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Pulmonary Tuberculosis (TB) is characterized by cavitation following lung
extracellular matrix (ECM) destruction. The architectural framework of the
lung is usually protected from degradation that is driven by proteases.
Matrix metalloproteinases (MMPs), especially the collagenase MMP-1, can
cleave types |, Il and Il fibrillar collagens of the lung ECM at neutral pH,
and there is a significant increase of MMP-1 concentrations in TB.
Although the pathways driving inflammation in TB are well understood,
relatively little is known about host regulatory mechanisms that suppress
pathology. | investigate the PI3K/AKT/mTORC-1 axis and Mnkl1l/2
signalling pathway and demonstrate their negative regulatory role that
limits tissue destruction. M.tb up-regulates the gene expression and
secretion of MMP-1 in human monocyte derived macrophages (MDMs)
and THP-1 cells. LY294002, a pan-PI3K inhibitor and IC87114, a PI3K1
selective inhibitor significantly further increased MMP-1 secretion and
gene expression in infected MDMs. Pharmacological inhibition of AKT and
MTORC-1 similarly increased MMP-1.

The MAP kinase-interacting kinases, Mnkl and Mnk2, are downstream
effectors of Erk and p38, which are also downstream of the Ras to MAPK
pathway. Mnk1/2 is known to mainly promote mRNA translation by

phosphorylating the initiation factor, elF4E to drive the formation



ofeukaryotic initiation complex, elF4F. This results in 5-cap-dependent
mRNA translation. Chemical blockade of Mnkl also surprisingly
augmented MMP-1 secretion compared to the levels driven by M.tb
infection. Conversely, disrupting interaction between elF4E and the
scaffolding protein elF4G attenuated MMP-1 secretion. This suggests that
the effect of Mnk1/2 inhibitors on MMP-1 production is not via
interference with formation of the eukaryotic initiation complex, elF4F.
M.tb suppressed PI3Kt mRNA and protein expression in MDMs, and also
suppressed MKNK1 expression, which encoded Mnk1. This suppression
was associated with increased accumulation of miRNAs that target the 3’
UTR of these genes. Taken together, M.tb induces MMP-1 secretion in
primary macrophages and that the PI3K/AKT/mTORC-1 axis and
signalling via Mnk1l limit the excessive production of such tissue
damaging proteases. Inhibitors that target components of these
intracellular signalling are entering clinical trials for cancer and diabetes
therapies, but conversely they may accentuate tissue damage in

inflammatory conditions such as tuberculosis.



LAY STATEMENT

Tuberculosis (TB) is an infection which kills 1.5 million people each year
and lung TB patients are the most infectious. TB patients develop air filled
cavities within their lungs, where bacteria are able to replicate massively.
Upon development of a cough, infection spreads to healthy people. The
body’s response to TB infection is the accumulation of immune cells
called a granuloma. This leads to a lung destruction, which must involve
actions of protein damaging enzymes known as proteases, in particular
Matrix metalloproteinases (MMPs). Although much is known about
mechanisms increasing enzymes and causing disease progression, little
is known about the host protective regulatory mechanisms in TB. |
investigate these immune systems, and show specific pathways that
protect lungs from excessive enzymes. | have identified that in order to
be successful; the bacteria disrupt the normal immune cell activity. This
leads to excessive lung destruction and cavity formation, thereby

promoting spread of TB.
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PPR Pattern Recognition Receptor
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CHAPTER 1: INTRODUCTION

1.1 Tuberculosis epidemiology

1,000,000,000
AIDs TUBERCULOSIS
DEATHS

Cholera

Influenza

Plaque

Malaria
Smallpox Tuberculosis

Figure 1: Tuberculosis; a lethal infectious disease. This is a simplified schematic
illustrating the estimated proportion of global deaths caused by each of the diseases
shown since their emergence. With over 1 billion people killed since its emergence TB
has killed more people worldwide than any other infectious disease. Although Acquired
Immune Deficiency Syndrome (AIDs) appears to have killed the least number of people
according to this diagram, it is currently the second most lethal infectious disease,
having just been surpassed again by Tuberculosis. (Created by P T Brace, by modification

from Tom Paulson, Nature Outlook, 2013)
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Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb ), is the
most lethal global communicable disease and predominantly affects the
lung. Since its emergence, TB has killed over a billion people worldwide
(Figure 1) (Paulson, 2013). One third of the world's population harbour
M.tb (Dye, 2010, Russell, 2007) of which 9 million people were estimated
to developed TB and 1.5 million people died from the disease in 2014
(World Health Organization’s (WHO) report, 2015). The majority of TB
deaths occur in poor countries, with 60% in Asia and 24% in Africa. Over
2.2 million people are estimated to have TB in India alone. In sub-Saharan
Africa, the majority of TB deaths occur amongst people living with HIV.
Although most of the so called ‘highest TB burden countries’ are poor,
there is no region in any part of the world that is completely free of TB
(WHO, 2015).

1.2 Tuberculosis situation in London

London saw a rise in TB incidence between 1999 and 2009 when TB cases
increased by almost 50% (Paulson, 2013). Although the city has not yet
been able to completely class TB as a bygone disease, strategies to
prevent it from becoming a disease of the future continues to pose
formidable challenges to London health services and Public Health
England. According to a report published by the health committee of
London assembly, London accounts for 40% of all TB cases in England,
with 9% of this figure being drug resistant TB (Onkar Sahota, 2015).

The economic burden of the disease is increasingly becoming a national
concern. London health services are estimated to spend over £30 million
on TB cases each year (Onkar Sahota, 2015). With an average of 7
individuals presenting with TB symptoms each day, and a third of London
boroughs included in the ‘High Incidence’ of TB category in the world, the
city has recently been described as the TB capital of Western Europe
(Onkar Sahota, 2015). The issue of TB cases rising in London should

receive considerable and critical attention, as recent evidence shows
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significant failures and insufficiencies in efforts by London health services

to contain disease transmission (Onkar Sahota, 2015).

1.3 Tuberculosis in other regions of the word

The global TB incidences are on the increase. To highlight a few examples
of TB cases in certain regions of the world, the Americas reported 260,000
TB incidences with 21,000 deaths in 2014. These figures were higher in
Europe with 380,000 and 45,000 deaths. There were 660,000 TB
incidences in the Eastern Mediterranean and estimated 1.7 million in
Western Pacific with 130,000 and 480,000 deaths respectively (WHO,
2015). The past four decades have seen intense strategic efforts by WHO
to combat TB. However, the rapid rate of emergence of Multi-drug
resistance (MDR) and Extensively-drug resistance (XDR) TB, as well as co-
infection with HIV, have highlighted the continued challenge of TB
globally (Dye, 2010, Corbett et al., 2003).

1.4 Limiting disease transmission is crucial to

combatting tuberculosis

One key issue is that several of the WHO strategies to eradicate TB have
been aimed at limiting the rate of disease progression in patients, and to
ultimately cure the disease. Efforts to manage the rate of TB transmission
have not received such widespread attention. There is a recent emergence
of totally drug resistant TB (TDR-TB) strains which are insensitive to all of
the most effective TB treatment regimens (Velayati, 2009, Velayati, 2013).
Similar drug resistant strains were identified in TB patients in Italy and
India (Migliori GB and DM., 2007, Udwadia ZF, 2012), and in South Africa
(Klopper et al., 2013). TB continues to pose a threat to public health, even
after decades of WHO intervention. It is therefore critical for new
strategies to focus on limiting the spread of TB; as well as the
development of novel approaches to enhance host mechanisms that limit

disease pathogenesis.
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1.5 Tuberculosis life cycle
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Figure 2: Transmission cycle of Mycobacterium tuberculosis (M.tb).

Pulmonary TB patients release M.tb -containing droplets through coughing. Upon
inhalation by healthy hosts, the bacilli are captured by alveolar macrophages within the
lower parts of the lung to form a Ghon focus. The initial immune response to TB is
typified by formation of granulomas to maintain and contain the pathogen. Some
patients go on to develop active disease (primary infection) immediately following
established M.tb infection. 90-95% of infected individuals remains asymptomatic (Latent
TB), and may never develop TB. Over time, the remaining 5-10% may develop active TB
(reactivation), which occurs at the lung apex. Crucially, M.tb drives lung tissue
degradation which is critical for cavitation. (Created by P T Brace through adaptation
from Anne O’Garra et al, Annu Rev. Immuno. 2013; and P. Elkington et al, Sci Transl.
Med. 2011).
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1.6 Initiation of TB infection

TB infection begins with inhalation of aerosol containing M.tb, typically
coughed by a person with active Pulmonary TB (Figure 2). Approximately
six weeks following inhalation of the bacilli, some patients progress to
develop primary infection immediately. Primary infection may result in the
dissemination of M.tb to other organs such as the brain to cause miliary
infection, including TB meningitis. Although miliary TB can be fatal,
patients are not infectious and therefore are not a threat to public health.
Approximately 90-95% of infected individuals harbour the bacilli in a
latent form, remaining asymptomatic and may never develop TB in their
life time (O'Garra et al., 2013). The mechanisms that explain latent TB
progresses to fully blown active disease are not well understood. At some
point of the infection however, M.tb may become reactivated in the
remaining 5-10% to develop active TB, which can be fatal if left untreated
(O'Garra et al., 2013).

Upon inhalation, the infected droplets are initially deposited at the lower
zones of the lung which are known to be well-ventilated (Elkington et al.,
2011c). Here, what is known as a Ghon focus is formed which
characterises the beginning of host immune response to TB (Figure 2). A
key aspect of the initial host immune response to curtail TB infection is
the capture of M.tb by alveolar macrophages, some of which are activated
by type | interferons produced locally by the macrophages and cells of the
lung tissue. These locally activated macrophages initiate a Kkilling

mechanism in attempt to eradicate the ingested M.tb (Guirado, 2013).

1.7 Host and pathogen immune response

The bacilli have devised various ways of evading host immune response.
Virulent M.tb successfully replicates and kill the infected, un-activated
macrophages due to impaired phagosome maturation process (Guirado
et al., 2013). As the infection persists, the adaptive immune response is

activated following presentation of M.tb antigens by macrophages. T
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lymphocytes are recruited to further activate macrophages to wall off the
intracellular M.tb (Yoder, 2004, Dannenberg, 2009). Peripheral
monocytes are subsequently recruited to capture M.tb released from
dying macrophages. With such limited ability of macrophages to wall off
the bacteria however, the whole replication of M.tb and Kkilling of
macrophages to liberate the bacilli into the surrounding tissue continues.
As the immune response persists, production of key antibacterial
cytokines and chemokines occur, as well as recruitment of various
immunocytes to the site of infection, leading to the formation of
granulomas (Figure 3) (Ehlers and Schaible, 2013). Although genetically
inherited granulomas are present in conditions such as chronic
granulomatous disease (CGD), granuloma development is not unique to
TB infection. Other granulomatous disease includes sarcoidosis
(development of granulomas in organs such as skin and lymph nodes),
chronic foreign body reaction, Leishmaniasis (parasitic disease) and

Crohn’s disease (inflammation of the intestinal tract).

1.8 Granuloma Formation: Hallmark of Tuberculosis

Granuloma formation is the characteristic immune response which forms
upon persistent M.tb infection, and has long been thought to constrain
the bacilli, but rarely able to eradicate it (Russell, 2007, Corbett et al.,
2003, Guirado, 2013). Cellular composition of typical granulomas
comprise of M.tb infected macrophages at the central part of aggregated
immune cells including neutrophils, epithelial cells, NK cells, fibroblasts
and dendritic cells, all surrounded by a rim of B and T-lymphocytes
(Guirado, 2013, Ehlers, 2013). Infiltration of B- and T- cells at the site of
the developing granuloma further advance tissue remodelling and
accelerate recruitment of uninfected monocytes to “wall off” M.tb , in
attempt to limit bacterial growth and to curtail exacerbation of infection
(Lugo-Villarino et al., 2012, Ehlers and Schaible, 2013).
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The bulk of TB granulomas are comprised of a variety of macrophage
populations which differentiate from mature macrophages at the site of
infection (Lugo-Villarino et al., 2012). These include the development of
high lipid content which enables macrophages to differentiate into foamy
cells (Russel et al, 2009, (Lugo-Villarino et al.,, 2012); tightly
interconnected cell membranes that confers an epithelial-like
morphology of macrophages (Adams, 1975); or the fusion together of
polarised macrophages to form multinucleated giant cells (Helming and
Gordon, 2007, Lugo-Villarino et al., 2012). The presence of granulomas
has long been believed to be a host-driven strategy to limit M.tb growth
and its dissemination (Guirado, 2013). This host protective role of
granulomas continues to predominate, albeit a consensus is emerging in
recent years which propose with strong evidence that the granuloma may
also serve as a fertile ground for M.tb proliferation and promotes bacilli
pathogenesis (Ehlers and Schaible, 2013).

Granulomas undergo caseous necrosis; a term coined over a century ago
to describe a phenomenon whereby the core of TB-associated
granulomas undergo extensive cell death and consist of accumulated
necrotic material (Guirado, 2013). The solid caseum further undergoes
liquefaction, where the extracellular bacilli released from dying
macrophages provide an ideal ‘culture medium’ for further replication of
tubercle bacteria, contributing to disease progression (Dannenberg,
1976, Dannenberg, 2009). The exact mechanisms that trigger disease
progression from latent to active TB are not fully characterised. Studies
suggest that processes that lead to the immune system being
compromised trigger reactivation of TB. Such processes include natural
causes such as aging, chronic ill health evoked by life style factors
including malnutrition, drug and alcohol abuse, smoking as well as HIV
co-infection (Onkar Sahota, 2015).
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Figure 3: A schematic representation of tuberculosis granuloma. Once M.tb is
captured by alveolar macrophages, the host immune response is triggered. This leads
to infiltration of lymphocytes and recruitment of various immune cells to the site of
infection. Macrophages further differentiate and develop into foamy macrophages,
epitheloid macrophages and multinucleated giant cells. The presence of blood vessels
and fibrous cuff contribute to the stability of the granuloma. As the disease progresses
the centre of granulomas undergoes caseous necrosis and liquefaction. Granulomas are
thought to contain M.tb , but have not been proven to eradicate it. Recent emerging
evidence suggests that granulomas may also contribute to the success of the bacilli’s
life cycle (Created by P T Brace by adaptation from E Guirado and L.S Schlesinger, 2013).

As TB infection progresses, some patients develop lung cavitation which
manifests in advanced stages of the disease. Here the fine, intricate
network of alveoli and extracellular matrix of the lung is completely
destroyed, causing extensive large air-filled lung cavity lesions (Elkington
etal., 2011c). Lung cavities are clinically thought to be immunoprivileged
sites, where not only M.tb , but various opportunistic mycobacteria
including M. xenopi and M. avium intracellular are able to colonise and

replicate exponentially even amongst individuals with normal immune
8
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response (Yoder, 2004). Similarly, the environmental fungi, Aspergillus
species which are known to drive disease mainly in patients whose
immune systems are severely compromised, are able to successfully form
a fungus ball within pre-existing cavities, suggesting immune-privileged
nature of the cavity niche (Elkington et al., 2011¢).

1.9 Lung cavitation in tuberculosis

Lung matrix destruction and cavitation are critical steps that mediate TB
transmission (Yoder, 2004, Elkington et al.,, 2011b). M.tb is able to
proliferate up to 10° bacilli within cavities (Helke et al., 2006). However,
the cellular and molecular mechanisms that lead to formation of such
lesions remain yet to be fully understood. Although it has long been
demonstrated that patients with smear-negative, culture positive TB are
able to transmit disease (Behr, 1999), pulmonary TB patients with cavity
lesions have much higher chance of spreading TB. In fact, patients who
develop lung cavities are known to be the most infectious (Dye, 2010),
and are said to be responsible for the global TB pandemic (Elkington et
al., 2011c). The presence of cavities are thought to aid the passage of
mycobacterium into the airways, thereby greatly contributing to aerosol

transmission upon development of a cough by the patient (Yoder, 2004)

1.9.1 Lung cavities exacerbate TB immunopathology

In addition to being the most infectious, patients with cavitary TB are
more difficult to treat (Telzak, 1997). Telzak and colleagues investigated
the time causes for sputum smears to convert to culture, and
demonstrated that smear-positivity from HIV-co-infected TB patients
were rapidly converted in cultures following treatment. Conversely,
patients with cavitary disease were deemed to be the group with major
risk factor for longer time taken for continues observed smear positivity,

suggesting slow response to treatment.



Investigating host regulatory pathways that limit immunopathology in TB.

Figure 4: Lung cavities are several centimetres across. Given that some
cavities (arrowed) are larger than 4cm across, the physical size of cavities
present in TB patients suggests the involvement of protease activity (Taken from
Paul Elkington et al, Sci Trans Med 2011).

Cavitary TB patients have high chance of disease recurrence after
treatment (Benator et al., 2002). This clinical trial was to ascertain
amongst  HIV-negative @ TB  patients the  effectiveness  of
rifapentine/isoniazid combination regimen taken once a week, compared
to the established rifampicin/isoniazid combination taken twice a week
(Both as a continuation therapy after daily intake of either combination
for the first two months of a standard six months regimen). In this study,
patients with cavitary disease and patients who presented with initial
smear-positivity were identified to be of major risk factors for disease
relapse. In particular, 15.8% and 9.5% of cavitary TB patients had disease
relapse compared to 3.6% and 2.6% in patients without cavitation in the
rifapentine/isoniazid and rifampicin/isoniazid cohorts respectively (Benator et
al., 2002).

10
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Cavitary TB patients would be more susceptible to harbouring drug-
resistant bacilli. Given the exponential rate at which M.tb is able to
proliferate in cavities, there is a high probability of the emergence of
spontaneous mutations that results in drug-resistant strains. As
described above, M.tb is able to proliferate up to 10° in cavities and the
patient can sometimes continue to appear in good health. One bacterial
develops resistant to ethambutol in a population of 10*, with resistance
to rifampin occurring at 1 in 10® bacterial load (David, 1970). A better
understanding of the pathogenesis of cavity formation in TB could
therefore lead to the design of therapies to suppress their development

and progression, thereby limiting disease transmission.

1.9.2 The current paradigm of cavity formation

Lung cavity formation in TB has traditionally been thought to occur at the
very last step in the sequence of events that mediate the process of
infection to disease progression (Yoder, 2004). Although the mechanism
is poorly characterised, pathogenesis of cavity formation has been
typically attributed to the effect of various aspects of the host immune
response to the bacilli at the site of infection. Cavitation has been linked
to the consequences of granuloma caseation and liquefaction, with
proposals that granuloma formation is a necessary initial step that leads
to lung cavitation (Reviewed by Yoder and co; (Yoder, 2004). Given that
cavities can be over 4cm long, it is unlikely that cell death alone is
responsible for the development of such large lesions in the lung. This
model therefore fails to explain the extent of ECM damage that results in
cavities. The severity of the damage caused to lung ECM in cavity lesions
suggest the involvement of some sort of enzymatic cleavage of the

structural network of the lung (Elkington et al., 2011b).

11
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1.9.3 Cavity formation has been mechanistically linked to tissue

caseation

In support of claims that mediators of host cellular immunity are
responsible for the evolution of cavities in TB, Tsao and colleagues
demonstrated potential key roles played by inflammatory mediators such
as tumour necrosis factor alpha (TNF-") and interleukin (IL)-1i (Tsao et
al., 2000) in cavity formation. The authors categorised pulmonary TB
patients under three groups; patients who presented with cavity lesions
that were equal to or greater than 4cm long were considered to have large
lesions and were classed as group 1, with patients who had cavity lesions
that were less than 4cm long deemed to have small cavities and classed
group 2. A third group consisted of patients whose chest radiographs

showed no signs of the presence of cavities.

Tsao and co examined the abundance of TNF-h and IL-1i , and compared
it to levels of their naturally occurring inhibitors such as soluble TNF-
receptors (sTNF-RI and sTNF-RII) for TNF- " binding, and IL-1 receptor
antagonist (IL-1RA). IL-1RA competitively blocks the binding of IL-1" and
IL-1i to types I/Il IL-1 receptors. Samples analysed were broncho-
alveolar lavage fluid (BALF) and serum of all groups of TB patients under
study. The group demonstrated significant elevation of both TNF-h and
IL-1i , with corresponding lower levels of sTNF-RI, sTNF-RIl and IL-1RA
respectively in BALF and serum samples harvested from patients from
group 1, compared to groups 2 and 3. The results lead to the conclusion
that TNF-h and IL-1i secreted by macrophages and other immune cells
present in granulomas cause tissue necrosis which promotes

pathogenesis of TB cavities (Tsao et al., 2000).

Given that both TNF-h and IL-1i are inflammatory mediators, the
suggestion that they may contribute to tissue necrosis and cell death
within granulomas is plausible. However, attributing the cause of cavity
formation to actions of TNF-h and IL-1i alone does not only neglect

activities of proteases, it also suggests that cavities solely emanate from
12
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the so called erosion of granulomas following necrosis; a claim which
does not explain the lung matrix destruction observed in cavity lesions.
Similarly, other groups have linked IL-4 produced by CD4+ and CD8+ T
cells in pulmonary TB patients to the development of cavities (van Crevel
et al., 2000). As a TH-2 type cytokine, the authors proposed that perhaps
IL-4 antagonises host protective responses against tissue necrosis,
thereby driving the development of lung cavities. Again, tissue necrosis
has been related to the genesis of cavitation, without accounting for the

fundamental causes of lung destruction.

CD4+*-T cells have been suggested to play a critical role in lung cavitation
(Wagner and Bishai, 2001). HIV-co-infected TB patients have low CD4*-T
cells, and do not develop cavitation. Even the most severe HIV patients
who progress to fully active AIDs suffer rapidly progressive TB which
tends to be fatal, and yet have very little chance of developing cavities.
This observation suggests that normal levels of CD4*-T cell response in
TB patients who are not HIV-co-infected, would promote cavity formation
(Wagner and Bishai, 2001). Although intriguing, yet again the model does
not take into consideration the extensive lung extracellular matrix
destruction involved in cavitation. It does not provide an explanation of
how the tensile components of the lung is degraded, thus overlooking the

potential role of protease activities.

1.10 Protease activities mediate matrix destruction

Destruction of the lung extracellular matrix is critical for lung cavitation
and subsequent TB transmission (Elkington et al., 2011a, Rand et al.,
2009, Elkington et al., 2011c). However, the exact mechanisms
underlying the degradation of lung ECM have not been adequately
explained. Cavities are large, air-filled spaces in the lung (Figure 4). The
extent of lung ECM destruction observed in cavity lesions in TB must
involve some form of protease activity. Using data from humans, mice,

rats and rabbit models, Yoder and colleagues reviewed that although
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