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ABSTRACT 

 

The study of tuberculosis (TB) pathogenesis has benefitted from the use of animal models 

like mice, guinea pigs, rabbits, and non-human primates (NHPs). Except for NHP, most animal 

models have limitations mimicking different aspects of human TB. We propose that the domestic 

pig, which shares many similarities to humans with respect to pulmonary anatomy, physiology, 

and immunology, is an equally suitable but more economical alternative to the NHP model. To 

demonstrate this, groups of mixed-breed domestic pigs were challenged intravenously (IV) with 

M. tuberculosis or M. bovis and monitored. Pigs were also challenged with high and a low doses 

of aerosolized M. tuberculosis or M. bovis to mimic the natural route of infection and monitored. 

We found that pigs challenged intravenously with M. bovis exhibited more severe morbidity and 

earlier mortality, accompanied by higher tissue bacterial burden and necrosis compared to pigs 

challenged similarly with M. tuberculosis. Consistently, pigs challenged with high dose 

aerosolized M. bovis exhibited lower weight gain than pigs challenged similarly with M. 

tuberculosis. The M. bovis group also exhibited more severe lung pathology and advanced 

granulomatous lesions compared to the M. tuberculosis group. Pigs challenged specifically with 

high dose M. bovis exhibited higher bacterial burden and post-primary dissemination. 

Interestingly, the peripheral IFN-γ responses were similar for both M. bovis and M. tuberculosis 

challenged pigs, irrespective of the challenge doses.  

Based on these observations, M. bovis (AF2122/97) is more virulent in domestic pigs than M. 

tuberculosis (Erdman). Alternatively, domestic pigs seem better at tolerating infection with M. 

tuberculosis. Nevertheless, either species can be used to model TB in domestic pigs, depending on 

whether one wishes to recapitulate either an active or a latent TB infection.  
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1. LITERATURE REVIEW 

1.1. Introduction to TB 

Tuberculosis (TB) is a chronic infectious disease caused by bacteria belonging to the 

Mycobacterium Tuberculosis Complex (MTBC). Most common members of the complex include 

Mycobacterium tuberculosis (M. tb), the causative agent of human TB and Mycobacterium bovis 

(M. bovis) which causes TB mostly in animals. Other members of the MTBC include M. 

africanum, M. orygis, M. caprae, M. microti, M. mungi, M. pinnipedii, M. canetti and M. 

suricattae. According to the World Health Organization, nearly a quarter of the global population 

is infected with TB1. It is the leading cause of death among people due to a single infectious agent 

and one of the top 10 causes of death in people1. In 2019 alone, an estimated 10 million people 

contracted the disease and a staggering 1.2 million succumbed to it1. The members of the MTBC 

can cause disease not just in humans but also in many other species of animals. Bovine 

tuberculosis, an economically important disease in cattle is caused by Mycobacterium bovis. 

Although genetically very similar to M. tuberculosis, M. bovis has a wider host preference and 

infects animals such as swine, bison, badgers, goats, elks and others as well as humans2,3.  Presence 

of bovine TB in wild mammals is considered to be a source of outbreaks in domestic species such 

as cattle2.  Tuberculosis is known to have afflicted human populations since the Stone Age. 

Evidence of tuberculosis lesions in the spine (Pott’s disease) of ancient Egyptian mummies 

indicate the disease’s long existence. Although the disease reached epidemic proportions in Europe 

in the 18th and early 19th century, it was later contained by development of many anti-

mycobacterial drugs and a vaccine. More recently, TB has become resurgent in many parts of the 

world and is considered a re-emerging disease due to the development of resistance to existing 

anti-TB drugs and lack of effective vaccines in adults4.  

1.1.1. Bacteriology 

Mycobacterium spp. are aerobic and non-spore-forming bacteria. They are non-motile and 

appear as straight or slightly curved rods under the microscope with or without some branching5. 

They have a typical feature of slow growth with a generation time of ~ 24 hours in culture medium 

as well as in vivo. There are broadly three types of selective media for growing MTBC organisms. 

They are (i) Egg-based media such as Lowenstein – Jensen media, (ii) Agar based media such as 

Middlebrook 7H10 and Middlebrook 7H11 media and (iii) Liquid broth such as Middlebrook 

7H95. The MTBC are classified as risk group-3 pathogens and require a bio-safety level-3 (BSL-

3) lab to study6. They have complex cell envelop organization consisting of lipids and fatty acids. 

Mycolic acid is a characteristic feature of all mycobacterial species7. The presence of mycolic acid 

enables mycobacteria to be differentiated from other bacteria based on staining techniques. Since 

mycolic acid in the cell wall makes mycobacteria resistant to decolorization with acid alcohol, they 

are called ‘acid-fast’ bacilli8. This staining technique has been a cornerstone of mycobacteria 

detection in many low resource settings and is used for the diagnosis of TB by staining sputum 

smears from patients4,9. This staining technique is also applied to visualize bacilli in tissue sections 

of infected animals. 

1.1.2. Transmission 

The major mode of transmission of tuberculosis is via aerosol. Severe lung pathology in 

infected individuals induces cough that leads to aerosolization of bacteria10,11,12. Although 

coughing is considered as the main respiratory movement that facilitates transmission, other 
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activities such as speaking, laughing, sneezing and singing can also release bacteria from the lungs 

to the environment10,13. Infection with zoonotic TB like M. bovis is known to occur mostly by 

ingestion of unpasteurized milk and dairy products14. A rare but possible way of contracting 

zoonotic mycobacteria is by improper handling of the carcasses of TB-infected animals14,15. 

Transmission between animals is believed to occur predominantly by ingestion, but aerosol 

transmission is also common between members of the same herd or group of animals16,17. Factors 

that affect the probability of transmission includes the immune status of the exposed individual, 

infectiousness of the bacteria (strain, number of bacteria released), environmental factors 

(proximity, ventilation, living spaces) and health status of the exposed individual (persons with 

malnutrition, diabetes mellitus and alcoholism are more susceptible)18,19,20.  

1.1.3. Pathogenesis 

MTBC are intracellular pathogens that primarily infect mononuclear phagocytic cells. The 

bacteria enter cells by receptor-mediated phagocytosis. There are multiple cell surface-receptors 

known as Pattern Recognition Receptors (PRRs) such as complement receptors, mannose 

receptors, scavenger receptors, toll-like receptors, Dectin-1 & 2, Mincle and DC-SIGN that 

recognizes mycobacterial Pathogen Associated Molecular Patterns (PAMPs). Some important 

PAMPs involved in interaction with host PRRs are cell wall glycolipids such as mannose-capped 

lipoarabinomannan (ManLAM), trehalose-6,6-dimycolate and phosphatidylinositol mannosides21. 

Depending on the type of phagocytic cells, certain types of PRRs could be more abundant than 

others. For example, in human alveolar macrophages (AMs), mannose receptors are highly 

expressed and bind to mannose caps of ManLAM and mediate bacterial entry. MTBC are highly 

adapted in their hosts and have developed different strategies to survive inside the phagocytes22. 

Although the primary niche for airborne TB is AMs, it can also invade blood-derived and tissue-

resident macrophages as well as dendritic cells to cause local disease in other organs. Disease 

progression varies depending on the immune status of the host. Once bacteria are phagocytosed 

by host macrophages, there are three possible disease outcomes for immunocompetent host. 

Firstly, elimination could be through innate immune mechanisms causing no sensitization of T-

cells and thus leaving the host negative for tuberculin skin test (TST) or interferon-gamma release 

assay (IGRA). Secondly, elimination of bacteria could be mediated by activation of adaptive 

immune response (activated T-cells) in which case, the host will test positive for TST and IGRA 

even after bacterial clearance. Lastly, in some immunocompetent hosts, the bacteria remain inside 

the phagosome of macrophages that attracts other immune cells and forms a stable granuloma. In 

this case, the host does not develop clinical signs of disease but has a small chance of disease 

reactivation. This is known as latent TB23. For immunocompromised hosts, lung granulomas may 

form but fail to stabilize and rapidly disintegrate. In these cases, active bacterial replication and 

inflammation cause cavitation of the lungs which is followed by classical signs such as chronic 

cough, prolonged fever, weight loss, haemoptysis and night sweats. This is defined as active TB4. 

A generalized condition where there is a hematogenous spread of the bacilli through blood 

macrophages and mononuclear cells is called miliary TB and is common in children and immune-

compromised adults24.  

1.1.4. Lung pathology 

 In humans or experimental animal models, the pathognomonic lesion of tuberculosis is the 

presence of granuloma. A granuloma is an aggregation of inflammatory cells which forms as a 

response to mycobacteria25. It was a common understanding that TB granulomas are necessary for 

the protection of host tissue against infecting mycobacteria. However, more recent insights into 
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granuloma function have suggested that granulomas may also help mycobacteria to persist in the 

host26. After initial recognition of the bacteria by AMs through the interaction of pathogen PAMPs 

and host PRRs, signaling cascade results in the production of cytokines and chemokines. This 

inflammatory response facilitates the recruitment of more innate immune cells such as 

macrophages, monocytes and neutrophils to the site of infection. These cells organize into a loose 

aggregation or a nascent granuloma27,28. Meanwhile, dendritic cells that phagocytose bacteria, 

present the processed antigen to T cells residing in local draining lymph nodes29. Over time, more 

immune cells are attracted to the nascent granuloma, remodeling into an organized solid structure 

with infected macrophages in the center. The core of infected macrophages is surrounded by 

different phenotypic modifications of macrophages such as epithelioid macrophages, foamy 

macrophages, and Langhans type multinucleated giant cells to ensure proper encapsulation of the 

infected core. This arrangement is further surrounded by a mantle of T and B-lymphocytes and 

finally enclosed by a fibrous capsule. Later, the central core undergoes necrosis forming a cheese-

like mass or caseum resulting in a caseous granuloma. It is believed that the high protein and lipid 

content of the dead phagocytic cells leads to the formation of caseum. One study suggested that 

M. tuberculosis promotes dysregulation in the lipid metabolism of the host adding to the formation 

of caseum30. Eventually, the semi-solid caseous granuloma can liquefy and lead to the formation 

of cavitary granuloma, indicative of transmissive pathology27.  

In pigs, natural infection with M. bovis has been found to induce more localized lesions, 

either in the lungs or in lymph nodes compared to generalized infection. These localized 

granulomas contain mixed inflammatory cells in contrast to the necrotic-calcified granulomas in 

generalized cases of infection31. Large generalized lesions are more common in young pigs17,31 .  

1.1.5. Clinical signs 

Human infection with M. tuberculosis has been classified into two clinical stages – latent 

TB and active TB. Latency is characterized by absence of clinical signs, normal chest X-ray, non-

transmissibility but positive for IGRA or TST32. In contrast, active disease is the condition 

characterized by the presence of clinical signs such as respiratory distress including cough, fever, 

weight loss and presence of mycobacteria in sputum with positive IGRA or TST. Active TB is also 

transmissible to other healthy hosts4. Although the binary classification of tuberculosis as a latent 

and active disease based on its clinical manifestation is most widely used, it is argued that the 

latent and active TB are not distinct clinical states, but rather are just the two extremes of the 

spectra4,23,33. Studies using PET and CT scans in humans and macaques models have found a 

diverse range of pathological presentations in both latent and active cases34. Lesions found ranged 

from sterile to caseous or liquefied necrotic granulomas. There was an overlap of these lesions in 

latent and active cases suggesting there is a continuum of infection outcome. This finding is 

important for the design of treatment regimens for TB. The inner core of granulomas is difficult to 

access by anti-tuberculosis drugs due to extensive fibrosis and encapsulation. In fact, studies have 

shown that drug concentrations will differ in plasma and in tuberculous lesions. Further, the 

availability of these drugs may vary depending upon the type and stage of the granuloma thereby 

compromising the drug’s effectiveness. 
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To better understand the pharmacodynamics and pharmacokinetics of new anti-TB drugs, 

a model that can exhibit human-like lesions with a similar spectrum of pathology is critical. Most 

animal models cannot mimic the range of TB pathology as seen in humans. Several mice strain 

present as immediately latent due to inherent resistance to infection with TB. Other animals, such 

as guinea pigs will develop the systemic disease. Non-human primates (NHPs), however, can 

manifest the spectrum of infection outcome just like humans. Experimentally infected NHPs that 

exhibit signs of active disease 4-5 months post-infection are considered to have active TB, whereas 

it is considered latent if there are no clinical signs after 6 months of the challenge. Some NHPs 

develop severe conditions fairly quickly post-challenge (3 months or less) and are considered as 

rapid progressors35. Despite NHPs being great at mimicking human TB, the cost associated with 

NHP research is very high and there are very few facilities that can work with NHPs under 

containment. Experimental infections in pigs have shown that they can undergo latency due to 

extensive fibrous encapsulation or form caseous-necrotic granuloma and can transmit the infection 

to healthy sentinel pigs36,37. 

1.1.6. Diagnosis 

There are multiple tools available for diagnosing TB, the choice of which is determined by the 

purpose of testing. Latent TB is diagnosed by Tuberculin Skin Test (TST) and Interferon Gamma 

Release Assay (IGRA). TST involves intradermal injection of purified protein derivatives of M. 

tuberculosis. If a person has been exposed to M. tuberculosis, s/he will develop a delayed-type 

hypersensitivity reaction resulting in swelling around the site of injection within 48-72 hours. TST 

is the most effective screening tool in low-resource regions but the test has some limitations. TST 

could be positive for BCG vaccinated individuals as well as for those infected with non-

tuberculous mycobacterium. These limitations are absent in IGRA which uses blood from 

suspected people and measures the blood concentrations of interferon-gamma (IFN-γ) produced 

by T-cells after stimulation with RD1 antigens of M. tuberculosis.  

Active TB can be diagnosed using one of the four main techniques available. They are imaging, 

culture method, sputum smear microscopy and molecular tests. Diagnosis of TB using a chest 

radiograph is a relatively old method and is used as a screening tool along with TST/IGRA. Sputum 

smear microscopy is another technique used to diagnose active TB in low-resource settings. It 

involves staining of sputum smear from suspected patients with acid-fast stains such as the Ziehl-

Neelsen and detection of mycobacteria. More recently, molecular tools such as Xpert MTB/RIF is 

being used to diagnose active TB as well as to detect strains that are resistant to the drug rifampicin.  

1.1.7. Treatment 

Tuberculosis is a chronic disease with infection persisting for decades. Consequently, the 

treatment regimen involves the use of multiple drugs in combination for a prolonged span of 

time4,9.  This difficult regimen, the side effects it causes and non-compliance on the part of patients 

has led to the emergence of drug-resistant mycobacteria1. With the introduction of Direct Observed 

Treatment Short-course (DOTS), a specialized treatment protocol for high burden communities, 

the success rate of TB treatment has increased. Like many other bacterial diseases, effective 

treatment of TB with antibiotics has challenges with drug-resistant strains38,39,40,41. Although drug 

resistance in TB was seen as early as the very first human clinical trials for TB therapy, the 

magnitude of the problem has increased dramatically. As new antibiotics were introduced, 
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resistance to these developed within a decade. Mycobacterial species are known to develop 

resistance against drugs through genetic mutations and not by acquiring resistance genes like most 

other bacteria. The two major mechanisms described for acquiring drug resistance in mycobacteria 

are modification of the drug target and formation of faulty enzymes42. If the bacteria are resistant 

to both isoniazid and rifampicin, the two first-line anti-tuberculosis drugs, it is called Multi-drug 

resistance (MDR) TB4,43. However, if there is resistance to isoniazid and rifampicin plus any 

fluoroquinolone and at least one of the injectable aminoglycosides, this is considered extensively 

drug-resistant (XDR) TB4,43. There has been a steadily increasing incidence of MDR and XDR TB 

globally making it even harder to treat1. Moreover, a greater incidence of drug-resistant TB leads 

to more chances of transmitting drug-resistant bacteria to healthy hosts. Drug resistance in TB is 

usually detected during the initial diagnosis of TB itself by employing the diagnostic test Xpert 

MTB/RIF. This allows for the detection of DNA of virulent MTBC strains as well as resistance to 

rifampicin. This rapid test derives results within 2 hours and obviates the need to wait weeks for 

conventional culture methods to diagnose and confirm the state of antibiotic resistance, allowing 

for an immediate start of chemotherapy. 

1.1.8. Vaccine against TB 

Currently, there is only one universally accepted vaccine against human TB called the 

Bacille Calmette-Guérin (BCG). The BCG is a live-attenuated vaccine developed by Albert 

Calmette and Camille Guérin in 1921. It was obtained after a series of passages of M. bovis strain 

isolated from the udder of a tuberculous cow. The BCG is being used in many countries where TB 

is endemic and the vaccination is mandated in neonates44. Although BCG protects children against 

generalized conditions like miliary TB, the protection wanes with age45,46. The protection varies 

anywhere between 0 to 80 % depending upon the regions4. This is further complicated by the 

presence of 13 different BCG strains.  

Vaccination against animal TB is currently being explored. Although BCG seems to confer 

protection against experimental infection with M. bovis, the implications have not been fully 

explored in wild populations in their natural environment47. There is also a challenge associated 

with the reaction of BCG with the tuberculin skin test, which is used as a tool for screening and 

eliminating TB-positive animal population48. Different strategies for differentiating infected from 

vaccinated animals (DIVA) are being explored. The use of BCG through oral inoculation seems 

to be a viable option and is also scalable to use in wildlife reservoirs49. BCG has also been 

experimentally used in combination with other subunit or heat-killed mycobacteria to enhance 

protection50. 

 

1.2. Immune response to TB infection 

1.2.1. Innate immune response 

Initiation of an immune response against tuberculosis starts from the inhalation/ingestion 

of bacteria. Multiple innate immune mechanisms of the host act to prevent access into the lower 

respiratory tract. This includes physical barriers such as the Airways Epithelial Cells (AECs), 

mucous containing bactericidal peptides, cilia, etc. Although AECs are non-professional immune 

cells, they play a crucial role in limiting access of mycobacteria into the body by secreting 

antimicrobial peptides51. Some mucosal-associated invariant T-cells (MAITs) have also been 
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implicated in controlling the invading mycobacteria by producing IFN-γ and killing TB-infected 

epithelial cells52. Macrophages are the primary niche of mycobacteria and it helps clear the bacteria 

or promotes its existence depending upon the host immune response and the challenge dose. TB 

bacilli are engulfed by the macrophages through receptor-mediated phagocytosis. Interactions 

between mycobacterial PAMPs and host PRRs that precede phagocytosis are discussed in previous 

sections. One of the strategies that host macrophages employ to kill TB bacilli is by producing 

reactive oxygen species and nitric oxide although the latter is more common in animals. 

Phagolysosomal fusion lowers the pH and thereby helps in killing the ingested bacteria. However, 

TB has multiple ways of evading intracellular killing inside macrophages mediated by virulence 

factors especially ESAT-6 and CFP-10 proteins that are encoded by type 7 ESX-1 secretion 

system53,28. Neutrophils are another innate immune cell that is recruited during the early phase of 

infection. A phagocytic cell, neutrophils have mechanisms for intracellular killing of bacteria but 

its function in TB control is not so obvious. It is believed that neutrophils can regulate immune 

function by the production of chemokines and promoting innate immune cell interactions. 

However, at the later phase of infection, excessive recruitment of neutrophils has been associated 

with inflammation, necrosis and tissue damage54,55. Over the course of evolution, M. tuberculosis 

has adapted to regulate the expression of its virulence factors to remain inside the host stealthily 

and evade killing by naïve or activated phagocytes56. Macrophages along with DCs also play a 

major role in the crosstalk between innate and adaptive immune response in TB infection. 

Therefore, early recognition by these innate cells followed by sensitization of the adaptive immune 

system is critical in controlling the disease57. 

1.2.2. Adaptive immune response 

The cell-mediated immune system is critical in controlling tuberculosis in people and 

animals51. In TB infection, the protective function of a humoral arm of the immune system has not 

been conclusive. It is considered to mediate some effector functions of activated T-lymphocytes 

and macrophages58. Unlike in many other bacterial or viral diseases, activation of the adaptive 

immune system and subsequent proliferation of effector cells is delayed in TB. It is activated in 

about 4-6 weeks after infection starts. This is evidenced by the delayed conversion of TST or IGRA 

tests in humans and animal models. The major effector cells are CD4+ T-lymphocytes as mice 

depleted with these cells succumbed to M tuberculosis infection59. Similarly, in HIV-infected 

individuals where the CD4+ T-cell count is diminished, TB becomes progressive and often fatal. 

CD4+ T-cells are a major source of interferon-gamma production and are critical for the activation 

of macrophages and the killing of mycobacteria60. CD8+ subsets of T-cells also have a role to play 

in TB immunology. They are responsible for cell-mediated cytotoxicity of mycobacteria infected 

macrophages61. On the other hand, CD8 cells are also prolific producers of anti-inflammatory 

cytokine IL-10 and TGF-β which favors TB infection51. 

1.2.3. Cytokines in tuberculosis infection 

Cytokines and chemokines play an important role in the protection against tuberculosis. 

Cytokines are small protein molecules secreted by host immune cells that act either on themselves 

(autocrine) or on other immune cells (paracrine). Since antibodies do not play a great role in the 

protection against TB, host immunity due to the presence of cytokines is important in keeping the 

balance between the infection and containment. Although cytokines are categorized as pro-

inflammatory and anti-inflammatory, in the context of TB, there is not a good or a bad cytokine 

but its effect can be protective for the host or harmful depending upon various factors such as 

stages of the disease, route, and dose of infection, interaction with other cytokines as so on62. 
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Therefore, it is believed that for a protective response, there should be just the right amount of pro 

and anti-inflammatory cytokines. Production of cytokines and chemokines starts immediately 

following the interaction of host immune cells with mycobacterium. Some of the major cytokines 

that have a role in TB immunology are as follows: 

1.2.3.1. Interferons 

The interferon family comprises a group of similar cytokines that have protective as well 

as pathological roles in tuberculosis infection. The family of interferon is classified into two 

groups: Type I interferon, which consists of Interferon-alpha (IFN-α) and Interferon-beta (IFN-β) 

and type II interferon, which consists of Interferon-gamma (IFN-γ). While type I interferons 

mostly favor mycobacteria over the host, IFN-γ is critical for controlling intracellular growth of 

mycobacteria inside the macrophages63. Interferon-gamma binds to the IFN-γ receptors present on 

the surface of multiple cell types such as macrophages, natural killer (NK) cells and T-

lymphocytes. Receptor binding activates JAK-STAT pathways which in turn brings about 

transcriptional changes in those cells, increasing their functional capacities64. IFN-γ is mostly 

produced by activated T-lymphocytes, specifically CD4+ T-cells in the adaptive phase of the host 

immune response in humans as well as in animal models. Although the non-specific secretion of 

IFN-γ occurs in the initial phase of infection by MAIT cells upon detecting mycobacteria, it is not 

sufficient in controlling the infection. 

Multiple studies using IFN-γ gene depleted mice have shown the important function of IFN-γ in 

controlling TB infection. Lack of IFN-γ resulted in uncontrolled multiplication of mycobacteria 

inside macrophages, lack of reactive nitrogen intermediates and excessive tissue necrosis65. 

Likewise, mutations in genes of IFN-γ pathways in humans predisposes them to severe clinical 

manifestations of tuberculosis early in life66,67. Interferon-gamma produced ex-vivo upon 

stimulation with mycobacterial antigens is used as a tool for assessing T cell-mediated immune 

response as a proxy for disease progression. Although it not an accurate correlate of the severity 

of disease in vivo which is explained by differences in the pathology and bacterial burden upon 

necropsy, it is used as a diagnostic tool in both humans (QuantiFERON) and animals 

(BOVIGAM)68,69,70,71. 

1.2.3.2. IL-1β 

IL-1β is a pro-inflammatory cytokine produced primarily by macrophages, monocytes and 

DCs. The inflammatory signaling of IL-1b starts after binding to the TLRs which activates the 

intracellular adapter protein MyD88 which has downstream effects to activate NF-kB. The 

indispensable role of IL-1 family cytokines in TB has been shown by numerous animal model 

studies. Mice deficient in either IL-1α or IL-1β, or both, are highly susceptible to TB. Likewise, 

knocking out the MyD88 adapter molecule or IL-1 receptor also leads to severe disease with a 

high bacterial burden in mice72. This suggests that innate immune signaling by IL-1 family 

cytokines is critical in host immune response and survival. However, lack of IL-1 cytokine 

signaling does not affect the immune stimulation by vaccine stain BCG suggesting that strength 

of immune response induced by IL-1 is dependent upon relative virulence of the bacteria73. This 

shows the extent of mycobacterial adaptation with humans where it can manipulate host immune 

response to its requirements. 

1.2.3.3. TNF-α 

TNF-α is an important innate immune cytokine in tuberculosis. It is mostly produced by 

macrophages but other cell types such as mast cells, endothelium, fibroblasts and lymphocytes 

also produce it. TNF is produced as a homotrimeric transmembrane protein which gets cleaved by 
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TNF-a converting enzyme to form soluble TNF-α. This soluble TNF upon binding with its receptor 

(TNF-R) promotes inflammation mediated by NF-κB, JNK and p3862.  The vascular and cellular 

events that occur during inflammation helps to bring more immune cells for containing the 

invading bacteria. TNF has a role in the proliferation and differentiation of immune cells. It is also 

critical in controlling infection by mediating phagocyte activation and by granuloma organization. 

Too much of it is bad for the host as it causes tissue damage. Patients under anti-TNF treatment 

(e.g. Infliximab) for rheumatoid arthritis and other inflammatory conditions have a significantly 

higher risk of tuberculosis74. In an experimental mouse model study where TNF was neutralized 

and receptors genetically disrupted, the mice had a much higher bacterial burden and died quickly 

compared to the wildtype controls75. Likewise, TNF neutralization in cynomolgus macaque 

infected with M. tuberculosis resulted in disseminated disease in both acute and latent phases of 

infection76. This suggests the protective role of TNF-α in the context of TB disease. However, 

hyper secretion of TNF-α in tissues where other immune cells and cytokine concentration is low 

causes more damage to the tissue such as CNS in a condition such as cerebral TB. 

1.2.3.4. IL-6 

IL-6 promotes early expression immunity in the lungs. The protective role of IL-6 is dependent 

upon the route and dose of mycobacterial infection62. For example, in low dose exposure of 

animals, IL-6 is not elevated in the blood plasma or bronchi-alveolar lavage suggesting limited 

expression of IL-6 cytokines. However, high dose and systemic exposure to mycobacteria require 

a higher expression of IL-6 due to a need for cell-to-cell coordination and interaction in controlling 

the systemic spread. IL-6 is also known to potentiate the levels of IFN-γ in infected tissues and 

lesions77. 

1.2.3.5. IL-10 

IL-10 is an anti-inflammatory cytokine and blocks activation of macrophages by IFN-γ78. It 

also allows for bacterial growth inside macrophages by independently inhibiting phagosome 

maturation79. IL-10 has been found to downregulate MHC class II molecule, migration of antigen-

presenting cells to the regional lymph node and therefore inhibiting antigen presentation. An IL-

10 deficient mouse was found to show better protection against M. tuberculosis challenge with 

higher Th-1 and Th-17 response suggesting that IL-10 favors TB pathogenesis80. 

1.2.3.6. IL-12 

IL-12 is predominantly produced by antigen-presenting cells such as dendritic cells, monocytes 

and macrophages, and to a lesser extent by B-cells81,82. Therefore, it plays an important role in 

linking innate and adaptive immune responses.  

IL-12 is widely accepted as an important regulator of Th1 responses including IFN-γ. It also 

promotes the expansion and survival of activated T-cells and NK cells and modulates the cytotoxic 

activity of CTLs and NK cells. Humans with mutations in the IL-12p40 beta chain subunit of the 

cytokine are susceptible to non-virulent mycobacteria and even BCG83. This illustrates the 

important role of IL-12 in TB control. 

1.2.3.7. IL-17 

IL-17 is a pro-inflammatory cytokine and its amount dictates whether it has a protective or 

pathologic function in TB pathogenesis. IL-17 acts as immune regulators and inhibits 

mycobacterial invasion at the mucosal barrier62.  

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/t-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/natural-killer-cell
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1.3. Animal TB and Zoonosis 

 Tuberculosis has one of the widest host range known among infectious diseases. Some 

members of the MTBC are specific for one species of an animal while some others have an affinity 

to more than one host. For instance, Mycobacterium bovis, which mostly infects cattle can cause 

disease in humans and other animals. In developing countries, where there is the proximity of 

animals and humans, there is a high chance of cattle mycobacteria causing TB in humans and vice-

versa. Mycobacteria can transmit through the milk of infected cow, through aerosols released by 

an infected animal, or through improperly cooked meat. In some places, wildlife TB is endemic 

and is a source of a fresh outbreak in commercial and domesticated animals. There are some 

documented instances of humans getting TB from close contact with an infected animal in the 

wild15. M. bovis, the causative agent of bovine TB is also known to transmit via aerosol between 

humans and there are some well-documented cases84. In a study from a Mexican tertiary care 

center, it was found that out of 533 culture-positive TB patients, 30.2 percent had M. bovis as the 

causative agent of TB and it was significant in the younger age group with extrapulmonary 

disease85. In fact, in the 19th century and early 20th century, it was estimated that a quarter of all 

human TB cases was due to M. bovis86. While M. bovis from animals can transmit to humans, there 

are also several cases of animal TB due to M. tuberculosis which suggests that reverse zoonosis is 

very much possible in tuberculosis87.  It is now known that both M. tuberculosis and M. bovis can 

transcend their host of choice and infect other species to establish a multi-host disease process.  

 

1.4. Differences between M. bovis and M. tuberculosis 

 These two members of the MTB complex share 99.9% nucleotide sequence but have 

distinct host predilections. M. tuberculosis, which is one of the most successful human pathogens 

cannot propagate and maintain independently in animal populations. Likewise, M. bovis although 

being a very successful pathogen in animals, cannot transmit between immune-competent human 

hosts88. There are some biochemical differences between these two bacteria owing to a couple of 

hundreds of single nucleotide polymorphisms (SNPs) in their genome. M. bovis tests negative for 

niacin accumulation and nitrate reduction tests and is susceptible to thiophene-2-carboxylic acid 

hydrazide (TCH). In contrast, M. tuberculosis tests positive for niacin accumulation and nitrate 

reduction tests and resistant to thiophene-2-carboxylic acid hydrazide (TCH)89. The two bacterial 

species also differ in colony morphology. M. tuberculosis forms eugonic colonies on glycerol-

containing media, which is characterized by abundant growth and raised colony with the crumbly 

pattern. In contrast, M. bovis forms dysgonic colony, which is characterized by sparse growth, flat, 

moist and glossy appearance90. M. bovis, unlike M. tuberculosis is inherently resistant to 

pyrazinamide, one of the first-line anti-TB drugs. M. bovis can cause disease that is clinically and 

pathologically indistinguishable from M. tuberculosis86,85. Extensive studies have been done to 

compare these two MTBC members in terms of their differences and similarities using 

transcriptomics in similarly grown M. bovis and M. tuberculosis 91,92. One of those early studies 

found differences in the expression of some functionally important genes that governed the 

expression and secretion of virulence factors93. For example, in M. bovis there are two non-

synonymous SNPs in phoR gene which leads to divergent expression of sulpholipids that are key 

components of the mycobacterial cell wall and forms a part of host interaction molecules92. There 
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is overexpression in two antigens MPB80 and MPB83 in M. bovis91,92. Since MPB83 is a potent 

TLR-2 ligand, M. bovis modulates the synthesis of innate cytokines94. Likewise, clinical and 

pathological differences in M. bovis and M. tuberculosis have been studied to elucidate the 

mechanisms of host specificity of these two MTBC complex members. Comparative studies have 

been done in cellular models of infection as well as in animal models. In calves, a head-to-head 

comparison between M. tuberculosis and M. bovis pathology resulted in bovine TB compatible 

pathology in M. bovis infected subjects 16 weeks post-challenge whereas there was no to very mild 

pathology development in M. tuberculosis-infected group95. Another elegant study compared 

infection outcomes in cattle using M. bovis and two stains of M. tuberculosis, one strain was 

isolated from natural infection in cattle. This study found M. tuberculosis to be attenuated in 

cattle96. It has been hypothesized that the difference in virulence between the M. bovis and M. 

tuberculosis lies in the differential innate immune induction upon initial interaction between 

mycobacteria and the host macrophages97,93. Magee et. al., through innate immune cytokine 

profiling, showed that M. bovis and M. tuberculosis differ in their ability to induce an innate 

immune response in host alveolar macrophages97. In the study using bovine AMs, it was shown 

that the two bacteria differentially express some major innate immune effectors like cytokine and 

chemokines 48 hpi97. In a similar study, Golby et.al showed that the differentially expressed genes 

in M. bovis were functionally related to major cell wall components synthesis, protein synthesis 

and lipid metabolism92. The same study also showed that M. bovis and M. tuberculosis have 

differentially induced and repressed genes under acidic conditions suggesting differences in terms 

of adaptation inside acidic phagolysosomes92.  

 

1.5. Role of Animal Models in TB 

 The use of animal models is essential in understanding the complex interplay between the 

pathogen insults and the host immune response that occurs in a very coordinated manner. It is not 

always possible to study different aspects of a disease in its natural host. This is where the use of 

the surrogate animal model is instrumental in understanding the disease better. Small animals such 

as mice, guinea pigs and rabbits were the first to be used in early TB studies; to understand the 

pathology and immune response in TB. For example, severe combined immune deficient (SCID) 

mice were used to study the T-cell immune response in TB98. Likewise, different gene knockout 

mice were used to understand the roles of individual cytokines in the host response to TB 

infection99,61. Guinea pigs, owing to their similarities with the human pulmonary system, were 

used to understand the early events in the pathogenesis of lung TB, infectious dose as well as 

vaccine studies100,101. Although these small animal models contributed immensely to the 

knowledge of TB pathogenesis and immune response, they were not able to recapitulate pathology 

and the clinical signs of human TB. Developing such models from which vaccine and drug efficacy 

studies can be correlated to that in humans was crucial. Subsequently, large animal models were 

introduced to better understand the pathology of the disease and to recapitulate clinical signs of 

human TB. Different ungulates (cattle, goat/sheep, and pigs), as well as non-human primates 

(NHPs), were used to mimic various aspects of human TB102,103,104,105,106. Despite many studies, 

there is still a large knowledge gap in various aspects of TB pathogenesis such as determinants of 

latent infection, susceptibility to the development of disseminated disease, determinants of 
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transmission and likelihood of reactivation. To understand these aspects, there is still a need to 

develop a better, large animal model that is tractable, reproducible and economical. 

 

1.6. Existing Animal Models of TB 

 Previous animal models of TB were developed based on a mouse, guinea pig, rabbit, non-

human primates. Barring NHP, none of these animal models show a complete spectrum of 

pathological changes and clinical manifestations seen in humans102,107. For example, a mouse is 

used extensively in TB research but it does not even produce a true granuloma and the bacterial 

loads are generally much higher in infected mice than in humans108. There are now mice available 

that are either very susceptible or resistant to challenge with M. tuberculosis.  Likewise, guinea 

pigs and rabbits are susceptible to infection by Mycobacteria but they do not cough and hence 

cannot be a good model for studying the aerosol transmission of the tubercle bacilli102. Although 

NHP models are so far the best in terms of their symptoms, pathology and spectrum of infection 

outcome- the model development demands huge investment in resources. There are also ethical 

concerns surrounding the use of NHPs for invasive research activities. Due to these limitations of 

the existing models, there is a need to establish an animal model which is consistent and close to 

mimicking human tuberculosis. After all, a model should be able to mimic different aspects of 

human tuberculosis109. Given the similarities of pigs with humans, ease of husbandry and 

availability of reagents, we believe pigs can be a suitable model for studying human tuberculosis. 

The following chart summarizes the usefulness and limitations of some of the experimental animal 

models of tuberculosis: 

Table 1.1: Different animal models of tuberculosis with their advantages and shortcomings 

Model Pros Cons 

Rabbit • Susceptible to TB 

• Granulomas- necrosis, 

liquefaction & cavitation 

• Clinical signs- not obvious 

Guinea Pig • Highly susceptible so 

good for testing 

drugs/vaccines 

• Granuloma similar to 

humans with caseous 

necrosis 

• Lack of general clinical 

manifestations 

• Cannot develop latent disease 

Mouse  • Abundant genetic 

information and 

immunological tools 

• Mimics LTBI in human to 

greater degree 

• Granulomas not organized 

• Lack of fibrotic reaction 

(encapsulation) 

• Resistant to natural transmission  
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Cattle • Gross lesions in the 

respiratory system is like 

that in humans 

• Fetuses are good model 

for immune response 

research 

• The granuloma is different to that of 

the humans (has two types; intact and 

interrupt –not found in human) 

Non-

human 

primates 

• Active Tb - clinical 

symptoms like humans 

• Latent stage like in 

humans 

• Pulmonary and extra-

pulmonary-dissemination 

• Granuloma- very similar 

to humans 

• High purchase and maintenance cost 

• Ethical issues 

 

1.7. Pigs as a potential model of TB 

 Pigs with their anatomical, physiological and immunological similarities to humans have 

been used as a successful model for various diseases109. Some previous tuberculosis works done 

in pigs have shown it to be a very useful model for tuberculosis research36,37,110. Pigs and Humans 

share anatomical and physiological resemblance of the respiratory system including the 

lungs111,112. The porcine immune system resembles that of humans by close to 80 % of the analyzed 

parameters109,113. Likewise, pigs are naturally infected by Mycobacterium bovis as well as M. 

tuberculosis114,87,115,116 and the signs are similar to those in humans; tubercle formation, granuloma 

encapsulation and latency36,109. Besides, domestic pigs are relatively inexpensive in comparison to 

NHPs and the supply is consistent. Numerous tools and reagents are available to work with pigs 

as it has been used extensively in translational medicine and graft/organ transplant studies. 

1.7.1. Anatomy, Physiology and Immunology of Pigs 

Pigs and humans share an anatomical and physiological resemblance to the respiratory system 

including the lungs109,112. The porcine immune system resembles that of humans in 80% of the 

analyzed parameters. Given the similar respiratory physiology, human-like tubercle formation, 

coughing and latency occur in pigs 109. 

In translational medicine, pigs are considered to bridge the gap between the respiratory system of 

small laboratory animals and humans. This has helped scientists to develop a model of many 

respiratory diseases like cystic fibrosis for which there was no previous appropriate model111,112. 

Pigs have a comparable size of organs to humans, they live long enough to develop chronic human 

diseases. They are omnivores and monogastric like humans and therefore have similar gastric 

physiology. Pigs can vary considerably in size, ranging from mini-pigs to large commercial breeds. 

There are some genetically modified breeds of mini-pigs that are usually bred for research purposes 

with the added advantage of being specific-pathogen-free (SPF). There are some natural variants 

of minipigs such as the Yucatan mini-pigs. While the use of mini-pigs provides the advantage of 

easy handling and use of tools like CT-Scan and Radiography easy without the need to customize 

existing research tools, there might be some limitations with costs and size of organs and 

volume/number of samples that can be obtained.   
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The porcine lung has been used in the study of many human infectious as well as non-infectious 

diseases such as toxin-induced lung injury, chronic obstructive pulmonary disease (COPD) and 

cystic fibrosis111. The anatomy of porcine lungs varies slightly between different breeds but the 

differences are very subtle. Pig lungs and airways develop rapidly up until 5 weeks of age, which 

is similar to the development of human lungs up until 3 years of age. Therefore, it is almost like 

an accelerated version of human lung development. Generally, the length of the trachea in pigs is 

slightly longer than that of humans. For example, an adult Landrace pig has an average tracheal 

length of 15-20 cm. while an adult human trachea is 12 cm. long and because of this difference, 

the number of cartilaginous rings is more in pig trachea112. The branching pattern of pigs and 

human airways is slightly different in that humans have a bipodial branching while the porcine 

have a monopodial branching of the lower bronchus and bronchiole. Regardless, with every 

subsequent branching, the diameter of the distal branch reduces in diameter in both human and 

porcine lungs112. The ciliary beat frequency (CBF) of the porcine lung is similar to human lungs 

along with bovine and canine CBF. This might be important as cilia and their beating frequency is 

an important aspect of the physical barrier of the innate immune system and plays a role in 

preventing lower respiratory tract infection111. 

1.7.2. Natural occurrence of tuberculosis in pigs 

Members of the MTBC particularly M. bovis have the widest host range and can infect 

multiple animal species. M. bovis in pigs is endemic in Europe, North America, South America 

and Asia2,115,117. Infection is believed to occur mostly by oral route and most of the lesions are 

found in the head lymph nodes. Pigs in the wild are generally considered as spillover host but 

studies in different parts of the world have shown that pigs could act as a reservoir or maintenance 

host and independently sustain and spread the infection to other sympatric hosts17,118. This is 

believed to cause outbreaks in cattle as well as other wild animal populations and seriously 

undermining the eradication efforts in domestic species114,16. In wildlife, it has been reported that 

the bacteria remain in the different hosts at the same time, which facilitates their persistence in a 

particular geographical region. This constitutes a problem of multi-host disease88. Outbreaks in 

domestic animals, mostly cattle are attributed to the fact that the disease persists in different feral 

animal species and transmits through direct or indirect contacts. Wildlife maintenance hosts of 

bovine tuberculosis differ in different geographical regions. For example, in the UK, it is the 

Eurasian badger, in Spain and Portugal it is feral pigs, In the US it is White-tailed deer and in New 

Zealand, it is Brushtail possum. Because of the wide habitat range, ease of spotting/capture and 

higher abundance, pigs are often used as a proxy for bovine TB surveillance in some parts of 

Europe116. 

The natural susceptibility of pigs to mycobacterial tuberculosis complex is an indication that 

tuberculosis model development using pigs is still very natural. Although pigs in the wild are 

infected mostly with M. bovis, it does not mean they are not infected by M. tuberculosis, the 

human-adapted bacteria17. In fact, a higher prevalence of M. bovis in the animal population could 

be the reason for the high prevalence of the same in feral pigs. Therefore, it can be assumed that 

pigs can be infected with M. tuberculosis much like humans. To prove the hypothesis, there needs 

to be a head-to-head comparison between M. bovis and M. tuberculosis infection in pigs. 

1.7.3. Role in transmission to other animals 

Pigs have been found to transmit disease to one another and other ungulates in a natural 

setting. The route of transmission within a herd could be oral or aerosol as indicated by their 

foraging habit and social behavior such as sniffing and licking. There is strong evidence of cross-
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transmission of bovine tuberculosis between feral pigs and domestic cattle as indicated by isolation 

of the same bacteria from both these animal species in a particular geographical region119. For this 

to happen, pigs should be able to shed bacteria in the feedlot or on another object. In fact, studies 

have found some evidence of bacterial shedding by infected wild pigs115. 

A study in New Zealand showed very limited intraspecific transmission of tuberculosis in penned 

pigs16. However, the same study revealed that 75% of the released sentinel pigs that were in contact 

with other species of animal in the wild were found positive suggesting pigs might not sustain TB 

in their population and need a reservoir for continuing new infections. This warrants that the 

persistence of tuberculosis in wild boar in most enzootic regions is due to the involvement of 

multiple species, which aligns with the definition of a multi-host reservoir of disease. There is also 

evidence of a certain percent of the population being super shedders. This is found in wild 

ungulates including deer and pigs.  The concentration of bacteria shed in the environment by these 

supers shedders is two to three orders higher in magnitude than the infective dose of M bovis in 

naïve pigs and could be responsible for intra-species transmission16,120. There is a lack of suitable 

transmission models of tuberculosis and as such, there are very limited studies to help understand 

what drives transmission of tuberculosis from one animal to another or one human to another for 

that matter. In fact, there is very limited knowledge on what causes the aerosol transmission to 

occur in a human population. Most importantly, why some people are susceptible to infection by 

contaminated aerosol while others are refractory to it is poorly explained.  

1.7.4. Experimental infections  

 Experimental infection in small mammals especially mice leads to a systemic disease 

which is not the typical disease distribution in tuberculosis. On the contrary, experimental infection 

of pigs can be tuned to get discrete disease manifestations by adjusting the dose and route of 

challenge. Infection of pigs with a high dose of M. bovis is associated with a greater spread of the 

disease in 4 weeks old piglets110.  The route was another important factor in disseminated infection 

-  intravenous inoculation resulted in more widespread infection than did intratracheal and 

tonsillar110. Initially, pigs were challenged with M. bovis by either intravenous, intratracheal, or 

tonsillar routes. Two different doses - a high dose of 108 and a low dose of 104 were used. Bolin 

et. al. found a relationship between the route of challenge and early onset of clinical signs. 

Intravenously challenged pigs suffered respiratory distress and fever while there were no overt 

clinical signs in most other pigs. There was the dissemination of infection in most pigs challenged 

intravenously resulting in the involvement of multiple organs. The dissemination was likely due 

to bacteremia from the initial challenge and not due to post-primary dissemination. Besides, the 

presence of tuberculous granuloma in the wall of the meningeal blood vessel supports the 

assumption that initial bacteremia had occurred especially at a high dose, which crossed the blood-

brain barrier in 4 weeks old pigs. This work seemed to support the idea that dose and route of 

challenge in pigs produce distinct and different pathological outcomes thereby giving the 

advantage of manipulating pig model or tailoring it to mimic different aspects of human TB. For 

example, a high dose IV challenge leads to disseminated disease, a model for TB in children 

including tuberculous meningitis and TB in immunocompromised individuals. Similarly, low dose 

and intra-tracheal or other pulmonary challenge methods lead to local or pulmonary involvement 

which is usually what is seen in most TB cases in healthy and immunocompetent adults110. 

Likewise, the fact that CNS was involved in 3 out of 6 pigs challenged IV supports the idea that 

pigs could also be exploited as a model for meningeal TB, which is another important complication 
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of disseminated TB in children. Meningeal tuberculosis is a very common manifestation of 

generalized tuberculosis in children. Currently, there is not a suitable animal model for meningeal 

TB. The one available are the murine model, which has its limitations as we discussed in the chart 

above. Meningeal lesions in pigs have a similar histo-pathological organization as in humans. 

There is vasculitis in the meningeal blood vessel with tubercle formation within the walls (tunica 

media) of the blood vessels. However, in most children, fulminant TB lesions that rupture in the 

subarachnoid space occur. This was not seen in experimentally infected pigs although there was a 

large tubercle in the subarachnoid space extending to the brain parenchyma. However, the lack of 

fulminant lesion could be due to a time factor. The miniature form of pigs (minipigs) have been 

used to develop neonatal model of tuberculosis in an effort to understand neonatal immunology121. 

Given that BCG vaccine is administered to neonates, it is imperative to understand the immune 

response in this age group. There is a lack of an animal model to study this manifestation of TB 

and younger minipigs have shown to be an excellent surrogate model for neonate TB. One-month-

old minipigs were used to study experimental challenge with M. tuberculosis and found that they 

develop disease much like that in human neonates121. 

Some other studies have used pigs as a model for testing novel TB vaccine efficacy. A 

recent study at the USDA has used feral pigs from Molokai-Hawaii as a model to test the efficacy 

of one of their vaccine candidates. Although the trial did not find the vaccine to be of significant 

importance, it shows that pigs can be used successfully in vaccine research; not just for animals 

but also for human vaccine research122. 

The anatomy of the porcine lung has been of great importance in the understanding 

mechanism of latent infection in high-order mammals including humans. A porcine lung is divided 

into 3 lobes on each side and an accessory lobe. Each lobe is divided into multiple lobules by the 

connective tissue layer such that individual lobules are partitioned from one another. This 

organization of lungs is also seen in NHPs and humans. It was described in a study that lobular 

partitioning helps the host restrict the spread of tuberculous bacilli from one section of the lung to 

the other. A group working on minipigs described distinct host responses in controlling the spread 

of the lesion by encapsulating granulomas with the remodeling of the connective tissue capsule36. 

The range of pathology seen in pigs infected with mycobacteria (particularly M. bovis) is 

remarkably similar to that seen in humans infected with M. tuberculosis. The granuloma in both 

humans and pigs has a full range of granuloma types such as liquefying-caseous granuloma to non-

necrotizing well-contained granuloma to fibrotic and calcified lesions. These structural similarities 

in porcine granuloma provide researchers with tools to investigate local immune response in the 

lungs more comprehensively and completely. 
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2. INTRAVENOUS CHALLENGE 

 

Abstract 

We hypothesized that pigs can be successfully challenged with Mycobacterium tuberculosis and 

M. bovis to mimic human TB infection including all clinical manifestations and transmission. To 

test the hypothesis, animal trials were conducted with domestic mixed breed pigs challenged with 

an equal dose of M. tuberculosis and M. bovis. 12 pigs of 4 weeks age were divided into two groups 

with 6 on each group. Pigs in group A were challenged with M, bovis and pigs in group B were 

challenged with M. tuberculosis. Challenged animals were kept at Ag-BSL-3 level facility under 

an environmentally controlled housing system and monitored for 5 weeks. During the trial, fever, 

body condition and clinical signs were monitored routinely. Interestingly, pigs challenged with M. 

bovis produced severe clinical manifestations consistently in all the pigs. The signs included 

labored breathing, increased body temperature, accumulation of fluids in the abdominal cavity 

followed by death. On the contrary, pigs challenged with an equal dose of M. tuberculosis did not 

show overt signs of disease, and 5 out of 6 survived the entire length of the trial without morbidity. 

Blood monocytes were harvested and differentiated into macrophages. The macrophages were 

challenged with M. bovis and M. tuberculosis and percent invasion, relative cytotoxicity, and 

cytokine production were measured. M. bovis was found to be more invasive and had higher 

relative cytotoxicity compared to M. tuberculosis. Similarly, M. bovis infected cells produced 

higher levels of IL-1β and TNF-α compared to M. tuberculosis-infected cells. 
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2.1. Materials & methods 

2.1.1. Preparation of challenge material 

Frozen glycerol stock of Mycobacterium tuberculosis (Erdman strain) and M. bovis 

(AF2122/97 strain) were thawed and plated on Middlebrook 7H11 agar plates. A single colony 

was used to inoculate Middlebrook 7H9 liquid medium, supplemented with 10% Albumin 

Dextrose Catalase (ADC) and 0.05% Tween-80. M. bovis culture media was additionally 

supplemented with 0.5% sodium pyruvate. Bacterial cultures were incubated at 370C until mid-

log phase growth was achieved. A subculture was prepared with a starting OD600 of 0.1 24 hours 

before the animal challenge. Prior to the challenge, bacterial culture was spun at 300g for 3 minutes 

and supernatant, which contains single-cell suspension, was harvested for enumeration by OD. An 

OD of 1 corresponds to 3 x 108 CFU/mL for M. tuberculosis and 1 x 108 CFU/mL for M. bovis. 

Necessary volumes of each culture were diluted in PBS to make the required concentrations of 

challenge inoculum which are described in the section below. 

2.1.2. Study Design and Challenge 

Twelve 4-weeks old, mixed breed pigs were sourced from Prairie Swine Center and brought to 

Agriculture Biosafety Level-3 (Ag-BSL-3) facility at VIDO-InterVac. Animals were tagged with 

unique numbers and randomly divided into two groups (Group A and Group B) with 6 pigs in each 

group (Table 1). The pigs were allowed to acclimatize in the containment facility for 7 days before 

the challenge. Group A was challenged with intravenous injection of 3 × 108 CFU of M. bovis per 

pig while group B was challenged with intravenous injection of 3 × 108 CFU of M. tuberculosis 

per pig. Challenged pigs were housed in ABSL-3 in a 4270 mm x 1680 mm (14 feet x 5.5 feet) 

pen for 6 pigs. They were kept on a raised platform and were under continuous surveillance 

through a camera and in person. Although both the challenged groups were housed in the same 

containment room, they were separated by a 760 mm (2.5 feet) high physical barrier enclosing 

each pen. Refer to figure 1 for layout details. The animal containment rooms had a net negative 

pressure with the air exchange maintained at 10 cycles per hour allowing for whole air volume 

replacement multiple times in an hour. The exhaust mechanism thereby greatly minimizes the 

chances of cross-infection. The room was provided with 12-12 hours of light and dark cycles. The 

animals were monitored for changes in clinical signs such as respiratory distress, fever, anorexia, 

weight loss, and other morbidities. Daily weight and temperature measurements were taken for 10 

consecutive days.  Food and water were provided ad-libitum for the entire period of the 

experiment.  
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Figure 2.1: Pigs holding area within the ABSL-3 containment facility. Two challenge groups 

were kept in different pen separated by a 915 mm gap and a physical barrier of 760 mm 

 

 

Table 2.1: Random allocation of pigs into two groups 

Group A Group B 

586 585 

588 587 

589 590 

591 592 

594 593 

595 596 

 

 

 

 

 

 

Figure 2.2: Schematic of infection of pigs with M. tuberculosis/M. bovis 
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2.1.3. Gross pathology and Histopathology 

Pigs that died during the course of the experiment or those euthanized were subjected to a 

detailed gross and histopathological examination. During necropsy, the presence of tuberculosis-

associated lesions was monitored in the lungs, liver, spleen and other visceral organs as well as 

lymph nodes in the thoracic and cervical regions. Special attention was given to tracheobronchial, 

mediastinal and retropharyngeal lymph nodes.  

For histopathological evaluation, a 2x2x2 cm3 section of tissue was sampled and secured 

within a tissue cassette, immersed into 10% buffered formalin for fixation inside the BSL-3 

containment. These samples were later taken to Prairie Diagnostic Services for Hematoxylin-Eosin 

(H&E) and Ziehl-Neelsen (ZN) staining. 

2.1.4. Evaluation of tissue bacterial burden 

Approximately 1 g of tissue was obtained using a sterile punch biopsy sampler on at least three 

different lobes of the lungs and one section of different lymph nodes. Sampling was random and 

sections from visually involved and uninvolved sections of the lungs and lymph nodes were 

included. Biopsy punch samples were stored in 3 mL of PBSA + tween-80 (0.05%) + ampicillin 

(80µg/ml) + cycloheximide (100µg/ml) and frozen immediately. Frozen samples were later 

thawed and homogenized completely. Dilutions of the homogenate were plated in commercial 

7H11 selective plates containing antibiotics and antimycotics. 

2.1.5. Porcine macrophages infection 

2.1.5.1. Primary blood-derived macrophages isolation 

Pig blood was collected from healthy pigs and mixed with 7.5% EDTA, transferred to 50mL 

polypropylene tubes and centrifuged at 2500 RPM for 30 minutes without brakes. Buffy coat was 

removed using a Pasteur pipette and re-suspended in cold PBSA containing EDTA. The sample 

was carefully layered onto 15 mL RT Ficoll-paque plus (GE Healthcare) on an angle and 

centrifuged at 400 x g for 40 minutes without brakes. Buffy coat was removed from between the 

liquid interface using a Pasteur pipette and placed in a new polypropylene tube and filled with 

PBSA containing EDTA to a final volume of 50 mL. The mixture was centrifuged for 10 mins at 

1200 RPM with brakes (wash step). The supernatant was discarded and the wash step was repeated. 

Pellets were harvested to yield Peripheral Blood Mononuclear cells (PBMCs). Cells were counted 

using the trypan blue exclusion method on a hemocytometer. Further, to harvest monocytes, the 

PBMC pellet was resuspended in MACS buffer (PBSA + 2mM EDTA + 0.5% Bovine Serum 

Albumin) with 5% v/v CD14 microbeads per 107 cells. Cells were allowed to incubate for 15 mins 

at 4˚C before washing with MACS buffer and centrifuging at 300 x g for 10 mins. The supernatant 

was removed and resuspended in 500 uL per 108 cells in MACS buffer. The cell isolation column 

(Miltenyi Biotech) was rinsed with MACS buffer twice before adding the cell suspension and 

allowing gravity flow to occur until the entire sample passed through the column. The column was 

washed thrice with MACS buffer. Labeled CD14 cells were eluted with MACS buffer and saved.  

The recovered cell population containing monocytes was differentiated into M1 macrophages. 

Cells were resuspended in RPMI media containing porcine Granulocyte Macrophages - Colony 

Stimulating Factor (GM-CSF) at 20 ng/mL at 1 x 106 cells/mL. Cells were plated and allowed to 

incubate at 370C with 5% CO2 for 72 h. Media was replaced with fresh RPMI containing 20 ng/mL 

of porcine IFN-gamma for 24 h.  
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2.1.5.2. Invasion assay 

Porcine blood-derived macrophages were seeded in 12-well tissue culture plates, at 5 x 105 

cells/well and allowed to stabilize and adhere overnight at 370C with 5% CO2. Cells were infected 

with M. tuberculosis Erdman and M. bovis AF2122/97 at a multiplicity of infection (MOI) of 1. 

The tissue culture plate was sealed with a sterile breathing membrane and incubated at 370C with 

5% CO2. At 4 h post-infection, cells were washed thrice with PBS (warmed to 370C) to remove 

non-adherent and un-internalized bacteria. Cells were lysed with PBS+ 0.1% Triton X-100 and 

internalized bacteria were released. Serial dilutions of this lysate were plated on 7H11 agar plates. 

Different dilutions of the challenge inoculum were also plated to enumerate the input. Colonies 

were counted after 25 days. Percentage invasion was calculated as: 

𝑷𝒆𝒓𝒄𝒆𝒏𝒕 𝑰𝒏𝒗𝒂𝒔𝒊𝒐𝒏 =  (𝑪𝑭𝑼 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝒍𝒚𝒔𝒂𝒕𝒆𝒔 ÷
𝑪𝑭𝑼 𝒄𝒐𝒖𝒏𝒕 𝒐𝒇 𝒄𝒉𝒂𝒍𝒍𝒆𝒏𝒈𝒆 𝒊𝒏𝒐𝒄𝒖𝒍𝒖𝒎) 𝒙 𝟏𝟎𝟎  

Three independent experiments were performed with macrophages derived from different animals. 

The methodology is similar to that described by Mehta. et. al123. 

2.1.5.3. Cytotoxicity assay 

Blood-derived macrophages were isolated and differentiated as indicated above. Macrophages 

were seeded 96-well tissue culture plates at 5 x 104 cells/well and infected with M. tuberculosis 

and M. bovis at an MOI of 5. One-third of the wells were left uninfected as controls. After 24, 48 

and 72 h post-infection, cytotoxicity was assessed by using the resazurin-based dye, PrestoBlue 

HS. All media was replaced with RPMI complete + 10% PrestoBlue HS. Fluorescence was 

measured at 650 nm (excitation wavelength) and 490 nm (background). 

2.1.5.4. Cytokine production assay 

Mid-log phase M. tuberculosis and M. bovis 7H9 + 0.05 % Tween80 cultures were centrifuged 

at 300 g for 3 mins. OD600 of the culture supernatant was measured and the appropriate volume of 

culture needed for an MOI of 5 was resuspended in RPMI complete media. Porcine blood-derived 

macrophages were infected with M. tuberculosis and M. bovis at an MOI of 5. After 4 h post-

infection, media containing bacteria was replaced with fresh RPMI complete media. Infected cells 

were incubated for 24 h at 370C + 5 % CO2. Supernatants were harvested, filtered through a 0.2 

µm spin filter (spin X-costar) and stored for ELISA analysis. 

 

2.2. Results 

2.2.1. Clinical Signs 

Pigs infected with M. bovis showed signs of elevated respiration and reduced activity as early as 

seven days post-challenge. All six pigs in the M. bovis infected group manifested signs such as 

abdominal breathing, stooped posture, inappetence and reduced mobility by day 9 post-challenge. 

Two out of six M. bovis challenged pigs were found dead and a third pig needed to be euthanized 

on day 11 post-challenge. By day 16, the remaining M. bovis challenged pigs had died or reached 

their humane end-point and were euthanized. In stark contrast, M. tuberculosis-infected pigs did 

not show any visible signs of respiratory distress and 5 out of 6 pigs went on to survive for the 

entire period of the trial. The end-point of the experiment was determined to be 35 days post-

challenge based on the symptoms exhibited by infected pigs. Two pigs in M. bovis-challenged 

group and one pig in the M. tuberculosis challenge group exhibited lameness in 14 and 21 days 

respectively. Lameness was presumed to be housing-related and not because of the infection. 

Likewise, one pig in the M. tuberculosis challenge group had mucopurulent nasal discharge at day 
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21 which appeared to have resolved at subsequent observations. No overt signs such as cough were 

found in either of the two challenge groups. Kaplan Meier curve was used for comparing survival 

of two treatment groups124 and it was found that the chances of survival post-infection was 

significantly higher in M. tuberculosis-infected pigs. (Log-rank test: Chi-square = 10.78, p = 

0.001) 

 

  

 

Figure 2.3: Kaplan Meier curve of survival rate of pigs challenged with M. tuberculosis and 

M. bovis. M. bovis infected pigs died earlier within 16 days after intravenous challenge with 3 x 

108 CFU bacteria (blue line). Similarly challenged pigs with M. tuberculosis showed greater 

survival during a 35-day period (red line) 

There was a rapid onset of fever in M. bovis challenged groups. All six pigs in that group had 

elevated body temperature starting from 3 days post-challenge (dpc) and continued to increase 

until 9 dpc. The normal body temperature in pigs is between 38.50C to 39.50C and the temperature 

above this qualifies as fever. Interestingly, the body temperature of M. tuberculosis pigs did go 

high but not as acutely as M. bovis group. It had a very slow increase and peaked at about 2 weeks 

post-challenge after which, it tapered off slightly. It was interesting to note that post-infection in 

both the groups, the body temperature never returned to the original baseline.  
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Figure 2.4: Body temperature (mean ± SD) variation among M. tuberculosis and M. bovis 

infected pigs. Earlier onset of fever was observed in M. bovis infected pigs, which peaked after 9 

days of challenge 

The bodyweight of the pigs was measured on the day of the challenge and every two or three days 

for the duration of the trial. Although M. bovis challenged pigs survived only for 16 days, there 

was a clear indication that they were losing weight rapidly as compared to the M. tuberculosis-

infected group (figure 5). In fact, the M. bovis infected pigs weighed 1.5 kg less on average than 

M. tuberculosis-infected pigs after two weeks despite starting out at the same weight. Although M. 

tuberculosis-infected pigs did not lose weight over the period of 35 days, they however could not 

achieve the type of weight that one would expect in healthy pigs over the same period of 35 days 

which is indicated by the dotted line. 

 

Figure 2.5: Mean weight (in Kg) of M. tuberculosis and M. bovis infected pigs. Weight data for 

M. bovis infected pigs (blue line) could not be collected for entire experiments as they died earlier. 

The expected weight is based on a growth analysis experiment done at the Prairie Swine 
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2.2.2. Tissue bacterial burden 

Bacteria were recovered from all the tissue samples plated on 7H11 agar. Based on the CFU count 

of the tissue homogenates, the bacterial burden was much higher in M. bovis challenged pigs as 

compared to M. tuberculosis challenged. Despite collecting tissue samples 2 to 3 weeks earlier, M. 

bovis infected pigs had approximately 10-fold higher bacterial burden in the lungs compared to M. 

tuberculosis-infected pigs. Interestingly, the CFU count per gram of tissue was similar in all organs 

of M. bovis infected pigs whereas M. tuberculosis group exhibited differences. This difference was 

also observed in Ziehl-Neelsen stained samples from these organs.  

 

 

Figure 2.6: Bacterial burden in M. bovis and M. tuberculosis-infected pigs. Each data point 

represents the average CFU per gram of a particular type of tissue in an individual animal. The 

black horizontal line represents the median 

2.2.3. Gross Pathology 

Upon natural death or euthanasia, a detailed necropsy was performed and a close physical 

examination of visceral organs such as the lung, heart, liver, kidneys and spleen were done. None 

of the animals in either of the two groups had gross TB lesions or granuloma. However, lungs from 

both M. bovis and M. tuberculosis-infected pigs appeared edematous and non-collapsing. Petechial 

hemorrhages were observed on the surface of the lungs and liver in 2 out of 6 M. bovis challenged 

pigs. The lungs in few animals had rib impressions on their dorsal surface suggesting an increase 

in size due to edema.  Moreover, the thoracic and abdominal cavities in some M. bovis infected 

pigs were presented with a varying amount of fluid. One M. tuberculosis-infected pig died at 18 

days post-challenge without observable clinical presentation. However, there was fibrinous 

perihepatitis and pericarditis in two M. tuberculosis challenged pigs that were euthanized at the 

end of the trial. 
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Figure 2.7: Gross lesions of M. bovis and M. tuberculosis-infected pig organs. Lungs from both 

the groups were edematous and non-collapsing. M. bovis infected lung with rib impressions on the 

dorsal surface (A) and cut section of the same (C). M. tuberculosis-infected lung (B) and its cut 

section (D). Whole pig found dead in pen in M. bovis challenge group. Note bluish tinge of the 

skin indicating possible sepsis (E). Note the abdominal fluid in the peritoneum cavity of the same 

(F) 

2.2.4. Histopathology  

Tissue sections preserved in buffered formalin were processed for Hematoxylin and Eosin (H&E) 

and Zeihl-Neelsen (ZN) staining. Five tissue sections from each animal including cranial, middle 

and caudal lobes of lungs, tracheobronchial lymph node and spleen were processed for 

histopathology.  

Typical histopathological lesions included loose aggregation of inflammatory cells including 

macrophages, lymphocytes and neutrophils. Necrosis with loss of cellular architecture and 

karyohexis was a common finding. Although areas of necrosis were observed in lung tissues of 

both M. tuberculosis and M. bovis infected pigs, the extent and frequency of such lesions appeared 

higher in M. bovis infected pigs. Vasculitis involving arteriole which contained occluding nascent 

granuloma was frequently observed in the lungs (see figure 8A & 8B). 
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Bronchioles of both M. tuberculosis and M. bovis infected pigs were inflamed with an 

accumulation of inflammatory cells such as neutrophils, epithelioid macrophages and 

multinucleated giant cells (figure 8C). Large areas of necrosis were found in lymph nodes of M. 

bovis infected pigs while M. tuberculosis-infected pigs displayed small pyogranuloma formation 

(figure 8E). Given that the M. tuberculosis group survived for a longer period of time, these lesions 

may have developed into granulomas if the infected pigs were kept alive for a longer period of 

time post-challenge. The lesions were microscopic granulomas characterized by the loose 

aggregation of inflammatory cells as mentioned earlier and without fibrous encapsulation. The 

short duration of the trial did not allow for the development of a spectrum of granuloma that is 

normally seen in naturally infected pigs and humans. 
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Figure 2.8: H&E sections of tissues of pigs challenged with M. bovis and M. tuberculosis 

intravenously. M. bovis-infected Lung, 40X. There are large areas of necrosis (blue arrows) in the 

alveolar interstitium. The wall of one vessel (yellow arrow) is also affected by necrosis (A). M. 

bovis-infected Lung 40X. An arteriole is affected by vasculitis and protrusion of granulomatous 

aggregates (blue arrow) into the lumen (B). M. tuberculosis-infected lung, 40X. In the small 

bronchiole (blue arrow) are a mixture of neutrophils and epithelioid macrophages. Multinucleated 

giant cells (yellow arrow) are also present (C). M. bovis-infected LN, 40 X. Large areas of necrosis 

(blue arrow) and infiltration of neutrophils (D). M. tuberculosis-infected LN, 40X. A small 

pyogranuloma (blue arrow), which is composed of neutrophils and epithelioid macrophages (E). 

ZN stained section of M. bovis-infected cranial lung lobe (F) 
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2.2.5. Invasion of porcine macrophages 

Porcine blood-derived macrophages were infected with M. bovis AF2122/97 and M. tuberculosis 

Erdman at a multiplicity of infection (MOI) of 1. Media containing bacteria was removed at 4 hrs 

post-infection to get rid of un-internalized bacteria and replaced with fresh RPMI complete media. 

After 24 hours, the media was removed carefully without disturbing the cells which were then 

lysed with a lysis buffer. Different dilutions of the cell lysates were plated in 7H11 selective plates. 

Different dilutions of the initial challenge inoculum were also plated to confirm the challenge dose. 

Bacteria recovered from the lysate demonstrated more M. bovis bacteria associated with the 

porcine macrophages (adhesion or invasion) compared to the M. tuberculosis at 24 h post-

infection.  

Statistical analysis: A comparison of the invasion rate of two mycobacterial species was done by 

nonparametric Mann-Whitney U test. M. bovis AF2122/97 associated with blood-derived porcine 

macrophages at a significantly higher rate than M. tuberculosis Erdman after 24 h post-infection 

in vitro. (U = 55, p = 0.048). Statistical analysis performed excluded the two outlying data points. 
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Figure 2.9: Percent invasion of M. tuberculosis and M. bovis in porcine blood derived 

macrophages. The graph represents statistical difference between the two groups where M. bovis 

has higher percent invasion (Mann Whitney U = 55, p = 0.048). Two small dots represent outliers 

and asterisk (*) indicate statistical significance 

2.2.6. Cytotoxicity of blood-derived macrophages 

Porcine blood-derived macrophages were infected with M. tuberculosis Erdman and M. bovis 

AF2122/97. Based on the capacity of live cells to respire, it was found that M bovis AF2122/97 

was more cytotoxic than M. tuberculosis Erdman and killed a higher percentage of the infected 

cells. Three independent experiments were performed and the percent cytotoxicity was variable 

between experiments. However, M. bovis was consistently higher in relative percent cytotoxicity 

compared to M. tuberculosis in each experiment. The mean cytotoxicity for M. bovis group was 

30 % and that for M. tuberculosis was 23 %.  

Statistical Analysis: 
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Mann-Whitney U test was used to compare the cytotoxicity between M. bovis and M. tuberculosis. 

The two groups were found to be non-significant (p = 0.513).  

 

 

Figure 2.10: Percent cytotoxicity (mean ± SD) in porcine macrophages due to M. bovis & M. 

tuberculosis 72 hours post-infection. The data represents an average of three independent 

experiments 

2.2.7. Cytokine production by macrophages upon infection 

Pro-inflammatory cytokines IL-1β and TNF-α were measured in cell supernatant of M. 

tuberculosis and M. bovis infected pig blood-derived macrophages. Differentiated macrophages 

were infected with M. tuberculosis and M. bovis at the MOI of 10. Cell supernatants were harvested 

24 h post-infection and ELISA was performed to detect and quantify cytokines. M. bovis infected 

macrophages secreted more IL-1β and TNF-α than those infected by M. tuberculosis.  

 

Statistical Analysis: 

Average concentrations of M. bovis and M. tuberculosis-induced cytokines were compared by 

using an unpaired T-test for both IL-1β and TNF-α. There was no significant difference in IL-1β 

levels between M. bovis and M. tuberculosis-infected macrophages cell supernatant. However the 

difference was significant for TNF-α (T = 4.575, p = 0.045) 
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Figure 2.11: Concentration of IL-1β and TNF-α in cell supernatant of M. bovis & M. 

tuberculosis-infected and un-infected pig blood-derived macrophages. A total of 3 independent 

experiment were done. ns and asterisk (*) denote non-significant and significant differences 

respectively 

 

2.3. Discussions 

2.3.1. M. bovis (AF2122/97) produces severe clinical signs and pathology in pigs compared to 

M. tuberculosis (Erdman) 

By challenging commercially available pigs with M. tuberculosis and M. bovis, we attempted to 

compare and contrast the infection outcomes of two MTBC members. Additionally, we 

characterized infection outcomes intending to use pigs as a potential surrogate model for human 

tuberculosis. Although human tuberculosis is mostly caused by M. tuberculosis, we decided to use 

both M. tuberculosis, human-adapted bacteria as well as M. bovis, animal-adapted bacteria to 

compare the outcome in pigs. Infection of pigs with M. bovis produced aggressive symptomology 

compared to those infected with M. tuberculosis. The clinical signs such as respiratory distress and 

fever developed earlier in these animals. After the challenge with M. bovis, a rapid decline in the 

health of all pigs occurred between day 11 and day 16 post-challenge. The timeline of these 

outcomes is unlike that occurring in natural infection where disease establishes mostly as a 

localized infection or at least in the beginning of the infection followed by activation and shedding 

a few months or years after125,120,118. The aggressive disease pathogenesis observed here is due to 

a high challenge dose and the use of intravenous injection as the route of inoculation. In both 

groups, vasculitis and occluding inflammatory cellular aggregates in the arteriole within the lungs 

were found. Palmer et.al. reported similar early lesions in cattle infected with M. bovis126. In a 

similar experimental infection of commercial pigs with M. bovis, Bolin et. al. reported route of a 
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challenge as the determining factor for the development of overt clinical signs110. Pigs challenged 

intravenously with 108 CFU of M. bovis developed severe respiratory distress, fever, exertion and 

were euthanized in the third week after challenge. Meanwhile, pigs challenged with the same dose 

through the intratracheal route had mild symptoms including inappetence. Finally, pigs challenged 

by tonsillar deposition did not show any signs of infection. This study suspected that the rapid 

worsening health of intravenous M. bovis challenged pigs was due to septicemia.  Although cases 

of septicemia have not been reported in natural porcine infection with MTBC, there is some 

empirical evidence of humans experiencing tuberculosis septic shock (TBSS)127. The central 

nervous system (CNS) may be involved with challenged pigs due to the very high bacterial 

challenge dose present in the bloodstream, as previously reported in pigs and other animal 

models110,128,129,130. Some MTBC members are known to seed themselves in the meninges and 

form a localized lesion and associated pathology or can cross the blood-brain barrier and cause 

cerebral TB which is a severe form of extra-pulmonary tuberculosis131,132. 

Although gross TB-compatible lesions were not present in any pigs infected with M. tuberculosis 

or M. bovis, it is primarily due to the short course of the experiment. However, in some culture-

positive feral pigs, 11 out of 127 (~9%) had microscopic lesions only without visible granulomas31. 

Therefore, it is not unnatural for pigs to be infected without visible lesions in the lungs or lymph 

nodes, especially if the infection is recent. Transmission of tuberculosis in a natural setting is 

mostly through infected aerosol droplets with small doses of bacteria. This leads to a very slow 

progression of the disease that might be contained by the host as a latent TB or as a localized 

lesion31,133. In our experimental infection model, this typical disease timeline is hastened due to a 

large intravenous challenge. However, the fact that challenge with an equal dose of M. tuberculosis 

did not produce severe clinical signs in pigs suggests that M. bovis is more pathogenic and virulent 

in pigs.  

 

2.3.2. M. bovis seems efficient at invading and subsequently more cytotoxic in porcine 

macrophages 

Macrophages are the primary niche for M. tuberculosis or M. bovis infection within the host 

organism. Early interaction of mycobacteria with host macrophages determines the fate of the 

bacteria and how the immune system will respond134. To understand this host-pathogen interaction, 

we developed a macrophage-mycobacteria in-vitro infection model and compared the two MTBC 

members. Interestingly, M. bovis was more efficient at internalizing in porcine macrophages at 24 

h post-infection compared to M. tuberculosis. This may be due to a higher affinity of M. bovis to 

porcine PRRs. A study involving bovine macrophages suggested significant upregulation of TLR-

2 and TLR-4 genes upon infection with M. bovis as compared to M. tuberculosis97,135. Pattern 

recognition receptors like TLRs are important regulators of innate immune response and play 

important role in inflammatory cytokine production and thereby regulation of infection process 

inside macrophages136. Upon internalization by receptor-mediated phagocytosis, the fate of the 

bacteria is determined by the initial interaction between the bacteria and host immune response. If 

there is a strong immune response, bacteria can be cleared, but if the bacteria overwhelm the host 

immune protection, the infection process begins. Gaining a better understanding of this early 

interaction between the macrophage and mycobacteria is critical for predicting the outcomes of 

tuberculosis infections in the host. 

We also found higher IL-1β and TNF-α production by M. bovis infected macrophages compared 

to M. tuberculosis. These findings have been recapitulated in a study involving bovine alveolar 
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macrophages infected with M. tuberculosis and M. bovis which revealed that innate immune 

mechanisms of the host contribute to disparate host predilection for this two bacterial strains97. 

The study found significant upregulation of innate immune genes for chemokine and cytokines 

such as CCL4, IL-1β, TNF-α and IL-6 at 48 h post-infection. These genes have been known to 

have a role in the host's innate immune response against tuberculosis62. Another study assessed the 

response of bovine macrophages to infection with M. tuberculosis and M. bovis and looked for the 

transcriptional response to infection. Divergent response of genes regulating pathogen recognition 

and innate immune response signaling was found93. It is well known that the innate immune 

response to infection by mycobacteria is strain-specific. For example, W-Beijing hypervirulent 

strain HN878 is known to inhibit multiple innate immune cytokines by expressing polyketide 

synthase-derived phenolic glycolipids (PGLs). Interestingly, this particular PGL is absent in other 

isolates such as CDC1551 and H37Rv. Similarly, there are multiple strategies in MTBC strains 

that they leverage to guide a particular host immune response. This is suggestive of how early 

interaction of mycobacteria with macrophages is critical in downstream host response and the 

ultimate fate of infection.  

After the invasion and innate immune cytokine production, M. bovis was found to be quantitatively 

more cytotoxic in porcine macrophages. Cytotoxicity of M. bovis and M. tuberculosis was 

measured using a resazurin dye137 and therefore is an indirect measure of cell activity or death after 

infection with the bacteria. Although the two were not statistically significant from one another, 

there still is some qualitative difference. The mechanism of cellular death is possibly due to 

phagosomal rupture leading to a spill of bacteria into the cytosol and death of the host cell53. A 

similar finding has been reported where virulent mycobacteria but not vaccine stain BCG 

translocate to the cytosol and causes cell death within a week138,139.  
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3. AEROSOL CHALLENGE 

 

Abstract 

The intravenous challenge of pigs with equal doses of M. bovis and M. tuberculosis suggested that 

M. bovis is more virulent and causes severe morbidity and mortality in domestic pigs. The 

challenge dose and route used in the first trial did not mimic the natural transmission of 

tuberculosis either in humans or in animals. Therefore, a second animal trial was planned to 

recapitulate the natural route and dose of infection in pigs. 24 weaned 4-weeks old pigs were 

divided into four groups. Two groups were challenged with a high and a low dose of M. bovis 

while the other two groups were challenged with a high and low dose of M. tuberculosis. Pigs were 

challenged with a precise dose of aerosolized M. bovis and M. tuberculosis and housed in an animal 

biocontainment level-3 facility. The progression of the disease was monitored by a blood-based 

interferon-gamma release assay. Pigs challenged aerogenically with M. bovis and M. tuberculosis 

did not develop clinical signs. None of the pigs in any of the four treatment groups developed signs 

of respiratory distress or other morbidities.  

After 9 weeks post-challenge, the animals were euthanized and subjected to a detailed necropsy. 

Most pigs challenged with M. bovis high dose and M. tuberculosis high dose had visible tubercles 

on the lungs as well as lymph nodes. In the lungs, gross lesions were uniformly distributed in all 

the lobes and were numerous in the high dose challenge groups. Microscopically, all the pigs 

challenged with both M. tuberculosis and M. bovis had tuberculosis compatible lesions in at least 

one organ. A wide spectrum of lesions was observed in these animals. There were some significant 

differences in the nature of granuloma observed even within the same animal. Typical lesions 

included thickening of the lung parenchyma, presence of inflammatory cells such as macrophages, 

lymphocytes and neutrophils. Fibrosis surrounding a granuloma was common in advanced stage 

granulomas. Interestingly, a large number of neutrophilic infiltrations was observed in advanced 

stage granulomas coinciding with the presence of large necrotic lesions.  
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3.1. Materials & methods 

3.1.1. Preparation of challenge material 

Challenge material was prepared by the method explained in chapter two. The bacterial inoculums 

used in the aerosol challenge experiment were passaged through animals to verify their virulence. 

M. tuberculosis (Erdman) was passaged once through pigs while M. bovis (AF2122/97) was 

passaged once through calves. Appropriate volume of culture was then added to PBS to obtain the 

required challenge inoculum. A high dose (5 x 105 CFU/mL) and a low dose (5 x 103 CFU/mL) 

inoculum were prepared for both M. tuberculosis and M. bovis such that challenge with 2 mL of 

the inoculum corresponds to 1x 106 CFU/animal for high dose and 1 x 104 CFU/animal for low 

dose. The challenge materials were plated to verify CFU/mL retrospectively in each of the four 

inoculums. This would later help ascertain the accuracy of CFU estimation by the Optical Density 

method (OD600nm). 

3.1.2. Aerosol challenge 

24 three-week-old domestic pigs were brought to the containment facility at VIDO-InterVac and 

allowed to acclimatize for a week. These animals were tagged with unique numbers (Table 3) and 

randomly divided into four groups containing 6 animals each. Two challenge doses were prepared 

for each strain as mentioned above and the inoculum was aerosolized through a Collison nebulizer 

(CH Technologies, USA), connected to a tank of compressed oxygen. Aerosol generated was 

passed through a tube into a mask that fitted snugly to the pig’s snout. Aerosol delivery was 

adjusted in such a way that each pig received 2 mL of the challenge inoculum. Aerosolized 

inoculum coming out of the nebulizer was sampled to estimate the number of bacteria actually 

presented to the animals. Samples were collected in tubes containing 10mL sterile PBS with 0.05% 

Tween-80 and plated immediately in 7H11 plates. Likewise, the remainder of the original 

challenge inoculum was also returned to the lab and different dilutions of it were plated to verify 

if the process of aerosolization had any effect on the count and/or viability of mycobacteria. 

Table 3.1: Pigs tagged with unique identifiers were divided into four challenge groups. LD 

= Low Dose, HD = High Dose 

M. tb (LD) M. tb (HD) M. bovis (LD) M. bovis (HD) 

190 192 189 191 

195 194 193 196 

198 199 197 200 

203 204 202 201 

205 206 207 208 

211 210 209 212 
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Figure 3.1: Schematic representation of aerosol challenge of pigs with M. tuberculosis & M. 

bovis. 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic representation of the aerosol delivery system. The nebulizer is used to 

create a fine mist of aerosolized bacteria that is inhaled by the pigs to simulate a natural disease 

exposure. Expired air from the pigs enters the exhaust side of the one-way valve and is directed to 

a Cavicide container and bubbled through it. This has been shown to completely decontaminate 

the expired air. The room is the primary level of containment and all personnel was wearing 

recommended PAPR and water-resistant suits. 
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3.1.3. Animal Housing 

Challenged pigs were housed in a biocontainment facility. All the four treatment groups were 

housed in the same Ag-BSL-3 room but within different pens. Each pen had a dimension of 4270 

mm x 1680 mm (14 feet x 5.5 feet). A 915 mm (3 feet) wide gap and 760 mm (2.5 feet) high 

physical barrier was placed between each pen to ensure that there was no any physical contact 

between animals of different treatment groups. The air exchange of the room was fixed at 10 cycles 

per hour. There were 12 hours of light and 12 hours of dark cycles maintained throughout the 

duration of the trial. The animal holding pen had open-grid type flooring panels, which were raised 

from the ground. This design made everyday cleaning of the animal waste easier and prevented 

the buildup of ammonia. 

 

 

Figure 3.3: Schematic diagram of holding pens for challenged pigs inside animal 

biocontainment-3 room. A gap and solid barrier between each pen were placed to avoid direct 

contact of pigs from different challenge groups. The room had an air exchange of 10 cycles per 

hour and 12:12 light-dark cycles 

3.1.4. Interferon-gamma release assay (IGRA) protocol 

The progression of the disease was monitored by a blood-based interferon-gamma release assay. 

Blood samples from each pig were collected a day before the challenge and every two weeks 

thereafter. 10 ml blood per animal was collected in lithium heparin tubes, placed in a rocker to 

allow proper mixing with an anticoagulant. A 24-well tissue culture (Costar, Corning Incorporated, 

USA) plate was set up with 100 µL mycobacterial antigen per well. The antigens used were bovine 

PPD (300 IU/mL), EsxA (5 µg/mL), M. tuberculosis culture filtrate (2.5 µg/mL) and M. bovis 

culture filtrate (2.5 µg/mL). Mycobacterial culture filtrate contains soluble antigens secreted by 

the bacteria in culture. 1.5 ml blood from each animal was transferred to individual wells and 

mixed by gentle rotation of the plates. The plate was covered with a sterile breathable membrane 

and incubate at 370C for 24 hours. The next day, the breathable membrane cover was removed and 

the plate was spun at 800 g for 15 mins at room temperature. Plasma was harvested from the wells 

without disturbing the cell pellet and transferred into Spin-X centrifuge tube filter (Corning 

Incorporated, USA) and spun at 15000 g for 20 mins at room temperature. The filtrate obtained 

was transferred to a fresh screw capped tubes and stored at -800C until used. 
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3.1.5. Gross pathology 

After 66 days, infected pigs from both groups were euthanized and subjected to post-mortem 

analysis as mentioned elsewhere37. The presence of gross pathological TB-like lesions was 

determined by observation and palpation of the entire lung. For histopathological evaluation, a 

2x2x2 cm3 section of tissue was dissected and placed in a tissue cassette, immersed into 10% 

buffered formalin and kept at room temperature in BSL-3 to allow fixation. To evaluate the 

bacterial burden in organs, post-challenge, approximately 1 gram of tissue section was obtained 

using a sterile punch biopsy sampler from at least three different lung lobes and a section of lymph 

nodes. Each biopsy was collected in a tube with 3 mL of PBS containing tween-80 (0.05%), 

ampicillin (80µg/ml) and cycloheximide (100µg/ml) and frozen immediately. Later, the frozen 

samples were thawed and macerated using a tissue homogenizer. Each tissue sample was 

homogenized completely and different dilutions of the homogenate were plated in commercial 

7H11 selective plates supplemented with antibiotics and antimycotics. 

3.1.6. Lung lesion scoring 

During necropsy, lungs along with all the associated lymph nodes (mediastinal, tracheobronchial 

and retropharyngeal) were removed and examined for the presence of visible granulomas. Using 

visual and palpation skills, the chief veterinarian at VIDO-InterVac scored each lung lobe. Both 

sizes of the granuloma and number were considered while scoring the lesions. We followed the 

scoring scheme as mentioned by Palmer et. al. in cattle with minor modifications126 (see table 4 

for the details on the scoring system). Finally, the total lung lesion score for each animal was 

obtained by adding the lesion score of individual lobes.  

Table 3.2: Lung lesion scoring scheme for cattle (developed by Drs. Carly Kanipe & Mitch 

Palmer, USDA) 

Lesion score Observation 

0 No any visible lesion 

1 1. Less than 10 lesions 

2. All lesions less than 10 mm in diameter 

2 1. 6-10 lesions 

2. Rare (≤ 2) lesions between 10-20 mm in diameter 

3 1. 11-20 lesions 

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

4 1. More than 20 lesions 

2. Frequent (≥5) lesions between 10-20 mm in diameter 

5 1. Countless & coalescing lesions or 

2. More than half of the lesion is>10 mm or 

3. Any lesions > 20 mm in diameter 

 

3.1.7. Histopathology 

Tissue samples were stored in buffered formalin for several weeks to allow for the inactivation of 

live mycobacteria. They were taken out of containment and transported to Prairie Diagnostic 

Services (PDS) for further processing. At PDS, tissue sections were trimmed, embedded in paraffin 

blocks and cut into 4 microns sections, stained with haematoxylin-eosin stain. Likewise, an 

adjacent section from the same tissue was stained with Ziehl-Neelsen stain for the detection of 
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acid-fast bacilli. At least one sample from each lung lobe, lymph nodes and spleen were subjected 

to histopathological analysis. 

3.1.8. Staging of granulomas 

Tissue sections were categorized into different stages based on their cellular composition, 

architecture, degree of necrosis and extent of fibrosis140,141,142. For each H&E stained tissue 

sample, 10 field-of-views were chosen randomly within a slide and each field was categorized into 

one of the four stages. The sample would then be classified into one of the four stages if the 

occurrence of one particular lesion was in at least 5 field-of-views (50% cutoff limit). Stage I 

indicates early-stage loose aggregation of cells due to localized immune response whereas stage 

IV indicates advanced stage granuloma with caseation and liquefactive necrosis. This stage is 

considered to represent transmissible pathology. Only lung tissue sections were examined for 

classification.  

3.1.9. Tissue homogenization and plating  

Tissue sections from lung lobes, lymph nodes and spleen from each animal were sampled to 

determine bacterial burden in these organs. Tissue samples were collected during necropsy and 

kept frozen as mentioned above. A day prior to the homogenization, these samples were taken out 

of -200C freezer and allowed to thaw at 40C overnight. 7H11 selective plates were brought to room 

temperature before use. Prepared and labeled all the dilutions tubes as indicated below.  

On the day of processing, a tissue homogenizer was prepared by washing the homogenizer with 

the following solutions (35-40 mL each in 50 mL centrifuge tubes) in the given order. 

 

➢ Bleach (1% in ddH2O) 

➢ ddH2O 

➢ ddH2O 

➢ Ethanol (70%) 

➢ ddH2O 

➢ Ethanol (70%) 

 

Any residual ethanol on the homogenizer was blotted after each wash. The homogenizer was then 

placed inside a tube containing a tissue sample and homogenized for at least 30 secs (amount of 

tissue fat determined the duration; more fat needed more time). If different tissue samples from 

the same animal were to be homogenized, the rod was washed only with 70% bleach and ddH2O 

between homogenizations. However, for processing samples from a different animal, the blending 

rod was washed with all six wash solutions to ensure no bacteria was carried over from one animal 

tissue to another. Once all the tissues were homogenized, appropriate dilutions were prepared and 

100 µL of each dilution was plated in 7H11 plates with antibiotics. We used commercial 7H11 

plates for consistency. Enumeration of the colonies was done by scanning the plates with an 

automatic colony counter (Scan Interscience). 

3.1.10. Verification of M. bovis and M. tuberculosis 

Bacterial colonies grown on the media plates were verified by PCR test. For this, genomic DNA 

from individual colonies was isolated as under: - 

Putative colonies were picked from an agar plate, inoculated into and allowed to grow in 7H9 

liquid media for about 10 days at 370C with shaking. When the culture reached the mid to late log 

phase of growth, 1.5 mL was transferred to a screw-cap “O” ringed tube and centrifuged at 4000 
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rpm for 2 mins to get the cell pellet. The pellet was resuspended in 300 µL of PBS and vortexed 

for 1 min followed by heating at 950C in heat-block for 40 min. 50 µL of lysozyme (100 mg/mL 

stock) was added into the heat-inactivated culture and incubated at 370C for an hour. 100 µL of 

20% SDS and 40 µL of proteinase K (2.5 mg/mL stock) were added and incubated at 370C for 1 

hour. The cell pellet was then incubated at 700C for 5 min to inactivate all enzymes followed by 

centrifugation at max. rpm for 2 min. The supernatant was transferred to a fresh microfuge tube. 

500 µL of phenol-chloroform-isoamyl alcohol (Tris saturated) was added to the transferred 

supernatant, vortexed very briefly and centrifuged at max. speed for 5 min and carefully transferred 

the aqueous fraction (top layer) to a fresh microfuge tube.  Then, 500 µL of chloroform-isoamyl 

alcohol 24:1 (Sigma-Aldrich cat. # 25666) was added to the aqueous fraction from the previous 

step and mixed the contents by end-over-end mixing followed by centrifugation at max. rpm for 5 

min. The aqueous fraction (top layer) was carefully transferred to a new tube. DNA was 

precipitated by adding 0.1x volume of 3 M sodium acetate, pH 5.2, and 1x volume of isopropanol 

(Sigma-Aldrich cat. # I9516) and mixed contents by end-over-end mixing and incubation at 40C 

for overnight. The next day, the sample was centrifuged at 13500 rpm for 10 min at 40C and the 

supernatant was removed without disturbing the pellet containing DNA. The DNA pellet was 

washed once with 500 µL of 70% ethanol in ddH2O. The supernatant was discarded and the DNA 

pellet was dried by speedvac and re-suspended by gentle pipetting in 100 µL molecular biology 

grade ddH2O. DNA was quantified by Nanodrop and stored at -20 degrees. 

Once the genomic DNA was isolated, PCR was done to differentiate M. bovis samples from M. 

tuberculosis. Primers were designed to target Rv3479 gene of M. tuberculosis. This gene is a 

possible transmembrane protein whose function is not known yet. It is specific to M. tuberculosis 

but absent in M. bovis.  

Fwd-5’ – aattggcgttttgttcaagc - 3’ 

Rev- 5’ – ccccagatagctgaggtacg - 3’ 

The product size of the amplicon size is 1005 base pairs or 1kb approximately. 

PCR condition using Taq polymerase was as under: - 

Denaturation - 940C – 3 mins 

Annealing - 940C – 30 secs 

Extension - 680C – 1 min 30 secs 

Go to step 2 x 30 cycles 

Final elongation - 680C – 5 mins 

Hold -120C – Infinite 

 

3.1.11. ELISA protocols 

3.1.11.1. IFN-gamma 

Plasma obtains from whole blood stimulation with different antigens and PBS control were tested 

for IFN-gamma. The concentration of IFN-γ obtained from negative control (PBS) was subtracted 

from concentration in antigen-stimulated samples. The following set of antibodies (Ab) and 

reagents were used for IFN-γ ELISA: 

Coating Ab: Mouse anti-recombinant porcine interferon-gamma (Fisher ENMP700-Pierce 

Endogen) at 1 µg/mL in coating buffer 

Standard: recombinant porcine Interferon-gamma (Ceiba Geigy 212243 lot # 016144) starting at 

4000 pg/ml with 2.5-fold dilution in TBST dilution buffer 
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Detection Ab: Rabbit anti recombinant porcine IFN-gamma (Fisher ENPP700-Pierce Endogen) at 

2 µg/mL 

Biotin: Goat anti-rabbit IgG (Zymed #62-6140) at 1/10,000 

Streptavidin-Alkaline phosphatase (Jackson #016-050-084; 50% glycerol) at 1/5000 

Substrate: PNPP at 1mg/mL. 

3.1.11.2. Interleukin-1-beta (IL-1β) 

Coating: Mouse anti recombinant porcine interleukin 1 (R&D MAB 6811) is diluted to 2 µg/mL 

in PBSA. 

Blocking: PBSA with 1% BSA (Sigma A7030) for an hour 

Standard: rPorcIL-1 (R&D 681-PI-010) is prediluted to 4000 pg/mL in diluent. Two-fold 

dilutions. 

Detection: Goat anti recombinant porcine IL-1 biotin (R&D BAF681) is diluted to 50 ng/mL in 

diluent 

Streptavidin-Alkaline phosphatase (Jackson #016-050-084; 50% glycerol) at 1/5000 

Substrate- PNPP at 1 mg/mL 

3.1.11.3. Tumor Necrosis Factor-alpha (TNF-α) 

Coating: Mouse anti recombinant porcine TNF (R&D MAB 6902) is diluted to 8 µg/mL in PBSA 

Blocking: PBSA with 1% BSA (Sigma A7030) for an hour 

Standard: rPorcTNF (R&D 690-PT-025) is prediluted to 2000 pg/mL in diluent. Two-fold 

dilutions 

Detection: Goat anti recombinant porcine TNF biotin (R&D BAF690) is diluted to 500 ng/mL 

in diluent 

Streptavidin-Alkaline phosphatase (Jackson #016-050-084; 50% glycerol) at 1/5000 

Substrate: PNPP at 1mg/mL 

3.1.12. Multiplex-ELISA protocol 

Plasma obtained from whole blood after stimulation with mycobacterial antigens including bovine 

PPD were assayed for a panel of pro-inflammatory cytokines and one anti-inflammatory cytokine 

using a Bioplex multiplex platform (BioRad). The cytokines that were analyzed were IFN-γ, IL-

1b, IL-10, IL-6, IL-12, IL-17A.  

Bio-Grener black Fluotrac plates were coated with a microbeads cocktail containing capture 

antibodies for all 6 cytokines. The plate was washed using an automated plate washer (program 

MAG 2). After adding 50 µL of standard cocktail and samples in respective wells, the plate was 

allowed to incubate at room temperature on a shaking platform for an hour. Following incubation, 

the plates were washed (program DD) and a combined cocktail of biotinylated detection antibodies 

for each cytokine was added. The plate was then incubated for 45 minutes on a shaking platform. 

A third wash followed by the addition of streptavidin-RPE and incubation for 30 minutes. After 

the final wash, 100 µL of TE buffer was added to each well and read using Bio-Plex array reader 

and microplate platform (Bio-Rad Laboratories Inc.). Before the reading, the reader was calibrated 

using red beads and green fluorescent beads and warmed for a minimum of 30 minutes. Reading 

parameters were 60 µL sample volume and 45 secs. for each well. 
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3.2. Results  

3.2.1. Verification of challenge dose by culture method 

The challenge inoculums were initially quantified using OD measurements of bacterial culture. 

Before the animal challenge, all four inoculums were plated in 7H11 selective agar to verify 

CFU/mL. Although there were slight differences, we found concurrence between OD and culture 

methods (see table 5).  

Table 3.3: CFU-OD enumeration concurrence 

Inoculum Dilution CFU counted  Average CFU/mL 

M. bovis (HD) 

 

103 45 4.75 x 105 

104 5 

M. tb (HD) 103 75 4.75 x 105 

104 2 

M. bovis (LD) 101 26 2.8 x 103 

102 3 

M. tb (LD) 101 27 2.3 x 103 

102 2 

 

3.2.2. Verification of aerosol delivery 

After the animals were challenged, the viability and count of aerosolized bacterial inoculum were 

assessed to understand if the process of aerosolization had any effect. We plated different dilutions 

of the leftover challenge inoculum and found that there was no difference in terms of the bacterial 

count or viability (see table 6). Additionally, bacterial samples obtained from the aerosol delivery 

mask were also plated and it was found that approximately, 7.6 % to 9.4 % of the actual challenge 

dose was delivered to the animals. 

Table 3.4: CFU count of returned inoculum to verify if the process of aerosolization 

affected bacterial activity 

Inoculum Dilution CFU counted  Average CFU/mL 

M. bovis (HD) 

 

103 51 5.55 x 105 

104 6 

M. tb (HD) 103 49 7.45 x 105 

104 10 

M. tb (LD) 101 44 4.20 x 103 

102 4 

 

3.2.3. Progression of the disease 

Monitoring of the disease progression was done by Interferon-gamma release assay (IGRA). It 

quantifies the concentration of Interferon-gamma (IFN-γ) in whole blood of infected animals 

following mycobacterial antigen stimulation. There was a steady increase in interferon-gamma 

concentration over the period of time in all four treatment groups irrespective of the doses and 

strains used. Infection of pigs with M. tuberculosis (Erdmann) and M. bovis (AF2122/97) at both 

high and low doses induce similar peripheral immune responses. The concentration of IFN-γ 
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plateaued between the 6th and 9th week suggesting that the disease was at its advanced stage 

during this particular period. Most animals had detectable levels of IFN-γ after 4 weeks of the 

challenge. 

This correlates with the initiation of the adaptive immune system and activation of effector T-cells, 

which are the main producers of IFN-γ. This is a highly sensitive and specific test for diagnosing 

tuberculosis in animals. The working principle is the same as that of the Quantiferon TB test used 

commonly in humans.  

 

 

Figure 3.4: Mean ± SD concentration of Interferon-gamma in plasma obtained from whole 

blood stimulation with bovine PPD. The limit of detection of IFN-γ in stimulated plasma was 35 

pg/mL and any values less than the detection limit were adjusted as 0.1 pg/mL for the ease of 

graphing 

3.2.4. Clinical signs 

Pigs challenged aerogenically with M. bovis and M. tuberculosis did not develop clinical signs. 

None of the pigs in any of the four treatment groups developed signs of respiratory distress or other 

morbidities. One pig in the M. tuberculosis HD group had inappetence right from the beginning, 

failed to gain much weight and died at day 17 post-challenge. However, necropsy revealed 

diaphragmatic hernia and lack of TB-compatible lesions ruled out tuberculosis as a cause. 

3.2.5. Body Temperature 

Body temperature was measured for the first 15 days post-challenge. There were very few animals 

that developed a fever. The ones that did were mostly after 9 days post-challenge (see highlighted 

section in tables 8, 9, 10 & 11). The normal rectal temperature range for pigs is 38.7 – 39.8 0C. 

Therefore, pigs having temperatures more than 400C were considered febrile keeping 0.20C as the 

margin for instrumental error.  There was at least one pig in each treatment group that had fever 9 

days after they were challenged. One pig in M. bovis HD challenged group (animal ID 196) had a 

fever for two consecutive days at day 9 and day 10 and then again on day 15. Even though some 

pigs showed a slight increase in temperature, it was not highly febrile and did not persist for days 

suggesting it might not be clinically relevant. However, it would have been interesting to measure 

body temperature towards the later part of the trial when the animals had developed pathology. 
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Table 3.5: Daily temperature measurements in M. tuberculosis-Low dose group 

M. tuberculosis (Low Dose) 

ID Day  

1 

Day  

2 

Day 

 3 

Day 

 4 

Day  

5 

Day 

 6 

Day  

7 

Day  

8 

Day  

9 

Day 

10 

Day 

14 

Day 

15 

190 39.7 39.7 38.9 39.5 39.8 39.8 39.3 39.1 39.3 39.8 39.6 39.6 

195 39.2 38.7 39.0 38.5 38.6 39.4 39.2 39.5 39.3 39.4 39.6 40.1 

198 40.0 39.8 39.3 39.6 39.7 39.3 38.9 39.9 39.5 39.5 39.6 39.3 

203 39.7 39 39.6 39.5 39.4 39.9 38.8 39 39.4 39.4 39.3 39.2 

205 40.1 39.2 39.5 39.6 38.5 39.3 39.4 39.7 39.2 39.2 39.6 39.2 

211 40 39.7 39.1 39.4 38.5 39.7 39.5 39.3 39.9 40.7 39.8 39.6 

 

 

Table 3.6: Daily temperature measurements in M. bovis-Low dose group 

M. bovis (Low dose) 

ID Day  

1 

Day  

2 

Day 

 3 

Day 

 4 

Day  

5 

Day 

 6 

Day  

7 

Day  

8 

Day  

9 

Day 

10 

Day 

14 

Day 

15 

189 39.3 39.3 39.1 38.9 39.6 39 38.9 39.5 39.2 39.2 39.2 39.4 

193 39.6 39.4 39.1 38.8 39 39.5 39.4 39.3 39.1 38.8 39.5 39.4 

197 39.5 39.5 39.2 39.1 39.8 39.3 39.6 39.7 39.9 39.5 39.3 39.3 

202 39.7 39.8 38.5 38.9 39 39 39.4 39.2 39.3 39.3 39.1 39.7 

207 39.5 39.2 38.9 39.4 39.5 38.8 39.1 39.3 39.1 39.5 39.6 39 

209 39.2 39.3 39.3 39.4 38.8 38.9 39.8 39.1 39 38.8 39.6 40.2 

 

 

Table 3.7: Daily temperature measurements in M. tuberculosis-High dose group 

M. tuberculosis (High dose) 

ID Day  

1 

Day  

2 

Day 

 3 

Day 

 4 

Day  

5 

Day 

 6 

Day  

7 

Day  

8 

Day  

9 

Day 

10 

Day 

14 

Day 

15 

192 39.5 39.6 39.3 39.3 39.2 38.8 38.8 38.9 39.4 39.4 40 39.3 

194 39 38.7 39.2 39.3 39 38.7 39 39 39.3 39.3 39 39.3 

199 39.7 39.2 39.5 39.6 39.2 39.2 39.4 39.7 39.7 39.5 40.1 39.9 

204 39.6 39.7 39.1 39.5 39.3 39.6 39.5 39.3 39.2 39.3 39.8 39.8 

206 40.2 39.9 39.5 39 39.3 39.4 38.4 38.9 39.4 39.3 39.6 39.1 

210 39.7 39.1 39.5 39.3 39.2 38.8 39.3 38.9 38.7 38.9 38.8 38.7 
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Table 3.8: Daily temperature measurements in M. bovis-High dose group 

M. bovis (High dose) 

ID Day  

1 

Day  

2 

Day 

 3 

Day 

 4 

Day  

5 

Day 

 6 

Day  

7 

Day  

8 

Day  

9 

Day 

10 

Day 

14 

Day 

15 

191 39.3 38.6 38.7 38.9 39.1 38.8 38.4 39.1 39 38.9 39.1 39.4 

196 39 38.7 39.2 39.1 38.6 38.8 39.3 39.7 40.6 40.6 39.3 40.1 

200 39.1 39.3 39.3 39.3 39.1 39.1 38.9 39.3 39.3 39.4 39.4 39.1 

201 38.9 39.3 38.8 39 38.9 39.2 39.3 39.5 39.4 39.6 39.6 40.1 

208 39.6 38.9 39.4 39 39.2 39.1 39.2 38.9 39.2 39.5 39.3 39.2 

212 39 39.2 39.1 39.6 39.3 39.1 39 39.3 39.3 39.7 39.3 39.5 

 

3.2.6. Weight  

All 24 pigs were weighed on the day of challenge (day 0) and at day 66 post-challenge; right before 

euthanasia. The pigs were weighed and their age-matched so most of them had a very similar 

weight at the beginning. There was an exception with pig # 210, which was only 4.7 Kg and later 

found to have a diaphragmatic hernia. Weight gain during the period of the trial was calculated by 

subtracting the weight on day 0 from the weight on day 66. Pigs challenged with M. tuberculosis 

had higher weight gain as compared to those challenged with M. bovis. Pigs challenged with M. 

tuberculosis – high dose had an average weight gain of 44 Kgs compared to a net gain of only 36 

Kgs by pigs challenged similarly with M. bovis. Likewise, the average weight gained by M. bovis 

– low dose challenged pigs is only 45 Kgs compared to 47 Kgs by M. tuberculosis – low dose 

challenged pigs.  

 

Table 3.9: Weight gained by pigs over the period of 66 days in the four treatment groups 

 

 

 

M. 

tuberculosis 

(Low Dose) 

Animal ID Weight (Day 0) Weight (Day 66) Weight gain (in 

Kg) 

190 10.4 64 53.6 

195 7.11 48 40.89 

198 7.79 49 41.21 

203 9.55 57 47.45 

205 8.12 59 50.88 

211 8.2 56 47.8 

 

 

M. bovis 

(Low Dose) 

189 8.18 57 48.82 

193 7.88 51 43.12 

197 7.01 53 45.99 

202 8.14 57 48.86 

207 8.27 56 47.73 

209 6.98 42 35.02 

 

 

M. 

tuberculosis 

(High Dose) 

192 8.93 55 46.07 

194 6.6 52 45.4 

199 6.24 42 35.76 

204 7.97 53 45.03 

206 7.24 55 47.76 
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 210 4.7 premature death - 

 

 

M. bovis 

(High Dose) 

191 6.46 42 35.54 

196 8.27 38 29.73 

200 5.94 40 34.06 

201 6.03 46 39.97 

208 8.77 48 39.23 

212 5.95 45 39.05 

 

Statistical Analysis: Since weight gain by animals follow normal distribution143, we applied a 

parametric 2-independent sample T-test to show that weight gained by M. tuberculosis HD infected 

pigs is significantly higher than by M. bovis HD infected pigs (T = 2.961, df = 9, p = 0.016). 

Equality of variance was confirmed by Levene’s test (F= 0.01, p = 0.924). The pigs infected with 

M. tuberculosis HD gain an average of 8 kg more weight compared to M. bovis HD. However, 

there was no significant difference in the weight gain of pigs infected with low doses of M. bovis 

and M. tuberculosis. 

 

 

Figure 3.5: Weight gain in pigs challenge with M. bovis & M. tuberculosis over time. Each 

data point represents the weight of an individual animal at that particular time. Error bars represent 

mean +/-SD and asterisk (*) represent significance in weight gain between M. bovis (HD) and M. 

tuberculosis (HD) over the period 

 

We also compared the weight gain of the infected pigs to their expected growth (growth curve 

provided by Prairie Swine). Pigs in the low dose challenged groups had a very similar growth 

curve as expected suggesting that infection with a low dose did not affect the weight of the pigs 

for the duration of the trial. However, pigs challenged with a high dose of M. bovis had reduced 

weight gain compared to the expected by at least 10%. 
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Figure 3.6: Growth curve of pigs challenged with M. bovis & M. tuberculosis in comparison 

with expected growth curve. The expected growth was based on Prairie Swine Center’s breed 

characterization study 

 

3.2.7. Gross Pathology 

After 66 days post-challenge, pigs were euthanized by intravenous injection of sodium 

pentobarbital. Lungs and spleen were extirpated and examined visually as well as by palpation for 

the presence of lesions. Tonsils from the retropharyngeal region, tracheobronchial lymph nodes 

and mediastinal lymph nodes were also examined for the presence of granulomas. Most pigs 

challenged with M. bovis HD and M. tuberculosis HD had visible tubercles on the lungs as well as 

thoracic lymph nodes. In the lungs, gross lesions were distributed in all the lobes uniformly. Most 

lesions were apparent on the surface of the lungs. The entire lung was cut into several slices along 

its cross-section that further revealed multiple tubercle lesions in the interior surface.  

Lesions in the lungs varied from very small pinpoint hemorrhages to a large calcified nodule. The 

size of the granuloma ranged from 2 mm to more than 5 cm in diameter. Cut section of lungs of 

some M. bovis HD infected pigs were presented with large caseating granulomas. The outer texture 

was hard and gritty due to fibrosis. Some of these mature granulomas were close to and encircling 

the conducting airways (see figure 18B). In several pigs, stricture of bronchus was apparent with 

its wall affected by caseation indicating possible shedding of bacteria. This finding was also 

confirmed by histopathological examination. On the contrary, most of the pigs infected with M. 

tuberculosis had considerably fewer granulomas. They were also smaller in size and compact. 

Moreover, we did not detect any caseating granulomas surrounding the conducting airways. 
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Figure 3.7: Gross pathology of lungs of M. bovis and M. tuberculosis-infected pigs 66 days 

post-challenge. Note granulomas on the surface of the lung in M. bovis HD-infected pigs, some 

of which were more than 50 mm in diameter (A). Cut section of M. bovis-infected lungs. Note the 

bronchus is surrounded by caseating granuloma (arrow) (B). M. tuberculosis-infected lung. Very 

few granulomas are visible on the surface (C). Cut section of M. tuberculosis-infected lung. While 

the bronchus is seen with normal diameter, few compact, non-necrotizing granulomas can be seen 

in the lung parenchyma (arrows) (D) 

 

Lymph nodes (LNs) of all the pigs had multiple granulomas irrespective of the challenge strain 

and dose. Although lesions were present in mediastinal, tracheobronchial LNs and the tonsils, it 

was more consistently present in the former two i.e. the lung draining LNs. Pigs infected with M. 

bovis HD had larger gross lesions compared to the rest of the groups. The lesions appeared as 

large, pale indurations from outside. A white caseous mass could be found when it was cut open. 

Although low-dose M. tuberculosis-infected pigs did not have granulomas in the lungs, the lymph 

nodes had an appreciable number of those lesions comparable to M. bovis LD challenged pigs. 

 

 



47 

 

 

Figure 3.8: Gross pathological lesion in lymph nodes of M. bovis & M. tuberculosis-infected 

pigs. Note whitish-yellow caseous mass in the cut sections of lymph nodes. 

 

3.2.8. Lesion Scoring 

Each lung lobe was scored based on the number and size of granulomas. Scoring was done by a 

single veterinarian to remove subjective bias. For each animal, the total lung lesion score was 

obtained by adding scores of all seven lobes. Granulomas in the lymph nodes were not scored 

because of the lack of uniformity in the lesion pattern.  

 

Statistical Analysis: Lung lesion scores between different treatment groups were compared by non-

parametric Kruskal-Wallis Test (α = 0.05). We found a significant difference in lung lesion score 

based on treatment (Kruskal Wallis H = 14.016, df = 3, p = 0.003). Subsequently, multiple pairwise 

comparisons using Mann-Whitney U test was done to determine statistical significance between 

the treatment groups. We found the lung lesion in M. bovis (HD) was significantly higher than M. 

bovis (LD) (Mann Whitney U = 10.33, p = 0.04) as well as M. tuberculosis (LD) (Mann Whitney 

U = 13.83, p = 0.002). Any other pairwise combinations were non-significant. P values reported 

have been adjusted with Bonferroni correction for multiple tests. M. bovis HD infected pigs also 

had qualitatively more severe lung pathology compared to M. tuberculosis HD infected pigs. There 

was no significant difference between the pigs infected with low doses of M. bovis and M. 

tuberculosis. 
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Figure 3.9: Box plot representing lung lesion scores of pigs infected with M. tuberculosis & 

M. bovis upon necropsy at 66 days post-challenge. Asterisk (*) indicates a statistically 

significant difference at 0.05 level of significance and double asterisk (**) indicates significance 

at 0.005 level of significance 

 

3.2.9. Histopathology 

Microscopically, all the pigs challenged with both M. tuberculosis and M. bovis had tuberculosis 

compatible lesions in at least one organ. A wide spectrum of lesions was observed in these animals. 

There were some differences in the nature of granuloma observed even within the same animal. 

Typical lesions included thickening of lung parenchyma (figure. 21A), presence of inflammatory 

cells such as macrophages, lymphocytes and neutrophils. Fibrosis surrounding a granuloma was 

common in advanced stage granulomas. Macrophages of different phenotypes such a foamy 

macrophage, epithelioid macrophages and multinucleated giant cells were found. Interestingly, a 

large number of neutrophilic infiltrations were observed in advanced stage granulomas (figure. 

21B, 21C & 21D); possibly indicating the start of liquefactive necrosis. 

Additionally, we observed the presence of inflammatory cell aggregates in the lumen of a small 

bronchus in a few M. bovis infected pigs (figure 21C). This is consistent with the presence of 

caseating mass around bronchus in some M. bovis HD infected pigs which is suggestive of 

transmissive pathology. 
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Figure 3.10: Histopathology of pigs infected with M. bovis and M. tuberculosis. Thickening of 

lung parenchyma can be seen in M. tuberculosis LD-infected lung (A). Note multiple satellite 

granulomas with a follicular appearance surrounding a central necrotic core of M. bovis HD-

infected pig lung (B). M. bovis HD-infected lung with advanced stage granuloma. Note collapse 

of bronchiolar lumen and infiltration (arrow) (C). Another M. bovis HD-infected lung. Notice 

stricture of bronchiole with a large granuloma (black arrow), also not large infiltration of 

neutrophils (red arrow) suggesting the beginning of the necrotic process (D). M. tuberculosis HD-

infected mediastinal lymph node with a multifocal lesion. There is a thick capsule surrounding 

those lesions (E). M. bovis HD mediastinal lymph node with advanced stage lesion, amorphous 

mantle and liquefying core (F) 

 

3.2.10. Granuloma staging 

Histologically, lung granulomas were classified into different stages as mentioned elsewhere. 

Stage-1 includes a loose aggregation of inflammatory cells such as epithelioid macrophages, 
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lymphocytes, neutrophils, and few multinucleated giant cells (MNGCs). There is no start of 

fibrosis around or within the lesion. Stage-2 are those lesions where there is a start of development 

of fibrous capsule surrounding the core of inflammatory cells. There is some organization of cells 

from the center of the lesion to the periphery. Neutrophils and foamy macrophages are at the center 

surrounded by a layer of epithelioid macrophages, MNGCs, and few dendritic cells and there are 

predominantly T and B lymphocytes in the periphery. Finally, the whole structure is encapsulated 

within a fibrous envelope. More advanced stage-3 lesions have thicker fibrous encapsulation, the 

cellular constituents are similar however, there is more neutrophilic infiltration towards the core 

of the lesion which ensues necrosis. Still, the cellular architecture of the core and the whole 

structure is maintained. More granulomas tend to fuse to form a large multifocal granuloma at this 

stage. Sometimes, these stage-3 lesions are surrounded by few to numerous satellite granulomas 

in stage-2 or stage-3. When there is extensive caseous necrosis and liquefaction of the granuloma 

such that there is amorphous to acellular zone in the center of the granuloma, this is stage-4. This 

is when the granuloma loses its integrity and the animal is believed to be transmissive27. 

 

 

Figure 3.11: Different stages of granuloma in pigs infected with M. bovis & M. tuberculosis. 

Stage I represents an initial aggregation of inflammatory cells while Stage III and IV represent 

advanced stage granulomas 

 

We also categorized different stages of granulomas to all the H&S slides available to us for 

analysis. It was interesting to note that 9 out of 11 lung histology samples from M. bovis (HD) 

infected pigs had advanced granuloma suggesting that these animals are manifesting an active 

form of TB. On the contrary, only 2 out of 6 lung histology samples had an advanced lesion in M. 

tuberculosis (HD) infected pigs. Similarly, only 1 out of 11 tissue had stage-4 granuloma in M. 
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bovis (LD) challenged pigs and there was not a single advanced granuloma in M. tuberculosis (LD) 

infected pigs 

Table 3.10: Lung histopathological lesion scoring of pigs infected with M. bovis & M. 

tuberculosis. At least one H&E slide from each animal from all four groups was analyzed. 

NA indicates samples not processed for histopathology 

Groups Animal ID Cranial Lobe Middle 

Lobe 

Caudal Lobe 

 

 

M. bovis 

HD 

191 2 4 NA 

196 4 NA 4 

200 1 NA 3 

201 3 NA NA  

208 4 4 NA 

212 4 4 NA 

 

 

M. bovis 

LD 

189 1 NA 1 

193 3 NA 1 

197 4 NA NA 

202 2 1 NA 

207 1 NA 1 

209 3 NA 1 

 

 

M. tb 

HD 

192 4 NA NA 

194 2 4 NA 

199 1 NA NA 

204 3 NA NA 

206 2 NA NA 

 

 

M. tb 

LD 

190 3 NA NA 

195 1 2 NA 

198 1 NA NA 

203 1 NA 1 

205 1 NA NA 

211 2 2 NA 

 

 

 

 

 

3.2.11. Acid-fast staining 

Formalin-fixed tissues were checked for the presence of and relative burden of M. bovis and M. 

tuberculosis by acid-fast staining. At least one tissue section from each lung lobe and lymph node 

was stained with the Ziehl Neelsen (ZN) stain. Careful observation under a microscope revealed 

very few acid-fast bacilli in the lung tissue. This was true for lung samples from all four challenge 

groups. However, in the lymph nodes tubercle bacilli were slightly more frequent. More bacteria 

were found in lung draining lymph nodes such as mediastinal and tracheobronchial lymph nodes 

compared to tonsillar tissues.  
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Figure 3.12: Ziehl-Neelsen stained slides of pigs infected with M. bovis HD. First and second 

image is from M. bovis HD-infected lung and lymph node respectively. Presence of acid-fast 

bacilli is marked by a circle. 

 

3.2.12. Bacterial burden 

In the low dose (LD) challenged groups, bacteria were not consistently recovered from the lungs 

of infected pigs. Bacteria could be recovered only from 2 out of 6 pigs for both M. bovis LD and 

M. tb LD challenged groups and average CFU/g was higher in M. bovis LD group. A similar 

bacterial burden was seen in lymph nodes of M. bovis LD and M. tuberculosis LD challenged 

groups. Bacteria could not be recovered from spleen samples of either M. tuberculosis LD or M. 

bovis LD challenged pigs.  

 

In the high dose (HD) challenged groups, there was a more consistent recovery of bacteria from 

tissue samples. Bacteria were recovered from the lungs of 3 out of 5 M. tuberculosis HD challenged 

pigs and 5 out of 6 M. bovis HD challenged pigs. Lungs samples of M. bovis HD challenged pigs 

had higher median CFU/g. Similarly, there was a higher median bacterial burden in lymph nodes 

of M. bovis HD challenged pigs compared to M. tuberculosis HD challenged pigs. Bacteria could 

be recovered from lymph nodes of 5 out of 5 M. tuberculosis HD challenged pigs and 6 out of 6 

M. bovis HD challenged pigs. Viable bacteria were also recovered from spleen samples of two 

pigs challenged with M. bovis HD suggesting post-primary dissemination of infection most likely 

through hematogenous route. 
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Figure 3.13: Bacterial burden (CFU per gram of tissue) in different organs of pigs infected 

with high and low doses of M. bovis & M. tuberculosis. Each point in the graph represents CFU/g 

of one animal and the black line represents the group median. Value for some individuals is 

missing as it was below the detection limit 

3.2.13. Immune response in infected pigs 

3.2.13.1. IFN-γ response in antigen-stimulated whole blood 

Antigen-specific Interferon-gamma (IFN-γ) response was detected against bovine PPD, EsxA, M. 

bovis culture filtrate and M. tuberculosis culture filtrate in all the pigs infected with M. bovis and 

M. tuberculosis. In the bPPD-stimulated samples, IFN-γ was detected as early as 2 weeks post-

challenge. In low dose challenge groups, only 2 animals, 1 each from M. bovis and M. tuberculosis 

challenge groups had measurable IFN-γ concentration. It appeared that in low dose challenge 

groups, the median concentration of IFN-γ is consistently higher in M. bovis challenged pigs 

compared to M. tuberculosis challenged ones by almost 10-fold. On the other hand, in high dose 

challenge groups, only 2 animals had IFN-γ response at 2 weeks and both of them were in M. bovis 

challenged pigs. There is no difference in median concentration of IFN-γ particularly at 4- and 6-

weeks post-challenge. There was a continuous increase in IFN-γ concentration over the period of 

7 weeks after which it started to plateau in all four treatment groups. There was no significant 

difference in the peripheral immune response between M. bovis and M. tuberculosis-infected pigs. 

 

A similar trend was observed in the IFN-γ concentration of pigs when EsxA was used as a recall 

antigen for blood stimulation. In the low dose challenge group, the trend was similar to that 

observed with bPPD stimulated samples. However, in the high dose challenged group, median 

IFN-γ concentration was higher in M. tuberculosis-infected pigs. IFN-γ concentration in EsxA 

stimulated samples are approximately 5 times lower than in bPPD stimulated samples. This could 

be due to the concentration of the antigens used. We used commercial bPPD available in the 

Bovigam kit while EsxA was harvested and purified in the lab and was used at 2.5 µg/mL, half of 

what is recommended for IGRA.  
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Figure 3.14: IFN-gamma response in mycobacterial antigen-stimulated whole blood. The 

upper panel represents IFN-γ concentration in bPPD stimulated samples while the lower panel 

represents IFN-γ concentration in EsxA stimulated samples. Each data point indicates the 

concentration of IFN-γ in an individual animal at that point after removing background 

concentration (PBS-stimulated samples) 

 

IGRA for samples stimulated with M. bovis and M. tuberculosis culture filtrates as antigen did not 

perform well as compared to samples stimulated with bPPD or purified EsxA. This could be due 

to the extraction process for culture filtrates. 
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Figure 3.15: IFN-gamma response in mycobacterial culture filtrate-stimulated whole blood. 

The upper panel represents IFN-γ concentration in M. bovis culture filtrate-stimulated samples 

while the lower panel represents IFN-γ concentration in M. tuberculosis culture filtrate-stimulated 

samples. Each data point indicates the concentration of IFN-γ in an individual animal at that point 

after removing background concentration (PBS-stimulated samples) 

3.2.13.2. Cytokine response to mycobacterial antigens 

Multiple cytokines were assessed in samples obtained from antigen-stimulated whole blood. Two 

approaches used for quantification include multiplex and conventional ELISAs. 

Quantification using the Multiplex platform 

We checked for the presence of cytokines including a family of pro-inflammatory cytokines and 

one anti-inflammatory cytokine in plasma from bovine PPD stimulated whole blood. Using the 

Biorad-Multiplex platform, we quantified IL-1β, IL-6, IL-10, IL-12, IL-17A.  

Unfortunately, the multiplex system was inconsistent for quantifying cytokines as we saw very 

high concentrations in all of our samples (see figure 27) including pre-infection samples (day 0) 

and negative control (see figure 28).  
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Figure 3.16: A panel of pro-inflammatory cytokines (mean +/- SE) in plasma from PPD 

stimulated whole blood as measured by BioRad multiplex platform. Note the very high pre-

challenge level of all four cytokines 

 

 

Figure 3.17: Cytokines in negative controls (PBS stimulated samples) as measured by BioRad 

multiplex platform 



57 

 

Quantification using Conventional ELISA 

We used conventional ELISA to quantify IL-1β and TNF-α in the plasma from EsxA stimulated 

whole blood. Samples from only the high dose M. bovis and M. tuberculosis challenged pigs were 

used. A similar basal level of TNF-α in M. bovis and M. tuberculosis-infected pigs before challenge 

(day 0). A sharp rise in TNF-α concentration occurred in M. bovis challenged pigs between 14- 

and 28-days post-challenge followed by a steady decrease until day 42. In M. tuberculosis 

challenged pigs, there was a steady decrease in TNF-α concentration until day 42 post-challenge 

followed by a sharp increase until day 66 post-challenge.  

A very high concentration of IL-1β was detected in pigs before the challenge. This was followed 

by a precipitous drop in concentration in subsequent sampling every two weeks. The trend was 

similar in both M. bovis and M. tuberculosis-infected pigs. 

 

 

Figure 3.18: IL-1β and TNF-α concentration in EsxA stimulated blood plasma as measured 

by conventional ELISA. Each data points represents the mean and SE of 5 pigs 

 

3.2.14. No cross-contamination between treatment groups 

M. bovis culture plates had few colonies that appeared raised with abundant growth and crumbly 

pattern, characteristic of eugonic colony morphology in M. tuberculosis.  To rule out possible 

contamination of M. bovis samples with M. tuberculosis, few colonies were sampled from all 

suspected plates and genomic DNA extracted. PCR was done using primers for M. tuberculosis-

specific gene Rv3479. The integrity of genomic DNA was assessed by using another set of primers 
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for BlaC. Genomic DNA from the suspected colonies did not amplify using the M. tuberculosis-

specific gene suggesting a lack of contamination. 

 

 

 

 

 

Figure 3.19: Verification of M. tuberculosis/M. bovis from culture colonies 

 

 

3.3. Discussion 

We used an aerosol delivery system to challenge domestic mixed breed pigs with equal doses of 

M. bovis (AF2122/97) and M. tuberculosis (Erdman). Using this system, we were able to deliver 

close to 10 % of the actual concentration of bacterial inoculum which is what most commercial 

aerosol delivery systems provides104,144.  We were also able to establish that the aerosolized 

bacteria were viable after the vigorous process of nebulization. 

 

3.3.1. Domestic pigs exhibit TB associated pathology comparable to human infection 

There was no indication of overt clinical signs characteristic of TB infection during the 9 weeks. 

However, all the challenged pigs had a higher concentration of IFN-γ consistently after 4 weeks 

post-challenge suggesting progression of the disease145,70. This was later confirmed by post-

mortem examination, which revealed all the pigs, irrespective of challenge doses, and strain had 

TB-compatible lesions in the lungs and thoracic lymph nodes. There was heterogeneity in terms 

of the types of granulomatous lesions, which is characteristic for humans TB infection35,146,147. The 

variety of lesions ranged from a loose aggregation of cells to caseous, necrotic-liquefied 

granulomas. Accordingly, the lesions could be classified into four distinct stages. 

Histopathological examination showed that all four stages could be found within the same organ. 

Fibrous encapsulation was seen forming around the advanced stages of granuloma, which is 

another hallmark of TB granuloma in humans and non-human primates and as previously 

described in a mini-pig model as a possible mechanism of containing infection36. Another 
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important aspect of human TB lesion is the presence of cavitation in the advanced stage granuloma 

which is believed to be the reason for post-primary dissemination146. A certain small animal model 

such as mice and rabbit do not support the formation of cavitation. However, the current study 

revealed that pigs could form necrotizing granuloma with cavitation upon infection particularly 

with M. bovis as well as high dose M. tuberculosis. Likewise, dissemination within the lung was 

evident as multiple bronchioles were clogged with inflammatory cell aggregates. Palmer et.al. has 

described similar pathological finding in M. bovis infected cattle126. An important insight from the 

current study is that pigs seem to contain rapid multiplication of TB bacilli in the later stages of 

infection as demonstrated by a very low number of AFB in ZN-stained sections of lung samples. 

A similar observation is common in immunocompetent humans where bacteria are cleared at later 

stages and only a few remain in the calcified lesion. Studies involving mini-pigs have corroborated 

the findings36. A rather contrasting phenomenon occurs in small animal models such as mice & 

guinea pigs where there is rapid multiplication and the presence of a large number of acid-fast 

bacilli. 

Although feral pigs are known to be infected with M. bovis, there is a lack of information on the 

differences between M. bovis and M. tuberculosis-induced pathology in domestic pigs. Most 

experimental infections involving pigs are in mini-pigs using M. tuberculosis. Bolin et. al., first 

described that domestic mixed breed pigs could be infected with M. bovis with TB-compatible 

lesions within 30 days post-challenge with intravenous injection of 3 x 108 CFU110. Although the 

pigs did not develop gross pathological lesions or tubercles, histopathological examinations 

showed microscopic granuloma formation in most of the animals110. Therefore, our study is unique 

in its scope of comparing M. bovis and M. tuberculosis infection in domestic pigs and provides a 

platform for comparing the host-specificity of the two MTBC members. 

 

3.3.2. M. bovis infection is characterized by severe pathology, higher bacterial burden 

and impaired weight gain 

In the current study, domestic mixed breed pigs challenged with equal doses of aerosolized M. 

bovis and M. tuberculosis produced disparate pathological outcomes. M. bovis infected pigs had 

more severe gross pathology in the lungs compared to M. tuberculosis-infected pigs. This 

difference was more pronounced in high dose challenge groups. Consistently, M. bovis HD 

challenged pigs had a higher bacterial burden in the lungs and lymph nodes. Interestingly, Zeihl-

Neelsen staining revealed very few bacilli in the lungs of all the animals, irrespective of the 

challenge groups. Comparatively more AFB were found on the ZN stained lymph nodes samples 

but not close to what was obtained from cultured tissue samples. One study in feral pigs has 

reported that bacilli in TB lesions, especially in those that have started to resolve into fibrous or 

calcified tissue is either undetectable or very few17. A study in cattle also reported similar results 

where there were no detectable bacteria in the lungs suggesting bacterial clearance by the animal96. 

Migration of bacteria from the primary site of infection to the draining lymph nodes is necessary 

for priming T-cells against the mycobacterial infection. This leads to the development of secondary 

infection of lymph nodes and can often act as a reservoir of bacteria in a host35. This was indicated 

in drug treatment studies in macaques where after a short course of anti-TB drugs, the lymph nodes 

had significant numbers of mycobacteria while lung granulomas were mostly sterile. A similar 

finding was also observed in a mouse model where it was reported that M. tuberculosis-infected 

myeloid dendritic cells migrate to the lung draining lymph nodes in the earlier phages of infection 

for effective antigen presentation. In addition to transfer of antigen presenting cells with processed 

M tuberculosis peptide on the MHC molecule, large number of DCs harboring viable M. 
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tuberculosis are found to be migrating to the lung draining lymph nodes. This is because of lung 

resident myeloid DCs are relatively ineffective in stimulating antigen specific CD4 T-cells and 

thereby fail to initiate adaptive immunity. However, lymph node resident DCs are more efficacious 

in stimulating CD4 cells. The migration of bacteria-laden DCs from lungs to the lung draining 

lymph nodes is mediated by chemokines such as CCL19 and CCL21148,149. Another possible 

explanation for getting very few tubercle bacilli in the lung lesion could also be due to sensitivity 

issues of the ZN staining. A comparative study of ZN vs fluorescent-based staining technique 

(auramine-rhodamine) in mice and guinea pigs has reported that the auramine-rhodamine staining 

technique is significantly better at reporting bacteria from the central caseous or necrotic tissue. 

Using only the ZN staining technique, fewer bacteria were observed; that too mostly, on the 

periphery of the lesion150. These findings indicate that ZN might not be a very sensitive method of 

staining for intracellular mycobacteria in pigs. 

 

In the current study, recovery of bacteria from spleen in M. bovis HD infected pigs suggests 

extrapulmonary dissemination. Dissemination of bacteria is known to occur after necrotic-

liquefactive granuloma is unable to contain the infection. It occurs probably through the 

lymphatics or by the hematogenous route. It has been reported that pigs naturally infected with M. 

bovis shed bacteria via oral or fecal route after dissemination from the primary infection sites such 

as the lungs and lymph nodes 120,151.   

 

M. bovis HD challenged pigs had lower weight gain as compared to other challenge groups. These 

findings together with severe lung pathology and higher bacterial burden suggest that M. bovis is 

more virulent in pigs compared to M. tuberculosis. A similar finding has been reported in cattle. 

A head-to-head comparison between M. tuberculosis and M. bovis resulted in TB-associated 

pathology in M. bovis infected subjects 16 weeks post-challenge whereas there was no pathology 

development in M. tuberculosis-infected calves95. The basis of this difference could be due to 

differential innate immune response of the host during the initial recognition phase which was 

explained in the previous chapter. It could also be due to suboptimal antigen presentation in M. 

tuberculosis infection. A study involving M. tuberculosis mice reported interference of MHC Class 

II-mediated antigen presentation by M. tuberculosis leading to impaired CD4 T cell activation, 

which promotes bacterial persistence and pathology152. 

 

3.3.3. Immune response in infected pigs 

In this particular study, we measured multiple cytokines in antigen-stimulated blood samples as a 

function of the adaptive immune response of the infected pigs. Cytokines such as IFN-γ, IL-1β, 

TNF-α, Il-6, IL-12, IL-10, and IL-17A were detected and quantified. Concomitant quantification 

of all 7 cytokines using a multiplex platform was not successful. Despite some optimization, the 

multiplex was consistently showing higher pre-challenge values for most cytokines. Subsequently, 

conventional sandwich ELISA was used to measure IFN-γ, IL-1β and TNF-α with better results. 

Although the level of interferon-gamma in bPPD stimulated peripheral blood is not an accurate 

correlate of the severity of disease in vivo which is explained by differences in the pathology and 

bacterial burden upon necropsy, it can however be used as a tool for assessing T cell-mediated 

immune response as a proxy for disease progression. In this particular study, we did not find any 

difference in peripheral IFN-γ concentration between different challenge groups. Studies have 

reported that immune conversion of IGRA from negative to positive occurs within 4-6 weeks post 

infection153. In the current study, most pigs had detectable IFN-γ levels after 4 weeks and reached 
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maximum concentration at 9 weeks post-infection suggesting the highest T-cell immune activity 

at that period. Similar kinetics of T-cell immune response is documented in pigs36,122, goat104 and 

cattle96. A study in cattle comparing IFN-γ level of M. bovis and M. tuberculosis to bovine PPD 

did not exhibit any differences between the two throughout the 16 weeks study period154. Besides, 

the study also compared the level of IFN-γ response due to ESAT-6 and M. bovis PPD and found 

that they were similar154. Peripheral blood interferon-gamma or T-cell response do not accurately 

represent the local T-cell response at the tissue level such as in the lungs. In fact, the complex 

relationship between T-cell response in blood and lung tissue is further complicated due to the 

presence of a spectrum of infection35. Therefore, to get an accurate T-cell response at the tissue 

level, further studies with immunohistochemistry are required.  

 

4. GENERAL CONCLUSIONS 

 

• Head-to-head comparison of M. bovis (AF2122/97) and M. tuberculosis (Erdman) 

challenge (IV and aerosol) in domestic pigs revealed higher virulence of M. bovis. 

Alternatively, domestic pigs are better at tolerating infection with M. tuberculosis. Similar 

findings have been reported in cattle 

• The intravenous challenge produced acute clinical signs followed by death in the M. bovis 

group but no overt signs in the M. tuberculosis group 

• Lower bacterial burden and lack of clinical signs in M. tuberculosis challenged pigs could 

be due to clearing by innate immune response followed by poor replication inside 

phagocytes as suggested by other in-vitro studies 

• Pigs challenged with aerosolized M. bovis as well as M. tuberculosis exhibited a wide 

spectrum of tuberculous granuloma. Histopathological examination showed the 

architecture & composition of granulomatous lesions to be very similar to those in NHPs 

& humans. This suggests pigs can be a consistent surrogate model of human TB 

• The current study indicates the possibility of using M. tuberculosis to develop a latent 

infection model and M. bovis to develop an active disease model in pigs  
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5. LIMITATIONS OF THE STUDY 

The study compared virulence and clinical outcomes of the two members of MTBC in domestic 

pigs. The findings suggest M. bovis strain AF2122/97 to be more virulent in pigs resulting in severe 

manifestations compared to M. tuberculosis strain Erdman. We did not compare the virulence of 

more M. bovis and M. tuberculosis strains.  

Tuberculosis is a chronic disease and therefore has a very long disease process and pathogenesis. 

To study the disease in 9 weeks is an accelerated timeline. We ideally would have wanted to keep 

pigs in containment for few months for the clinical signs such as coughing to occur, especially in 

the aerosol challenge experiment but could not do so because of the logistical challenges. 
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