gavage with strep-R MAP
The weights of C57BL/6 mice were monitored for 12-weeks following streptomycin pre-

treatment and 2 consecutive oral doses of 10° CFU strep-R MAP spaced 24-hours apart.

Dufty, SC 182 PhD Thesis



Uninfected IFNyR” Infected IFNyR”

Figure 6 Comparison of large intestine sizes of IFN-yR” mice 12-weeks post-infection with
strep-R MAP

The intestines of uninfected IFN-yR”" mice and strep-R MAP infected IFN-yR"" mice were
photographed 12-weeks post-gavage. The red arrows indicate the location where differences in

intestinal size were observed.

Dufty, SC 183 PhD Thesis



A B C Lipocalin-2
Standard Curve F57 P
40 g Ly 107-
‘2 _El 105_
30 3 104 £ H
s E 10 > 1054 —
€ 204 5 £ 104 -
> 20 o ™ 5 s [N )
b s Q
) g °] g 1 Sk
10 >
2 = 102-
Q
0 — T O ¢l supss ooopee— 101 . r
101 10° 10" 102 10° 104 105 105 107 10° Uninfected  Infected Uninfected  Infected

Genome equivalents (ge)

Figure 7 Fecal shedding and lipocalin-2 assessment of IFNyR” mice

A. A standard curve was prepared for quantitative PCR of the F57 gene using MAP K10 genomic
DNA diluted from 1x107 to 1 genome equivalents in order to interpolate values from fecal
samples. B. The interpolated F57 values assessed fecal shedding in uninfected IFNYR™ controls
and IFNYR”" mice 12-weeks post-gavage with strep-R MAP. C. An ELISA was performed to

quantify lipocalin-2 in the fecal pellets of uninfected and infected IFNYR™" mice.

Figure 8 Assessment of histopathology in MAP-infected IFNyR”" mice
A-B. Shown are images of an H&E-stained section of the small intestine in an IFNyR”" mouse at
an original magnification of x100 (A) or x400 (B). The red arrows indicate histiocytes with paler

stained cytoplasm which may represent epithelioid or foamy macrophages.
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Figure 9 Comparison of organ infection in strep-R MAP infected IFNYR”" and C57BL/6 mice

Strep-R MAP CFUs were compared between IFNyR™* and C57BL/6 mice in the small intestine

(A), large intestine (B), and MLNs (C) at 12-weeks post-infection. Group comparisons were

made by an unpaired t-test.
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Figure 10 Comparison of organ dissemination in strep-R MAP infected IFNy”~ and C57BL/6

mice

Strep-R MAP CFUs were compared between IFNyR”- and C57BL/6 mice in the spleen (A), liver

(B), and lungs (C) at 12-weeks post-infection. Group comparisons were made by an unpaired t-

test.
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SUMMARY AND FINAL CONCLUSIONS

In this thesis, my first aim was to determine the proportion of MTBC subspecies causing
disease in the context of South Asia. I generated rapid and reliable assays to screen clinic
samples and determined that zoonotic TB in India is a rare event and is caused by M. orygis
rather than M. bovis. BCG disease was also detected in a handful of cases, but diagnostics were
found to be either unavailable or limited, so an improved assay was developed. The low number
of zoonotic TB cases was perhaps surprising given the number of TB-infected humans and cattle
in the region and indirectly suggests that host-specific factors are also involved in developing
zoonotic TB disease. The finding that M. orygis was the only zoonotic TB pathogen found in
humans in our screens of South Asia stresses the need to alter the current definition of zoonotic
TB to include other MTBC subspecies other than M. bovis. In order to ensure that future
investigations are applying the proper assays and searching for the primary zoonotic TB
pathogen of that region, it’s necessary that this definition reflect the diversity of pathogens
capable of causing disease.

My second aim was to study the pathogenesis of bovine mycobacteria by developing
representative mouse models of oral infection. To do so, I developed a streptomycin pre-
treatment oral model of infection with mycobacteria. This model, when applied to either M.
bovis or M. orygis, led to chronic organ infection along with dissemination and pulmonary
disease reminiscent of zoonotic TB. When applied to MAP, this infection strategy improved
organ infection in the intestines and mesenteric lymph nodes, but unfortunately no evidence of

inflammation or disease was observed, indicating either an immune deficient mouse strain or
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another host altogether may be required to generate a small animal model of MA4P-induced
enteritis.

Bovine mycobacteria have a substantial impact on animal health, generate considerable
global economic losses, and pose a threat to public health due to their zoonotic potential. This
thesis provides new tools, spanning molecular detection assays and experimental models of
infection, to enable the study of their prevalence and pathogenesis. Future investigations building
upon this work may continue to improve our ability to both detect and understand infection with

bovine mycobacteria.
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