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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 PI3Ké
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.th
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 PI3K&§ 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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Investigating host regulatory pathways that limit immunopathology in TB.

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

™~

1: Pulmonary TB patient coughs
to release M.tb infected
droplets into the surroundings

2: Infection occurs upon
continuous inhalation of
bacilli-infected droplets by a
healthy person

6: Cavities open into the bronchi,
allowing spread of M.tb through
coughing

A

5: Post Primary Infection
(Pulmonary TB)

Cavity lesions

| 3: Ghon focus (Primary lesion) |
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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.th , 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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Foamy macrophage

B cell
T cell

Epetheloid macrophage

Multinucleated giant cell

Necrotic tissue
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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.tbh , 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.
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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-a) and interleukin (IL)-1B (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-a and IL-1B, and compared
it to levels of their naturally occurring inhibitors such as soluble TNF-
receptors (sTNF-RI and sTNF-RII) for TNF- a binding, and IL-1 receptor
antagonist (IL-1RA). IL-1RA competitively blocks the binding of IL-1a and
IL-1B 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-a and
IL-1B, 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-a and IL-1B 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-a and IL-1B 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-a and IL-1B alone does not only neglect

activities of proteases, it also suggests that cavities solely emanate from
12



Investigating host regulatory pathways that limit immunopathology in TB.

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

13
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inflammatory and anti-inflammatory mediators involved in host immune
response against TB contributes towards cavity formation, tissue-
damaging enzymes produced by macrophages and neutrophils must be
the most important contributing factors to the pathogenic evolution of
cavities in pulmonary TB patients (Yoder, 2004). Other groups have
suggested that hydrolytic enzymes, such as proteinase (Cathepsin D), play
key roles in cavity formation (Dannenberg, 2009, Dannenberg and
Sugimoto, 1976).

There is no evidence to show that such hydrolytic enzymes are primarily
responsible for the development of lung cavitation. Although the activities
of tissue damaging enzymes were highly elevated in macrophages
harvested from granulomatous lesions, moderate levels of the enzymes
were recovered from tissues that were at the early stages of caseation and
liquefaction, and were greatly diminished or completely absent in late
caseating and fully liquefied tissues (Dannenberg, 2009, Weiss and
Singer, 1953, Weiss and Boyar-Manstein, 1951, Weiss et al., 1954). These
suggest that although hydrolytic enzymes present in completely formed
granulomas may play a role during the early stages of caseation and
liguefaction, evolution of cavitation in itself could be actively mediated by
different type of protease activities. The evidence explaining the potential
drivers of lung cavitation in TB suggests that caseation and cavitation may
be independent processes. The high degree of lung ECM destruction
confirms the involvement of protease activity, particularly those that can
destroy the fibrillar collagen structure of the lung such as matrix
metalloproteinases (MMPs) (Elkington and Friedland, 2006, Elkington et
al., 2011b).

My group has previously reported that MMPs mediate the critical
extracellular matrix destruction that result in cavitation in TB (Elkington
et al., 2011c, Elkington et al., 2009, Elkington et al., 2005, Elkington et
al., 2011b). M.tb increased the gene expression and secretion of MMPs-

1,-3,-7 and MMP-10 in primary macrophages, with MMP-1 upregulation
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being specific to virulent M.tb infection (Elkington et al., 2005). Elevated
levels of MMP-1 and MMP-3 were detected in BALF and induced sputum
taken from TB patients compared to patients with symptoms of other
non-TB respiratory conditions (Elkington et al., 2011a). Taken together,
it can be speculated that caseation and cavity formation are separate
processes in TB pathogenesis, and that MMPs play central role in lung
matrix degradation, an important initial step which precedes cavity

formation.

1.11 Matrix metalloproteinases (MMPs)

Since their discovery in 1962 by Gross and Lapiere as enzymes that are
responsible for fibrillar collagen degradation in the tadpole tail during
metamorphosis (Gross, 1962), a further 25 related MMP enzymes have

been identified.

1.11.1 Structure and function of MMPs

Structurally, all mammalian MMPs have a conserved pro-domain
consisting of approximately 80 amino acids, and a catalytic domain
consisting of 160-170 residues. The active site of MMPs contains a zinc
ion and conserved methionine residues (Page-McCaw et al., 2007, Parks
et al., 2004, Bode, 1993, Stocker, 1995) (Figure 5). The C-terminus of
most MMPs (apart from MMP-7, MMP-23 and MMP-26) contain a
hemopexin domain, which is linked to the catalytic domain by a proline-
rich flexible hinge region. The hemopexin domain interacts with other
proteins such as tissue inhibitors of metalloproteinases (TIMPs) (Parks et
al., 2004), and is involved in the recognition of specific MMP substrates
(Page-McCaw et al., 2007, Parks et al., 2004, Overall, 2002). The
hemopexin domain also plays a regulatory role in activation, localisation

and inactivation processes of MMPs.

A number of MMPs are membrane bound and therefore have either one

or both transmembrane (TM) and cytoplasmic (Cs) domains. These
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include MMPs-14,-15,-16,-24; MMPs-17 and 25 which have
glycosylphosphatidyl- inositol (GPlI)-anchoring signals, or a signal anchor
(SA) at the N-terminal as seen on MMP-23. Other structural features such
as the signal peptide (SP), furin-cleavage site (Fr), Cysteine array, the
type-V-collagen-like domain (C5), fibronectin repeat (Fn) and the IgG-
like domain are present on particular MMPs for specialised functions (not

covered in this report)
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Figure 5: Schematic representation of the structural features of mammalian MMPs.
The pro-domain contains a thiol group, and the catalytic domain contain zinc. Both
domains have evolutionally conserved sequences which are common to all the MMPs
shown. The most important structural features are addressed in details in text. (Created
by P T Brace by adaptation from W. C Parks et al, 2004)
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1.11.2 Pathogenic role of MMPs in non-pulmonary diseases

MMPs play critical roles in various diseases, where their up-regulation
often correlated with disease severity (Zeng et al., 2006) (Shiozawa et al.,
2000, Malemud, 2006, Mancini, 2006). As a result of their ability to turn
over the ECM of bone and degrade articular cartilage, MMPs, especially
the colagenases-1 and -3 (MMP-1 and MMP-13), have been reported to
play active roles in osteoarthritis (Malemud, 2006, Mancini, 2006,
Brinckerhoff and Matrisian, 2002). Cancer cells must destroy multiple
structural barriers and various components of the ECM to ensure their
spread into tissues that are distant from the site of the primary tumour
mass. The gelatinases in particular have been shown to be prominent in
metastatic cancers, with elevated levels of MMP-2 and MMP-9 correlating
with degree of tissue tumour invasion (Mancini, 2006, Jasti S.Rao and
Sawava, 1993, Vos et al., 2000). Degradation of the collagen network that
forms protective fibrous cap around artheromas have been suggested to
be attributed to the ECM destructive function of MMPs produced by
macrophages in atherosclerosis and restenosis experimental models
(Gasche et al., 2001). Subsequent exposure of the artheromas is the cause

of cardiovascular disease.

Actions of MMPs have also been implicated in diseases of the central
nervous system (CNS). V. Wee Yong et al extensively reviewed the
evidence supporting reports that MMPs are involved in pathogenic
neurological conditions. Interestingly, apart from their upregulation in
neurological disorders, MMPs are either completely absent or significantly
low level are detected in adult human CNS. (V. Wee Yong, 2001). Multiple
sclerosis (MS) is an auto-immune disease characterised by axonal loss
and demyelination. MMP-9 has been reported to be upregulated in the
CNS of patients with MS (with enhanced levels detected in patients
experiencing MS relapse than those in remission), but absent in the brains

of normal individuals (V. Wee Yong, 2001). The authors explained that
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multiple MMPs were induced, particularly MMP-9 and MMP-12 produced
by perivascular and parenchymal microglia, CNS infiltrating lymphocytes
and macrophages, as well as produced by intrinsic cells of the CNS
degrade the ECM of basement membrane which forms a barrier around
cerebral capillaries (M.K. Matyszak *, 1996). This results in a breakdown
of the blood brain barrier (BBB) and subsequent penetration of cells into
the CNS parenchyma where disruption of myelin can occur, contributing
to MS pathogenesis (M.K. Matyszak, 1996). A growing body of evidence
has linked MMPs to tissue destruction in stroke (Gary A. Rosenberg, 1996,
Anne M. Romanic, 1997, Arthur W. Clarka, 1997, V. Wee Yong, 2001). In
rat models of focal cerebral ischaemia, MMP-2 and MMP-9 were rapidly
elevated (Gary A. Rosenberg, 1996, Anne M. Romanic, 1997). A few days
following infarction, neutrophil-secreted MMP-9 was detected in humans,
and this persisted up to one week (Arthur W. Clarka, 1997). In other
stroke-affected patients, MMP-9 could be detected in their brains even
months after their death (Arthur W. Clarka, 1997). Other groups have
demonstrated pathogenic role of MMPs in bacterial meningitis (BM). MMP-
8 and MMP-9 where significantly up-regulated in CSF of children
suffering from BM, and their presence were associated with damage of
BBB (Leppert et al., 2000).

There are several mechanisms through which elevated levels of MMPs in
the CNS can be neurotoxic. MMP-1 and MMP-2 have both been shown to
be toxic to spinal neurons in vitro. (Vos, 2000, V. Wee Yong, 2001).
Attachment of cells to ECM substrate through integrin signalling is critical
for cell survival. By degrading ECM in the CNS, MMPs (particularly MMP-1
and MMP-2) cause neuronal death by interfering with integrin signalling
(Wee Yong, 2001). Tumour-necrosis factor (TNF)-a in the brain is toxic to
oligodendrocytes. With mechanism similar to the naturally occurring TNF-
alpha-converting enzyme (TACE), elevated MMP-7 and MT4-MMP have
the capacity to efficiently mediate the conversion of the inactive 26kDa
membrane-bound TNF-a to the fully active, pro-inflammatory and

mature 17kDa TNF-a, thereby promoting neuro-inflammation (William R.
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English, 2000, V. Wee Yong, 2001). In similar regards, MMPs produced in
the CNS during pathological conditions can process inactive precursor
molecules including transforming growth factors (TGF)-a, FAS LIGAND
(FasL), and IL-6 into their active mature forms, enabling these molecules

to modulate inflammation.

1.11.3 Pathogenic role of MMPs in pulmonary diseases

The architectural framework of the lung is usually protected from
degradation that is caused by proteolytic activities (Elkington et al.,
2011a, Davidson, 1990, Greenlee et al., 2007) and exposure to harsh
conditions, including decades of smoking (Fletcher and Peto, 1977). The
lung is composed of fibrillar collagen and matrix components such as
laminin, fibronectin, vitronectin and proteoglycans. Even though several
MMPs, particularly stromelysin-I,-Il, collagenase-Ill, matrilysin and
macrophage metalloelastase have non-specific substrates and can act on
multiple components of the lung, collagenase-I,-Il and -1l are the only
MMPs that can cleave types |, Il and Il fibrillar collagens and are the only
proteases that can degrade the native fibrillar collagens of the lung ECM
at neutral pH (Elkington et al., 2011c, Page-McCaw et al., 2007, Parks et
al., 2004, Kessenbrock et al., 2010).

Recent years have seen the development of animal models of acute and
chronic inflammatory lung diseases revealing a functional role of MMPs in
the destruction of lung architecture as seen in human emphysema.
Human MMP-1 transgenic mice developed extensive lung destruction
which presented in the form of large air spaces in the lung, following
enhanced MMP-1 activity (D'Armiento et al., 1992b). In a guinea pig
model where lung destruction was induced by cigarette smoke, lung
collagenase mRNA expression in macrophages, alveolar epithelial and
interstitial cells was significantly upregulated, and this correlated with
enhanced collagenase activity which was parallel with a reduction in lung

collagen (Selman 1996). This pathological phenomenon was reversed
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upon administration of a compound that targets a variety of MMPs
(Selman 2003).

Several MMPs have been shown to mediate extensive lung destruction in
Chronic Obstructive Pulmonary Diseases (COPD) (Finlay et al., 1997).
Alveolar macrophages retrieved from COPD patients expressed elevated
levels of MMP-1 mRNA, and elastin-degrading proteases compared to
control macrophages from healthy individuals. This was associated with
increased elastolytic and collagenolytic activities in BAL fluids from the
same patients (Finlay GA, 1997).

MMP-1 has been demonstrated to drive lung ECM destruction in TB, a
critical process for lung cavitation (Elkington et al., 2011a, Elkington et
al., 2011c). Padmini Salgame reviewed evidence of involvement of MMP
activities in the formation of granuloma and tissue destruction (Salgame,
2011). The author highlighted that epithelial-cells-secreted MMP-9
mediate recruitment of monocyte to the developing granuloma, and that
upon granuloma caseation and necrosis, macrophage-secreted MMP-1
plays a bigger role in the breakdown of lung collagen, leading to tissue

destruction(Salgame, 2011).

Mice do not express a functional MMP-1 in their lungs. M.tb infected mice
may exhibit necrosis but do not cavitate, regardless of the degree of
mycobacterium load they are subjected to (Elkington et al., 2011a, North
and Jung, 2004, Young, 2009). Mice models over-expressing human
MMP-1 were unable to form stable alveolar walls (Greenlee et al., 2007,
D'Armiento et al., 1992b), reinforcing MMP-1 activity in degradation of
vital structural components of the lung ECM. Expression of MMP-1 in
macrophages and infection with a virulent clinical strain led to caseation
(AL-Shammari 2015). These studies demonstrate that caseation and
cavitation may indeed be separate processes. Further exploration of this
field would yield a reward of increased understanding of mechanism of
MMP activities during such pathogenic conditions. Particularly,
identification of crucial host immune responses that functions to dampen

21



Investigating host regulatory pathways that limit immunopathology in TB.

down MMP secretion in disease would pave a way for novel approaches to
enhance such host regulatory responses in order to limit TB

immunopathology.

1.11.4 Regulation of MMPs

As a result of their potent ability to cause disease when dysregulated,
MMPs gene expression and synthesis are very tightly regulated at many
different points (Parks et al., 2004, Mancini, 2006, Parks and Shapiro,
2001). MMPs are typically not expressed by resting cells, and they are
secreted in their inactive zymogen form when upregulated. A cysteine
residue within the pro-domain engages with the zinc ion in the catalytic
site to catalytically inactivate the enzyme (Parks et al., 2004, Parks and
Shapiro, 2001). Most MMPs are secreted by activated cells. Secretion is
either positively or negatively regulated at both transcriptional, post-
transcriptional and post-translational levels (Mancini, 2006). Further
regulation occurs at their secretion, localisation and activation of pro-
enzyme via a mechanism known as cysteine-switch. For activation, the
pro-domain can undergo proteolysis or modification to disrupt its
interaction with the zinc metal in the catalytic site (Parks et al., 2004,
Malemud, 2006, Mancini, 2006, Parks and Shapiro, 2001, Van Wart and
Birkedal-Hansen, 1990, Crawford and Matrisian, 1996, Overall et al.,
1991, Shapiro et al., 1993a).

Once activated, MMPs can be inactivated by their naturally occurring
inhibitors, the tissue inhibitors of metalloproteinases (TIMPs) and also by
internalisation (Yang et al., 2001, Barmina et al., 1999). Oxidants that are
secreted during inflammatory conditions may also provide additional
control by either oxidation of the pro-domain to induce MMP activation,
or modify critical residues to trigger a cysteine switch mechanism as
described above (Parks and Shapiro, 2001).

In their review, Arturo Mancini and co listed several cytokines,

chemokines, pathogens and inflammatory mediators that activate MMP
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gene expression. Here the authors suggested the involvement of cellular
mechanisms, including intracellular protein kinase signalling cascade that
may be activated to either negatively or positively regulate MMP
production in response to such stimuli (Mancini, 2006). However, these
regulations by intracellular signalling pathways are inadequately
unravelled in tuberculosis. Although the inflammatory pathways that
mediate TB immunity have been explored, host mechanisms that limit

pathology are incompletely characterised.

1.12 Intracellular signalling pathways

Intracellular signal transduction is initiated upon binding of extracellular
ligands such as hormones, cytokines and growth factors to the
extracellular portion of a membrane bound receptor including receptor
tyrosine kinases (RTK) and G protein-coupled receptors (GPCRs) (Figure
6). This results in activation of kinases that target downstream cellular
effectors, generating signalling cascades which culminates in DNA
transcription and numerous cellular responses. The binding of pathogens
to pattern recognition receptor (PPR) such as Toll-like receptors (TLRs)
(explained in detail below) also trigger intracellular signalling which leads
to the production of cytokines that mediate immune responses. The best
studied intracellular signalling pathways include signalling through PPRs
such as TLR signalling, which regulates inflammation; the insulin receptor
signalling which regulates glucose uptake; the mitogen activated protein
(MAP) kinase and the Phosphatidylinositol-3 Kinase (PI3K) pathways which

control cell growth, proliferation and survival.
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Figure 6: Principle of cell signalling. Cell signalling begins when external stimuli such

as hormones, cytokines and growth factors bind to the extracellular portion of a
membrane-bound receptor. This triggers a series of phosphorylation events at the
cytoplasmic domain of the receptor, which interacts with distinct effector proteins in the
context of specific phosphorylated amino acid sequences. This activates kinases that
mediate the generation of second messages that promote signal transduction events,
leading to cellular functions and the transcription of a plethora of genes that are critical
for vital physiological functions of the cell (Created by P T Brace).

1.12.1 Phosphatidylinositol-3 kinase (PI3K) proteins and their

signalling

Membrane inositol phospholipids, the phosphatidylinositols (PtdIns) and
their phosphorylated products, the phosphoinositides, have been shown
to possess a regulatory role in inflammation and several pathological
conditions. PI3K signalling has been implicated in cardiovascular
homeostasis, metabolic regulation, angiogenesis and immunity, as well
as human diseases such as diabetes and cancer. At the cellular level, PI3K
signalling is known to mediate multiple physiological functions such as

membrane permeability and transport, cytoskeletal control and regulation
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of nuclear events (Di Paolo and De Camilli, 2006, Thomas et al., 2005,
Vanhaesebroeck et al., 2010)

Given the existence of eight known PI3K isoforms, exploration of the PI3K
pathway is associated with a degree of complexity. PI3K isoforms have
been categorised into three main classes (class I, class Il and Class Ill),
depending on their structural features and lipid substrate preferences
(Figures 7 and 8) (Vanhaesebroeck et al., 2010). Although there is much
to be understood about their interaction with upstream signals and their
relative functional output, the basic framework of the class | PI3Ks and
their signalling are better understood compared to classes Il and lll. Class
| PI3Ks are further divided into class IA and Class IB. Structurally, the class
IA PI3Ks consist of p85 type regulatory subunit of which there are five
isoforms (p50a, p55a, p85a, p85B and p55y) in a heterodimeric structure
with a 110kDa catalytic subunit, of which there are three isoforms in
mammals (pl110a, p110B and pl1108) (Vanhaesebroeck et al., 2012,
Cantley, 2002, Tzenaki and Papakonstanti, 2013). Whereas both p110a
and pl110B are expressed in all cells, the p1106 catalytic subunit is
predominantly expressed in leukocytes and therefore thought to mediate
various immune responses (Cantley, 2002, Tzenaki and Papakonstanti,
2013).

Class IB PI3Ks consist of p110y catalytic subunit which does not bind a
p85 regulatory subunit, but instead interacts with either p101 or P87 (also
known as p84) regulatory subunits (Vanhaesebroeck et al., 2010, Di Paolo
and De Camilli, 2006). Class IB PI3Ks are known to be activated through
GPCRs by interaction between pl110y and the GBy subunit of GPCRs
(Vanhaesebroeck et al., 2010). On the other hand, class IA PI3Ks are
activated upon binding of specific amino acid sequences of
phosphorylated tyrosine (pTyr) to Src homology2 (SH2) domains found on
all p85 regulatory subunits. The interaction between pTyr and SH2
domains of p85 subunits trigger activation of p110 isoforms through

disruption of the p85-mediated repression of class IA PI3Ks, thereby
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regulating their recruitment to the plasma membrane where their lipid
substrates are localised (Vanhaesebroeck et al., 2010, Cantley, 2002).
However, it is becoming increasingly clear that not only class IB, but a
number of class | PI3K subunits are probably activated via GPCRs
(Vanhaesebroeck et al., 2010, Vanhaesebroeck et al., 2012). For example
pl10B and p110y may be directly activated by GPCRs through the GBy
protein subunit (Vanhaesebroeck et al., 2010). Given the presence of a
Ras-binding domain in all p110 subunits, and the fact that both Tyr
kinases and GPCRs can activate Ras, class | PI3Ks can therefore be
indirectly activated through GPCRs-Ras interaction (Cantley, 2002, Di
Paolo and De Camilli, 2006, Vanhaesebroeck et al., 2010).
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Figure 7: Structural features of the different classes of PI3Ks. Class IA PI3Ks come in
three isoforms, p110a, p110B and p1106. They are known to be activated by receptor
tyrosine kinases via interaction with their regulatory p85 (or p50/p55) subunits. There
is a growing body of evidence suggesting that this class of PI3K proteins may also be
activated through GPCRs (See text). Class IB PI3Ks are activated by GPCRs and catalyse
the reaction of PI(3,4,5)P; by pl01 interaction. Activation of class | PI3Ks lead to
generation of PI(3,4,5)P; from PI(4,5)P;
that lead to cellular responses and the transcription of numerous genes that are critical
for the general physiological functions of the cell (Created by P T Brace through

adaptation from (Vanhaesebroeck et al., 2010).
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Both the direct and indirect activation of p110y (class IB PI3K) through GBy
protein subunit or Ras activation respectively involves signal relay via
pl01 and p87 regulatory subunits (Vanhaesebroeck et al., 2010). Upon
input from upstream signals, p101 and p87 differentially respond to
generate specific Ptdins(3,4,5)P; molecules. Whereas the PtdIns(3,4,5)P;
generated by p87-p110y interaction is believed to mediate downstream
intracellular signalling cascade, Ptdins(3,4,5)P; generated from pl01-
pl10y binding is endocytosed to motile microtubule-associated vesicles,
with their physiological contribution yet to be understood (Kurig et al.,
2009, Vanhaesebroeck et al., 2010). The role of class Il and class Ill PI3Ks
(Figure 8) in intracellular signalling is not well characterised. Three
isoforms of class Il PI3Ks (PI3K-C2a, PI3KC2B and PI3KC2y) are known,
but their relative contribution to signal transduction has not been
investigated. VPS34 (Also referred to as PIK3C3) is the only known class
Il PI3K protein, and is thought to be involved in vacuolar protein sorting
(Vanhaesebroeck et al., 2010).

Inositol phospholipids consist of an inositol ring and fatty acid chain
(Figure 9). PI3K reversibly phosphorylates the 3-hydroxyl group on the
inositol ring of either Ptdins, Ptdins-4-phosphate (Ptdins4P) or Ptdins-
4,5-bisphosphate (PtdIns(4,5)P.) (Figure 10) to generate seven distinct
phosphoinosidites species with diverse roles in signal transduction (Di
Paolo and De Camilli, 2006, Vanhaesebroeck et al., 2012, Cantley, 2002).
By binding to specific lipid-binding domains (Pleckstrin (PH) homology,
FYVE domains and Phox (PX) homology) on the effector proteins, the
phosphoinositides mediate recruitment of multiple cytosolic effector
proteins to the plasma membrane where their substrates are localised
(Cantley, 2002, Di Paolo and De Camilli, 2006, Vanhaesebroeck et al.,
2012). This leads to initiation of intracellular signal transduction events
that results in regulation of cell proliferation, differentiation, growth, cell
metabolism and migration as well as control of cell survival pathways and

signalling molecules that mediate various downstream intracellular
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events (Cantley, 2002, Di Paolo and De Camilli, 2006, Vanhaesebroeck et
al., 2010).
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Figure 8: Structural features of the classes Il and Ill PI3Ks.The role of class Il and
class Il PI3Ks in intracellular signalling is not well characterised. Three isoforms of class
Il PI3Ks (PI3K-C2a, PI3KC2B and PI3KC2y). VPS34 (Also referred to as PIK3C3) is the only
known class Il PI3K protein, and is thought to be involved in vacuolar protein sorting.
Class Il and Il generate PI(3,5)P, and PI(3)P respectively. C2 = PKC homology domain 2
(Created by P T Brace through adaptation from (Vanhaesebroeck et al., 2010).

A variety of phosphatases are involved in mediating dephosphorylation
reactions at distinct points of the metabolic pathway. The class Il and class
[l PI3Ks mediate the interconversion of membrane inositols directly and

indirectly to PI(3)P and PI(3,5)P, respectively. PI(3)P function as signal tags
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within mammalian cell membranes. Here they play important role in
phagolysosome maturation during an infection. It has been shown that
M.tb secretes an acid phosphatase, SapM which antagonises the actions
of the class Il/IlIl PI3Ks by hydrolysing PI(3)P to Ptdins (PI). By ensuring a
PI(3)P-free environment, M.tb is able to replicate and survive in host cells
for longer periods. Phospholipase C (PLC) catalyses the conversion of
PI(4,5)P. to diacylglycerol (DAG) and Ins(1,4,5)P;, which play critical roles
in calcium signalling to elicit various intracellular biological responses.
MTM=myotubularin; PTEN=phosphatase and tensin homologue;
FAB1=PtdIns(3)P 5-kinase (Taken from Vanhaesebroeck et al, 2012).
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Figure 9: Phosphoinositide 3-kinase (PI3K) Signalling. PI3Ks catalyse the
phosphorylation of the OH group at the D3-position of the inositol ring (circled
blue), to generate lipid second messengers such as PIP,. PTEN is a lipid
phosphatase which antagonises the actions of PI3Ks (Created by P T Brace).
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Figure 10: PI3Ks catalyse reversible phosphorylation reactions in cells. PI3Ks
phosphorylate Ptdins in the above metabolic reaction pathways to generate a number of
phosphainositide species. Once activated, the class | PI3Ks catalyse the conversion of
Pl(4,5)P, to PI(3,4,5)P;. Dephosphorylation of PI(3,4,5)P; at the 5-position by SH2
domain-containing inositol 5'-phosphatase (SHIP) and/or inositol polyphosphate 5-
phosphatase (INPP5) lead to the production of PI(3,4)P2. Both PI(3,4)P2 and PI(3,4,5)P;
are signalling molecules that mediate various downstream intracellular events. A variety
of phosphatases are involved in mediating dephosphorylation reactions at distinct points
of the metabolic pathway. The class Il and class lll PI3Ks mediate the interconversion of
membrane inositols directly and indirectly to PI(3)P and PI(3,5)P, respectively. PI(3)P
function as signal tags within mammalian cell membranes. Here they play important role
in phagolysosome maturation during an infection. It has been shown that M.tb secretes
an acid phosphatase, SapM which antagonises the actions of the class Il/lll PI3Ks by
hydrolysing PI(3)P to PtdIns (PI). By ensuring a PI(3)P-free environment, M.tb is able to
replicate and survive in host cells for longer periods. Phospholipase C (PLC) catalyses
the conversion of PI(4,5)P, to diacylglycerol (DAG) and Ins(1,4,5)Ps;, which play critical
roles in calcium signalling to elicit various intracellular biological responses.
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MTM=myotubularin; PTEN=phosphatase and tensin homologue; FAB1=PtdIns(3)P 5-

kinase (Taken from Vanhaesebroeck et al, 2012
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1.12.2 Overview of the PI3K pathway

The PI3K pathway is a very complex and yet to be fully understood signalling
cascade, consisting of many activators, inhibitors, effectors and second
messengers. The pathway is initiated following activation of PI3K in response
to cell stimulation by a number of extracellular stimuli including hormones
and growth factors. These extracellular stimuli engage cell surface receptors
including receptor tyrosine kinases (RTKs) and GPCRs to trigger intracellular
signalling cascades such as the PI3K signal transduction (Di Paolo and De
Camilli, 2006, Vanhaesebroeck et al., 2010, Cantley, 2002). In the case of
signalling through RTKs such as the insulin growth factor-1 (IGF-1), the
receptor monomers dimerise upon external growth factor binding, followed
by autophosphorylation of specific tyrosine residues on the receptor (Di Paolo
and De Camilli, 2006, Thomas et al., 2005, Vanhaesebroeck et al., 2012,
Cantley, 2002, Tzenaki and Papakonstanti, 2013). Depending on the receptor,
different proteins may bind to phosphorylated Tyrosine (pTyr) domains. For
example the insulin receptor substrate-1 (IRS-1) binds to pTyr residues on the
activated insulin growth factor-1 (IGF-1) receptor (Tzenaki and Papakonstanti,
2013, Vanhaesebroeck et al., 2010). Receptor bound IRS-1 serves as a binding

and activation site for the PI3K protein via the regulatory subunit.

PI3K may also bind directly to specific pTyr residues on a phosphorylated
receptor to be activated (Cantley, 2002, Vanhaesebroeck et al., 2012). Active
PI3K migrates to the plasma membrane where it typically catalyses the
phosphorylation of phosphatidylinositol-4,5-bisphosphate (PI(4,5)P, (also
known as PIP,) to generate phosphatidylinositol-3,4,5-trisphosphate
(P1(3,4,5)P;, also known as PIP;) (Figure 9) (Di Paolo and De Camilli, 2006,
Thomas et al., 2005, Vanhaesebroeck et al., 2012, Cantley, 2002, Tzenaki and
Papakonstanti, 2013). As described above, by associating with the PH, FYVE
and PX domains of distinct effector proteins, PIP; mediates the accumulation
and activation of specific cytosolic proteins at the plasma membrane
(Vanhaesebroeck et al., 2012, Vanhaesebroeck et al., 2010, Di Paolo and De

Camilli, 2006, Cantley, 2002). For example PI(3,4,5)P; phosphorylates PH
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domain containing effector proteins such as guanosine nucleotide exchanging
factors (GEFs) and guanosine triphosphatase (GTPase)-activating proteins
(GAPs). GAPs control the activities of small GTPases, thereby regulating cell
locomotion (Cantley, 2002). Two of such cytosolic effector proteins that are of
particular interest in PI3K signalling are the Serine/Threonine kinases
phosphoinositol-dependent kinase-1 (PDK-1), and the mammalian
homologue of retroviral transforming protein v-AKT, simply known as AKT
(also as PKB). PI(3,4,5)P; phosphorylates PDK-1 and AKT to mediate their
recruitment to the plasma membrane. In order for AKT to be fully activated, it
requires phosphorylation by PDK-1 on Thr 308 and phosphorylation by the
mammalian target of rapamycin complex 2 (mTORC2) on Ser 473 (described
below) (Tzenaki and Papakonstanti, 2013, Cantley, 2002).

AKT is a proto-oncogene with a plethora of substrates and effectors including
the tumour suppressor transcription factor, Forkhead-related transcription
factor-1 (FKHR-L1) (also known as Forkhead box O-class (FOXO)), the
apoptosis-inducing protein, Bcl-2-associated death promotor (BAD) protein,
glycogen synthase kinase (GSK)-3a/B, the tumour suppressor, p27 and
mTORC-1, which are all involved in regulation of biological responses (Figure
11). AKT phosphorylates most of its target proteins to inhibit their activity, or
in some cases, mediate their activation (Di Paolo and De Camilli, 2006,
Thomas et al., 2005, Vanhaesebroeck et al., 2012, Cantley, 2002, Tzenaki and
Papakonstanti, 2013).

AKT prevents FOXO from inhibiting proliferation. FOXO contains binding site
for the 14-3-3 family of proteins, but the two proteins do not interact in
quiescent cells. Upon AKT phosphorylation and subsequent activation of
FOXO, the 14-3-3 protein binding sites become available for formation FOXO-
14-3-3 protein complexes, which are retained in the cytosol (Tzenaki and
Papakonstanti, 2013, Huang and Tindall, 2011). AKT phosphorylation of FOXO
therefore excludes it from the nucleus, promoting transcription of cyclin D1
to enable cell cycle entry, and suppressed transcription of the p27 CDK
inhibitor (CK1) (Tzenaki and Papakonstanti, 2013). Once FOXO accumulates in
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the cytoplasm, cell death is inhibited as transcription of FasL is suppressed
(Tzenaki and Papakonstanti, 2013). Phosphorylated FOXO is also a substrate
of the enzyme ubiquitine lipase, which transfers ubiquitine peptides onto the
protein. Ubiquitinated FOXO is then destroyed by a complex of proteases in
the proteosome, thereby promoting cell proliferation (Huang and Tindall,
2011). Similar to AKT interaction with FOXO, phosphorylation of BAD by AKT
allows the 14-3-3 binding site on BAD to be made available for 14-3-3
protein interaction. This way BAD is not available to bind Bcl-2 and Bcl-x,
thereby enabling the free Bcl-2 and Bcl-x to promote cell survival
(Vanhaesebroeck et al., 2012, Cantley, 2002, Tzenaki and Papakonstanti,
2013).
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Figure 11: A Highly simplified schematic representation of the role of class IA PI3Ks.The

class IA PI3Ks catalyse the generation of intracellular signalling molecules that mediate
downstream events to bring about numerous biological responses. Each pathway has been
discussed in the text above. In a completely different mechanism of activation, PI3Ks bind to
active GTP-bound form of the small membrane bound GTPase, Ras leading to activation of
the p38, Erk/Mek/MAP Kinase pathway (mechanism described below) (Created by P T Brace
by adaptation from N. Tzenaki and E Papakonstanti 2013).
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GSK-3B (and GSK-3a) are constitutively active in unstimulated resting cells,
and they phosphorylate their downstream substrates including cyclin D,
glycogen synthase and c-Myc to inhibit or promote degradation of their
activity (Tzenaki and Papakonstanti, 2013, Cantley, 2002). By phosphorylating
GSK-3, AKT mediates its dissociation from proteins that GSK-3 normally
interacts with to inhibit, thereby resulting in activation of signalling pathways
that are normally repressed by GSK-3B8 (and GSK-3a), such as glycogenesis
and cell cycle entry (Cantley, 2002). AKT phosphorylates and suppresses the
actions of the tumour suppressor p27 (as well as many other tumour
suppressors not discussed in this report), thereby promoting cell proliferation
(Di Paolo and De Camilli, 2006, Vanhaesebroeck et al., 2012, Cantley, 2002,
Tzenaki and Papakonstanti, 2013).

Furthermore, through phosphorylation of tuberous sclerosis complex 1/2
(TSC1/2), AKT activates Ras homologue enriched in brain (Rheb) by preventing
TSC1/2 from inactivating Rheb. Activated Rheb in turn activates mTORC-1,
which interacts and activates the translation factor p70 ribosomal S6 kinase
(also known as S6K) (Tzenaki and Papakonstanti, 2013, Cantley, 2002). As well
as AKT, PDK-1 also phosphorylates p70 S6-kinase to activate it, allowing S6K
to mediate ribosomal biogenesis and translation of specific mRNA transcripts
(Cantley, 2002). Cytokine-independent survival kinase (CISK) is closely related
to AKT, and has similar downstream signalling properties. Although the
physiological functions of protein kinase-Ct (PKC? in response to upstream
signals are not fully elucidated, their signalling is thought to contribute to
cellular response. PDK-1 therefore further phosphorylate both CISK and PKCt

to promote biological responses and cell survival (Cantley, 2002).

In order to terminate the actions of PI3K signalling, two main different
phosphatases, the phosphatase and tensin homologue (PTEN) and the SH2
domain-containing inositol 5'-phosphatase (SHIP1/2) mediate
dephosphorylation of the 3' and 5' position of PI(3,4,5)P; respectively (Di Paolo
and De Camilli, 2006, Thomas et al., 2005, Vanhaesebroeck et al., 2012,
Cantley, 2002, Tzenaki and Papakonstanti, 2013). This generates PI(4,5)P, in
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the case of PTEN, and PI(3,4)P. following dephosphorylation by SHIP1/2.
PI(3,4)P, is also an intracellular signalling molecule which mediate PI3K-
dependent signalling events that are completely separate from that of
PI(3,4,5)Ps. (Vanhaesebroeck et al., 2012, Cantley, 2002). Mutations in PTEN
in particular leads to continues activation of the PI3K pathway, and this has
been identified as the cause of many cancers. As described above, by
activating AKT, PI3K signalling feeds into mTOR signalling which is also critical
in regulating cell growth and survival. For this reason, the PI3K pathway is
often referred to as the PI3K/AKT/mTOR axis of intracellular signalling.

1.13 The TOR proteins, mTOR complexes and their functions

Target of rapamycin (TOR) are protein kinases found in all eukaryotes. The
human version is known as mammalian target of rapamycin (mTOR), and is
very important in the control of a variety of cellular functions. Structurally,
TOR proteins have different domains, with a kinase domain similar to that of
PI3-kinases. Best known features of TOR proteins include Huntington
elongation factor 1A-protein phosphatase 2A-A subunit-TOR (HEAT),
FKBP12-rapamycin-binding (FRB), PI3-kinase-related kinase(PIKK), FATC
(FAT, C terminal), RD (regulatory domain) and FAT (FRAP, ATM, TTRAP2)
domains (Figure 12) (Choi et al., 1996, AlQurashi et al., 2013). FRB domain
confers sensitivity to inhibition by rapamycin; Rapamycin binds together with
FK506-binding protein, 12kDa (FKBP12) to the FRB domain on the mTOR
protein to inhibit it (Laplante and Sabatini, 2012, Bhaskar and Hay, 2007,
AlQurashi et al., 2013)

Two types of mTOR complexes exist; mTORC-1 and mTORC-2 (Figure 12B
and C), with each complex having a distinct cellular functionality (Guertin and
Sabatini, 2007, Hwang and Mendell, 2006, AlQurashi et al., 2013). Whereas
MTORC-1 is rapamycin sensitive, mTORC-2 is not (AlQurashi et al., 2013).
MTORC-1 contains mTOR, which interacts with the rapamycin sensitive target
proteins GBL/mLST8 (G protein beta subunit-like/mammalian lethal with Sec
13 protein 8), RAPTOR (regulatory-associated protein of mTOR), DEPTOR, and
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PRAS40 (Choi et al., 1996, AlQurashi et al., 2013). mTORC-2 comprises mTOR,
which interacts with a set of different protein components. These are RICTOR,
DEPTOR, PROTOR, SIN1 and GBL/mLST8. mTORC-1 and mTORC-2 also differ
in their effector proteins (AlQurashi et al., 2013, Choi et al., 1996). The most
studied substrate of mTORC-2 is AKT, which is downstream of the PI3K
pathway (Guertin and Sabatini, 2007, Brown et al., 2011). mTORC-2 has been
shown to regulate cell growth and survival by activating AKT to promote PI3K
signalling (Bartel, 2004). Regulation of actin cytoskeleton by mTORC-2 via
activation of PKCa has also been reported (Gregory et al., 2005). Unlike
MTORC-2, more is known about the functions of mTORC-1. Signalling
through mTORC-1 represses autophagy, regulates metabolism, and promotes
ribosomal biosynthesis and mRNA translation to regulate cell growth and

proliferation.

1.13.1 Active mTORC-1 promotes ribosomal biogenesis and

eukaryotic translation initiation

The two most studied substrates of mTORC-1 are S6K1 and eukaryotic
initiation factor- 4E (elF4E)-binding protein (4E-BP) (Reviewed by (Mendoza et
al., 2011), both of which play key roles in ribosomal biogenesis and mRNA
translation (Mendoza et al., 2011). In resting cells, 4E-BP interacts through
the YDRKFLM biding motif, and sequesters the m’GTP-cap mRNA binding
protein, elF4E (Martelli et al., 2011). When bound to elF4E, 4E-BP represses
MRNA translation by preventing elF4E from binding to elF4G (described below)
and the m’GTP-cap structure of mRNA, thereby disrupting formation of a
stable eukaryotic translation initiation complex, elF4F (Martelli et al., 2011,
Anne-Claude Gingras et al., 1999). This leads to the repression of 5-cap-
dependent translation of mRNA (Hay, 2010, Anne-Claude Gingras et al.,
1999). Upon phosphorylation by active mTORC-1, 4E-BP is hyper-
phosphorylated at multiple sites to cause its inactivation and detachment from
elF4E (Sonenberg, 2008, Bhaskar and Hay, 2007, Martelli et al., 2011),
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permitting the docking of translation factors that form eukaryotic translation
initiation complex (elF4F) at the 5'-untranslated region (5'-UTR) of mRNA.

Figure 11: Structural features of TOR protein and mTOR complexes. A: Main features of

mTOR

A QNI W (0

HEAT FAT FRB KINASE FATC

PRAS40

mTORC1

PRAS40 RICTOR

mTORC2

MTOR protein. B: Schematic diagrams of mTORC-1 and C: mTORC2 protein complexes. (See
text for detailed description of the features of mMTORC-1 and mTORC2). mTORC-1 is the best
studied complex of the two, and its activation drives ribosomal biogenesis and mRNA

translation (Created by P T Brace through adaptation from (AlQurashi et al., 2013).

Eukaryotic protein synthesis requires the formation of a stable elF4F. This
begins by the assembly of a variety of translation initiation factors (elF)

including elF4E (cap-binding protein), elF4A (helicase) and elF4G (scaffolding
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protein), each of which has multiple isoforms in eukaryotes, and constitute
the core units of elF4F complex (Anne-Claude Gingras et al., 1999). Other
accessory components crucial for cap-dependent translation include elF4B
(co-factor of elF4A) and elF3 (binds small 40S ribosomal complex) (Pyronnet
et al., 1999, Hay, 2010, Furic et al., 2010, Raught and Gingras, 1999).

Each translation initiation factor contributes towards the formation of a stable
elF4F complex to enable the initiation of mRNA translation. Free elF4E
associates with the scaffolding protein elF4G through the binding motif,
YDREFLL (Wang et al., 2012). Coupling of elF4E to elF4G enables elF4E to bind
m’GTP-cap on the 5'-UTR of the precursor mRNA which also contains poly-A
tail, bound to Poly (A)-binding protein (PAB or PABP) at the 3'-UTR (Pyronnet
et al., 1999, Scheper and Proud, 2002b, Martelli et al., 2011). The elF4G-
elF4E- m’GTP-cap-mRNA complex is said to form the rate limiting step in
eukaryotic protein synthesis. The precursor mRNA contains secondary,
inhibitory, hairpin structures that serve to prevent premature translation to
occur. Binding of elF4E to the m’GTP-cap mRNA induces recruitment of elF4A
and its co-factor elF4B to the complex, by elF4A binding to elF4G (Wang et al.,
2012, Raught and Gingras, 1999). The helicases elF4A and elF4B mediate
unwinding of the secondary structures on the mRNA, permitting the mRNA to
be fully available for translation. By associating with the small 40S ribosome,
elF3 regulates the docking of 40S ribosomal subunit onto the elF4F complex
by positioning it in close proximity with the ribosomal exit site (Lee and
Pelletier, 2011). By serving as a central adaptor module in the pre-initiation
complex, elF4G also interacts with the c-terminal region of PABP bound to the
3'-UTR end of the mRNA, thereby causing the classic circularised loop
structure of translation complex. Following elF4A helicase activity, the mRNA
binding channel is said to be in an ‘open’ conformation for 40S ribosome to
be able to begin mRNA scanning, delivery of transfer RNA (tRNA) and
recognition of the start codon (AUG) (Lee and Pelletier, 2011). Recognition of

the start codon marks the beginning of protein synthesis.
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Another downstream target of mTORC-1 is S6K1. Unlike the inhibitory effect
conferred on 4E-BP, mTORC-1 phosphorylates S6K1 to activate it.
Phosphorylation of S6K1 occurs at two crucial sites; within the catalytic
activation loop on Threonine 229 (T229), and within the hydrophobic motif on
T389 residues (reviewed by Martin and Blenis, 2002, marina K Holz)(Saitoh et
al., 2002, Pullen and Thomas, 1997). In quiescent cells, S6K1 interacts with
elF3 in a complex which keeps S6K1 inactivated. Once phosphorylated by
MTORC-1 on T389, S6K1 dissociates from elF3 (Anne-Claude Gingras et al.,
1999). The phosphorylation of S6K1 by mTORC-1 stimulates PDK1 to
phosphorylate S6K1 on T229 (Alessi et al., 1998; Frodin et al., 2002)(Pullen
and Thomas, 1997), reinforcing its full activation. Activated S6K1
phosphorylates to activate component of the ribosome, S6 ribosomal protein
(S6), which interacts with elF3, and the translation factor elF4B on Serine 422
(S422), thereby contributing to ribosomal biogenesis and mRNA translation
(Peterson and Schreiber, 1998).

The MAP-Kinase-interacting kinases, Mnkl and Mnk2 (described below) are
another key regulator of mRNA translation. These kinases are activated by p38
and extracellular signal-regulated kinase (Erk) MAP-kinases, which are both
downstream of the Ras to MAP kinase pathway (explained below) (Scheper
and Proud, 2002a). Similar to mTORC-1, Mnk protein kinases regulate mRNA
translation by phosphorylating to further activate elF4E on Ser 209 (Furic et
al., 2010, Ueda et al., 2010).

1.14 MAP-Kinase-interacting kinase (Mnk) signalling

The Mnks are downstream of p38 and Erk, which are important components
of the MAP kinase pathway. This pathway is activated by mitogens, heat shock,
osmotic stress, and pro-inflammatory cytokines (Hay, 2010). Activation of the
MAP kinase pathway can also begin by activation of the membrane bound
small GTPase, Ras. Similar to PI3K pathway activation, the binding of external

stimuli such as extracellular growth factor (EGF) to the external part of
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extracellular receptors such as the RTK and TLRs (discussed below) also

trigger the initiation of Ras/Erk/MAP kinase pathway (Figure 13).

Following autophosphorylation and dimerization of the cytoplasmic domain of
the membrane bound receptor as described above, growth factor receptor
bound protein-2 (GRB2) interacts with phosphotyrosines on the RTK via its
SH2 domain. This triggers recruitment of SOS (son of sevenless in Drosophila)
to the membrane where it is in close proximity with GRB2 and Ras (Skolnik et
al., 1993, Mendoza et al., 2011). Interaction between GRB2 and SOS causes
SOS to be activated, which in turn binds to the inactive GDP bound Ras. SOS is
a Ras guanosine triphosphate exchange factor (GEF), which catalysis exchange
of GDP for GTP to activate Ras. Similar to AKT, active Ras has several effector

proteins including Raf kinase (Figure 13) (Mendoza et al., 2011).

Activated Raf triggers a kinase cascade, beginning with the activation of
MEK1/2, which in turn phosphorylates and activates Erk1/2, culminating in
the activation of the transcription factors Jun and Fos. These are members of
the activated proetein-1 (AP-1) transcription factors family. Activated Jun and
Fos translocate to the nucleus, form a heterodimer and interact with the AP-1
motif of DNA. This results in initiation of various gene expressions to activate

cell proliferation (Mendoza et al., 2011).

1.14.1 Active Mnk1 drives cap-dependent eukaryotic translation

initiation

Once phosphorylated and activated by Erk and p38 Map kinases, Mnks feed
into the mTORC-1 pathway by further activating elF4E to promote mRNA
translation (Figure 13) (Hay, 2010, Mendoza et al., 2011). As described above,
mMTORC-1 phosphorylates 4E-BP, causing it to dissociate from elF4E, thereby
liberating elF4E to interact with elF4G and bind 5'-cap structure portion of the
MRNA to be translated. To maximise its activation, Mnk1l and Mnk2 post-
translationally modify elF4E by phosphorylating it on serine 209 (Scheper and
Proud, 2002a, Hay, 2010). Instead of directly forming a stable binary complex

with elF4E, Mnk requires binding to elF4G in order to phosphorylate elF4E
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(Pyronnet et al., 1999). Mnkl interaction with elF4G enables Mnk to be
localised in close proximity to its substrate, elF4E. For this reason,
phosphorylation of elF4E by Mnk is believed to take place after elIF4E and elF4G
interact together in a complex (Pyronnet et al., 1999, Hay, 2010). Although
elF4E has been the best known substrate of the Mnks, recent studies have
identified other Mnk targets including PSF.p54" (polypyrimidine tract-binding
(PTB) protein associated splicing factor) and hnRNP A1l (Heterogeneous nuclear
ribonucleoprotein Al) (Buxade et al., 2008) (Reviewed in discussion session).
Although various coordinated events and complexes mediate protein
synthesis, formation of stable eukaryotic translation initiation complex
crucially require tight regulation by the PI3K/AKT/mTOR and Ras/Map kinase
signalling pathway
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Figure 12: PI3K to mTORC-1 and Erk signal convergence. Active Ras phosphorylates Erk
which in turn phosphorylates Mnks. Ras signalling also feed into the PI3K/AKT/mTORC-1
pathway. Mnkl and Mnk2 are downstream effectors of Erk and p38 MAPKs. Following
activation by Erk and/or p38, Mnk1/2 phosphorylates free elF4E. Both mTORC-1 and the Mnks
regulate cell proliferation by mediating the activity of elF4E. (Created by P T Brace through
adaptation from (Hay, 2010).

As a result of their ability to exert a positive feed-forward and negative
feedback effects, the PI3K/AKT/mTOR and the Ras to MAP kinase signalling
pathways can allosterically activate and inactivate each other. As shown in
figure 14, in a completely different way of activation, GTP-bound Ras also
feed into the PI3K pathway to enhance its activation during EGF binding to RTK
(Mendoza et al., 2011). One of the most characterised mechanism by which

M.tb is able to trigger intracellular signalling is by binding to and activating
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the pattern recognition receptor (PRR), Toll-like receptors (TLRs). Signalling
through TLRs feed into the signalling pathways discussed above.
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Figure 13: PI3K to mTORC-1 and Erk signal convergence. Pathogens bind to TLRs to trigger
intracellular signalling. M.tb bind to TLRs to trigger PI3K signalling. MyD88 signalling also
culminates in MAPK pathway activation to promote the expression of inflammatory cytokines
(Created by P T Brace).
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1.15 Regulatory role of PI3BK/AKT/mTORC-1 signalling in

disease.

Due to its role in cell cycle entry and cell survival, constitutive activation of the
PI3K pathway leads to tumorigenesis. As a result, this pathway has been
targeted in many cancers for therapeutic purposes. Recent developments in
the field are however showing how this pathway may also play negative
regulatory roles in immune disorders and pathological conditions. For
example, in cell-mediated and humoral responses, the heterodimeric
bioactive IL-12p70 has long been shown to play key roles in the development
of TH1-type immunity (Trinchieri, 1994, Trinchieri, 1998, Gately, 1998). In a
sharp contrast, excessive production of IL-12p70 in infection is not only
deleterious to the development of anti-inflammatory Th2-type immune
response, but also contributes to endotoxin shock (Trinchieri, 1994,
Trinchieri, 1998, Fukao, 2002). By disrupting the p85a regulatory subunit of
class 1A PI3Ks in mice, Fukao et al investigated evidence implicating the PI3K
pathway as a negative regulator of IL-12p70 production in TLR signalling. In
this study, the group demonstrated elevated IL-12 production in splenic DCs
and BMDCs isolated from mutant compared to wild type mice. In line with this
observation, the PI3K inhibitor, wortmannin also elicited pronounced IL-
12p70 secretion (Fukao, 2002). Interestingly, IL-12p70 overproduction
correlated with loss of anti-parasitic immunity due to sensitivity to intestinal
parasite, strongyloides venezuelensisthis, and this was restored with TH-2
conditioned BMMCs but not with standard BMMCs. Data from this study
indicates that the PI3K pathway negatively regulates IL-12 production in mice,
and this ensures appropriate balance of Thl/Th2-type response to infection
(Fukao et al., 2002).

Other groups have also reported similar negative regulatory roles played by
the PI3K pathway to limit excessive production of a number of inflammatory
mediators and transcription factors during infection (Vanhaesebroeck et al.,
2001, Xia et al., 2004, Mukai et al., 2007, Tsukamoto et al., 2008). In support

of reports that the modulation of inflammatory mediators produced by
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macrophages that are stimulated with LPS is mediated by PI3K signalling, M.
Martin and colleagues showed that the PI3K-AKT pathway differentially
regulate IL-10 and IL-12 production both at the gene expression and protein
secretion level in LPS-stimulated macrophages (Martin, 2003). The group
firstly showed that LPS (isolated from P. gingivalis) mediated activation of PI3K
pathway signals selectively through TLR2 but not TLR4 (Martin, 2003). Past
studies had shown that PI3K is directly involved in TLR signalling which
culminates in NF-kB transcriptional activity (Arbibe et al., 2000, Martin et al.,
2003). This supports the notion that TLR signalling activates the PI3K pathway.
To further extend this observation, the group showed that ERK1/2 activity, but
not phosphorylation of p38 or JNK1/2 was negatively regulated by the PI3K
inhibitors, wortmannin and LY294002. Previous studies had shown that IL-10
is positively regulated by ERK1/2 (Feng et al., 1999, Martin et al., 2003).
Whereas IL-12 was shown to be negatively regulated by ERK1/2, it was
positively regulated by p38 MAP kinase activity (Salmon et al., 2001, Feng et
al., 1999, Yi et al., 2002). With the MEK1 inhibitor PD98059 mimicking the
effects of PI3K inhibitors on IL-10 and IL-12 production in LPS-stimulated
macrophages, the authors demonstrated that PI3K-mediated activation of
ERK1/2 is responsible for the positive and negative regulation of IL-10 and
IL-12 respectively, in response to Porphyromonas gingivalis-derived LPS
stimulation of TLR2 (Martin, 2003).

The regulatory role of PI3K pathway has further been associated with clinical
conditions linked with ischemic cardiovascular events such as thrombosis and
atherosclerosis disease (Mukai, 2007). Mainly found in endothelial cells, tissue
plasminogen activator (tPA or PLAT) is a serine protease critical for breaking
down blood clots. Plasminogen activator inhibitor type-1 (PAI-1) antagonises
tPA activity and thus inhibits the fibrinolytic system to promote the formation
of intravascular thrombosis and atherosclerosis (Mukai et al., 2007, Huber et
al., 2001). PAI-1 activity has been linked to development of vascular lesions
and atherogenic processes (Sobel et al., 2003, Kohler and Grant, 2000, Huber
et al., 2001), with pronounced overexpression of PAI-1 detected in diabetes,

hypertension and dyslipidaemic patients, where their elevated levels correlates
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with atherosclerotic disease severity (Schneiderman et al., 1992, Sobel et al.,
2003, Kohler and Grant, 2000). Y. Mukai et al. have demonstrated PI3K
negative regulation of PAI-1 expression in endothelial cells (ECs). In this study,
PI3K inhibitors (wortmannin and LY294002) further enhanced insulin and
TNF-a-induced PAI-1 production and activity in ECs (Mukai et al., 2007). The
authors reported that MEK/ERK and the p38 MAP kinase pathway is
responsible for TNF-a-induced PAI-1 expression in ECs, since both PD98059
(MEK/ERK inhibitor) and SB203580 (p38 MAP kinase inhibitor) specifically
abrogated the TNF-a-induced PAI-1 expression in ECs (Mukai et al., 2007).
Inhibition of PI3K prevented the statin, simvastatin, from blocking TNF-a-
induced phosphorylation of ERK and p38 MAP kinase, as well as PAI-1
expression. This re-enforces the key role played by PI3K signalling in

modulating PAI-1 expression and activity in ECs.

Bart Vanhaesebroeck's group has recently shown that by converting
membrane PI(4,5)P, to PI(3,4,5)P;during LPS stimulation, the delta isoform
of PI3K mediates a balance between pro and anti- inflammatory response
(Aksoy et al., 2012). Here the authors demonstrated that PI(4,5)P, in the
plasma membrane is essential for the TLR4 effector protein TIRAP binding,
which is required for pro-inflammatory cytokine production. The actions of
PI3K& (converting PI(4,5)P, to PI(3,4,5)P; therefore disrupts this interaction
and most importantly shifts the TLR4 signalling from plasma membrane
TIRAP-MYD88 dependent pro-inflammatory response to endosomal TRAM-
TRIF-dependent anti-inflammatory phase (Aksoy et al., 2012).

1.16 M.tb engages TLRs to activate PI3K signalling

With mounting evidence indicating key regulatory roles played by PI3K

pathway in a variety of infections and pathological conditions, it is important

to ascertain molecular mechanisms by which M.tb infection triggers PI3K

pathway activation. Although a number of pattern recognition receptors (PRRs)

have been shown to mediate M.tb-driven induction of pro-inflammatory

signalling, TLRs, particularly TLR2 signalling, is the most investigated (Jo et
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al., 2007). Following an extensive review of this field, Jo E-K et al suggested
that different types of TLRs may interact with distinct mycobacterial
components or whole mycobacteria to drive host immunity that contributes to
resistance to M.tb (Jo et al., 2007, Pathak et al., 2004). As discussed above,
TLR signalling feeds into activation of the PI3K pathway. Indeed, M.tb has been
shown to trigger PI3K pathway activation (Maiti et al., 2001), as well as engage
with TLRs on macrophages to trigger activation of MAP kinase signalling (Yang
et al., 2007, Pathak et al., 2004). In fact, M.tb can only induce phosphorylation
of S6K and ERK1/2 by driving activation of PI3K signalling cascade (Yang et
al., 2006a). In order to improve prevention and therapy, it is important to seek
a deeper understanding of pathogen tactics that drive disease pathogenesis,
as well as mechanisms underlying host immune system defence armoury such

as the negative regulatory role played by the PI3K pathway.

1.17 M.tb suppresses host regulatory signalling mechanisms

The past few decades have seen a considerable amount of literature published
on mechanisms by which M.tb successfully overcomes host immunity to drive
disease progression. However, data about how the pathogen subverts critical
host immune responses to successfully drive host tissue destruction in
particular and subsequent cavitation (which is critical for transmission) is
limited. MMP activity mediates lung matrix destruction in TB (Elkington et al.,
2011b). M.tb, as well as components of its cell wall selectively upregulated
MMP-1 and MMP-9 in human monocyte derived macrophages (Elkington et
al., 2011a, Elkington et al., 2009, Chang et al., 1996). MMP-1 in particular has
been shown to be the most highly up-regulated MMP in induced sputum and
bronchoalveolar lavage (BAL) fluid from patients with pulmonary TB (Elkington
et al., 2011a). Despite recent developments indicating key roles played by
MMPs in lung tissue destruction, host mechanisms that limit cavitation, as well
as the ability of M.tb to suppress such host responses to drive TB pathology,

have not been investigated.
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A review by Valerie Poirier and Y. Av-Gay highlighted the various mechanisms
by which M.tb has evolved to evade host immunity by modulating several
cellular events in host macrophages (Poirier and Av-Gay, 2012). Subscribing
to the notion that cavity lesions emanate from caseous necrosis, researchers
who have sought to address the question about host immune response against
cavitation in TB have focused only on host immune mechanisms that targets

pro-inflammatory factors that mediate granuloma caseation.

Based on a genome-wide search for M.tb genes that could potentially play a
role in lung cavitation, genes that encode four phospholipase C, and those
that regulate transcription were amongst the few suggested to be involved in
tissue destruction when present in particular M.tb strains (Cooper et al., 2000).
Other studies have shown that the 6kDa early secretory antigenic target 6
(ESAT-6) secreted via the RD1 pathogenicity region, mediate lung epithelial
cell line necrosis (Kato-Maeda et al., 2001), whereas lipoarabinomannan (LAM)
mediates induction of TNF and IL-1 (critical for necrosis) by macrophages
(Fenhalls et al., 2002). For this reason, ESAT-6 and LAM have been suggested
to play key roles in driving TB cavitation (Yoder, 2004), completely neglecting
the importance of MMP activity in lung tissue destruction. Protein-tyrosine
phosphatase A (PtpA) secreted by M.tb into culture media may interfere with
host signalling pathways in order to establish successful survival and disease
progression (Yoder, 2004). In a similar manner, M.tb may have ways of
subverting important host signalling pathways that otherwise normally play a
regulatory role to limit the production of tissue-destructive proteases such as
MMP-1.

The only way that M.tb is able to completely evade host phagolysosome killing
and survive for a long time in infection is to remove all PI3P protein from the
phagolysosome membrane (Poirier and Av-Gay, 2012, Vergne et al., 2005,
Malik et al.,, 2000). Secreted acid phosphatase M (SapM), a 28-kDa
mycobacterial acid phosphatase secreted by M.tb (Saleh and Belisle, 2000)
was shown to mediate dephosphorylation of PI3P within the membrane of

phagosomes to Pl, and this prevented the recruitment of proteins that play
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important roles in membrane trafficking such as early endosome antigen-1
(EEA1). This thereby led to the blocking of phagosome maturation and late

endosome fusion (Vergne et al., 2005).

Although these studies were focused on investigating how M.tb is able to
survive in the hostile host environment of infected macrophages, they also
suggest that the presence of phosphoinositides may be a threat to the success
of M.tb in driving tissue damage, and that M.tb may have ways of suppressing
the activities of such lipid signalling molecules. In this regard, it is possible
that M.tb may have devised particular mechanisms to suppress signalling
pathways that normally function to limit tissue destruction in TB. Given the
negative regulatory role played by the PI3K pathway in disease, it is likely that
this pathway also modulate tissue destruction in TB. Considering the global
success of TB, M.tb may have evolved ways of subverting the PI3K pathway to
successfully drive TB pathogenesis. One way by which M.tb could suppress the
PI3K pathway is by inducing up-regulation of microRNAs that target various

isoforms of PI3K proteins.

1.18 Micro RNAs

Micro RNAs (miRNAs) are genomic encoded, short non-coding RNA molecules
of approximately 18-24 nucleotides. They mediate post transcriptional gene
silencing by directly forming Watson-Crick base pairing with complementary
sequences within the 3'-untranslated region (3'-UTR) of target mRNA
molecules (Hwang, 2006). The role of micro RNAs has been implicated in a
variety of homeostatic cellular processes involved in cell proliferation,
differentiation and apoptosis, and they have been shown to play a critical role
in development and progression of various diseases such as HIV, cancer,
certain neurodegenerative, genetic disease and infectious diseases including

tuberculosis (Hwang, 2006).

The idea of micro RNAs was initially described in C. elegans in the early 1990s
by Ambros, Ruvkun et al (Lee et al, 1993). There have since been about 1000

micro RNA genes that encode over 3000 miRNAs discovered in viruses, plants
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and animals, with about 300 identified to exist within the human genome
(Bentwich, 2005, Bartel 2004). Functionally, the biological activities of micro
RNAs can be likened to RNA interference (siRNA). SiRNA is the experimental
or therapeutic procedure to knock down expression of particular genes to
inhibit the over expression of certain proteins in particular cells. This helps to
study the role of such proteins in particular metabolic pathways or cellular
physiological processes. Similarly, but not identically, micro RNAs are
endogenous molecules and carry out physiological post transcriptional
processes by which genes can be negatively regulated (Hwang, 2006, Gregory,
2005). Both RNA interference and micro RNA activities require the same
molecular machinery such as Dicer, Drosha and its co-factor molecules, an
RNA induced silencing complex (RISC) (Gregory, 2005).

1.18.1 Micro RNA biogenesis

Although micro RNA genes only encode RNA and not proteins, their
transcription processing and regulations is in a similar manner to protein
coding genes. Their transcription is predominantly mediated by RNA
polymerase Il, to generate a large primary miRNA transcript termed pri-miRNA
(Figure 15). This pri-miRNA may consist of different miRNA molecules of 60
to 80 nucleotides each, which folds up to generate hairpin loop structures,
characteristic of miRNAs (Hwang, 2006, Gregory, 2005, Griffiths—Jones, 2008).
The first specific process that distinguishes the micro RNA pathway from
transcription expression of protein coding genes is the processing of pri-
miRNA by a microprocessor enzyme complex, involving the class Ill

ribonuclease protein, Drosha and its co-factor, DGCR8 (Griffiths—Jones, 2008).

Drosha ribonuclease processing of pri-miRNA takes place in the nucleus to
form the precursor miRNA (pre-miRNA) molecule, with 2 bases overhung at
the 3'-end (Griffiths-Jones, 2008, Hwang, 2006).
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Figure 14: Schematic representation of microRNA biogenesis in humans. RNA polymerase

Il first transcribes the micro RNA gene to pri—-RNA molecules. These are then sequentially
processed by Drosha in the nucleus and Dicer in the cytoplasm (See text for details) (Created
by P T Brace).

Next, the pre-miRNA molecule is transported across the nuclear membrane

into the cytosol by exporting 5, a Ran-GTP-dependent nuclear export factor
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(Yi et al., 2003). In the cytosol, pre-miRNA becomes a substrate for another
ribonuclease enzyme type lll called Dicer, which cleaves double stranded RNA
molecules. Thus Dicer cleaves the hairpin loop structure of the pre-miRNA to
generate a double stranded RNA species of about 18 -24 bases, with some
mismatches in the base pairing (Hwang, 2006, Griffiths-Jones, 2008). Dicer

recognises and cleaves size specific fragments.

Crystallographic studies have revealed that Dicer has specific domains such
as Paz and connector helix, which are involved in cleaving the pre-miRNA
transcript. There is about 18-24 nucleotide space between the Paz domain
which binds the double stranded end, and the RNAase domains which cleave
the loop from the precursor molecule, to generate approximately 18-22,
double stranded (ds) nucleotide endogenous miRNA (Hwang, 2006). The ds
miRNA molecule is then picked up by RISC, whose assembly involves another
family of proteins called the Argonaute proteins. RISC selects one of the
strands of the double stranded miRNA, termed the mature strand. Mature
micro RNAs bind to their target mRNA to either degrade it or repress

translation.

The other strand, termed passenger strand, is then degraded either by a
possible duplex unwinding mechanism (Gregory, 2005) or it may just be
cleaved by argonaute proteins. The mechanism by which RISC selects the
mature strand as well as how the two strands are separated is still not fully
elucidated. RISC, carrying one of the mature miRNA strands, binds to its target
miRNA and forms a base pairing between the miRNA strand and the 3'-
untranslated region(3-UTR) of the target mRNA molecule which encodes a
particular protein. This can either lead to degradation of the mRNA transcript
by argonaute cleavage, if there is perfect Watson-Crick base pair match
between the miRNA and the mRNA (common in plants); Or imperfect
complementarity between the miRNA and mRNA leads to translational
inhibition via possible sequestration of the mRNA transcript into P bodies,
which exclude ribosomes (He and Hannon, 2004). It has however been shown

that mismatched complementary miRNAs can also diminish the levels of target
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mMRNA molecules in the cytosol (He and Hannon, 2004). Both mechanisms

result in repression of gene expression (Bartel 2004).

1.19 Hypothesis

| hypothesise that the PI3K/AKT/mTORC-1 pathway negatively regulates
MMP-1 production in macrophages, and that M.tb subverts this pathway to
achieve a tissue destructive phenotype in tuberculosis.

1.20 Experimental plan

e Study M.tb up-regulation of MMP-1 in THP-1 cells and primary human

macrophages.
o Analyse effect of PI3K inhibition on M.tb -driven MMP-1 production
o Dissect the role of pathways downstream of PI3K in MMP-1 production

o Investigate suppression of PI3K& by M.tb
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2. CHAPTER 2: MATERIALS AND METHODS

2.1 List of equipment

7900HT Fast Real-Time PCR System (#4329001, Applied Biosystems™, USA)
AllegraTM 6R centrifuge (Beckman CoulterTM)

BD FACS Aria™ and BD FACS Calibur™ Cytometers (BD Biosciences, UK)

BD Accuri C6 Flow Cytometer (BD Biosciences, UK).

Bench Top Centrifuges (Biofuge, Pico Heraeus)

DNA Engine TETRAD™2 Peltier Thermal Cycler (#TA001175, ESco Tech. Inc., USA)
Gel Electrophoresis system (VWR)

Luminex machine (Bio-Rad Laboratories Ltd.)

NanoDrop°ND-1000 Spectrophotometre (NanoDrop Technologies Inc, DE, USA)

Thermo Scientific Heraeus Fresco 17 Centrifuge ( Fisher Scientific Ltd., #CFH-203-
010K)

VersaDoc™ Imaging system (Bio—-Rad Laboratories Ltd.)

Xcell SureLock® Mini-Cell and Xcell Il TM Blot Module (#£10002, invitrogen)
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2.2 List of reagents

0.2um Durapore filters (Millipore)

0.5% Trypsin—-EDTA solution 10X (Insight Biotechnology Ltd., #Sc-363354)
2-component DAB pack (BioGenex, #HK542-XAK)

4EG1-1 (elF4E/elF4G interacting inhibitor) (Merck Chemicals Ltd., #324519-5MQ)
7H9 medium (BD Bioscience)

96-well microplate-maxiSorp (Fisher Scientific UK #10394751).

AKT Antibody (New England Biolabs, #9272S)

All Tagman gqPCR Primers (Life Technologies Ltd.)

Ampicillin sodium salt, powder (Sigma-Aldrich Company Ltd., #A0166-5G)
Anti-elF4E CT Antibody, rabbit monoclonal (MerckMillpore, #04-347)
Anti-miRTM miRNA inhibitors-has-miR-135a

Anti-miRTM miRNA inhibitors-has-miR-27a

Anti-miRTM miRNA inhibitors-has-miR-30a

Anti-mouse for B-actin (Sigma-Aldrich Company Ltd., #A9044)
Anti-phospho elF4E (Ser209) Antibody (MerckMillpore, #07-823)
Anti-PIK3CD (LifeSpan BioScience,Inc #LS-C338531/63835)

AS-605240 (PI3K gamma inhibitor) (Insight Biotechnology Ltd., #sc-221272)
Biotinylated rabbit anti mouse (Dako, #E0413)

Blotting Filter Papers (Life Technologies Ltd., #L.C2010)

BLUeye Prestained Protein Ladder (Geneflow Ltd., #560024-P)
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Bovin Serum Albumin (BSA) (Fisher Scientific UK Ltd., #BPE9705/100)
Dimethyl sulfoxide (DMSO) (Sigma-Aldrich Company Ltd., # D4540-100ML)
Elite vectastain ABC kit (Vector laboratories # PK-6100)

Empty Gel Cassette Combs, mini, 1.5 mm (Life Technologies Ltd., #NC3510)
Empty Gel Cassettes, mini, 1.5mm (Life Technologies Ltd., #NC2015)
EZ-Link biotin-HPDP (Pierce, Thermo Fisher Scientific UK Ltd)

Falcon tubes (Greiner Bio-One Ltd, #227261)

Ficoll-plaqgue™ premium (Fisher Scientific UK Ltd., #11570734)

Fluorokine MAP profiling kit (R&D systems)

Foetal Calf Serum (FCS) (Life Technologies Ltd., #FB-1001/500)

Goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Inc., #sc-2004)

Goat anti-rabbit IgG-PE (Insight Biotechnology Ltd., #sc-3739)

Hanks balance salt solution (HBSS) (Life Technologies Ltd., #14170-138)
hsa-miR-125b (Life Technologies Ltd)

hsa-miR-135a (Life Technologies Ltd)

hsa-miR-199 (Life Technologies Ltd)

hsa-miR-203 (Life Technologies Ltd)

hsa-miR-22 (Life Technologies Ltd)

hsa-miR-221 (Life Technologies Ltd)

hsa-miR-27a (Life Technologies Ltd)

hsa-miR-30a (Life Technologies Ltd)
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hsa-miR-7 (Human) (Life Technologies Ltd)
Human geNorm Kit (6 gene probe based kit) (Primerdesign Ltd., # GE-PP-HU-6)

Human M-CSF Recombinant Protein (eBioscience Ltd., #14-8789-80)

Human RNU44 (Life Technologies Ltd., #4427975)

Human Total MMP-1 DuoSet (R&D Systems Europe, Ltd., # DY901)

Invitrolon™ PVDF/Filter Paper Sandwich (Life Technologies Ltd., #LC2005)

LDH Cytotoxicity detection kit (Roche, #11644793001)

L-Lactic Dehydrogenase solution (L3916 Sigma, 1000 units/mL)

Luminata Forte Western HRP substrate (Fisher Scientific UK Ltd., #MDR-120-030C)
LY 294002 (Millipore:Calbiochem, #440202-5MQG)

Macrophage Serum Free Medium (M-SFM) (Life Technologies Ltd., #12065074)
Magnetic Porous Glass (MPG) streptavidin beads (Pure Biotech LLC, #MSTR0502)
Methanol (Fisher Scientific UK Ltd., #M/3950/17)

MicroAmp® Optical 384-Well Reaction Plate (Life Technologies Ltd., #4309849)
MicroAmp® Optical Adhesive Film (Life Technologies Ltd., #4311971)

MK-2206 Dihydrochloride (AKT inhibitor) (Insight Biotechnology Ltd., #sc-364537)

Mouse anti B-actin (Sigma-Aldrich Company Ltd., #A1978)

Multi-well tissue culture plates (Greiner Bio-One Ltd)
Normal rabbit IgG-PE (Insight Biotechnology Ltd., #sc-3871)

Novex® HRP Chromogenic Substrate (TMB) (Life Technologies Ltd., #WP20004)
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NP40 lysis buffer (Life Technologies Ltd., #FNN0021)

Nunclon 132mm x 88mm flat bottom 6 round well (Fisher, #10119831)
NuPAGE® LDS Sample Buffer (4X) (Life Technologies Ltd., #NP0008)

NuPAGE® MOPS SDS Running Buffer (20X) (Life Technologies Ltd., # NPO0O1)
NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm (Life Technologies Ltd., #NP0323BOX)
NuPAGE® Transfer Buffer (20X) (Life Technologies Ltd., #NP00061)

Oligo (dt)12-18 primer (Invitrogen #18418-012)

Paraformaldehyde (Santa Cruz, USA)

PBS Powder for 5L of 10X (Insight Biotechnology Ltd., #5c-24947)
Phosphatase inhibitor (Fisher Scientific UK Ltd., #BPE9718-1)

Phosphatase inhibitor cocktail Il (Fisher Scientific UK Ltd., #12841650)
Phosphate Buffered 10X Solution (Fisher Scientific UK Ltd., #10204733)
Phospho-AKT (Ser473) (D9E) XP® Rabbit mAb (New England Biolabs, #4060S)
Pl 3-K/PDK-1 Inhibitor, NVP-BAG956 (Merck Chemicals Ltd., #528121-5MQ)
Pl 3-Kdelta Inhibitor, IC87114 (Millipore: Calbiochem, #528118-5MQG)

Pl 3-kinase p110& (H-219) (Santa Cruz Biotechnology, #sc-7176)

Pl 3-Ka Inhibitor VIII (MerckMillpore, #528116-5MQG)

Pl 3-KB Inhibitor VI, TGX-221 (MerckMillpore, #528113-1MG)

PI13K total Oligo clonal Antibody (Life Technologies Ltd., #710400)

PMSF (Sigma-Aldrich Company Ltd., #P7626-250MQG)

Precast Bis-Tris Gel, 1.0mm (Life Technologies Ltd, #NP0323BOX)
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Precision Plus Protein™ Dual Colour Standards (Bio-Rad Labs Ltd., #161-0374)
Protease inhibitor (Sigma-Aldrich Company Ltd., #P-2714)

Protein assay kit, BCA Thermo Scientific Pierce (Life Technologies Ltd., #10741395)
PTEN inhibitor, bpV (phen) (Santa Cruz Biotechnology, Inc., # sc-221378)

PVDF (Life Technologies Ltd, #LC2005)

Rabbit Polyclonal anti PI3Ké (Santa Cruz Biotechnology, #SC-7176)

Rapamycin (MerckMillpore, #553210-100UQG)

rDNase DNA-free™ Kit (Ambion by life technologies, # AM1906)

ReBlot Plus Mild Antibody Stripping Solution (Merck Millipore, #2502)

Reference gene selection kit (geNorm™ kit) (Primerdesign Ltd, # GE-PP-HU-6).
RNAse free water (Fisher Scientific UK Ltd, # BPE561-1),

RNaseOUT (Invitrogen #10777-019)

RNaseZap RNase decontamination solution (Life Technologies Ltd., #AM9780)
RPMI-1640b AQmedia™ (Sigma-Aldrich Company Ltd., #R7509-6X500ML )
SeeBlue® Plus2 Pre-Stained Standard (Novex®) (Life Technologies Ltd., #LC5925)
Spectra Multicolour Broad range protein ladder (Fisher Scientific UK Ltd., #11874544)
sulfoxide (DMSO) (Sigma-Aldrich Company Ltd., # 67-68-5),

SuperScript™ Il Reverse Transcriptase (Invitrogen, # 18080-044),

T75 tissue culture flasks (Greiner Bio-One Ltd., # 658175).

TMB liquid substrate system for ELISA (Sigma Aldrich #T0440-1L)

TRI-Reagent® Solution (Sigma-Aldrich Company Ltd., #T9424-25ML)
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Tween 80 (Fisher Scientific UK Ltd., #BPE338-500)

TWEEN® 20 (Sigma-Aldrich Company Ltd., # P1379-250ML)

UltraPure™ N, N'- Methylenebisacrylamide (Life Technologies Ltd., #15516-024)
UltraPure™ Acrylamide (Life Technologies Ltd., #15512-023)

UltraPure™ Glycogen (Life Technologies Ltd., #10814010)

UltraPure™ TEMED (Life Technologies Ltd., #15524-010)

Versene (Life Technologies Ltd., #15040-066)

Water RNA grade sterile (Fisher Scientific UK Ltd., #BPE561-1)

2.3 Cell culture

Macrophages play crucial roles in M.tb infection. Following inhalation of the
bacilli, alveolar macrophages provides the initial immune response by
engulfing the bacteria. Peripheral blood monocytes are continuesly recruited
to the developing granulomas in attempt to wall off M.tb . At the site of
infection, macrophages become polarised and differentiate into various
inflammatory phenotypes. For this reason, this project has used macrophage-
like cell lines (e.g. THP-1 cells) and human-monocyte derived macrophages

(MDMs) for its investigation.

2.3.1 THP-1 cells

THP-1 cells (and monocyte-derived macrophages (MDMs) were cultured in
RPMI-1640 (Sigma-Aldrich Company Ltd., # R7509-6X500ML) supplemented
with 5% L. glutamine (Sigma-Aldrich Company Ltd., # G7513-100ML), 5%
ampicillin (Sigma-Aldrich Company Ltd., # A0166-5G) and 10% foetal bovine
serum (Life Technologies Ltd., # FB-1001/500), and incubated at 37°C in

humidified air, with 5% CO,. This culture media will hereafter be referred to as
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‘complete media'. THP-1 cells were sub-cultured every two to three days and
maintained between 1x105 and 5x105 cell per ml in a total media culture
volume of 10ml or 20ml in T75 tissue culture flasks (Greiner Bio-One Ltd., #
658175). THP-1 cells were differentiated into macrophage-like cells in 1ml
4ug/ml of D3 25-Hydroxyvitamin D (Vitamin D) for 24 hours. This was
followed by chemical inhibitor treatment for two hours and then UV-killed
M.tb infection. Supernatant samples were harvested 72 hours post-infection

and stored at -200C for future MMPs analysis by ELISA or Luminex assay.

2.3.2 Isolation of PBMC

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh blood by
density centrifugation. Fresh blood was mixed in equal volume of warm Hanks
balance salt solution (HBSS) (Life Technologies Ltd # 14170-138) and mixed
well in T75 tissue culture flasks (Greiner Bio-One Ltd., # 658175). In
experiments where leukocyte cones were used, the leukocyte-rich
concentrated blood was transferred into T75 tissue culture flasks, topped up
to 140ml with room temperature (RT) HBSS (with no calcium or magnesium
supplements). Blood:HBSS mixture (35ml) was then carefully layered onto
15ml of ficoll plaque premium (Fisher Scientific UK Ltd # 10379484) in 50ml
falcon tubes (Greiner Bio-One Ltd, # 227261). This was centrifuged at 480G
(1500rpm) for 20 minutes with brake off. The cell layer was carefully removed
and washed in HBSS by centrifugation for 8 minutes each time at 310G, with

brake on. Cells were washed four more times before monocytes were counted.

2.3.3 Adherence purification of monocytes

In order to count monocytes, 20ul of PBMCs was used on haemocytometer
counting chamber and incubated for 5 minutes at 37°C. Monocytes appear as
grey adherent cells, with lymphocytes having a smaller and denser bright
morphology. Cells were counted and seeded at 2.5 x 10° monocytes per cm?2
of various sizes of multi-well tissue culture plate (Greiner Bio-One Ltd) and

tissue culture dish Nunclon 132mm x 88 mm flat bottom 6 round well (Fisher,

64



Investigating host regulatory pathways that limit immunopathology in TB.

#10119831). Cells were incubated in RPMI-1640 supplemented with 1%
human serum, 5% glutamine and 5% ampicillin for 1 hour at 370C to allow
monocytes to adhere to the plate. Lymphocytes were carefully washed firstly
using the medium that is already on the cells, washed for a further two more
times using warm HBSS. Whenever 6-well tissue culture plates were used, 2ml
of complete media (RPMI + L Glu + AMP + 10% FCS) supplemented with
100ng/ml of macrophage serum-free medium (M-SFM) (Life Technologies
Ltd., #12065074) was added to monocytes and cultured for 5-7 days to
differentiate to macrophages. Figure 16 is a microscopic image showing the
morphological differences between human monocytes (Figure 16A) and

monocyte-derived macrophages (MDMs) (Figure 16B).

ocytes (A) and differentiated

Figure 15: Microscopic images of -prifi

d mon
macrophages (B). PBMCs were incubated in complete media supplemented with 5% human
serum at 37°C for 1-2 hours. After washing off lymphocytes and cells that were in suspension,
the adhered monocytes were incubated in 100ng/ml M-CSF for up to 5 days to differentiate

to macrophages. Macrophage image shown was taken on day 5 following M-CSF incubation.

2.4 M.tb culture

M.tb was cultured in a total of 2ml Middlebrook 7H9 medium (BD Bioscience)

which was prepared according to manufacturer's instructions with 10% ADC

enrichment medium (BD Bioscience), 0.2% glycerol (Life Technologies Ltd) and

0.02% Tween 80 (Fisher Scientific UK Ltd., #BPE338-500), at 370C with

continues agitation. Upon reaching optical density (O.D) of between 0.8 and
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1.0, M.tb was sub-cultured by diluting with 7H9 to five different optical
densities ranging from 0.2 to 0.6. Cells were always infected with live (or UV
killed) M.tb with OD at 0.6, which represents 1x108CFU/ml.

2.5 Pharmacological treatment and M.tb infection

The media containing M-CSF was changed on day four and cells allowed to
rest in complete media for 1 day. On the day of M.tb infection, the cell culture
media was removed and replaced with 300ul (in 48 well tissue culture plates)
of M-SFM for control cells, or M-SFM solutions containing the appropriate
chemical compounds that inhibit intracellular protein of interest for two hours.
For compound that were originally re-constituted in Dimethyl Sulfoxide
(DMSO) (Sigma-Aldrich Company Ltd., #67-68-5), stock solutions were
diluted to achieve 0.1% DMSO content. Final working concentrations were
therefore diluted in M-SFM supplemented with 0.1% DMSO. Again, this was
followed by either UV-killed or live M.tb infection at multiplicity of infection
(MOI) of 1 which assumes that one bacterium infects one macrophage.
Supernatant samples were harvested 72 hours post-infection. Supernatant
samples harvested from cells which were infected with viable M.tb were
sterile-filtered using 0.2um Durapore filters (Millipore) before they were taken
out of containment laboratory into category 2 laboratory where they were
stored in -20°C.

2.6 Enzyme-linked Immunosorbent Assay (ELISA)

Secreted MMP-1 levels were ascertained and analysed by Enzyme-linked
Immunosorbent Assay (ELISA) assay according to manufacturer’s protocol (R
& D Duo set, # DY901). All reagents including recombinant MMP-1 (standard)
and antibodies were supplied inside the kit by the manufacturer. Reagent
diluent and antibody dilutions were prepared on the day of the experiment
(Appendix 1). 100ul of 2.0ug/ml of capture antibodies were coated at room
temperature (RT) overnight in 96-well microplate-maxiSorp (Fisher Scientific
UK #10394751).
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Each well was aspirated, followed by three washes using 300ul wash buffer
(Appendix 1). Non-specific binding sites were blocked for 1 hour at RT using
300ul of reagent diluent. 100ul of samples and standard were loaded in the
appropriate wells. Reagent diluent was always used as blank to subtract
background optical density (OD). Plates were then tightly covered with
adhesive strip and incubated for 2 hours at RT. The aspiration and washing
steps were repeated as above, and 100ul of 100ng/ml of detection antibody

added to each well. Again this was covered and incubated for 2 hours at RT.

After aspiration and washing, 100ul of streptavidin-HRP was added at a
working dilution of 1:200 and incubated at RT for 20mins, aspirated and
washed as above. 100ul of substrate solution (3,3',5,5'-Tetramethylbenzidine
(TMB) liquid substrate system for ELISA; Sigma Aldrich #T0440-1L) was then
added per well and incubated at RT and in the dark for up to 30mins, checking
for colour development at 10mins intervals. Reaction was stopped by adding
50ul of 2M H2S04 per well. A microplate reader was used to measure the OD
of each well at 450nm wavelength, with reference wavelength of 540nm.
Levels of MMPs measured were further analysed and plotted on bar chart using
GraphPad Prism 5.2. Adobe lllustrator CS6 and Adobe Photoshop CS6 were
used to create consistency in all final figures.

2.7 Luminex Assay

The luminex platform (Bio—Rad Ltd) was used for the analysis of multiple MMPs
(as well as human 30-plex panel of cytokines and chemokines (Invitrogen), in
cell culture supernatants. The manufacturer’s instructions were followed as
detailed in the Fluorokine MAP profiling kit (R&D systems). All reagents,
standards and calibrator diluents were provided by the manufacturer in a kit.
Samples were diluted either 1:2.5 or 1:5 and analysed on the Luminex
machine. Actual concentrations as calculated from the standard curve were

used to analyse the data using GraphPad Prism 5.2.
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2.7.1  Principle of Luminex assay

The Luminex system is based on Luminex's xMAP® technology, and is
frequently used to decipher disease-specific biomarker patterns. Luminex
combines the principle of traditional biochemistry, flow cytometry and the use
of fluorescent microspheres into a multi-analyte profiling technology which is
simple and flexible to obtain highly sensitive and accurate results. The two
unique components of the luminex system are the xMAP microspheres and
the luminex analyser machine. The system uses 100 distinct fluorescently
encoded polystyrene microspheres, each of which is 5.6 microns, and
internally impregnated with a mixture of red and infrared fluorophores of
known ratios (Figure 17). This gives each bead set a unique spectra signature
which allows their identification by the xMAP detection system. The steps in
figure 18 outline the core processes involved in the principle of Luminex

assay.

The microspheres are covalently linked to reagents (e.g. antibodies) that are
specific for particular bioassay (Figure 18). This way, up to 100 different
analytes can be captured for analysis from a heterogeneous sample. Target-
specific analytes bind to the capture antibodies, and this is detected by the
use of biotinylated detector antibodies and fluorescent protein, R-
Phycoerythrin which is conjugated to streptavidin (streptavidin PE). By
interacting with the biotin on the detector antibodies, the streptavidin PE
serves to allow the formation of a four-member, solid phase sandwich.
Analyte-specific bead sets are identified and the level of analyte present
quantified in the fluidic system, by monitoring the unique spectra signature

of each bead set and the intensity of PE associated with it
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Figure 16: Schematic of the 100 unique xMAP microspheres. Luminex system uses 5.6
micron polystyrene-based magnetic microspheres. Red and infrared fluorophores of differing
intensities are used to internally dye each bead. To enable differentiation of one bead from

the other, each bead is given a unique number, or bead region (Further details are described

in the text above).
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multiplex capture antibody is attached to a microsphere bead sets. Capture antibodies are

conjugated to streptavidin-PE. (See text for more details). (Created by P T Brace).
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The flow cytometry-based aspect of the luminex technology occurs within the
luminex analyser. The machine combines the principle of fluidics, lasers, 4
different detectors and real-time digital signal processing to differentiate the
bead sets. It does so by aligning the beads in a single file as they enter a flow
cell via sheath fluid (Figure 19 A). This way a dual laser system is used to
interrogate each bead set as it enters the flow cell, enabling their subsequent
classification and quantification (Figure 19B). A red 635nm laser determines
the colour of the beads by exciting the impregnated dyes, whilst a green
532nm laser excites the reporter dye, PE to allow quantification of specific
analytes.

The detector system receives and distinguishes the fluorescent signals
produced by the excitation of the different dyes by both lasers. Each detector
measures specific signal emanating from the microspheres. The data is

integrated and processed in real time by the digital signal processing system.




Investigating host regulatory pathways that limit immunopathology in TB.

Figure 18: Measurement of analytes within the Luminex analyser. Both A and B depict how
the Luminex analyser measures analytes. Beads are read in single-file as they enter a stream
of flow cells (A) by dual lasers for classification and quantification of each analyte using the
Bio-Plex Array Reader (B).
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2.7.2 Human Cytokine 30-plex panel: Samples and standard

preparation

Human 14-plex and 16-plex standards were separately reconstituted in a
mixture of 50% assay diluent and 50% tissue culture medium for 15 minutes
in advance to allow for sufficient rehydration of the standards. 500pl from
each standard were combined to a final total volume of 1ml. Standard curve
was generated by using calibrator diluent to prepare 8 different tubes of 1:3
serial dilutions which were gently mixed by pipetting up and down 5 to 10
times. Samples were diluted at required ratios in tissue culture medium.
Capture antibody beads were vortexed and centrifuged for 30 seconds after

which 833pl of 1X antibody beads was diluted in 1.67ml of wash solution.

2.7.3 MMP multiplex: Samples and standard preparation

Standard was reconstituted 15 minutes in advance in 0.95 ml of calibrator
diluent. A standard curve was generated from preparing 1:3 serial dilutions
(S1 to S8), starting from the reconstituted standard as S1. The chosen vials of
microparticles, each for the capture of specified MMP were centrifuged at
1000g for 30 seconds before being vortexed for another 30 seconds. Samples
were diluted 1:5 in calibrator diluent. 17pl of each of the microparticles was
combined in the same mixing bottle containing 5.2ml of microparticle diluent.
Wash buffer was prepared by diluting 20ml of wash buffer concentrate in

480ml of deionised water.

2.7.4 Running the multiplex assay

In case of the human cytokine 30-plex panel, a 96-well filter plate was pre-
wet with 200pl (100pl in the case of MMP multiplex) of wash buffer by vacuum
manifold aspiration. 25pl of the diluted bead solution was added to each well
followed by 200ul of working wash solution, and the beads were allowed to
soak for 30 seconds. The working wash solution was aspirated using a vacuum
manifold, and this washing step repeated two more times. After ensuring that

the bottom of the filter plate was blotted with clean paper towel to remove any
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residual liquid, 50pul of incubation buffer was added to each well. 100ul of

diluted standards and samples were added to the appropriate wells.

In the case of MMP multiplex, 50ul of microparticles were added to each well,
followed by 50pul of standards and 50pl of samples in designated wells. In
either the 30-plex or MMP multiplex panel, the filter plate was sealed with foil
adhesive cover, shaken at full speed of 1000rpm for the first 30 seconds, then
at 500rpm for 2 hours. For the human cytokine 30-plex panel, biotinylated
secondary antibody was prepared by diluting 333pl of antibody concentrate
in 10.2ml of detector antibody diluent. Secondary antibody for the MMP
multiplex was first centrifuged at 1000g for 30 seconds and vortexed before
17pl of biotinylated secondary antibody for each MMP was combined in 5.2ml

of the same biotin antibody diluent.

Following the two hour incubation, the liquid is aspirated by vacuum manifold
and filter plate washed three times. 100pl of biotinylated secondary antibody
was added per well of 30-plex panel (50pl in for MMP panel) and plate
incubated on orbital shaker at high speed for 30 seconds, then at 500rpm for

1 hour at room temperature.

After 3 washes by vacuuming fluid, diluted streptavidin-PE, prepared by
mixing 0.333pl of 10X concentrate Streptavidin-PE in 10.2ml streptavidin-PE
diluent (in the case of MMP panel, 55ul streptavidin-PE in 5.5ml of wash
buffer) was added and plate incubated on orbital shaker for 30 minutes. After
three washes by vacuum aspiration, 100pl of working wash solution was
added per well of 30-plex panel plate, with 80ul of wash buffer in the case of
MMP panel. The plate was shaken for 2-3 minutes at full speed and inserted

into the XY platform of Luminex 200™ for sample analysis.

2.8 Lactic Dehydrogenase (LDH) Cytotoxicity detection

assay

An LDH assay was used to determine whether or not the chemical compounds

being used were safe or toxic to the cells. Damaged or dying cells release LDH
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into cell culture media. Measurement of the activity of this LDH released, in a
non-radioactive colorimetric assay, is suitable for quantification of cell death
and cell lysis. Catalyst (Diaphorase/NAD+ mixture), Dye solution
(lodotetrazolium chloride and sodium lactate), Lysis solution (0.1% Trizol) and
Stop solution were provided in the LDH Cytotoxicity detection kit (Roche,
#11644793001). 25U/ml of LDH L-Lactic Dehydrogenase solution (L3916
Sigma, 1000 units/mL) was diluted in culture media and used as a starting
concentration for 8 standards of 1:3 serial dilutions for the generation of
standard curve. Working reagents were prepared according to the
manufacturer’s protocol as follows: Distilled water (1ml) was added to the
catalyst and mixed well, after which 250ul of reconstituted catalyst was diluted

in 11.25ml of dye solution to make up the reaction mixture.

Supernatant sample harvested from cells were kept at 4°C for up to one week
until day of LDH measurement. Equal number of cells were lysed in lysis
reagent and used as high or LDH positive control, with supernatant from
untreated samples as ‘Low’ control and culture medium used for background.
100pl of standards were loaded in duplicates along the first two columns,
followed by 100pl per well of samples and all controls. 100pl of freshly
prepared reaction mixture was added to each well and plate incubated at room
temperature for 30 minutes in the dark. 50pl of stop solution was added to
each well to halt the reaction, and absorbance was measured using a
microplate reader with 490-492nm filter (reference wavelength more than
600nm). Absolute quantity of LDH was determined by 5P Logistic curve using
GraphPad prism.

2.9 Antibody staining for flow cytometry

Macrophages were washed two times with PBS after which cells were detached
in versene (Life Technologies Ltd., #15040-066) at 37°C for 10 minutes by
scraping into 50ml falcon tubes. Cells were topped up to 50ml with PBS and
centrifuged at 1500rpm in Allegra™ 6R centrifuge (Beckman Coulter) for

10mins at 4°C. To inhibit non-specific binding of the secondary antibody, cells
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were incubated in FACs blocking buffer (X1 PBS + 1%BSA + 0.1% NaN; + 10%
human AB serum) on ice and in the dark for 30mins. Both M.tb infected and
uninfected cells were split into appropriately labelled FACs tubes to enable
separate staining of HLADR and other macrophage surface markers, PE-
isotype control and tubes labelled for ‘unstained’ samples. FACs tubes were
centrifuged for 10mins at 4°C, 1500rpm, followed by incubation with the
appropriately diluted conjugated antibody. Cells were washed two times in
FACs wash buffer (X1 PBS + 1%BSA + 0.1% NaNs) by 10mins centrifugation,
after which cells were incubated on ice for 2 hours in 2% paraformaldehyde
(Santa Cruz, USA) to fix the cells and kill any viable M.tb . Cells were run using
BD Accuri C6 Flow Cytometer and data analysed with BD CFlow software (BD

Biosciences, UK).

2.10 Total Protein extraction

NP40 lysis buffer (Life Technologies Ltd., #FNN0021) was used to lyse cells
according to manufacturer’s protocol. Tissue culture plates containing cells
were kept on ice pads to prevent protease activity and consequent protein
degradation. Cells were quickly scraped and collected into 1.5ml Eppendorf
tubes and washed with cold X1 PBS (supplemented with 0.1mM Na;VO, and
0.01% NaNs) by spinning for 5mins at 4°C, 120G in a bench top centrifuge.

100ul of ice cold NP40 lysis buffer supplemented with protease inhibitor (1l
of the 1ml protease inhibitor (Sigma-Aldrich Company Ltd., #P-2714) stock
solution per 100ul of NP40Olysis buffer) and 1ml of PMSF (Sigma-Aldrich
Company Ltd., #P7626-250MG) was added to cell pellets from each 6-well
plate. For complete cell lysis, the tubes were incubated on ice for 30mins and
vortexed at 10mins intervals. Lysates were spun at 420G at 4°C for 10-20mins,
and supernatant containing extracted protein transferred into fresh tubes.
Again, in order to ensure that the cell lysate was free of viable M.tb , samples
were sterile filtered using 0.2um Durapore filters (Millipore) before being
taken out of containment laboratory into category Il laboratory where they
were stored in -80°C for future use.
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2.11 BCA Assay

In order to allow equal loading of sample for gel electrophoresis, colorimetric
detection and quantitation of total protein was ascertained using bicinchonic
acid (BCA) assay (Thermo Fisher Scientific, Pierce, # 23225). All reagents and
stock solutions were supplied by the manufacturer of the BCA kit. To generate
the standard curve, 2mg/ml of stock BSA standard was used to prepare 8 serial
dilutions (S1to S8 at 1:1, 1:2, 1:4, up to 1:64 dilutions and a zero) in nuclease
free water, with 2mg/ml as the highest and 0.0625mg/ml lowest
concentrations. Working Reagent was prepared in 50ml falcon tubes by adding
50 parts reagent A: 1 part reagent B. Samples were diluted 1:4 and 10pl of
both standards and diluted protein samples were added to a clear 96-well
plate in duplicate columns. 100ul working reagent was added to each well and
plate shaken gently to mix. The plate was covered in aluminium foil, incubated
at 37°C for 30mins and then absorbance was measured on the Glomax plate
reader at 570nm. A standard curve was produced from the standards and the
equation of the curve and the absorbance values of each sample were used to

determine the sample protein concentration in pg/pl (mg/ml).

2.12 Western Blotting

Based on the calculations from BCA assay, 25ug to 50ug of cell lysate samples
were mixed with NuPage LDS sample buffer (Life Technologies Ltd , #NP0008),
and used to perform western blot according to the manufacturer's instruction
(Invitrogen NuPage system). Protein concentrations were sometimes very high
in the lysate samples, in which case less volume (15-25ul) of samples were
required to load for electrophoresis. In such situations, precast Bis-Tris Gel,
1.0mm (Life Technologies Ltd, #NP0323BOX) were used. In some other
situations however, sample volume between 25ul and 40ul were required, and
gels were made in the laboratory. Table 1 shows the recipes of how both

separating and stacking gels were casted.
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MOPs SDS running buffer was diluted as recommended by the manufacturer
and used to run the samples for 1 hour at 200V on constant to separate each
protein. Protein bands were then transferred at 30V for 1 hour onto PVDF (Life
Technologies Ltd, #.C2005) membrane for antibody staining. The membrane
was incubated in a blocking buffer with 4% BSA (Fisher Scientific UK Ltd.,
#BPE9705/100) in 1X PBS, at room temperature with agitation for 1 hour.
Based on knowledge of the molecular weight of the protein of interest,
membranes were cut into two in some cases, to enable separate incubation
with the primary antibodies of the loading control (B-actin), and that of the
protein of interest. Primary antibodies specific to the protein of interest, and
mouse anti B-actin (Sigma-Aldrich Company Ltd., #A1978, 1:5000) were
diluted in blocking buffer (4% BSA in X1 PBS). Primary antibodies were

incubated with the membranes at 4°C overnight with agitation.

After three times of 5mins washes in wash buffer (1X PBS + 4% bovine serum
albumin (BSA) + 0.1% Tween 20 (Sigma-Aldrich Company Ltd., #P1379-
250ML) with agitation, secondary antibodies were diluted in the same
blocking buffer and incubated for 1 hour at RT with agitation. Luminata forte
western-HRP substrate (Fisher Scientific UK Ltd., #MDR-120-030C) was used
for 3-6 minutes to develop the blot, whilst chemiluminescence was detected
using VersaDoc™ imaging system (Bio—-Rad laboratories Ltd.). For proteins with
molecular weight close to the house-keeping genes, membranes were
stripped using 1X ReBlot Plus Mild Antibody Stripping Solution (Merck
Millipore, #2502) to remove all bound antibodies before the second protein

was probed accordingly.
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Separating Gel (10 % gel) | 4% Stacking Gel
(12.5.ml)

solution Amount Solution Amount
30% 6.3mL 30% 1.5mL
Acrylamide/BIS Acrylamide/BIS
Separating Gel | 9.5mL Stacking Gel | 5mL
Buffer (Tris- Buffer  (Tris-
HCI, pH 8.8) HCI, pH 6.8)
10% SDS 250pL 10% SDS 125uL
Water 3.mL Water 3.5uL
TEMED (add | 10pL TEMED (add | 10pL
late) late)
Catalyst (add | 63pL Catalyst (add | 50pL
last) last)

Table 1: Gel casting protocol for Western Blotting.

2.13 Total RNA extraction

Both THP-1 cells and MDMs were treated with TRI-reagent (Sigma-
Aldrich #T9424-25ML) at 100ul per 1x10¢ cells. Cells were vortexed and

either used on the day or immediately placed in -80°C for future use.

2.13.1 Phase separation

On the day of RNA extraction, chloroform (20% of volume of TRI-reagent
used) was added to each sample and vortexed for 30 seconds. Samples
were allowed to stand at RT for 5-10 minutes and then centrifuged at

4°C, at 1000rpm in a bench top microcentrifuge for 30 minutes. This
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results in a double layered suspension aqueous upper phase (with a
volume of approximately half the volume of Tri- reagent used) and
organic phase. The upper phase containing the RNA was carefully
collected into newly labelled RNAse-free tubes, whilst the lower phase

which mainly contains DNA, lipids and proteins were discarded.

2.13.2 RNA Precipitation

Glycogen is a carrier protein which enables easy visualisation of
precipitated RNA. In order to precipitate the cellular RNA, Isopropanol
(50% of the volume of upper phase collected) and 5-10ug of glycogen
was added to the collected RNA. The samples were vortexed for 30
seconds and left at RT for 5-10 minutes before being placed in -80°C for
20-60minutes to enable RNA precipitation. RNA was then pelleted by
centrifugation at 4°C at 13000rpm for 60 minutes.

2.13.3 RNA wash and re-suspension

RNA pellets were carefully washed by centrifugation each time at 4°C at
1000rpm for 5 minutes in firstly 500ul of 100% and then, 75% ice-cold
ethanol, without disrupting the pellets. Ethanol was carefully and
completely removed and RNA was allowed to air-dry. 30-50ul of RNAse-
free water (Fisher Scientific, #BPE561-1) was used to re-suspend the RNA
and mixed by pipetting up and down several times. RNA was quantified
using NanoDrop spectrophotometer (ND1000 NanoDrop Technologies
Ltd.) and stored at -80°C.

2.14 Reverse transcription and quantitative PCR (RT-qPCR)

2.14.1 Reverse transcription (mRNA)

The extracted RNA was retro-transcribed to complementary DNA (cDNA)

according to the manufacturer's instruction as recommended by the High

Capacity cDNA Reverse Transcription kit (Life Technologies Ltd,
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#4374966). 100ng/ul of RNA was diluted in RNAse free water (Fisher
Scientific UK Ltd, # BPE561-1), and random hexamer (Life Technologies
Ltd., #N8080127) was used to obtain the cDNA. Typical reaction master
mix recipe and corresponding thermal cycle conditions have been shown

in table 2 and 3 respectively.

Reagent Volume used per
reaction(pl)

Water (RNase -free) Varied

Buffer 1

dNTP 0.4

Enzyme 0.5

RNAase Inhibitor 0.5

Random hexamer 3.4

Random hexamer 3.4

Table 2: Reaction recipe for reverse transcription
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Thermal Cycle Conditions for mRNA Reverse Transcription
Step Temperature (°C) Duration (mins)
Step 1 25 10
Step 2 37 120
Step 3 85 5
Step 4 15 Holding time

Table 3: Conditions for reverse transcription thermal cycle.

2.14.2 Micro-reverse transcription (micro-RT)

In order to quantify expression of the micro RNAs of interest, cellular RNA was
converted to cDNA as above. In the case of Micro-RT however, 10ng/ul of RNA
concentration (diluted using RNase-free water) and stem-loop primers that
are specific for each of the micro RNA of interest were used. Tables 4 and 5
show details of stem-loop/mature micro RNA sequences and typical master
mix recipes respectively, used for the micro RT and table 5 shows the thermal

cycle conditions.
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MicroRNA |Stem-Loop Sequence Mature
miRNA
sequence

hsa-miR- |CUGAGGAGCAGGGCUUAGCUGCUUGUGAGCAGG |AGGGCUUA

27a-5p GUCCACACCAAGUCGUGUUCACAGUGGCUAAGU [GCuGcuua
UCCGCCCCCCAG UGAGCA
hsa-miR- |GCGACUGUAAACAUCCUCGACUGGAAGCUGUGA |UGUAAACA
30a AGCCACAGAUGGGCUUUCAGUCGGAUGUUUGCA |UCCUCGAC
GCUGC UGGAAG
hsa-miR- UGAACAUCCAGGUCUGGGGCAUGAACCUGGCAU |AGCUACAU
221-3p ACAAUGUAGAUUUCUGUGUUCGUUAGGCAACAG |UGuUC
CUACAUUG
UCUGCUGGGUUUCAGGCUACCUGGAAACAUGUU |uGCuGaau
CuC uucC
hsa-mir-7- |UUGGAUGUUGGCCUAGUUCUGUGUGGAAGACUA |UGGAAGAC

1 GUGAUUUUGUUGUUUUUAGAUAACUAAAUCGAC |UAGUGA

AACAAAU

CACAGUCUGCCAUAUGGCACAGGCCAUGCCUCU juuuuGuuca

ACAG U
hsa-mir- UCCCUGGCGUGAGGGUAUGUGCCUCCAUGCAGU |GCAGUCCA

455 CCAUGGGCAUAUACACUUGCCUCAAGGCCUAUG |uGGGCcAuA

UCAUC UACAC
hsa-mir- AGGCCUCGCUGUUCUCUAUGGCUUUUUAUUCCU |UAUGGCUU
135a-1 AUGUGAUUCUACUGCUCACUCAUAUAGGGAUUG |UUUAUUCC

GAGCCGUGGCGCACGGCGGGGACA UAUGUGA
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hsa-mir-22 | GGCUGAGCCGCAGUAGUUCUUCAGUGGCAAGCU |AAGCUGCC
UUAUGUCCUGACCCAGCUAAAGCUGCCAGUUGA |AGUUGAAG
AGAACUGUUGCCCUCUGCC

AACUGU

Table 4: Sequences details of stem loop and mature miRNAs for microRNASs’ reverse

transcription.

Reagent

reaction(pl)

Volume used per

Water (RNase -free) 4,081
Buffer 0.750
dNTP 0.075
Enzyme 0.500
RNAase Inhibitor 0.094

specific)

Primer (microRNA | 1.500

Table 5: Reaction recipe for micro RNA reverse Transcription.

Thermal Cycle Conditions for mRNA Reverse Transcription

Step Temperature (°C) | Duration (mins)
Step 1 16 30
Step 2 42 30
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Step 3 85 5

Step 4 15 Holding time

Table 6: Conditions for micro RT thermal cycle.

2.14.3 Quantitative PCR (qPCR)

The cDNAs obtained were then used for microRNA and gene expression
quantification assays by qPCR following manufacturer's instruction (Applied
Biosystems™, USA). Tagman® Universal master mix and primers specific for
the gene of study and GAPDH, as well as primers specific for micro RNAs and
RNU44 were used for the typical reaction (Table 7 for master mix recipe and
table 8 for gPCR thermal cycle conditions). Each RT-gPCR experiment was
performed in duplicate and results were analysed using SDS version 2.3
sequence detection systems (Applied Biosystems™, USA). The comparative Cr

method was employed to analyse all gPCR data in this project.

Reagent Gene expression assay | MicroRNA Assay
Tagman Universal MM 2.5 5

RNAse free water 1.25 3.8

Primers (Specific/Random | 0.25 0.5

Hexamer)

Reference gene GAPDH RNU44

Table 7: Typical Master Mix recipes for qPCR.

Number of Cycles | Step Temperature (°C) Duration
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Denaturation and | 95 10mins
@ activation of enzyme

Denaturation 95 15 sec

Annealing/Extension | 60 Imin

/Hold

Table 8: Amplification conditions using Tagman universal master mix.

2.15 Transfection of Anti-miRs into macrophages

Macrophages were transfected by directly adding 2ml of 50nM, 100nM or
150nM of specific anti-micro RNAs (anti-miRs) (Life Technologies LTD) which
were reconstituted in M-SFM and incubated for 24 hours to repress the activity
of their respective target micro RNAs. In experiments where the effect of
multiple anti-miRs were investigated in comparison to that of individual anti-
miRs, the final concentration of the multiple anti-miRs were used to
standardise the final concentrations of the individual anti miRs. Following
anti-miR transfection, macrophages were infected with M.tb for 48-72 hours,
treated with TRl Reagent® and stored in -80°C for future total RNA isolation

as described above.

2.16 Validation of reference genes (geNormTM Kit)

In order to ensure accurate densitometric analysis of gene expression, it was
important to normalise the expression of the gene of interest against a stable
internal control gene (house-keeping or reference gene). Reference genes
must be stably expressed, and not regulated in both treated and untreated
samples. Our model could potentially alter the expression of commonly used
constitutively expressed genes. For this reason, reference gene selection kit
(geNorm™ kit) (Primerdesign) was used to validate the ideal reference gene for

this study.
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The human geNorm Kit; 6 gene probe based contains primer/probe mix for
six different genes (Genes: UBC, B2M, RPL13A, SDHA, TOP1, ATP5B). GAPDH,
B-actin and r18s were included in the experiment to bring the total genes to
9. Each lyophilised primers and probe mix was re-suspended in 220ul of
RNAse free water according to the manufacturer’s protocol (Primerdesign Ltd,
#GE-PP-HU-6). These were used to perform RT-qPCR as explained above.

Tagman universal master mix was used for the gPCR recipe.

The data collected from the qPCR experiment was analysed using gBase

software (Biogazelle, www.boigazelle.com). It would have been useful to

evaluate additional candidate reference targets. As this was not done,
geometric mean of the three most stable reference targets (B2M, UBC and
TOP1) was used in most qPCR experiments. The use of multiple (non-optimal
in this case) reference targets allows a more accurate normalization compared

to the use of a single non-validated reference target.

2.17 4-TU labelling of macrophages

Macrophages were first infected with M.tb as described above for two hours,
after which the extracellular bacilli were washed. 100uM of 4-Thio uridine was
added directly to the cells in M-SFM for at least 24 hours. Cells were lysed in
Tri-reagent and total RNA was extracted and quantified as described above.
Figures 9-10 outline the underlying principle of 4-TU labelling and pull-down

assay for the purification of newly synthesised mRNA.

2.17.1 Biotinylation of 4-TU labelled RNA

1mg/ml of EZ-Link biotin-HPDP (Pierce, Thermo Fisher Scientific UK Ltd)
solution was prepared in Dimethylformamide (DMF). 1pl of 1Img/ml of EZ-Link
biotin-HPDP solution was used per pug of total 4-TU labelled RNA. Master mix
was prepared from 1M Tris (pH 7.4) and 0.5M EDTA to a final concentration of
10mM Tris and 1mM EDTA, using RNase free water to top up to a final reaction
volume which is five times the original RNA volume. The mixture was

incubated at room temperature for two hours in the dark.
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Addition of 4-thiouridine (4-TU) to
label newly-transcribed mRNA
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Lysing of cells and extraction of RNA
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Biotinylation of 4-TU labelled RNA

|

Purification of biotinylated 4-TU-labelled RNA
by magnetic streptavidin beads

|

Removal of biotin gPCR to detect
l any RNA using
— | primers specific
Retro-transcription for the RNA
into cDNA under study

Table 9: Simplified schematic of 4-TU labelling. This explains the steps involved in 4-TU

tagging for isolation of newly transcribed RNA.
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2.17.2 Precipitation of biotinylated 4-TU-labelled RNA

Isopropanol (volume equal to the final reaction volume) and 5M NaCl (A 10th
of the final reaction volume) were added to the biotinylated 4-TU labelled RNA.
The mixture was vortexed and incubated at room temperature for 5 minutes
before being centrifuged in a bench top microcentrifuge at maximum speed
(13000rpm) for 20mins. The RNA pellet was washed in 250ul of 75% Ethanol
by 10 minutes centrifugation, again at top speed for 10 minutes. The pellet
was allowed to air-dry until semi-transparent, and RNA was re-suspended in
20-50pl of RNase free water. The re-suspended RNA was purified immediately

or stored at -80°C for future pull down experiment.

2.17.3 Purification of biotinylated 4-TU labelled RNA (Pull down)

To isolate and purify the 4-TU labelled RNA, Magnetic Porous Glass (MPG)
streptavidin beads (Pure Biotech LLC, # MSTR0502) were used to bind and pull
down the biotinylated 4-TU labelled RNA. The beads were incubated with tRNA
(1ug per 5pl of beads) and rotated at room temperature for 20 minutes. Tubes
were placed in magnetic stand beads allowed to collect on the side of the tube
for 1minute. This was followed by three washes in 300ul of MPG buffer (1M
NaCl, 10mM EDTA, 100mM Tris-HCL at pH 7.4 in RNase free water). Beads
were re-suspended in MPG buffer equal to the original volume of beads. The
volume of RNA and beads were adjusted to be equal, to allow 1:1 combination
ratio. The biotinylated 4-TU RNA was added to the beads and incubated at
room temperature with rotation for 1 hour. Beads were collected in magnetic
stand for over 1 minute. The supernatant was collected and kept as unbound,
non-4TU RNA. Beads were washed two times in 250ul of room temperature
MPG buffer, one wash in 65°C MPG buffer, and a final wash in 50ul MPG buffer.
The supernatant from the last wash was kept as ‘wash RNA’ to check for flow
through RNA.
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2.17.4 Elution and precipitation of bound, 4-TU labelled RNA

To elute the bead-bound, 4-TU labelled RNA, freshly prepared 5% B-
mecaptoethanol was added at volume equal to original bead volume and
incubated at room temperature with rotation for 20 minutes, flipping the
tubes to mix well every 5 minutes. The tubes were centrifuged quickly to
collect all drops, and beads collected in magnetic stand for over 1 minute. The
supernatant was kept as bound, 4-TU RNA. RNA was precipitated as described
above by adding 5M NaCl at 1/10™" the RNA volume, isopropanol at the same
volume as the RNA, and 1pg glycogen. The mixture was incubated at room
temperature for 5minutes and centrifuged at maximum speed for at least
20minutes. The RNA pellet was washed in 250pl of 75% Ethanol by 10 minutes
centrifugation, at top speed for 5 minutes. The pellet was allowed to air-dry
until semi-transparent, and RNA was re-suspended in 20-50pl of RNase free

water.

The re-suspended RNA was placed in the magnetic stand for the final time
(over 1minute) to collect any residual beads. The supernatant was collected in
newly labelled nuclease free tubes as purified, newly synthesised RNA

samples.
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Table 10: Simplified schematic of 4-TU labelling and RNA pull down. This explains the
steps involved in 4-TU tagging and pull down for isolation of newly transcribed RNA.
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2.17.5 Superscript Ill Reverse Transcription

Purified 4TU-labelled RNA was treated with rDNase (DNA-free™ Kit, ambion
by life technologies, # AM1906) to remove potential genomic DNA
contamination. SuperScript™ Ill Reverse Transcriptase (Invitrogen, # 18080-
044), Oligo (dt)12-18 primer (Invitrogen # 18418-012) and random hexamer
(Component of high capacity cDNA kit, Life Technologies Ltd, # 4374966)
were used to retro transcribe 5ug of the pulled down RNA to cDNA in a 20l
reaction volume according to the manufacturer’s protocol. RNA was added to
master mix prepared by adding 1pl each of Oligo (dt) 12-18, random hexamer
and dNTP (Component of high capacity cDNA kit, Life Technologies Ltd,
#4374966) and nuclease-free water in RNase-free microcentrifuge tubes. The
mixture was heated at 65°C for 5mins, after which tubes were incubated on
ice for a further 1minute. 4ul, 1ul and 2ul of 5X first strand buffer, 0.1MDTT,
SuperScript™ 1l Reverse Transcriptase respectively (all from Invitrogen, #
18080-044) and 1pl of RNaseOUT (Invitrogen # 10777-019) were added and
mixed by pipetting up and down. Reverse transcription was performed by
incubating tubes at 25°C for 5 minutes, 55°C for 40 minutes and at 70°C for
15 minutes. The cDNA was stored in —-20°C to be used in future as template

for qPCR amplification as previously described

2.18 Immunohistochemistry

Paraffin-embedded human normal or M.tb infected lung tissues were mounted
as 4pum sections onto APS coated glass slides and allowed to dry for at least
48 hours in 40°C incubator. Sections were dewaxed stepwise for 5 minutes
each time in two different vessels of clearene and then rehydrated through
graded alcohol to 70%. Freshly made 0.5% 30% hydrogen peroxide in methanol
was used to block endogenous peroxidase for 10 minutes. Sections were
washed 3 X 2 minutes in TBS buffer, pH 7.2-7.6. (10X concentrate TBS
prepared by mixing 80g Nacl and 6.053g Tris base in 1L of distilled water).

Heat induced-epitope retrieval methods were employed by boiling the slides
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in 1ImM EDTA (pH 8.0) in distilled water for 25 minutes in microwave at 50%

power.

Slides were incubated in Avidin solution for 20 minutes, followed by 3 X 2
minutes washes. This was followed by incubation in biotin solution for 20
minutes followed by another wash step. Exposed epitopes that the secondary
antibody might non-specifically interact with was blocked using ‘culture
medium’ consisting of Dulbecco’s Modified Eagle Medium (DMEM)
(supplemented with 10% FCS and 2% human serum) was used to block for 20
minutes. Slides were incubated at 4°C overnight in appropriately diluted
primary antibody; 1:1000 dilution of anti-PIK3CD (LifeSpan BioScience, Inc
#LS-C338531/63835).

Sections were washed 3 X 5 minutes in TBS and incubated in 1:400 of
biotinylated rabbit anti mouse (Dako, #E0413) secondary antibody for 30
minutes. After a second 3 X 5 minutes TBS wash steps, sections were
incubated for 30 minutes in streptavidin biotin-peroxidase complexes (Elite
vectastain ABC kit, Vector laboratories # PK-6100) was prepared 30 minutes
in advance by combining 1:1:75 parts of reagent A, reagent B and TBS
respectively. This allows time for streptavidin to form complexes with biotin
peroxidase for amplification of signal. Sections were washed and incubated in
freshly prepared DAB (2-component DAB pack, BioGenex # HK542-XAK)
substrate for 5 minutes followed by a quick rinse in TBS and 5 minutes wash
under running tap water. For approximately 1ml of DAB, 32ul of DAB
chromogen and 50pl of 15% sodium azide were added to 1ml of stable DAB
substrate buffer. Counter staining was performed in Mayer’s haematoxylin for
20 seconds after which sections were allowed to blue under running tap water
for 5 minutes. Dehydration of slides was performed at 1 minute in each graded
alcohols to clearene, followed by mounting in pertex. Sections were allowed
to dry and images observed using a standard light microscope. Images were
captured on Olympus BX51, CC12 (dotSlide), and Nikon Coolpix 950

microscopes.

94



Investigating host regulatory pathways that limit immunopathology in TB.

Sections from each lung tissue was used for staining for CD68 by IHC using
protocols and equipment located within the Southampton General hospital
diagnostic IHC laboratory by an automated system. Briefly, 4um FFPE sections
were mounted on Superfrost Plus adhesive slides before drying at 60 ° C for
30 mins to assist with tissue annealing and removal of excess wax.
Deparaffinization, hydration and antigen demasking was completed by heat
induced epitope retrieval (HIER) using High pH Target retrieval solution (Dako,
K8004) and a standardized protocol on PT Link (Dako, Denmark).

IHC staining was completed using EnvisionFLEX+ (Dako, K8002) detection
system and automated Dako Link 48 equipment (Dako). Endogenous
Peroxidases were blocked using Peroxidase Blocking Solution. For detection
of CD68 the ready-to-use monoclonal mouse antibody, clone PG-M1 (Dako,
IR613), was incubated for 20 minutes at room temperature. The primary
antibody was detected using a secondary HRP conjugate (EnvisionFLEX+ HRP)
for 20minutes. Final visualization used 2x 5minute incubations of DAB to
produce a brown chromogenic pigment indicating positivity. Sections were
counterstained with Hematoxylin (Dako, K8008) to identify nuclei, dehydrated,

cleared and mounted.

2.19 Statistical analysis

All data were analysed using GraphPad Prism version 6. Parametric unpaired
t-test was used to ascertain significance of results obtained. P values < 0.05
were considered significant results, otherwise insignificant. In experiments
where secreted proteins were analysed, triplicate samples were used and the
experiments were performed in three different donors. RT-qPCR experiments
were analysed in duplicate and in at least two different donors. All bar charts

are a representation of the + SD of the mean.
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3. CHAPTER 3: RESULTS PART |

Characterisation of Cells and their response to

pharmacological treatment and M.tb infection

3.1 Overview

The aim of this project was to identify host regulatory pathways that suppress
TB immunopathology. This was investigated by studying the effects of PI3K
inhibition on MMP-1 production by macrophages, and by dissecting signalling
cascades downstream of the PI3K pathway that modulate pathogenic MMP-1

production in TB.

3.2 Methods

Firstly, this project sought to confirm M.tb -driven up-regulation of MMP-1
in THP-1 cells and in human primary macrophages. THP-1 cells and human
monocytes were differentiated into macrophages and infected with either UV
killed or live H37RV strain of M.tb . Supernatant samples were harvested at
72 hours post M.tb infection, and levels of secreted MMP-1 were determined
by ELISA or Luminex assays. In other experiments, PI3K§ and other
downstream effector proteins of the PI3K pathway were pharmacologically
inhibited before infecting cells with M.tb . Again, secreted MMP-1 was
measured in samples harvested at 72 hours post-infection by ELISA. The
luminex array system was employed to decipher the global effect of PI3K
pathway inhibition on multiple MMPs and on a variety of cytokines and

chemokines.

3.3 Chapter Hypothesis

Destruction of lung matrix and subsequent cavitation are characteristic hallmarks of
Pulmonary TB, the most infectious form of TB (Behr et al., 1999). Crucial roles of

MMP-1in various pathogenic conditions have been identified, where their up-
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regulation often correlate with disease severity (Zeng et al.,, 2006). Recent
developments have highlighted negative regulatory role of intracellular signalling
including the PI3K/AKT/mTOR pathway in disease (Fukao and Koyasu, 2003, Fukao
et al., 2002), but this has not been studied in TB. | therefore proposed that signalling
downstream of the PI3K pathway negative regulates MMP-1 in macrophages to limit
disease progression. This led to the hypothesis that chemical blockade of this
pathway and its downstream mediators would accentuate MMP-1 production in

macrophages.

3.4 Aims

The primary aim of this chapter was to investigate the modulation of M.tb -
driven MMP-1 by macrophages upon inhibition of the PI3K pathway. The initial
experiments sought to carry out various optimisation protocols in order to
establish the appropriate cell culture conditions required for this study. Next,
the regulatory pathways under study were pharmacologically inhibited to
define the effects of such chemicals on MMP production by macrophages. This

chapter will highlight the following:
e Characterisation of THP-1 cells and primary macrophages.
e Confirmation of phagocytic ability of MDMs.
e Optimisation of seeding density and kinetics of MMP-1 secretion.

e The effect of pharmacological inhibition of PI3K pathway on MMP-1

secretion by macrophages.

e Dissection of the role of intracellular signalling in regulating protease

secretion.

3.5 M-CSF-induced Monocyte Derived Macrophages (MDMs)

Monocytes that were isolated from PBMCs by adherence purification were
stimulated with 100ng/ml M-CSF as described above. Following adherence

purification, monocytes remain attached to tissue culture plates, with a
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circular morphology (Figure 16A). Upon incubation with M-CSF, monocytes
differentiated to macrophages with the typical ‘fried egg’ looking morphology
(Figure 16B).

3.5.1 MDMs express known macrophage markers

Although the observed fried-egg-like morphology of generated MDMs give an
indication that the cells are indeed macrophages, it was important to use other
approaches to confirm this. Flow cytometry was used to determine whether or
not the macrophages expressed cell surface receptors and markers known to
be typically expressed by macrophages. This was particularly necessary since
adhesion purification was used in isolating MDMs in this project. This method
is known to potentially result in contamination of the required cell population
by non-adherent cells including lymphocytes. It was therefore important to
ensure that the cells that were isolated and used for this study were a true
representation of the type of polarised macrophages that are predominant in
TB infection. Peripheral and tissue macrophages are known to express cell
surface receptors including CD (Cluster of Differentiation) 14, CD80 and
CD163. | confirmed that the generated MDMs expressed CD11c, CD14, CD36,
CD80 and CD163 (Figure 20).
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Figure 19: In vitro Monocyte-derived macrophages express receptors that are found on
macrophages in vivo. MDMs were analysed by Flow Cytometry for the expression of known
macrophage cell surface receptors. A: Forward and side scatter (Left) indicates the presence
of macrophages in the population of cells used. Both the population of cells that were not
antibody-stained and those stained with IgG (PE-isotype control) shows no PE signal. B: PE-
conjugated antibodies show a shift (to the right) of cell populations that express CD11¢, CD80
and CD163. C: APC-conjugated antibodies also show a shift to the right, indicating expression
of CD14 by the MDMs.

3.5.2 Kinetics of the ability of MDMs to phagocytose M.th

Macrophages play crucial roles in the immune response to TB (Guirado, 2013).
The initial host response upon inhalation of M.tb is the capture of the bacilli
by alveolar macrophages (AM) (Guirado, 2013, Ehlers and Schaible, 2013).
Peripheral monocytes are continuesly recruited to developing granulomas at
the site of M.tb infection, where they engulf bacteria released from dying
macrophages and further differentiate to various forms of polarised
macrophages in order to attempt to contain the infection (Ehlers and Schaible,
2013). It was therefore important for our system to replicate this phagocytosis

ability of macrophages.
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Figure 20: Kinetics of MDMs ability to phagocytose M.tb . Cells were infected with GFP-M.tb
and stained with HLA-DR. A: Adherence purification generates good population of
macrophages with a low (1.2%) lymphocyte contamination. B: Specificity of anti-HLA-DR
antibody. C & D: Mean fluorescence intensity (MFI) indicating GFP-expressing cells were
measured at increasing levels as a function of time. Macrophage ability to capture M.tb was

determined by Flow Cytometry.

MDMs were infected with GFP-tagged M.tb and cells lysed at different time
points to ascertain the kinetics of M.tb engulfment by macrophages (Figure
21). Antibodies against the macrophage surface marker HLA-DR was used to
stain the cells. Macrophage-ingested M.tb was measured at different time
points for the first 6 hours of infection with increasing levels of M.tb engulfed

over longer period of time.

3.6 Optimisation Experiments

In an in vitro study of this nature, most of the investigation was carried out
using macrophages and/or macrophage-like cell lines in other to replicate the
in vivo phenotype. It was therefore necessary to establish the optimal time
point to study and appropriate number of cells needed in order to achieve

adequate levels of secreted MMP-1 that can be detected by ELISA assay.

3.6.1 Kinetics of MMP-1 secretion by MDMs

MDMs were incubated for up to 72 hours post M.tb infection in order to
ascertain the appropriate incubation time required for ELISA-detectable level

of MMP-1. The cells secreted MMP-1 into the supernatant samples, and this
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was easily detected by ELISA at 72 hours post M.tb infection of MDMs (Figure
22).
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Figure 21: Optimisation Experiments. MDMs were infected with M.tb and supernatant
samples harvested at different time points for MMP-1 analysis by ELISA. A: Samples were
harvested at 6 hrs, 24 hrs, 48 hrs and 72 hrs post M.tb infection. B: Samples were harvested
at 24 hrs, 48 hrs and 72 hrs post M.tb infection. The highest secretion of M.tb -driven MMP-
1 was measured at 72 hours post infection. A and B are two experiments performed on two
different occasions in triplicate conditions. P values are Student’s t-test, with P value < 0.05

considered significantly different.

3.6.2 MMP-1 secretion profile in THP-1 cell

THP-1 cells were seeded at 2.5x10° 5x10°, 1x10° and 1.5x10°, in triplicate
wells in 48 multi-well tissue culture plates. The highest level of secreted MMP-
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1 was detected from supernatant samples that were harvested from wells
containing 1.5x10° THP-1 cells (Figure 23). THP-1 cells were therefore seeded
at 2.5x10° cells per cm?. However, the surface area of 48 well plate (.75cm?)
permits a maximum of 5x10° cells per well, which is inadequate for obtaining
ELISA-detectable level of MMP-1 secretion by macrophages. For this reason,
subsequent experiments using THP-1 cells were carried out using 24 well

plate (2.00cm?) at 1x10° whenever possible.

A

5000 . % £ 2000

250

500 1000
Seeding density X 103
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Figure 22: Optimisation Experiments. THP-1 cells infected with UV killed M.tb secreted
MMP-1 at 72 hours post infection in an increasing order of seeding density. A and B are two
experiments performed on two different occasions in triplicate conditions. P values are
Student’s t-test, with P value < 0.05 considered significantly different. Ordinary One-Way
ANOVA has been performed to confirm the significance of differences among means.

3.7 PI3K signalling negatively regulates MMP-1 in TB
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Figure 23: Simplified schematic of the PI3K pathway (upstream signalling events). The
important effectors of PI3Ks are highlighted. PTEN, PDK1, AKT and mTORC-1 were all targeted
by chemical inhibition in this study, and their effect on MMP-1 production ascertained.

3.7.1 PI3K inhibitors augment M.tb -driven MMP-1 in MDMs

M.tb infection significantly upregulated MMP-1 secretion. The pan-PI3K
inhibitor, LY294002 surprisingly further enhanced this M.tb-driven MMP-1
both at the secretion (Figure 25A) and gene expression (Figure 25B) levels.
LY294002 globally inhibits PI3K activity. It was therefore necessary to confirm
this result in the context of other inhibitors of PI3K pathway. For this reason,
a different compound that also targets the PI3K pathway by blocking PI3Ks
and PDK1 (NVP-BAG956) was used to treat the cells prior to M.tb infection.
Again, M.tb -driven MMP-1 produced by macrophages was significantly
elevated by NVP-BAG956 (Figure 26).
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Figure 24: PI3K inhibitors augment M.tb -driven MMP-1. MDMs were pre-treated with
10uM of LY294002 for two hours prior to M.tb infection. A: Supernatant samples were

harvested after 72 hours post infection for MMP-1 detection by ELISA. M.tb drove secretion
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of MMP-1 in macrophages. Global inhibition of PI3K pathway by LY294002 further enhanced
this production of MMP-1 by macrophages. B: LY294002 similarly elevated M.tb -driven
MMP-1 gene expression in macrophages at 48 hours post infection. Data show mean and
standard deviation of experiments performed in triplicates and is representative of
experiments performed on a minimum of three donors at separate occasions. P values are
Student’s t-test, with P < 0.05 considered significantly different.

10000-
0.0010
8000- T
£ 6000-
()]
g
N
40001 0.0029
2000- ﬁ
oL -

Mitb - + - +
NVP-BAG956 uM - - 10 10

Figure 25: NVP-BAG956 also augments M.tb -driven MMP-1. MDMs were pre-treated with
10uM of PI3K/PDK1 inhibitor (NVP-BAG956) for two hours prior to M.tb infection. Supernatant
samples were harvested after 72 hours post infection for MMP-1 detection by ELISA assay.
M.tb induced MMP-1 secretion in macrophages and this was further enhanced by NVP-
BAG956 treatment. Data show mean and standard deviation of experiments performed in
triplicates and is representative of experiments performed on a minimum of three donors at

separate occasions. P values are Student’s t-test, with P < 0.05 considered significantly
different.
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3.8 LY294002 represses AKT phosphorylation

Active PI3K consequently leads to AKT phosphorylation. To further confirm
that LY294002 directly targets PI3Ks in this system, phosphorylation of AKT
at Thr 308 was analysed by western blot. M.tb -induced AKT phosphorylation
(Figure 27, lane 2) was suppressed by LY294002 (Figure 27, lane 3). PTEN is a
phosphatase that antagonises the catalytic action of PI3Ks. Inhibition of PTEN
had no effect on M.tb -driven AKT phosphorylation (Figure 27, lane 4).

p-AKT 62 kDa » e G — Y

t-AKT 60kDa » W - .

M.tb - + + +
LY294002 - - + -
PTENi - - - +

Figure 26: Modulation of AKT phosphorylation by LY294002 and PTEN
inhibitor. MDMs were pre-treated with 10uM of LY294002 or 10uM PTEN
inhibitor (bpv(Phen)) for two hours prior to M.tb  infection. Western blot
analysis shows that LY294002 suppressed, whilst PTEN inhibition exerted no
change, on M.tb -driven AKT phosphorylation 2 hours post M.tb infection.

Experiment was performed in on three different occasions.
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3.9 The delta isoform of PI3K mediates MMP-1 regulation
in MDMs

There are eight known PI3K isoforms classified under three main classes. To
decipher the exact PI3K isoform that mediates the signalling that culminates
in negative regulation of MMP-1 in TB, the isoforms of class IA (a, B and 6);
and the class IB (y) PI3K proteins were targeted by chemical inhibition.
Although PI3Ka inhibitor augmented M.tb -driven MMP-1 (Figure 28A), the
response was not as marked as that driven by PI3K6 inhibition (Figure 28D).
The effect of inhibition of PI3KB on MMP-1 began with slightly elevated M.tb
—-driven MMP-1 at a low concentration of 0.015nM, which was repressed when
the concentration was increased by 10 and 100 fold respectively (Figure 28B).

PI3Ky inhibitors showed a suppression effect on MMP-1 secretion (Figure 28C).
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Figure 27: Figure 28: Modulation of M.tb -driven MMP-1 by o, B, y and 6 PI3K isoforms.

MDMs were pre-treated with class | PI3K isoform inhibitors at different concentration for two

hours prior to M.tb - infection. Supernatant samples were harvested after 72 hours post

infection for MMP-1 detection by ELISA assay. A: PI3Ka inhibition augments MMP-1 secretion.

B: Low dose of PI3KB inhibitor also elevates MMP-1, with higher concentrations causing a

reduction in MMP-1 secretion C: PI3K gamma inhibition suppressed MMP-1 in a dose
dependent manner. D: PI3K§ inhibition by IC87114 consistently augments MMP-1 secretion

in macrophages. Data show mean and standard deviation of experiments performed in

triplicates and is representative of experiments performed on three donors at separate

occasions. P values are Student’s t-test, with P < 0.05 considered significantly different.
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3.10 Targeting PI3K in THP-1 cells suppresses MMP-1

Generation of adequate amount of primary MDMs to undertake an
investigation of this nature can be highly costly. For this reason, alternative
macrophage-like cell types were explored to determine the most time and
cost effective system to use for this study. M.tb up-regulates MMP-1 in THP-
1 cells and primary macrophages, and PI3K inhibitors further elevating the
MRNA and secreted MMP-1 in MDMs. PI3K inhibition was performed using
THP-1 cells to establish phenotype reproducibility in surrogate macrophages.
THP-1 cells were treated with vitamin D for 4 hours to differentiate to
macrophages. Cells were next treated with LY294002 and IC87114 (a selective
PI3K& inhibitor) for two hours prior to UV-killed M.tb infection. Contrary to the
results observed in primary macrophages, both the pan PI3K inhibitor,
LY294002 and the PI3K& specific inhibitor, IC87114, induced repression of
M.tb -driven MMP-1, (Figure 29) and this was not expected. Following this

result, all subsequent experiments were carried out using primary MDMs.
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Figure 28: PI3K inhibition profile in THP-1 cells. Vitamin D-differentiated THP-1 cells were
pre-treated with 10uM of the PI3K inhibitor LY294002, and 0.5 uM, 1.0 uM and 5.0 uM of
IC87114 for two hours prior to M.tb - infection. Supernatant samples were harvested after
72 hours post infection for MMP-1 detection by ELISA assay. PI3K inhibitors modulate MMP-
1 secretion in an unexpected manner, with both LY294002 and IC87114 eliciting suppression
of M.tb -driven secretion of MMP-1 in THP-1. Data show mean and standard deviation of
experiments performed in triplicates and is representative of experiments performed on three

occasions. P values are Student’s t-test, with P < 0.05 considered significantly different.

3.11 MMP-1 regulation by PI3K inhibitors is AKT-dependent

AKT is a very important effector of the PI3K pathway (Cantley, 2002). AKT
phosphorylates to activate or suppress numerous proteins which are all
involved in regulation of cell growth, proliferation and survival (Cantley, 2002,
Vanhaesebroeck et al., 2001, Vanhaesebroeck et al., 2012). Inhibition of AKT
also significantly augmented M.tb -driven MMP-1 in macrophages (Figure 30).
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Figure 29: AKT inhibition drives elevated MMP-1 secretion in M.tb -infected
macrophages. MDMs were pre-treated with AKT inhibitor for two hours prior to M.tb -
infection. Supernatant samples were harvested after 72 hours post infection for MMP-1
detection by ELISA assay. Inhibition of AKT at 0.1uyM, 1puM and 10uM by MK-2206
dihydrochloride significantly increased MMP-1 secretion compared to levels driven by M.tb
alone and control samples. Data show mean and standard deviation of experiments performed
in triplicates and is representative of experiments performed on three occasions. P values are
Student’s t-test, with P < 0.05 considered significantly different.

3.12 mTOR signalling similarly negatively regulates MMP-1

in macrophages.

PI3K signalling merges with the mTOR pathway, which regulates ribosomal
biogenesis and protein synthesis to control cellular response (Di Paolo and De
Camilli, 2006, Laplante and Sabatini, 2012). With AKT inhibition resulting in
increased MMP-1 secretion, mTOR signalling was investigated next. MDMs
were treated with Rapamycin, the classic mTORC-1 inhibitor, to block its
activity prior to M.tb infection. Rapamycin augmented M.tb -driven MMP-1
both at the secretion and gene expression levels (Figure 31 A and B

respectively).
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Figure 30: Rapamycin augments M.tb -driven MMP-1. MDMs were pre-treated with
MTORC-1 inhibitor for two hours prior to M.tb infection. Supernatant samples were harvested
after 72 hours post infection for MMP-1 detection by ELISA assay. In gene expression
experiments, cells were treated with Tri Reagent at 48 hours post M.tb infection for RNA
isolation. A: Suppressing mTORC-1 activity with 5nM, 10nM and 20nM of rapamycin caused
an increased secretion and B: mRNA expression of MMP-1 by M.tb infected macrophages.
Data show mean and standard deviation of experiments performed in triplicates and are
representative of experiments performed on a minimum of three occasions. P values are

Student’s t-test, with P < 0.05 considered significantly different.

3.13 Modulation of MMP-1 by PTEN inhibitors

With AKT inhibitors showing such a marked MMP-1 up-regulation, it was
reasonable to believe that the main product of PI3K activity within the plasma
membrane, PIP; must be critical in this study. PIP; is an intracellular second
messenger signalling molecule which promotes AKT phosphorylation. PIP;
does so by firstly phosphorylating to fully activate PDK1. As discussed above,
MTORC2 and PDK1 then phosphorylate to activate AKT on Ser 473 and Thr
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308 respectively (Di Paolo and De Camilli, 2006, Thomas et al., 2005,
Vanhaesebroeck et al., 2012).

With this in mind, the next logical experiment was to find out whether
increased accumulation of membrane PIP; caused prolonged AKT activation to
suppress MMP-1 secretion. | therefore pre-treated macrophages with various
concentrations of the PTEN inhibitor, bpv(phen) (Santa Cruz Biotechnology, Inc
# sc-221378), followed by M.tb infection. Again, supernatant samples were
harvested at 72 hours after M.tb infection and used for ELISA analysis of MMP-
1. The different concentrations of bpv(phen) used in this study exerted

different effects on MMP-1 production by the macrophages (Figure 32).

PTEN inhibition at 0.5uM, 1uM and 10uM bpv(phen) showed slight increasing
of MMP-1 effect in a dose-dependent manner. 250nM of bpv(phen) increased
MMP-1, whereas suppression effect was observed at 100nM and 500nM.
Although different concentrations of the inhibitor appear to have caused
increasing trend of MMP-1, this was neither reproducible nor significantly
higher than that driven by M.tb only infected macrophages. At the gene
expression level however, PTEN inhibition showed no change on the
accumulation of cellular MMP-1 mRNA compared to levels driven by M.tb
(Figure 32C)
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Figure 31: Modulation of M.tb -driven MMP-1 by PTEN inhibitor. MDMs were pre-treated with

PTEN inhibitor for two hours prior to M.tb - infection. Supernatant samples were harvested

after 72 hours post infection for MMP-1 detection by ELISA assay. A: Although a trend of
increasing MMP-1 secretion was observed at 0.5uM, 1uM and 10uM of the PTEN inhibitor,
bpv(phen), this was not much higher than levels of MMP-1 driven by M.tb only. B: 100nM and
500nM of bpv(phen) suppressed M.tb -driven MMP-1, whilst 250nM bpv(phen) increased
MMP-1. C: At the gene expression level, 38nM bpv(phen) exerted no change in MMP-1
expression in the M.tb -infected macrophages at 48 hours post infection, whereas 10uM of
LY294002 enhanced M.tb -driven MMP-1 as expected. Data show each experiment
performed on different occasions with error bars representing technical replicates within three

samples.
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3.14 Chemical inhibitors were non-toxic to macrophages

Various pharmacological compounds have been used in this study to suppress
activation of target proteins of interest. Lactose dehydrogenase (LDH) is
released by dying cells into their supernatant culture media. LDH cytotoxicity
assay was performed on supernatant samples to evaluate the effect of the
compounds on cell viability. Inhibitors of the various isoforms of PI3K proteins
were used at concentrations ranging between 0.5uM and 10puM. AKT and PTEN
inhibitors were used at concentrations between 0.5uM and 10pM. Rapamycin
on the other hand was used at a much lower concentration range of 5nM to
20nM. At 50nM, rapamycin induced high macrophages death (Figure not
shown). However, none of the concentrations of inhibitors used in this study
exerted a toxic effect on macrophages (Figure 33). All inhibitors were used at

concentrations that were non-toxic to the macrophages.

3.15 PI3K and mTORC-1 inhibitors globally modulate
multiple MMPs in MDMs

Following the effect of LY294002 and Rapamycin on MMP-1 in macrophages,
how these compounds modulate multiple MMPs was investigated next. The
MMPs of interest were analysed by Luminex multiplex assay using the same
samples that were used to generate the data for figures 25 and 31. Whereas
levels of MMP-2,-7, -9 and -12 remained unchanged in all samples, levels of
MMP-1, MMP-3 and MMP-10 were elevated in both LY294002 (Figure 34) and
Rapamycin (Figure 35) treated macrophages compared to that driven by M.tb

only and in uninfected samples.
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concentration in the supernatant samples used in this study was determined. Inhibitors of the

various isoforms of PI3K, AKT and PTEN were used at concentration range of 0.5uM to 10uM.

Rapamycin was used at 5nM-20nM. Data show each experiment performed on different

occasion with error bars representing technical replicates within three samples. . Experiments

were reproducible in all samples used during this project.
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Figure 33: LY294002 globally modulates multiple MMPs. MDMs were pre-treated with PI3K
inhibitor for two hours prior to M.tb - infection. Supernatant samples were harvested after
72 hours post infection for MMP-1 detection by ELISA assay. Luminex profiling of MMPs
demonstrate that M.tb similarly upregulated several MMPs. LY294002 further augmented
MMP-3 and MMP-10 in the same pattern as seen in MMP-1 , but exerted no change in
macrophage-secreted MMPs -2, -7, -9 and -12. Luminex experiments were performed on
two different occasions in two donors each time. Data show mean and standard deviation of
experiments performed in triplicates and is representative of experiments performed on two
donors at separate occasions. P values are Student’'s t-test, with P < 0.05 considered
significantly different. The error bars represent mean + SEM analysed using unpaired student

t test, with P value < 0.05 considered significantly different.
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Figure 34: Rapamycin similarly modulates multiple MMPs globally. MDMs were pre-
treated with mTORC-1 inhibitor for two hours prior to M.tb - infection. Supernatant samples
were harvested after 72 hours post infection for MMP-1 detection by ELISA assay. Luminex
profiling of MMPs demonstrate that M.tb similarly upregulated a wide range of MMPs.
Rapamycin further augmented MMP-3 and MMP-10 in the same pattern as seen in MMP-1,
but exerted no change in macrophage-secreted MMPs -2, -7, -9 and -12. Luminex
experiments were performed on two different occasions in two donors each time. Data show
mean and standard deviation of experiments performed in triplicates and is representative of
experiments performed on two donors at separate occasions. P values are Student’s t-test,

with P < 0.05 considered significantly different.
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3.16 Pathway inhibition differentially modulates M.tb -

driven cytokine levels in macrophages

The global effect of intracellular pathway inhibition on pro-inflammatory
cytokine responses was then investigated in the samples that were used for
the multiple MMPs analysis, to determine whether the effect was limited to
MMPs or more global inflammatory immune responses. A 30-plex cytokine
assay was performed to examine the effect of the various inhibitors that had
been used, on the dynamics of Th1/Th2-type and other cytokines, as well as

a selection of chemokines and growth factors (Figures 36-45).

3.17 PI3K and mTORC-1 inhibition augments pro-
inflammatory cytokine production in M.tb infected

macrophages

M.tb drove the production of pro-inflammatory mediators in macrophages.
LY294002 (Figure 36) and Rapamycin (Figure 37) further elevated Thl-type
cytokines including IL-1B, IL-6, IL-12 and TNFa.
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Figure 35: PI3K inhibition drives inf-lammatory cytokine production in macrophages.

MDMs were pre-treated with PI3K inhibitor for two hours prior to M.tb infection. Supernatant

samples were harvested after 72 hours post infection for multiplex analysis. Luminex profiling
of macrophages show that M.tb infection upregulates pro-inflammatory mediators. These
were further elevated when PI3K was blocked by 10uM of LY294002. Luminex experiments
were performed on two different occasions in two donors each time. Data show mean and
standard deviation of experiments performed in triplicates and is representative of
experiments performed on two donors at separate occasions. P values are Student’s t-test,
with P < 0.05 considered significantly different.
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Figure 36: mTORC-1 inhibition similarly drives inflammatory cytokine production in
macrophages. MDMs were pre-treated with mTORC-1 inhibitor for two hours prior to M.tb
infection. Supernatant samples were harvested after 72 hours post infection for MMP-1
detection by ELISA assay. Luminex profiling of macrophages show that M.tb infection
upregulates pro-inflammatory mediators. These were further elevated when mTORC-1 was
blocked by 10nM of Rapamycin. Luminex experiments were performed on two different
occasions in two donors each time. Data show mean and standard deviation of experiments
performed in triplicates and is representative of experiments performed on two donors at
separate occasions. P values are Student’s t-test, with P < 0.05 considered significantly

different.
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3.17.1 PI3K and mTORC-1 inhibition augments Th2-type cytokine

production in M.tb infected macrophages

M.tb drove the production of anti-inflammatory mediators in macrophages.
Surprisingly, LY294002 (Figure 38) and Rapamycin (Figure 39) further
elevated Th2-type cytokines such as IL-4, IL-10 and IL-13.

IL-10 IL-13
150- 15+
< 0.0001 _0.0079
£ 1004 € 10
> S
o o
2 2 0.0121
2 50- 451 T/
0.0001
0 ﬁ T O T i T

IL-4
20+
0.0021
15+
£
(@]
%10' 0.1341
- - Control
54 mm M.tb
@ LY294002
0 B M.tb +LY294002

Figure 37: PI3K inhibition induces low levels of IL-4, IL-10 and IL-13 in macrophages.
MDMs were pre-treated with PI3K inhibitor for two hours prior to M.tb infection. Supernatant
samples were harvested after 72 hours post infection for multiplex analysis. Luminex profiling
of macrophages show that M.tb infection induced low levels of anti-inflammatory mediators.
These were slightly elevated when PI3K was blocked by 10uM of LY294002. Luminex
experiments were performed on two different occasions in two donors each time. Data show
mean and standard deviation of experiments performed in triplicates and is representative of
experiments performed on two donors at separate occasions. P values are Student’s t-test,

with P < 0.05 considered significantly different.
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Figure 38: mTORC-1 inhibition induce low levels of IL-4, IL-10 and IL-13 in
macrophages. MDMs were pre-treated with mTORC-1 inhibitor for two hours prior to M.tb
infection. Supernatant samples were harvested after 72 hours post infection for multiplex
analysis. Luminex profiling of macrophages show that M.tb infection induced low levels anti-
inflammatory mediators. These were slightly elevated when mTORC-1 was blocked by 10nM
of Rapamycin. Luminex experiments were performed on two different occasions in two donors
each time. Data show mean and standard deviation of experiments performed in triplicates
and is representative of experiments performed on two donors at separate occasions. P values

are Student’s t-test, with P < 0.05 considered significantly different.
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3.17.2 PI3K and mTORC-1 inhibition differentially modulate

chemokine production in M.tb infected macrophages

M.tb drove the production of a wide range of chemokines in macrophages.
Although separate inhibition of PI3K using LY294002 and mTORC-1 by
Rapamycin exerted similar effects on a variety of chemokines, there were some
differences in the pattern of effect between the two compounds. Whereas both
LY294002 (Figure 40) and Rapamycin (Figure 41) further augmented M.tb -
driven RANTES, MIP-1a and MIP-1B, both compounds exerted no change on
the levels of IP-10 and IL-8, but suppressed MCP-1 produced by M.tb -
infected macrophages. LY294002 exerted no change on M.tb -driven MIG,

whereas Rapamycin further elevated M.tb -driven MIG.
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Figure 39: LY294002 differentially modulates a wide range of chemokines. MDMs were
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pre-treated with PI3K inhibitor for two hours prior to M.tb infection. Supernatant samples
were harvested after 72 hours post infection for multiplex analysis. Luminex profiling of
macrophages demonstrate that M.tb infection upregulates a wide range of chemokines.
Whereas there was no change in levels of IP-10, IL-8 and MIG, and a repressive effect on MCP-
1, other chemokines including RANTES, MIP-1a and MIP-18 were all further elevated upon
PI3K blockade by 10uM of LY294002. Luminex experiments were performed on two different
occasions in two donors each time. Data show mean and standard deviation of experiments
performed in triplicates and is representative of experiments performed on two donors at
separate occasions. P values are Student’s t-test, with P < 0.05 considered significantly

different.
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Figure 40: Rapamycin differentially modulates a wide range of chemokines. MDMs were
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pre-treated with mTORC-1 inhibitor for two hours prior to M.tb infection. Supernatant
samples were harvested after 72 hours post infection for multiplex analysis. Luminex profiling
of macrophages demonstrates that M.tb infection upregulates a wide range of chemokines.
Whereas there was no change in levels of IP-10 and IL-8, and a repressive effect on MCP-1,
other chemokines including RANTES, MIP-1a, MIP-18 and MIG were all further elevated upon
MTORC blockade by 10nM of Rapamycin. Luminex experiments were performed on two
different occasions in two donors each time. Data show mean and standard deviation of
experiments performed in triplicates and is representative of experiments performed on two
donors at separate occasions. P values are Student’s t-test, with P < 0.05 considered

significantly different.
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3.17.3 PI3K and mTORC-1 inhibition augment production of growth

factors in M.tb infected macrophages.

M.tb drove the production of a wide range of growth factors in macrophages.
Separate inhibition of PI3K using LY294002 and mTORC-1 by Rapamycin
exerted marked production of VEGF, G-CSF, and FGF-BASIC with the exception
of a slight suppression of EGF by Rapamycin (Figure 43) as opposed to
elevation by LY294002 (Figure 42).
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Figure 41: LY294002 augments a wide range of growth factors in M.th -infected
macrophages. MDMs were pre-treated with PI3K inhibitor for two hours prior to M.tb
infection. Supernatant samples were harvested after 72 hours post infection for multiplex
analysis. Luminex profiling of macrophages demonstrate that M.tb infection upregulates a
wide range of growth factors. These were further elevated when PI3K was blocked by 10uM
of LY294002. Luminex experiments were performed on two different occasions in two donors
each time. Data show mean and standard deviation of experiments performed in triplicates
and is representative of experiments performed on two donors at separate occasions. P values

are Student’s t-test, with P < 0.05 considered significantly different.
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Figure 42: mTOC1 inhibition augments a range of growth factors in M.tb -infected
macrophages. MDMs were pre-treated with mTORC-1 inhibitor for two hours prior to M.tb
infection. Supernatant samples were harvested after 72 hours post infection for multiplex
analysis. Luminex profiling of macrophages demonstrate that M.tb infection upregulates a
wide range of growth factors. Apart from suppression of EGF, most of the growth factors were
further elevated when mTOC1 was blocked by 10nM of Rapamycin. Luminex experiments were
performed on two different occasions in two donors each time. Data show mean and standard
deviation of experiments performed in triplicates and is representative of experiments
performed on two donors at separate occasions. P values are Student’s t-test, with P < 0.05

considered significantly different.
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3.17.4 PI3K and mTORC-1 inhibition augment a wide range of

cytokines in M.tb infected macrophages

M.tb drove the production of a variety of other cytokines in macrophages.
Separate inhibition of PI3K using LY294002 (Figure 44) and mTORC-1 by
Rapamycin (Figure 45) enhanced production of IFN-1, IL-7, and IL-15 with the
exception of a slight suppression of IL-RA by LY294002.
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Figure 43: PI3K inhibition augments a wide range of cytokines in M.tb -infected
macrophages. MDMs were pre-treated with PI3K inhibitor for two hours prior to M.tb
infection. Supernatant samples were harvested after 72 hours post infection for multiplex
analysis. Luminex profiling of macrophages demonstrate that M.tb infection upregulates a
wide range of cytokines. These were further elevated when PI3K was blocked by 10uM of
LY294002. Luminex experiments were performed on two different occasions in two donors
each time. Data show mean and standard deviation of experiments performed in triplicates
and is representative of experiments performed on two donors at separate occasions. P values

are Student’s t-test, with P < 0.05 considered significantly different.
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Figure 44: mTOCL Inhibition augments various other cytokines in M.tb  -infected
macrophages. MDMs were pre-treated with mTORC-1 inhibitor for two hours prior to M.tb
infection. Supernatant samples were harvested after 72 hours post infection for multiplex
analysis. Luminex profiling of macrophages demonstrate that M.tb infection upregulates a
wide range of cytokines. These were further elevated when mTOC1 was blocked by 10nM of
Rapamycin. Luminex experiments were performed on two different occasions in two donors
each time. Data show mean and standard deviation of experiments performed in triplicates
and is representative of experiments performed on two donors at separate occasions. P values

are Student’s t-test, with P < 0.05 considered significantly different
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3.17.5 Summary of how PI3K and mTORC-1 inhibition has global
effects on MMPs, cytokines and chemokines secreted by
macrophages.

In order to determine whether the effect on MMP-1 is specific or widespread,
Luminex array profiling was performed for multiple MMPs, cytokines,
chemokines and growth factors (Figures 34 and 45). The MMPs upregulated
including MMP-1, MMP-3 and MMP-10 are frequently synergistically
regulated, but the very widespread upregulation of cytokines and chemokines
was unexpected. Figures 46 and 47 show a summary of the global effect of
PI3K and mTORC-1 inhibition on a wide range of MMPs, cytokines,

chemokines and growth factors.
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Figure 45: PI3K inhibition globally modulates a wide range of pro-inflammatory
signalling molecule secretion. MDMs were pre-treated with PI3K inhibitor for two hours
prior to M.tb infection. Supernatant samples were harvested after 72 hours post infection for
multiplex analysis. Luminex profiling of macrophages demonstrate that M.tb infection
upregulates a wide range of MMPs, cytokines, chemokines and growth factors. Luminex

experiments were performed on two different occasions in two donors each time.
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Figure 46: mTORC-1 inhibition globally modulates a wide range of pro-inflammatory
signalling molecule secretion. MDMs were pre-treated with mTORC-1 inhibitor for two
hours prior to M.tb infection. Supernatant samples were harvested after 72 hours post
infection for multiplex analysis. Luminex profiling of macrophages demonstrate that M.tb
infection upregulates a wide range of MMPs, cytokines, chemokines and growth factors. These
were further elevated when mTORC-1 was blocked by 10nM of Rapamycin. Luminex

experiments were performed on two different occasions in two donors each time.
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3.18 Discussion of results chapter |

This study has confirmed that M.tb drives up-regulation of MMP-1 in
macrophages. Monocyte-derived macrophages (MDMs) were generated by
stimulation of isolated monocytes with M-CSF for five to seven days. The
morphology of the cells that were generated (Figure 16) suggests they were
macrophages. CD14 (cluster of differentiation 14) is a macrophage-expressed
glycosylphosphatidylinositol-linked plasma-membrane glycoprotein which
interacts with bacterial lipopolysaccharide (LPS) to induce inflammation, but
also mediates recognition and removal of apoptotic cells (Andrew Devitt,
1998). Intracellular pathogens trigger induction of CD80 expression on
monocytes, and these interact with T cells and mediate their ability to produce
IFN-y response (Carlos S. Subauste, 1998 ). The cell-surface glycoprotein
receptor CD163 belongs to the scavenger receptor cysteine-rich (SRCR) family
class B, and is highly expressed on resident tissue macrophages in vivo
(Fabriek et al., 2005, Fabriek et al., 2009). The expression of CD11c, CD14,
CD80 and CD163 by the differentiated monocytes (Figure 20) further suggests
that the MDMs generated had the ability to function in a similar manner to

macrophages in vivo (Khazen, 2005, Martinez-Pomares, 1996, Taylor, 2005).

A major role of macrophages, which is of paramount importance to the
development of successful host immunity in infection, is their ability to
recognise and phagocytose pathogens (Mohamed A. Elhelu, 1983). Human
Leukocyte Antigen - antigen D Related (HLA-DR) is an MHC class Il cell surface
receptor highly expressed on antigen presenting cells (APCs) including
macrophages (Bright and Munro, 1981). The high expression of HLA-DR by
the MDMs confirmed that greater population of the cells were macrophages,
with the histogram chart indicating specificity of antibody interaction with
HLA-DR compared to the PE IgG isotype control (Figure 21). Since GFP-
expressing M.tb was used to infect MDMs, the high population of cells
expressing both HLA-DR and GFP were a strong indication of macrophages
that had phagocytosed M.tb (Figure 21).
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This study hypothesised that intracellular signalling pathways negatively
regulate MMP-1 in TB. In this chapter, | demonstrate that indeed M.tb
consistently drives MMP-1 in THP-1 and in primary macrophages, and that
the pan-PI3K inhibitor, LY294002 augments this response in primary
macrophages, but not in THP-1 cells. THP-1 cells were first isolated from the
blood of a 1 year old with acute monocytic leukaemia (Tsuchiya et al., 1980).
These cells are pro-monocytic with a unique ability to differentiate to
macrophages upon treatment with 1,25-dihydroxyvitamin D3 (VD3) or 12-
myristate 13-acetate (PMA) (Daigneault et al., 2010) (Park et al., 2007). Due
to their potential to be physiologically macrophage-like, THP-1 cells are
extensively used in the laboratory as substitute for primary macrophages in
cell culture models (Schildberger et al., 2013).

In THP-1 cells, PI3K inhibition by LY294002 surprisingly caused suppression
of MMP-1 (Figure 29). This was contrary to the effect of LY294002 on MMP-1
secretion in macrophages (Figure 25). Although THP-1 cells share numerous
common features with primary macrophages, they exhibit limitations in the
ability to replicate all the responses seen with macrophages derived from
peripheral blood mononuclear cells (PBMCs) that are freshly isolated from
human blood (Schildberger et al., 2013). Moreover, given they are cancerous
cells, continues culture of THP-1 cells could induce mutations that renders
the PI3K/AKT/mTOR and the Ras to MAPK pathways constitutively active. If
any such modifications affect the cell’s ability to produce pro-inflammatory
mediators, then it is likely that in THP-1 cells, LY294002 potentially alters
downstream mediators that positively regulate MMP-1, thereby exerting the

MMP-1 suppression observed.

Intracellular signalling is highly complex, with the PI3K/AKT/mTORC-1 axis
of the PI3K pathway mediating critical signalling cascades that culminates in
downstream cellular responses (Guha and Mackman, 2002, Vanhaesebroeck
et al., 2012). Given the crucial role of this pathway in cell growth, proliferation
and survival, mutations that lead to constitutive activation of the PI3K pathway

has been identified in a variety of cancers (Vara et al., 2004). It is however
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becoming increasingly apparent that this pathway also mediates negative
regulatory roles in immune disorders and pathological conditions (Fukao and
Koyasu, 2003, Aksoy et al., 2012).

As shown in figure 28, although inhibition of PI3Ka and PI3KB in M.tb infected
primary macrophages drives increased MMP-1 secretion, PI3K& inhibition
results in even marked upregulation of M.tb -driven MMP-1. This result
suggests that PI3Ka and B isoforms are contributors, rather than the main
isoforms involved in the regulatory role proposed. PI3K «, B and & all belong
to the class 1A PI3K proteins. However, whereas PI3Ka and PI3K isoforms are
ubiquitously expressed in mammalian tissues, PI3Ké is selectively highly
enriched in leukocytes such as macrophages (Chantry et al., 1997). It is
therefore likely that PI3K6 is the core mediator of the PI3K negative regulatory
function in TB. Findings from this study are in concert with previous reports
that the delta isoform of PI3Ks mediates negative regulatory role in pathogenic
conditions. In LPS-stimulated monocytes, PI3K§ was shown to suppress the
production of TNF, IL-1 and IL-6 which are all potent pro-inflammatory
cytokines (Molnarfi et al., 2008). These cytokines have also been linked to
necrosis and tissue destruction in TB (Molnarfi et al., 2008). PI3K& has been
reported to be the specific isoform that drives cellular survival signals in acute
and chronic leukaemia (Herman et al., 2010, Sujobert et al., 2005). PI3Ké has
also been demonstrated to mediate a balance between pro- and anti-
inflammatory immunity in response to numerous pathogenic insults (Aksoy et
al., 2012, Molnarfi et al., 2008).

Suppression of MMP-1 by PI3Ky was not expected. PI3Ky belongs to the class
1B PI3Ks and are also selectively enriched in leukocytes (Williams et al., 2009).
They are however activated by GPCRs, which may be essential for MMP-1
production, but has not been reported to mediate macrophage responses to
M.tb infection. A full investigation of the Class Il and Ill PI3K proteins lie

beyond the scope of this study and have therefore not been discussed here.
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In order to decipher the important mediators in the effect of intracellular
pathway inhibition on MMP-1 secretion, components that are downstream of
the PI3K pathway such as AKT (Figure 30) and mTORC-1 (Figure 31) were
studied. As previously discussed, both AKT and mTORC-1 inhibition also
resulted in elevated secretion of MMP-1 in M.tb infected macrophages.
Crosstalk of PI3K, AKT and mTOR signalling pathways are well documented
(Cantley, 2002, Vanhaesebroeck et al., 2012). It was therefore not surprising
when inhibition of PI3K, AKT and mTORC-1 all elicited similar MMP-1 up-
regulation effect. Active PI3K protein mediates AKT phosphorylation via
PI(3,4,5)P;. AKT in turn activates mTORC-1 signalling. Downregulation of
MMP-1 and MMP-13 was shown to occur via PI3K-dependent phosphorylation
of AKT in human chondrocytes (Litherland et al., 2008). This is consistent with
the negative regulatory role of intracellular signalling that was hypothesised
by this study. Given the consistent enhancing effect of PI3K/AKT/mTOR
pathway inhibition on MMP-1 production in M.tb -infected macrophages, this
research has shed new insight into negative regulatory functions of this

signalling in TB immunopathology.

Following the results discussed so far, this study sought to investigate whether
prolonged active PI3K/AKT/mTORC-1 signalling directly represses MMP-1.
Membrane PI(3,4,5)P; localisation was prolonged by inhibiting PTEN, the PI3K
antagonist which catalyses the conversion of membrane PI(3,4,5)P; back to
PI(4,5)P, . Interestingly, the result was inconclusive (Figure 22), with

suppression seen but not in a consistent dose-dependent manner.

Enhanced accumulation of PI(3,4,5)P; did not show direct MMP-1 suppression
effect as expected by PI3K signalling. This is likely to be due to the
involvement of other PI3K-derived intracellular signalling molecules in MMP-
1 regulation. As described above, dephosphorylation of PI(3,4,5)P; at the 5'-
position by SH2 domain-containing inositol 5'-phosphatase(SHIP) and/or
inositol polyphosphate 5'-phosphatase (INPP5) leads to the production of
PI(3,4)P2, which is also a signalling molecule that mediates various

downstream intracellular events (Vanhaesebroeck et al., 2001). It is possible
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that PI(3,4)P2 signalling contributes towards the PI3K negative regulation of
MMP-1. Although not clear at this stage, one thing can be concluded; be it
up-stream or downstream effect, other unknown input(s) contribute towards
the negative regulatory role played by the PI3K/AKT/mTORC-1 signalling in
TB.

In recent years, a considerable number of studies have documented the tissue
destructive role of MMP-1 in various pathogenic conditions such as
emphysema (D'Armiento et al., 1992a, Foronjy et al.,, 2003, Selman et al.,
1996), COPD (Finlay G. A., 1997, Rozynska et al., 2005) and TB (Elkington et
al.,, 2011a, Salgame, 2011, Greenlee et al., 2007, D'Armiento et al., 1992b).
These studies have heightened the need for deeper understanding of the role

that similar pathogenic MMPs play in disease.

Although most MMPs have non-specific substrates and together they have
unique ability to degrade all the components of ECM (Parks et al., 2004, David,
1970), a growing body of literature is recognising crucial balances between
different MMPs that have similar affinities for common substrates (Green et
al., 2011, Friedland et al., 2002). This is likely to underpin why variations in
the kinetics of different MMP production in the context of specific cell types
may confer critical mechanisms for regulation of tissue remodelling. As shown
above, M.tb up-regulates MMP-1 in macrophages, and this is further elevated
by PI3K inhibitors (Figures 25, 26 and 28).

The interstitial collagenase, MMP-1 is one of the most characterised MMPs in
pulmonary TB. Type | fibrillar collagen is abundant in the lung tissue and is
relatively resistant against enzymatic cleavage (Crystal, 1997.). Together, the
collagenases (MMPs -1, -8 and -13) cleave all types of helical interstitial
collagens, with MMP-1 in particular mediating cleavage of types I, Il and Il
fibrillar collagen at neutral pH (Page-McCaw et al., 2007, Parks et al., 2004,
Elkington et al., 2011c).

Given that M.tb must cause lung tissue destruction to drive pathology, it was

not surprising that the bacilli upregulated MMP-1 in macrophages. Analysis of
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sputum and bronchoalveolar lavage fluid (BALF) from pulmonary TB patients
revealed that M.tb infection increases MMP-1, and this was in concert with
other data demonstrating that in human primary monocytes, M.tb selectively
drives MMP-1 secretion and gene expression (Elkington et al., 2011a). The
simultaneous M.tb -driven up-regulation of MMPs-2, -3, -7 and MMP-10

(Figure 34) was however not expected.

Although human Stromelysins (Stromelysin-1 or MMP-3, Stromelysin-2 or
MMP-10 and Stromelysin-3 or MMP-11) do not directly degrade types | and Il
fibrillary collagen, they nevertheless contribute towards connective tissue
remodelling both directly and indirectly. MMP-3 degrades collagen IV, V, IX,
X, and laminin (Woessner, 1991), whilst MMP-10 cleaves collagen IlI, IV, V and
elastin (Justilien et al., 2012, Barksby et al., 2006). Both MMP-3 and MMP-10
degrade gelatin, proteoglycans and fibronectin (Barksby et al., 2006, Vincenti
and Brinckerhoff, 2007). Interestingly, these Stromelysins are believed to
indirectly mediate ECM tissue destruction due to their ability to mediate
activation of other pathogenic MMPs. Within the ECM, MMP-3 cleaves to
activate MMP-13 (collagenase-3) whilst MMP-10 activates MMP-7 (Matrilysin)
(Barksby et al., 2006). Most importantly, both MMP-3 and MMP-10 mediate
cleavage of the inactive pro-forms of the collagenases (MMP-1 and MMP-8)
and Gelatinase B (MMP-9), resulting in their full activation and subsequent
collagenase activity in the ECM (Barksby et al., 2006).

As mentioned above, the upregulation of MMP-2 and MMP-7 by M.tb (Figure
34) was also unexpected. Whereas data on the direct and indirect tissue
destructive roles of MMP-1, MMP-3 and MMP-10 continue to grow, the role of
MMP-2 and MMP-7 in TB remain relatively unclear. MMP-2 (Gelatinase A) is
constitutively expressed at elevated levels by a variety of cells, with substrates
including gelatin, types IV collagen, proteoglycans, fibronectin, a2-
macroglobulin, laminin and elastin (Green et al., 2011). The basement
membrane derives its structural support from the presence of type IV collagen.
As a type IV collagenase, MMP-2 degrades the basement membrane and has

been linked to regulation of vascularization and endometrial menstrual

141



Investigating host regulatory pathways that limit immunopathology in TB.

breakdown (Green et al., 2011). To date, there has been no reliable evidence
of tissue destructive role of MMP-2 in pulmonary TB. However, few studies
have investigated the role of MMP-2 in TB meningitis (TBM), where the enzyme

is believed to mediate neuronal apoptosis (Green et al., 2011).

MMP-7 (Matrilysin) cleaves casein, type I, I, IV, and V gelatins, fibronectin and
proteoglycan (Yokoyama et al., 2008). Functions of MMP-7 have not been
extensively investigated in TB. Although M.tb drove upregulation of MMP-1
and MMP-7 in human primary macrophages, demonstrable evidence led to the
conclusion that MMP-7 production in macrophages is not M.tb specific
(Elkington et al., 2005). However, since MMP-10 (also up-regulated by M.tb in
the same samples) cleaves to activate MMP-7, it is likely that MMP-7 also
contributes towards tissue destruction in TB. MMP-7 has been speculated to
be involved in extracellular matrix macromolecule degradation during

pathological conditions in vivo (Imai et al., 1995).

In this study, uninfected macrophages secreted high levels of basal MMP-9
and M.tb infection did not increase this any higher than that secreted by
uninfected macrophages (Figure 34). Gelatinase B (MMP-9) is a type IV and V
collagenase, with other substrates including proteoglycans, fibronectin and
elastin (Van den Steen et al., 2002). Physiological MMP-9 concentrations is
essential for tissue remodelling-mediated cellular processes such as wound
healing (Buisson et al., 1996), angiogenesis (Vu et al., 1998) and migration of
polymorphonuclear neutrophil across basement membrane, possibly
following activation of the zymogen form of MMP-9 by elastase (Delclaux et
al., 1996).

Although monocytes have been reported to produce greater amount of MMP-
9 compared to other MMPs, secretion of the pro-form MMP-9 is tightly
regulated transcriptionally in monocytes (Price et al., 2003). Due to this high
level of transcriptional control, human primary macrophages have not been
commonly used for MMP-9 research in TB. Instead, primary human bronchial
epithelial cells (NHBE) are typically used for a number of MMP-9 studies. NHBE

are known to produce MMP-9 in the context of combined host- and pathogen-
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derived soluble mediators (Elkington et al., 2007), and in response to LPS
stimulation (Pardo et al., 1997, Hetzel et al., 2003). Although MMP-9 was
highly expressed within granulomas in vivo, direct M.tb infection of NHBEs in
vitro did not enhance basal level MMP-9 production (Elkington et al., 2007,
Singh et al., 2014). Macrophages have a pivotal role in host immunity to M.tb
, and MMP-9 may mediate tissue remodelling during granuloma formation by
promoting recruitment of monocytes to ensure stability of the developing

granuloma (Price et al., 2003).

The inability of M.tb to further elevate basal level of macrophage-secreted
MMP-9 re-enforces their tight transcriptional regulation. This also suggests
that in order to drive TB pathology, the bacteria has evolved to specifically up-
regulate MMPs that have potent tissue destructive activities such as the
collagenases (rather than gelatinases) in macrophages. In fact during the early
development of granuloma, it is believed that epithelial cells secrete MMP-9
which is essential for monocyte recruitment to the site of infection. However,
at the advanced stages of TB, macrophages then secrete high levels of MMP-

1 which play crucial role in lung ECM destruction (Salgame, 2011).

Similar to the dynamics of MMP-9 production, the un-infected macrophages
used in this study secreted high levels of basal MMP-12, and M.tb infection
did not increase this any higher than that secreted by un-infected
macrophages (Figure 34). Just like any other MMP, the macrophage
metalloelastase (MME) MMP-12, also possess unique abilities to degrade the
ECM in normal physiological conditions, but unrestricted activity causes
detrimental tissue injury in disease processes. MMP-12 is responsible for the
elastase activity of macrophages (Shapiro et al., 1993b). Existing research
recognises the crucial functions of macrophages-produced MMP-12 in mice,
but this role continues to be unclear in humans (Demedts et al., 2006).
Emerging reports suggest that MMP-12 plays a critical role in the
pathogenesis of cigarette smoke-induced COPD. This is because elevated
levels of the enzyme was determined in induced sputum recovered from COPD

patients compared to those from healthy donors (Demedts et al., 2006,
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Shapiro et al., 1993b). MMP-12 has not been extensively investigated in TB. It
is therefore likely that physiological concentrations of macrophage-produced
MMP-9 and MMP-12 are important for balance, whereas uncontrolled MMP-9
(produced by either macrophages or NHBEs) and MMP-12 activity promotes
tissue destruction in TB.

Both PI3K and mTORC-1 inhibition by LY294002 and rapamycin respectively
further enhanced the production of MMP-1, -3 and -10 without altering M.tb
—-driven MMP-2 and MMP-7 (Figures 34 and 35). These results suggest that
whereas the bacteria deliberately drives production of pathogenic MMPs, the
PI3K pathway functions to supress such pathogenic MMPs that have potent
collagenase and/or direct tissue destructive activity. This way, the intracellular
signalling pathway is able to negatively regulate MMP-mediated tissue
destruction in TB.

Using Luminex array profiling for a range of cytokines, chemokines and
growth factors, this study has demonstrated that inhibition of the PI3 kinase
and mTOR pathways have a widespread effect, with mostly enhanced secretion
of Thl/Th2-type cytokines and differential modulation of a number of
chemokines and growth factors (Figures 36 to 45). This observation was of
major interest because appropriate levels of Thl-type cytokines mediate a
protective antimicrobial immunity during infection, which in TB is essential for
depriving M.tb of its intracellular niche. Uncontrolled production of Thl-type
molecules can however be deleterious and may accentuate disease

progression.

IL-18 has been demonstrated to induce up-regulation of a range of
antimicrobial effectors to directly kill and limit intracellular M.tb replication in
murine models and in human MDMs (Jayaraman et al., 2013). The critical role
of IL-1B in host resistance to M.tb infection had been reported by other groups
previously (Mayer-Barber et al., 2010, Juffermans et al., 2000). This
notwithstanding, over-exuberant production of IL-1B in TB can drive disease

progression by inflicting chronic tissue damage (Zhang et al., 2014). As a
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result of its potential to cause excessive inflammation and tissue damage, the

biological activity of IL-1B is tightly controlled (Dinarello, 2009).

In the same way as IL-1B, physiological production of IL-6, IL-12 and TNF-a
in M.tb infection is also essential for host defence against pathogenic
challenge (Martinez et al., 2013, Cooper et al., 1997, Stenger, 2005). In fact,
IL-1B must promote recruitment of IL-6 and TNF in order to mediate the host
protection against M.tb survival and growth in macrophages (Jayaraman et al.,
2013). However, unregulated over-expression of these Thl-type molecules
has previously been implicated in disease exacerbation by mediating tissue
destruction (Law et al., 1996, Mootoo et al., 2009, Zhang et al., 2012).

Inhibition of both PI3K (Figure 36) and mTORC-1 (Figure 37) signalling
resulted in even marked secretion of IL1-B, IL-6, IL-12 and TNF-a by M.tb -
infected macrophages (Figure 38). Fukao et al described a similar phenotype,
implicating the PI3K pathway as a negative regulator of IL-12p70 production
in TLR signalling by disrupting the p85a regulatory subunit of class 1A PI3Ks
in mice. In this study, the group demonstrated elevated IL-12 production in
splenic DCs and BMDCs isolated from mutant compared to wild type mice. In
line with this observation, the PI3K inhibitor, wortmannin also elicited
pronounced IL-12p70 secretion (Fukao, 2002). Interestingly, IL-12p70
overproduction correlated with loss of anti-parasitic immunity due to
sensitivity to intestinal parasite, strongyloides venezuelensisthis, and this was
restored with TH-2 conditioned BMMCs but not with standard BMMCs. Data
from this study indicates that the PI3K pathway negatively regulates IL-12
production in mice, and this ensures appropriate balance of Thl/Th2-type

response to infection (Fukao et al., 2002).

Taken together, this study suggests that important intracellular signalling
pathways play crucial negative regulatory role to restrict tissue damage in TB
by controlling overproduction of TH1-type cytokines. The pathway inhibitors
similarly augmented a wide range of Th2-type cytokines, chemokines and

growth factors, which was not expected (Figures 38-45). A high level of fine
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tuning of inflammatory effector molecules is required to ensure appropriate
balance between antimicrobial immunity and the chronic tissue damage that
is associated with pulmonary TB. It is therefore likely that the negative
regulatory role of intracellular signalling observed is not restricted to known
pro-inflammatory molecules, but also Th2-type cytokines, chemokines and
growth factors alike.

146



Investigating host regulatory pathways that limit immunopathology in TB.

4. CHAPTER 4: RESULTS PART 1l

MNK1 signalling modulates MMP-1 in TB:

4.1 Overview

This study sought to investigate the regulatory role of important
intracellular signalling pathways in TB pathogenesis. MMPs mediate lung
tissue destruction that propagates cavitation in TB (Elkington et al.,
2011c¢). This study has demonstrated how inhibition of PI3Ks (PI3K?§ in
particular), AKT and mTORC-1 signalling all resulted in even more marked
M.tb -driven MMP-1, the dominant collagenase. mTOR is an important
downstream target of active AKT. Following activation by AKT, mTORC-1
drives ribosomal biogenesis and protein synthesis by activating S6K and
phosphorylating 4E-BP at multiple sites to cause its dissociation from
elF4E. Given that rapamycin exerts a high MMP-1 up-regulation effect
both at the mRNA transcription and translation levels, it was necessary to
investigate other proteins that regulate mRNA translation by modulating

protein synthesis in a similar manner to mTORC-1.

4.2 Methods

Macrophages were pre-treated with Mnk inhibitors for two hours before being
infected with M.tb . supernatant sample would be harvested at 72 hours post
infection for MMP-1 ELISA and/or multiplex luminex analysis. For the purposes
of gene expression studies, MDMs were infected for up to 24 hours before
cellular RNA was isolated for RT-QPCR analysis as described in chapter 2.

4.3 Chapter Hypothesis

Previous studies have identified 4E-BP (and not S6K1) as the main

MTORC-1 substrate that predominantly mediates cell growth, thereby
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driving tumorigenesis (Dowling et al., 2010). The ultimate aim of hyper-
phosphorylation of 4E-BP by mTORC-1 is to cause the dissociation of
elF4E from the 4E-BP-elF4E complex, thereby releasing elF4E to begin the
process of eukaryotic initiation complex (elF4F) formation. This suggests
that elF4E activation plays a key role in mTORC-1 signalling and in cell
proliferation as well as tumour formation. Apart from mTORC-1, the
activity of elF4E is further regulated post-translationally by MAP kinase-
interacting kinases (Mnks), Mnk1/2. These protein kinases are themselves
substrates of ERK and p38 MAP kinase proteins, important downstream
components of MAP kinase signalling (reviewed by (Scheper and Proud,
2002a). Given the crucial role of Mnk1 in elF4E-dependent formation and
stabilisation of eukaryotic initiation complex, | hypothesised that
pharmacological inhibition of Mnk1 would lead to reduced translation and

subsequent repression of MMP-1 synthesis.

44 Aims

This chapter aimed to dissect signalling downstream of the MAP kinase
pathway that feeds into mTORC-1 signalling, and to investigate their
effect on MMP-1 production in M.tb -infected macrophages. Initial
experiments sought to utilise chemical inhibition to determine the effect
of Mnk1 signalling on MMP-1 secretion. This chapter would highlight the

following:

o Utilisation of different Mnk inhibitors to ascertain the effect of
Mnk signalling on MMP-1 in macrophages.

e Establish the specificity of the compound of interest on their
predicted target protein mediators by Western blot.

e Dissect the role of Mnk1 signalling in regulating MMP-1 secretion

in macrophages.
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4.5 Mnk1l inhibitors drive elevated MMP-1 in M.tb

infected macrophages

In order to dissect pathways that also negatively regulate MMP-1 by
feeding into mTORC-1 signalling, the Mnk pathway was investigated
using pharmacological inhibition (Mnk1l specific inhibitors were kindly
provided by Prof C.G Proud). This study reports for the first time that
signalling via the Mnkl pathway also negatively regulates MMP-1
production in TB.

12500+
10000+
7500+
5000+
2500+

+ 10001

1(pg/mi)

MMP.

500+

0-
M.tb
Mnk1 inhib. (UM)

B
6000+ 0.0210
S
‘w 40004
7]
o
S 2000
L L
:0:0:0: © -
XXX £ 6004 <0.0001
5¢5¢5¢] - -
s g 490
5S¢ i
g = 200
»Aofofc 0 T T
- - + + + M‘tb = + =
- 5 - 3 5 Mnk1 inhib. (uM) - - 3 3

Figure 47: Mnk1 inhibitor enhances M.tb -driven MMP-1. MDMs were pre-treated
with Mnk1 inhibitor for two hours prior to M.tb infection. Supernatant samples were
harvested after 72 hours post infection for MMP-1 detection by ELISA assay. M.tb drives
MMP-1 production in macrophages. Specific blockade of Mnk1l significantly further
increased this response both at the secretion (A) and gene expression (B) levels. Data
represent experiments performed in triplicate on a minimum of three occasions. Mean

and standard deviations are shown and p values are student t-test.

Given the key role of the Mnk substrate, elF4E, in formation and

stabilisation of the eukaryotic initiation complex, elF4F, it was

hypothesised that Mnk1 inhibition would directly block protein translation
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and therefore suppress MMP-1 production. Surprisingly, inhibition of
Mnk1 resulted in a significant elevation of M.tb -driven secreted MMP-1
(Figure 48A).The increased secretion was secondary to increased MMP-1
gene expression (Figure 48B). This suggests that precluding mRNA
translation by repressing the activity of elF4E (that is by interfering with

the formation of elF4F), results in even marked MMP-1 protein synthesis.

4.6 The modulation of MMP-1 by Mnk1 inhibitors is not via the

elF4F complex

Mnks phosphorylates to activate elF4E to promote 5'-cap-dependent
MRNA synthesis (Hou et al., 2012). Interaction between elF4E and the
scaffolding protein elF4G is necessary for elF4E activity and subsequent
formation of the eukaryotic initiation complex elF4F (Pyronnet et al.,
1999). | therefore next determined whether formation of the elF4F
complex, via direct activation of elF4E by Mnk1 was critical in the MMP-1

production observed.
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Figure 48: Interfering with the interaction between elF4E and elF4G suppresses
MMP-1. MDMs were pre-treated with 4EGI-1(a compound that prevents elF4E/elF4G
complex formation) for two hours prior to M.tb infection. Supernatant samples were
harvested after 72 hours post infection for MMP-1 detection by ELISA assay. Different
concentrations of 4EGI-1 cause repression of MMP-1 both at the secretion (A) and mRNA
(B) levels in M.tb infected macrophages. Data represent experiments performed in
triplicate on a minimum of three occasions. Mean and standard deviations are shown

and p values are student t-test.

Macrophages were pre-treated with 4EGI-1, a compound that potently
disrupts interaction between elF4E and elF4G. 4EGI-1 has been used to
interfere with eukaryotic translation initiation in a number of studies.

Interestingly, 4EGI-1 significantly suppressed M.tb -driven MMP-1 both
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at the mRNA and protein translation levels (Figure 49). This suggests that
indeed the formation and stability of eukaryotic initiation complex elF4F

is necessary for M.tb -driven MMP-1 synthesis by macrophages.

To address the issue of a potential by-stander effect, macrophages were
pre-treated with different Mnk (MRT80, Compound E and CGP57380)
inhibitors to ascertain their effect on MMP-1 secretion compared to the
Mnk1-specific inhibitor used. Interestingly, all three compounds exerted
significant suppression of M.tb -driven MMP-1 (Figure 50A, B and C), and

this was not expected.

One of the compounds known to have a drastic effect on blocking elF4E
phosphorylation is CGP57380 (Li et al., 2010). In order to investigate the
specificity of the compounds that have been used in this study on the
suppression of Mnk1l activity, the macrophages were treated with the
Mnk1 inhibitor of study, and with CGP57380, followed by total and
phosphorylated elF4E Western blotting. M.tb infection drove elF4E
phosphorylation, with the Mnkl specific inhibitor and CGP57380
repressing this phosphorylation effect (Figure 51). This result confirmed

that indeed the compounds do target Mnk signalling.
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Figure 49: Various Mnk1 inhibitors suppress M.tb -driven MMP-1 in macrophages.

MDMs were pre-treated with different types of Mnk1l inhibitors for two hours prior to

M.tb infection. Supernatant samples were harvested after 72 hours post infection for
MMP-1 detection by ELISA assay. A: Compound E; B: Mnki-80; C: CGP57380. The Mnk
inhibitors Mnki-80 and CGP57380 both suppressed elF4E phosphorylation at 72 hours
post M.tb infection. Compound E exerted no change on M.tb -driven MMP-1 at 0.5uM,

but suppressed it at 3 pM. Data represent experiments performed in triplicate on a

minimum of three occasions. Mean and standard deviations are shown and p values are

student t-test.
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Figure 50: Mnk inhibitors suppress elF4E phosphorylation. Modulation of elF4E

phosphorylation by Mnk1specific and pan-Mnk inhibitor (CGP57380) was investigated

to ascertain targeting effect.

Both inhibitors suppressed elF4E phosphorylation after
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30mins and up to 24hours post M.tb infection. CGP57380 appear to lose inhibition at
90mins in the contest of M.th infection. Experiment was performed on three different

occasions.

4.7 The negative regulatory to MMP-1 is via Mnk but
not p90RSK signalling

Given that Mnk is downstream of Erk and p38 MAPK pathway, it was
necessary to determine whether other molecules downstream of this
pathway similarly modulated MMP-1. Other known downstream kinases
of Erk1/Erk2 are the RSK family of proteins. It was hypothesised that
inhibition of the ribosomal S6 kinase, p9ORSK which is also downstream
of Erk pathway and phosphorylates elF4B would augment MMP-1
production in M.tb infected macrophages. BI-D1870 was identified to be
a potent inhibitor of the RSK isoforms (Sapkota et al., 2007). Interestingly,
BI-D1870 exerted no significant change on MMP-1 secretion (Figure 52),

demonstrating that the crosstalk was not via this pathway.

0.0011  0.7527

MMP-1(pg/ml)

0 T T

Mtb - + - +

P90RSK inhib. (uM) - - 10 10
Figure 51: p90RSK signalling does not mediate MMP-1 regulation. MDMs were pre-
treated with with 10uM of p9ORSK inhibitor (BI-D1870) for two hours prior to M.tb

infection. Supernatant samples were harvested after 72 hours post infection for MMP-1

detection by ELISA assay. Inhibition of p90RSK signalling in M.tb -infected macrophages

did not inflict any significant change in MMP-1 secretion. Data represent experiments
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performed in triplicate on three occasions. Mean and standard deviations are shown and

p values are student t-test

4.8 PI3K and Mnk pathways crosstalk in the negative
regulatory to MMP-1

The pan-PI3K inhibitor, LY294002 had been reported to suppress elF4E
phosphorylation. To determine whether there was a pathway convergence
between the PI3K and Mnk signalling, Western blotting was performed for
elF4E in the context of stimulating the PI3K pathway with insulin and
chemically blocking both the PI3K and Mnk pathways (Figure 53).
Interestingly, insulin which activates the PI3K pathway drove high levels
of elF4E phosphorylation (Figure 53 lane 1), and this was suppressed by
both LY284002 (Figure 53 lane 2), and Mnk inhibitor (Figure 53 lane 4).
The PI3K/PDK1 inhibitor did not induce any change in elF4E
phosphorylation (Figure 53 lane 5), compared to basal levels
phosphorylation (Figure 53 lane 3). M.tb -driven elF4E phosphorylation
(Figure 53 lane 6) was suppressed by both Mnk and PI3K/PDK1 inhibition
(Figure 53 lanes 7 and 8 respectively). This result shows evidence of

crosstalk between PI3K and Mnk signalling at this level.

p-elFAE 25kDa » . - R S
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Figure 52: The PI3K and Mnk pathways converge at the level of elF4E
phosphorylation. Macrophages were pre-treated with 10nM insulin, 10uM LY294002,
10uM Mnk1 inhibitor or 10uM PI3K/PDK1 inhibitor before being infected with M.tb for

a further 6 hours. Insulin which drives PI3K signalling, also drives elF4E phosphorylation
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whilst PI3K inhibition suppresses it. Details of this result have been explained in text

above. Western blot experiments were performed at least two times.

4.9 Mnk regulation of MMPs is relatively specific

This study has shown that although levels of MMP-2,-7,-9 and -12 remained
unchanged in all samples, levels of MMP-1, MMP-3 and MMP-10 were elevated
in both LY294002 (Figure 34) and Rapamycin (Figure 35) treated macrophages
compared to that driven by M.tb alone and by uninfected macrophages. Using
the same luminex profiling analysis, the effect of Mnk1 inhibition on multiple
MMPs, Th1l/Th2-type cytokines, chemokines, growth factors and a number of
cytokines were investigated. | hypothesised that Mnk1l inhibition would exert
similar effect on multiple MMPs as that mediated by PI3K and mTORC-1
inhibition. Similar to the effect of LY294002 and rapamycin, global analysis of
MMPs demonstrated that Mnk inhibition also significantly augments M.tb -
driven MMP-1, -3 and MMP-10 but not MMP-2, -7, -9 and MMP-12 (Figure 54).
Conversely, Mnk1 inhibition suppressed M.tb -driven Th1l/Th2-type cytokines,
as well as a wide range of chemokines and growth factors, demonstrating that
the negative regulatory effect of Mnk1 is relatively MMP-specific.

4.10 Mnk1 inhibition suppresses M.tb -driven cytokine

levels in macrophages

The global effect of Mnkl pathway inhibition on pro-inflammatory
cytokine response was also investigated in the samples that were used for
the multiple MMPs analysis. A 30-plex cytokine assay was performed to
examine the effect of Mnk1 inhibitor on the dynamics of Thl/Th2-type
and other cytokines, as well as a selection of chemokines and growth
factors (Figures 54-59).
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Figure 53: Mnk1 inhibition globally modulates multiple MMPs in MDMs. MDMs were
pre-treated with Mnk1l inhibitor for two hours prior to M.tb infection. Supernatant
samples were harvested after 72 hours post infection for MMP multiplex analysis.
Luminex profiling of MMPs demonstrate that M.tb upregulated a wide range of MMPs.
Inhibition of Mnk1 further augmented MMP-3 and MMP-10 in the same pattern as seen
in MMP-1 , but exerted no change in macrophage-secreted MMPs -2, -7, -9 and -12.
Luminex experiments were performed on two different occasions in two donors each
time. Data show mean and standard deviation of experiments performed in triplicates
and is representative of experiments performed on two donors at separate occasions. P

values are Student’s t-test, with P < 0.05 considered significantly different.
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4.11 Mnk1l inhibition suppresses pro-inflammatory

cytokine production in M.tb infected macrophages

M.tb drove the production of pro-inflammatory mediators in
macrophages. In contrast to PI3K inhibition, Mnk inhibition significantly

suppressed Thl-type cytokines including IL-1B, IL-6, IL-12 and TNF-a
(Figure 55).
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Figure 54: Mnk1 inhibition suppresses cytokine production in macrophages. MDMs
were pre-treated with Mnk1 inhibitor for two hours prior to M.tb infection. Supernatant
samples were harvested after 72 hours post infection for cytokine multiplex analysis.
Luminex profiling of macrophages demonstrates that M.tb infection upregulates pro-
inflammatory mediators. These were suppressed when Mnkl was chemically blocked.
Luminex experiments were performed on two different occasions in two donors each
time. Data show mean and standard deviation of experiments performed in triplicates
and is representative of experiments performed on two donors at separate occasions. P

values are Student’s t-test, with P < 0.05 considered significantly different.
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4.9 Mnk inhibition suppresses Th2-type cytokine

production in M.tb -infected macrophages.

M.tb drove the production of anti-inflammatory mediators in
macrophages. Inhibition of Mnk1 suppressed Th2-type cytokines such as
IL-4, IL-10 and IL-13. (Figure 56).
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Figure 55:Mnk1 inhibition suppresses cytokine production in macrophages. MDMs

were pre-treated with Mnk1 inhibitor for two hours prior to M.tb infection. Supernatant
samples were harvested after 72 hours post infection for cytokine multiplex analysis.
Luminex profiling of macrophages show M.tb infection induce low production of anti-
inflammatory mediators. These were slightly suppressed when Mnkl was chemically
blocked. Luminex experiments were performed on two different occasions in two donors
each time. Data show mean and standard deviation of experiments performed in
triplicates and is representative of experiments performed on two donors at separate

occasions. P values are Student’s t-test, with P < 0.05 considered significantly different.
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4.12 Mnk1 inhibition differentially modulate chemokine

production in M.tb -infected macrophages

M.tb drove the production of a wide range of chemokines in macrophages.
Mnk1l inhibition either suppressed or exerted no change on the
chemokines under study. Mnkl inhibition supressed M.tb -driven
RANTTES, MIP-1a and MIP-1B8, but exerted no change on the levels of
MCP-1, IP-10, MIG and IL-8 produced by M.tb -infected macrophages
(Figure 57).
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Figure 56: Mnk1 inhibition differentially modulates a wide range of chemokines.
MDMs were pre-treated with Mnk1l inhibitor for two hours prior to M.tb infection.
Supernatant samples were harvested after 72 hours post infection for multiplex analysis.
Luminex profiling of macrophages demonstrate that M.tb infection upregulates a wide
range of chemokines. Details have been explained in text above. Luminex experiments
were performed on two different occasions in two donors each time. Data show mean
and standard deviation of experiments performed in triplicates and is representative of
experiments performed on two donors at separate occasions. P values are Student’s t-

test, with P < 0.05 considered significantly different.
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4.13 Mnk1 inhibition suppresses production of growth

factors in M.tb -infected macrophages

M.tb drove the production of a wide range of growth factors in
macrophages. Mnk1 inhibition suppressed M.tb -driven VEGF, G-CSF,
EGF and FGF-BASIC (Figure 58).
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Figure 57: Mnk1 inhibition suppressed growth factor secretion by M.tb -infected
macrophages. MDMs were pre-treated with Mnk1 inhibitor for two hours prior to M.tb
infection. Supernatant samples were harvested after 72 hours post infection for cytokine
multiplex analysis. Luminex profiling of macrophages demonstrate that M.tb infection
upregulates a wide range of growth factors. These were either slightly suppressed upon
Mnk1 blockade. Luminex experiments were performed on two different occasions in two
donors each time. Data show mean and standard deviation of experiments performed in
triplicates and is representative of experiments performed on two donors at separate

occasions. P values are Student’s t-test, with P < 0.05 considered significantly different.
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4.14 Mnkl inhibition exerted no significant change in a
wide range of cytokines in M.tb -infected

macrophages.

M.tb drove the production of a variety of a number of cytokines in

macrophages (Figure 59).
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Figure 580: Mnk1 inhibition had no effect on a wide range of cytokines in M.tb -
infected macrophages. MDMs were pre-treated with Mnk1 inhibitor for two hours prior
to M.tb infection. Supernatant samples were harvested after 72 hours post infection for
cytokine multiplex analysis. Luminex profiling of macrophages demonstrate that M.tb
infection upregulates a wide range of cytokines. There was no significant difference in
levels of cytokines produced when Mnk1 was chemically blocked. Luminex experiments
were performed on two different occasions in two donors each time. Data show mean
and standard deviation of experiments performed in triplicates and is representative of
experiments performed on two donors at separate occasions. P values are Student’s t-

test, with P < 0.05 considered significantly different.
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4.15 Summary of the effect of Mnk1 inhibition on multiple

MMPs, cytokines and chemokines.
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Figure 59: Mnk1 inhibition globally modulate multiple MMPs but suppresses a wide
range of pro-inflammatory signalling molecule secretion. MDMs were pre-treated
with Mnk1 inhibitor for two hours prior to M.tb infection. Supernatant samples were
harvested after 72 hours post infection for cytokine multiplex analysis. Luminex
profiling of macrophages demonstrate that M.tb infection upregulates a wide range of
MMPs, cytokines, chemokines and growth factors. These were either suppressed or
unchanged when Mnk1 was blocked chemically. Luminex experiments were performed

on two different occasions in two donors each time.
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4.16 Discussion of results chapter Il

Activation of intracellular signalling such as the MAPK pathway culminate
in the activation of Mnk1 (Waskiewicz et al., 1997, Wang et al., 1998, Joshi
et al., 2011, Joshi et al., 2009). Activation of Mnk2 on the other hand is
independent of phosphorylation input from up-stream kinases
(Waskiewicz et al., 1997, Parra et al., 2005). The 5’-cap-binding protein,
elF4E, is the most well studied and main substrate of the Mnk family of
protein kinases. Active Mnk1l phosphorylate to activate elF4E on Ser 209
(Waskiewicz et al., 1997, Flynn and Proud, 1995) and active elF4E in turn
promotes cap-dependent translation. For this reason, this study
predicted that specific inhibition of Mnk1 would limit translation of mRNA
into protein. The data from this study surprisingly contradicted this
proposal, and | found that Mnk1 inhibition resulted in enhanced M.tb -

driven MMP-1 secretion by macrophages.

The biological functions of phosphorylated-elF4E in protein translation
remain controversial. Previous reports demonstrated that translation
initiation complex, elF4F, is better stabilised upon the binding of
phosphorylated elF4E (Bu et al., 1993), and that the binding affinity of
elF4E to the 5’ cap of mRNA is strengthened following elF4E
phosphorylation (Minich et al., 1994). Several lines of evidence have since
supported the notion that active elF4E is important for the initiation of
MRNA 5’ cap-binding protein synthesis (Furic et al., 2010, Pyronnet et al.,
1999).

Contrary to these reports, recent emerging biochemical research have
also revealed that Mnk1 also regulates cap-independent translation in an
elF4E-independent manner (Knauf et al., 2001). These studies have
revealed that elF4E phosphorylation on Ser 209 is not a necessity for cap-
dependent translation per se, but rather this phosphorylation weakens
the binding affinity of elF4E for the 5'-cap structure of mRNA (Knauf et
al., 2001, Scheper and Proud, 2002a, Scheper et al., 2002). In fact
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phosphorylation of elF4E was shown to be essential for cell proliferation
in cancer but not in normal cells (Hay, 2010, Ueda et al., 2004), neither
was it indispensable for normal cell growth (Ueda et al., 2004). Mnk 1/2
knock-out mice did not exhibit developmental or physiological
impairments (Ueda et al., 2004). It is therefore likely that in the case of
translational modulation of MMP-1 mRNA, Mnkl functions to limit
uncontrolled protein synthesis in a cap-independent translation

mechanism that is independent of elF4E activity.

Although elF4E is the most characterised Mnk substrate (Waskiewicz et
al., 1997), various other Mnk1/2 targets are known, including ones that
are specific for particular members of the Mnk group of kinases (Buxade
et al., 2008). Heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1),
binds to AU-rich elements (ARE) on the 3’-UTR of various cytokine
transcripts including TNF-a mRNA to regulate their translation. Mnks
phosphorylate hnRNPA1 on Ser 192, 310, 311 and Ser 312 to release it
from binding to the TNF- a message, thereby enabling translation of TNF-
a mMRNA (Buxade et al., 2008). To propose that Mnkl regulate MMP-1
secretion via hnRNPA1 activation, it must first be determined that MMP-
1 mRNA contain ARE sequence at the 3'-UTR, and that hnRNPA1 stably
bind to this sequence in resting cells. Furthermore, to attribute these
findings to Mnk1 mediated phosphorylation of hnRNPA1, active hnRNPA1
must bind to MMP-1 'ARE' to suppress its mRNA translation in un-

stimulated cell.

It is possible that different downstream Mnk substrate molecule(s)
mediate the surprisingly high MMP-1 secretion effect of Mnk inhibition.
It is however difficult to reconcile Mnk1 phosphorylated hnRNPA1 activity
with the findings of this study. This is because this study has also
demonstrated that chemical inhibition of the PI3K/AKT/mTORC-1
pathway augments MMP-1 in M.tb infected macrophages. Mnk-
phosphorylated-hnRNPA1 mediated repression of RTKs signalling

pathway, and this would consequently inhibit the PI3K/AKT/mTORC-1
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signalling. Mnk1 inhibition should therefore block the hnRNPA1
suppressive effect on RTK, to drive activation of PI3K pathway, which
should negatively regulate MMP-1. Instead, MMP-1 was elevated in the

context of Mnk1 inhibition.

Mnks phosphorylates PSF (polypyrimidine tract-binding (PTB) protein
associated splicing factor) on Ser 8 and Ser 283 (Buxade et al., 2008).
Similar to hnRNPA1, PSF and its binding partner p54 (nrb) interact with
'ARE' sequences on 3'-UTR of mRNAs. However, whereas Mnk
phosphorylation of hnRNPA1 causes its dissociation from the TNF-a
MRNA, phosphorylation of PSF.p54 (nrb) enhances its interaction with the
MRNA transcript. The functional consequences of SPF.p54 (nrb) binding
on mRNA translation is unclear. Based on the findings from this study, it
can be proposed that during M.tb infection, Mnk proteins phosphorylate
to activate and enhance the binding of SPF.p54nrb to 3'-UTR portion of
MMP-1 mRNA in order to repress its translation. It is likely that inhibition
of Mnk1 in M.tb infection result in dissociation of SPF.p54nrb from the
MMP-1 mRNA, liberating it to be available for translation.

Another downstream effector of the Mnks is Sprouty2 (Spry2). Once
phosphorylated, Spry2 exerts an inhibitory feedback on the
Ras/Erk/MAPK signalling to negatively regulate RTK signalling (Cabrita
and Christofori, 2008). Although they may not be functionally important
in this system, various other Mnk targets exist and ongoing biochemical
research continues to discover more. Cytosolic phospholipase A2 (cPLA2)
becomes activated in response to elevated calcium levels in the
cytoplasm, to mediate the production of arachidonic acids which play
important regulatory role in inflammation. Mnk1l phosphorylates cPLA2
on Ser 727 to reinforce its activation and function, thereby modulating
eicosanoid signalling. Mnk2b (described below) has been reported to bind
the oestrogen receptor B (ERB), but the functional implications of the
interaction between Mnk2b and ERB is still unresolved (Slentz-Kesler et

al., 2000).
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Plectin is a universally expressed protein that modulates cytoskeletal
integrity. Mnk2 phosphorylation of plectin on Ser 4642 has been shown
to abrogate the interactions between plectin and intermediate filament.
More relevant to our work, Mnk2 was shown to directly interact with
MTORC-1 resulting in inactivation of phospho-p70S6K in muscle atrophy
(Hu et al., 2012). This does not involve phosphorylation, which is
indicative of the ability of Mnks to negatively regulate pathways that lead

to ribosomal biogenesis and translation in specific cellular context.

To determine the interpretation of the data, the effect of Mnk1 inhibition
on MMP-1 message accumulation was investigated. It was expected that
Mnk1 inhibition must drive MMP-1 mRNA accumulation within the first
24 hours post M.tb infection to have caused such high levels of secreted
(translated mRNA) MMP-1. In fact Mnk inhibition consistently drove
significant MMP-1 cellular message accumulation after 72 hours (Figure
48B), but not within the first 24 hours of M.tb infection (Figures not

shown).

Both Mnk1/2 and elF4E are present in the nucleus. At their transcriptional
level, Mnk1l and Mnk2 undergo alternative splicing to generate different
isoform variants (Mnkla, Mnklb, Mnk2a and Mnk2b) (O'Loghlen et al.,
2004, Slentz-Kesler et al., 2000). Nuclear export sequences on the 'a’'
isoforms allow the nuclear transport and cytoplasmic localisation of
Mnkla and Mnk2a. On the other hand, the 'b' isoforms possess nuclear
localisation but not export sequence, and are therefore retained in the
nucleus. A fraction of cytoplasmic elF4E is transported to the nucleus by
the aid of the shuttling protein, 4E-T that binds elF4E (Dostie et al., 2000).
Nuclear Mnks phosphorylate to activate nuclear elF4E to engage in cellular
functionalities that are completely different from active cytoplasmic elF4E.
Active nuclear elF4E is thought to mediate export of mRNA into the
cytoplasm in specific cellular states. For example, nuclear elF4E is
believed to mediate the transport of cyclin D1 message to the cytoplasm,
where it promotes cell cycle entry (Rousseau et al., 1996).
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In tumour cells, active nuclear elF4E has been reported to affect particular
MRNAs. These include matrix metalloproteinases MMP-1 and MMP-9
mRNAs, which are known to promote tumour invasiveness (Hay, 2010,
Furic et al., 2010) (other roles of nuclear elF4E have not been discussed
in this study). The effect of the Mnk1 inhibitor on inhibition of nuclear
Mnk1/2 activity and nuclear elF4E phosphorylation has not been
examined in this study. However, the possibility that the activity of
nuclear phosphorylated elF4E may play a role in the discrepancies
observed at the message level within the first 24 hours of M.tb infection
have not been ruled out. Future research would examine whether the
observed effect of Mnk1 inhibition on MMP-1 is transcriptional, post-
transcriptional or post-translational. This can throw more light on
understanding the importance of Mnk and elF4E activity in MMP-1 mRNA

and protein synthesis.

The implication of our data that eukaryotic initiation complex, elF4F, is
not important for MMP-1 translation was however puzzling. Compared to
all the other components of elF4F, it is believed that elF4E is the least
abundant initiation factor (Hiremath et al., 1985). On the other hand, the
scaffolding protein elF4G, is abundant in the cell, and in association with
elF4E, play a critical role in the formation and stability of elF4F (Pyronnet
et al., 1999). 4EGI-1 potently disrupts the elF4E-elF4G complex, which is
essential for initiation, progression and stability of elF4F complex
(Pyronnet et al., 1999). Interestingly, disrupting the interaction between
elF4E and elF4G using 4EGI-1 resulted in abrogation of M.tb -driven
MMP-1 both at the secretion and gene expression levels (Figure 49). This
implies that indeed elF4F plays a key role in MMP-1 protein translation.
Whereas this data confirmed that elF4F formation and stability was
necessary for MMP-1 synthesis, | could not explain the suppression of
MMP-1 gene expression by 4EGI-1 because | did not expect 4EGI-1 to

exert an effect at the transcriptional level.
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Apart from the Mnk1-specific inhibitor of choice, which augmented M.tb
—-driven MMP-1, different Mnk inhibitors exerted a general suppression
effect on MMP-1 secretion, and this was not expected (Figure 50). | have
not investigated the reason behind the differential modulation of MMP-1
by the different Mnk inhibitors. The specificity of MNKi-80 and
Compound E on Mnkl blockade is not fully characterised. However,
CGP57380 is a known Mnkl/Mnk2 inhibitor, and has been extensively
used in the study of Mnk signalling for many years (Hou et al., 2012,
Knauf et al., 2001). Although CGP57380 blocks elF4E phosphorylation
(Buxade et al., 2005), it is also known to exert by-stander effect on a
range of other proteins kinases including MKK1, Aurora B, CK1, DYRK, Lck
and SGK (Hou et al., 2012) (Bain et al., 2007). The off-target effect of
CGP57380 was evident in other studies where the compound repressed
the anti-apoptotic protein Mcl-1 and blocked the upregulation of the
oncoprotein c-Myc (Hou et al., 2012). Since CGP57380 has the potential
to target a number of proteins non-specifically, it is therefore possible
that this effect may contribute to the MMP-1 suppression effect of
CGP57380. Experiments performed in the laboratory after the completion
of my thesis using MNK-knock-out cells confirmed that the up-regulation
of pro-inflammatory mediators following disruption of the MNK pathway

was specific to MMPs.

In fact, CGP57380 was reported to reduce elF4G in initiation complex,
elF4F (Chrestensen et al.,, 2007, Hou et al.,, 2012). This finding is
important to us because as discussed above, elF4G activity is essential for
elF4F formation and stability. Apart from its interaction with elF4E, elF4G
provides a docking site for Mnk1 binding which allows Mnk1 to be in close
proximity with elF4E, allowing its phosphorylation by Mnk1 (Pyronnet et
al., 1999). elF4G also serves as a scaffolding protein for the assembly of
other initiation factors including the mRNA helicase, elF4A (Pyronnet et
al., 1999). As discussed above, disruption of elF4G activity destabilises
elF4F complex and blocks MMP-1 translation. Given that CGP57380
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reduces elF4G within the elF4F complex, it is likely that CGP57380 is
exerting MMP-1 suppression effect that is similar to that exerted by the
elF4E/elF4F inhibitor, 4EGI-1.

Both Mnkl specific inhibitor and CGP57380 greatly suppressed
phosphorylation of elF4E in M.tb infected macrophages (Figure 51). This
| expected because it confirms the specificity of the compounds used in
this study. The inability of the p90RSK inhibitor BI-D18070, to modulate
M.tb-driven MMP-1 (Figure 52) suggests that the effect of Mnk inhibition
observed is not via this pathway. With insulin driving elF4E
phosphorylation and LY294002 suppressing this, | were able to show
evidence of crosstalk between the PI3K and Mnk pathways (Figure 53). In
order to determine whether the effect on of Mnk inhibition on MMP-1 is
specific or widespread, Luminex array profiling was performed for
multiple MMPs, cytokines, chemokines and growth factors (Figures 54-
59). The MMPs upregulated including MMP-1, MMP-3 and MMP-10 are
frequently synergistically regulated, however the very widespread
suppression of cytokines and chemokines was unexpected. This suggests
that the effect of Mnk1 inhibition observed was specific to pathogenic
MMPs. This also implies a specific negative regulatory role of the Mnk

pathway in dampening down tissue destructive TB immunopathology.
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5. CHAPTER 5: RESULTS PART I

M.tb subverts intracellular signalling pathways that

negatively regulate MMP-1

5.1 Overview

M.tb drives secretion of MMPs in MDMs, and recent developments have
indicated key roles played by MMPs in lung tissue destruction, which is
critical for TB transmission (Elkington et al., 2011c). | have so far
demonstrated that pharmacological blockade of the PI3K/AKT/mTORC-1
pathway and Mnk signalling augments MMP-1 secretion in M.tb infected
macrophages. This suggests that these signalling pathways negatively
regulate lung tissue destruction in TB by limiting MMP-1. A number of
research groups have dissected and reported mechanisms by which M.tb
successfully overcomes host immunity to survive in macrophages. M.tb
has evolved to evade host immunity by modulating several cellular events
in host macrophages (Poirier and Av-Gay, 2012). However, data on how
the pathogen evades critical host immune responses to successfully

mediate lung tissue destruction and subsequent cavitation is limited.

5.2 Methods

Primary human macrophages were cultured and infected with M.tb as
previously described. Modulation of MMP-1 and PI3Kd mRNA and protein
levels by M.tb was studied using RT-qPCR and Western blotting analysis
respectively. 4-Thio Uridine (4-TU) incorporation into RNA and
subsequent pull down analyses was performed by firstly stimulating M.tb
infected macrophages with 100uM of 4-TU for between 24 hours and 72
hours. Following extraction of total cellular RNA by TRI-Reagent® Solution
(Sigma-Aldrich), a second step of RNA purification by Magnetic Porous
Glass (MPG) streptavidin beads (Pure Biotech LLC) to isolate and purify the
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newly transcribed RNA that has 4-TU incorporated within the transcript.
This RNA was then purified and used for RT-qPCR analysis of the gene of
interest. Immunohistochemistry was performed to investigate PI3K
expression in vivo using paraffin-embedded human lung lesions from

patients confirmed to have pulmonary TB.

5.3 Chapter hypothesis

M.tb secretes Protein-tyrosine phosphatase A (PtpA) into culture media,
and this interferes with host signalling pathways in order to establish
successful survival and disease progression (Yoder, 2004). M.tb is able to
completely evade host phagolysosome killing by removing all PI3P protein
from the phagolysosome membrane (Malik et al). It is therefore likely that
M.tb may have evolved ways of subverting important host signalling
pathways that may otherwise play regulatory roles to limit the production
of tissue-destructive MMPs. Despite the activity of the signalling pathways
under study, TB is currently the most lethal infectious disease, having

recently been surpassed HIV-AIDs.

To further dissect how M.tb is able to successfully drive disease
progression amidst the complex regulatory signalling pathways, |
investigated how M.tb subverts the PI3K pathway in MDMs to promote
disease pathogenesis. Given the tissue destructive role of MMPs in TB, |
hypothesised that M.tb must target important components of the
PI3K/AKT/mTORC-1 (and Mnk1 signalling) axis of intracellular signalling

pathways in order to successfully drive MMP-mediated tissue destruction.

54 Aim

In order to investigate pathway targeting, this chapter sought to investigate

how M.tb modulates the gene and protein expression of important mediators
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of the pathway under study. This chapter would seek to investigate the

following:

e The effect of M.tb on the expression of PIK3CD, MKNK1, and
MLSTS8 genes.

e In vivo studies to investigate PI3Kd expression in caseating
granulomas

e Dissection of the role of M.tb in subverting regulatory

intracellular pathways that limit protease secretion in TB.

5.5 M.thb suppresses PI3Kd mRNA in infected

macrophages

In order to investigate how M.tb modulates the regulatory pathways
under study, | initially examined the effect of M.tb infection on PI3Kd gene
expression. Whereas MMP-1 mRNA was highly up-regulated by M.tb
(Figure 61, A), M.tb repressed PI3Kd mRNA in the same cells (Figure 61,
B). In the presence of M.tb , suppression of PI3Kd gene occurred when
cells were also treated with the PI3K inhibitors LY294002 and 1C87114.
(Figure 61, C). This indicates that the M.tb -driven increase in MMP-1 is
accompanied by M.tb -induced suppression of PI3Kd in infected

macrophages.
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Figure 60: M.tb suppresses PI3Kd mRNA. RT-gPCR was performed to ascertain the
degree of PI3Kd gene expression following M.tb infection for 24 hours. M.tb significantly
drove MMP-1 gene expression (A) but reduced PI3K& message accumulation (B) in the
same macrophages. C: There was no change between the degree at which PI3K inhibitors
and M.tb suppressed PI3K& mRNA accumulation. Experiments were performed in

triplicate and are representative of at least three donors. P values are t-test comparisons

between groups.
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5.6 M.tbrepresses PI3Kd protein in infected

macrophages

In order to determine the effect of M.tb modulation of PI3Kd protein
expression, | performed Western blot analysis on total protein isolated
from M.tb infected and un-infected macrophages over a period of 30mins
to 72hours post M.tb infection. PI3Kd protein was slightly up-regulated
in M.tb infected MDMs at 30mins, 60mins and 6hours (Figure 62, lanes
1-2, 3-4 and 5-6)., but no obvious change at 48 hours post-infection
compared to control cells (Figure 62, lanes 7-8). After 72 hours post
infection however, there was a reduction in the amount of PI3Kd protein
in infected cells compared to control samples (Figure 62, lanes 9-10).
This suggests that M.tb induces downregulation of PI3Kd protein in MDMs

at later time points.

/SOmins 60 mins 6hrs 48 hrs _72hrs \

=088 ®  <Pi3K5(110kDa)

S5 G0 5 05 B0 BB B W &= <B-actin (42kDa)
SO LITOE S8

Figure 61: M.tb -induced suppression of PI3Ké protein. M.tb drives a slight increase

U

in total PI3K& protein level in macrophages within the first 6 hours of infection. This
increasing trend in PI3K& protein production appears to halt by 48 hours post infection,
with contrasting suppression of PI3K& protein by 72 hours post M.tb infection. PI3Ké
protein levels were determined by Western blotting at different time points post M.tbh
infection. Data show experiment performed in one donor. The M.tb -induced
suppression of PI3K& protein at 72 hours post infection was not consistently

reproducible in subsequent experiments.
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5.7 M.tbrepresses PI3Kd expression in TB lung tissues

Next | sought to investigate PI3Kd expression profile in lung granulomas
of patients with TB. | analysed PI3Kd expression in human lung tissues
recovered from patients confirmed to have pulmonary TB, using normal
lung tissues from healthy individuals as control sections. Initially, |
determined the specificity of the antibodies employed in this study.
Following the recommendations of the suppliers of PI3Kd antibody
(LifeSpan BioScience,Inc), | used human kidney tissue to test for positive
PI3Kd immune reactivity (Figure 63). Capturing images at low power
objective lens set of x4 (Figure 63A), medium objective lens set of x10
(Figure 63B) and high power objective lens set of x20 (Figure 630C), |
demonstrated that this anti-PI3Kd antibody strongly reacts with PI3Kd
epitopes in kidney tissue. Figure 63D shows a negative control images
with no PI3Kd immune reactivity, suggesting specificity of antibody
binding. Here the kidney tissue was incubated with secondary but not

primary anti- PI3Kd antibody.
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Figure 62: Anti-PI3Ké antibodies show immune reactivity on positive control
tissue. Using immunohistochemistry, kidney tissue was used to ascertain the specificity
of binding of the anti-PI3K& antibody employed for this study. D: Negative control where
the tissue was incubated with secondary but not primary antibodies shows no immune
reactivity. This confirms that besides its target PI3Ké antigens, the antibody does not
react non-specifically with any other epitopes on the tissue. Experiment was performed
in tissues from three different donors (data not shown). Images were captured using
different objective lenses at x4 (low)-A, x10(Medium)-B and x20(high) using Nikon
Elipse 80i.

| utilised anti-CD68 antibodies to confirm the presence of alveolar
macrophages in the lung tissues that were used for this study. Similar to
using kidney as PI3Kd positive control tissue, tonsil tissue was employed
as a positive control tissue for CD68 immunoreactivity. Figure 64 shows
that the antibody reacts specifically with CD68 antigens (expressed on

macrophages) in tonsils.
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Figure 63: Anti-CD68 antibodies show immune reactivity on positive control tissue.
Paraffin-embedded tonsil tissue was used to ascertain the specificity of binding of the
anti-CD68 antibody employed for this study, using Immunohistochemistry. D: Negative
control where the tissue was incubated with secondary but not primary antibodies shows
no immune reactivity. This confirms that but for CD68 antigens, the antibody does not
react non-specifically with any other epitopes on the tissue. Experiment was performed
in tissues from three different donors (data not shown). Images were captured using
different objective lenses set at x4 (low power)-A, x10(medium power)-B and D and
x20(high power) using Nikon Elipse 80i.

Given the high specificity of binding between the antibodies of study and
the epitopes of interest, | next performed immunohistochemistry for anti-
CD68 and anti- PI3Kd (both of which are expressed in alveolar
macrophages) using normal, non-TB infected lung tissue. | demonstrate

a wide spread expression of alveolar macrophages in normal lung tissue
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(Figure 65). PI3Kd was expressed in macrophages at levels comparable to
CD68 (Figure 65, comparing A, C and E to B, D and F). This confirms that
alveolar macrophages are indeed present within the normal lung tissues

used in this study, and that these cells also expressed PI3Kbd.

Next | investigated PI3Kd expression profile in M.tb-infected lung tissues.
The initial formation of granulomas comprise of very high population of
macrophages (Lugo-Villarino et al., 2012). For this reason, | predicted
that although PI3Kd may continue to be present within the core of
granulomas, M.tb may supress PI3Kd expression within infected cells
surrounding the granulomas including the monocyte-derived
macrophages which are recruited during the progression of granulomas
formation, and multinucleated giant cells as well as foamy macrophages

that develop at the site of infection.

Whereas alveolar macrophages globally expressed CD68 in TB lungs
(Figure 66 A, C and E), PI3Kd was completely absent, with no PI3Kd
immune reactivity even within caseating granulomas (Figure 66 B, D and
F). The global absence of PI3Kd in TB lungs was consistent across different
granuloma lesions (Figures 67-68), with PI3Kd expression also
completely absent within giant cells and foamy macrophages (Figure 67B
and 67D). This was not expected as | predicted moderate PI3Kd
expression within the central part of granulomas, with very little or no
PI3Kd expressed at the periphery of the granulomas. However, this
observation strongly supports our hypothesis that M.tb does repress
PI3Kd expression within the lungs in order to drive tissue destructive
disease progression, and that it is likely that this repression of PI3Kd
expression begins at the earlier stages and continues throughout the

process of granuloma formation.
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CD68 PI3Kd

Figure 64: Alveolar macrophages express both CD68 and PI3Ké in normal lungs.
CD68 immune reactivity (A, C and E) suggests the presence of alveolar macrophages in
the tissue. PI3K& was also expressed within the same region of lung tissue where alveolar
macrophages were present (B, D and F). Data show images of stained tissues from 3
different donors. Immunohistochemistry was performed on paraffin-embedded normal
lung tissues from total of 6 donors, and images of the same region of normal lung were

captured using Nikon Elipse 80i.
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m: M.tb suppresses PI3K6 expression in granulomas within ms. A, C
and E: CD68 is globally expressed in TB lungs and within caseating granulomas,
demonstrating the presence of macrophages. B, D and F: PI3K& expression is however
completely absent within the same TB granulomas. Data show images of stained tissues
from 3 different donors. Immunohistochemistry was performed on paraffin-embedded
normal lung tissues from total of 6 donors. Images of the same region of TB lung were
captured using Olympus BX51-CC12 (DotSlide).
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Figure 66: M.tb suppresses PI3Ké expression in giant cells. A and C: CD68 is highly
expressed within multinucleate giant cells. B and D: PI3K§ expression is however
completely absent within the same giant cells. Data show images of stained tissues from
two different donors. Immunohistochemistry was performed on paraffin-embedded
normal lung tissues from total of 6 donors, and images of the same region of TB lungs
were captured using Olympus BX51-CC12 (DotSlide).

In all the TB lung tissues used for this study, PI3Kd was significantly
reduced or completely absent within CD68-expressing macrophages. In
fact, this observation was marked enough to be captured by a dot slide
showing the whole tissue sections. Figure 68 presents a dotslide plot
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images showing CD68 (A, C, E, G, and 1) and PI3Kd (B, D, F, H, and ))
expression profiles in different TB lung tissues that were used for this
investigation. Figure 69 shows negative control images of A: Normal lung,
B:Dotslide plot of a large caseating granuloma in TB lung (B= same TB
lung as shown in Figure 68D), C: Caseating granuloma from a different
donor (C= same TB lung as figures 66E and 66F), D:High objective power
image of C. Whereas CD68 expression was consistently highly expressed
across all lung tissues, PI3Kd expression was comparable to that of our
negative control data (figure 63D), where sections were incubated with
secondary but not primary antibodies. This confirms that indeed M.tb
suppresses PI3Kd expression in TB, indicating that in order to drive tissue
destruction, M.tb has evolved to target important components of
regulatory signalling such as the PI3K/AKT/mTORC-1 pathway that
function to limit MMPs.

186



Investigating host regulatory pathways that limit immunopathology in TB.

CD68 PI3Kd
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Figure 67: Dot slide images show whole TB lung sections with wide spread CD68,
but little or no PI3Ké expression. A, C, E, G and I: Alveolar macrophages are globally
expressed across the tissue, and highly localised around and within granulomas. B, D,
F, H and J: PI3K6 expression is greatly reduced or absent within the same lung tissue
and granuloma lesions. The arrows point to a number of granuloma lesions within the
tissues. Data show images of stained tissues from five different donors.
Immunohistochemistry was performed on paraffin-embedded normal lung tissues.
Images of TB lungs from six different donors were captured using Olympus BX51-CC12
(DotSlide).
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Controls (Secondary Ab. only)

_Figure 68: Negative control data confirms binding specif-icity of antibodies used. A:
Normal lung, B: Dotslide plot of a large caseating granuloma in TB lung (B= same TB
lung as shown in Figure 71D), C: Caseating granuloma from a different donor (C= same
TB lung as figures 69E and 69F), D: High objective power image of C. Data show images
of stained tissues from four different donors. Immunohistochemistry was performed on
paraffin-embedded normal lung tissues from a total of six different donors, and Images
were captured using Nikon Elipse 80i for A, Cand D, and Olympus BX51-CC12 (DotSlide)
for B.
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5.8 M.tb post transcriptionally represses PI3Ké via micro
RNAs

Next, | sought to determine the point at which the observed regulatory
event on PI3Kd expression occurs within the cellular processes. Firstly, |
aimed to investigate whether the PI3Kd suppression effect exerted by M.th
was via transcriptional or translational modulation. After infecting
macrophages with M.tb, | incubated the macrophages with 4-thio uridine
(4-TU). This way any mRNA transcribed after 4-TU addition would
incorporate 4-TU into the transcript in place of Uradine. This would allow
isolation of newly transcribed PI3Kd mRNA following M.tb infection and
analysis of that in comparison with accumulated PI3Kd mRNA which do
not contain 4-TU within its transcript. Whereas the gene expression of
PI3Kd, MNK1 and MLST8 were up-regulated within 24 hours following
M.tb infection, the accumulated mRNA was down-regulated by 72 hours
(Figure 70). This suggests that although the genes of study are
transcribed following M.tb infection, the mRNAs have reduced stability,

implicating a post-transcriptional regulation of these genes.
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Figure 69: M.tb reduces mRNA stability of PIK3CD, MKNK1 and MLST8 genes. M.tb
infection of macrophages increases PIK3CD, MKNK1 and MLST8 mRNA synthesis by 24
hours (Top panel). The newly synthesised mRNA reduces over time, with total
accumulation of PIK3CD, MKNK1 and MLST8 mRNA suppressed by 72 hours (Lower
panel). Data show mean and standard deviation of experiments performed in triplicates
and is representative of experiments performed on two donors at separate occasions. P

values are Student’s t-test, with P < 0.05 considered significantly different.
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Following observations that M.tb supresses pathways that regulate tissue
destruction in TB, it was predicted that one of the mechanisms by which
M.tb targets the PI3K, mTORC-1 and MNK signalling may be by inducing
up-regulation of micro RNAs that target the mRNA transcripts of PI3K?,
MNK1 and MLST8. To investigate this, a bio-informatics search using
‘TargetScanHuman 6.2”° was carried out to identify existing micro RNAs
predicted to target PI3Kd, MNK1 and MLST8 mRNA for degradation or
translational repression. This search resulted in the identification of
multiple micro RNAs that are predicted to either separately or
cooperatively target PIK3CD, MKNK1 and the MLST8 genes at the 3'-UTR
(Tables 11a, b and c). Out of these, 8 micro RNAs including miR-7, -22,
-27a, -30a, -221, -125b, -199 and miR-135a were investigated. Figure
71 is a schematic representation mapping of the micro RNAs under study

and their corresponding target mRNA.
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Figure 70: A Schematic diagram of the micro RNAs studied and their mRNA targets.

Multiple micro RNAs target the same mRNA transcript.
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hsa-miR Binding hsa-miR and target mRNA alignment sequence
ID position on
PIK3CD 3'
UTR

hsa-miR- | 1828-1834 5'...GUUGAGACCAGCACUCUGUGAAA... 3'
27a LT

P 3' CGCCUUGAAUCGGUGACACUU 5'
hsa-miR- | 127-133 5" ...GACAUGGCUGCCUUUUGUUUACA... 3'
30a [T

(8mer) 3' GAAGGUCAGCUCCUACAAAUGU 5!
hsa-miR- | 178-184 5' ...UUUAAGGAGCUAAACAGCCAUAA... 3'
135a 1] T

T 3' AGUGUAUCCUUAUUUU-UCGGUAU 5'
hsa-miR- | 782-788 5' ...UUUUUUUGAGAUGGGGUCUUCCU... 3'
7 [T

2 mer— 3'  UGUUGUUUUAGUGAUCAGAAGGU 5'
m38)

hsa-miR- | 1118-1124 5' ...GGAUGAGGCCAGAACUCUUCCAG... 3
7 [T

(7mer-1A) 3' UGUUGUUUUAGUGAUCAGAAGGU 5'
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hsa-miR- | 132-138 5' ...GGCUGCCUUUUGUUUACACUGGU... 3

199a-5p LT
3' CUUGUCCAUCAGACUUGUGACCC &'

hsa-miR- | 132-138 5' ...GGCUGCCUUUUGUUUACACUGGU. 3'
199b-5p [T

2 mer— 3' CUUGUCUAUCAGAUUUGUGACCC &'
m8)

hsa-miR- | 451-457 5" ...CCUAGACUGAGUUCUGGCAGCUC 3'
22 (Zmer- [T
m8) 3' UGUCAAGAAGUUGACCGUCGAA 5'
hsa-miR- | 689-695 5' ...AGAGAUCUGGGCCUCAUGUAGCU 3'
221 [T

2mer— 3' CUUUGGGUCGUCUGUUACAUCGA 5
m8)

Table 11a: Alignment and sequence information about the micro RNAs of interest and
their corresponding target mRNA binding sites (PIK3CD).
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hsa-miR ID Binding position hsa-miR and target mRNA alignme
on MKNK1 3'| sequence
UTR
hsa-miR-7 558-564 5' ...CAGGAAAUCAAAUCAGUCUUCCG...
(7mer—m8) LHHEE THT
3" UGUUGUUUUAGUGAU--CAGAAGGU 5
hsa-miR-125b | 514-520 5'...AGCCAUCCCCUCAAUUCAGGGAA...
[T
(7mer-1A)
3" AGUGUUCAAUCCCAGAGuUcCCcU 5'
hsa-miR-135a  498-504 5' ...UCCCUUGGCUGAGCAAAGCCALUC...
LT
(7mer-ma38)
3"  AGUGUAUCCUUAUUUUUCGGUAU 5'

Table 11b: Alignment and sequence information about the micro RNAs of interest and

their corresponding target mRNA bindings sites (MKNK1).
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hsa-miR ID

hsa-miR-22-3p

(7mer-ma8)

hsa-miR-199a-5p

hsa-miR-199b-5p

Binding position on  hsa-miR and target mRNA

MLST8 3' UTR

295-301

703-709

703-709

alignment sequence

5'...CCUGGUGCAGGUGGUG

GCAGCUG 3'
[T

3' UGUCAAGAAGUUGACC

GUCGAA 5'

5" ...GUGGCCUGGCCAGCC

CACUGGAU 3'
[T

3" CUUGUCCAUCAGACUU

GUGACCC 5'

5" ...GUGGCCUGGCCAGCC
CACUGGAU...

i
3 CUUGUCUAUCAGAUU
UGUGACCC

Table 11c: Alignment and sequence information about the micro RNAs of interest and

their corresponding target mRNA bindings sites (MLST8).
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5.9 M.tbinduces upregulation of micro RNAs predicted

to target regulatory pathways

Micro RT-gPCR was performed next to examine M.tb induced
modulation of our micro RNAs of interest. The micro RNAs of interest
were up-regulated in the same RNA samples where M.tb suppressed the
gene expressions of PI3Kd, MNK1 and MLST8 (Figure 72). This suggests
that M.tb induces upregulation of micro RNAs predicted to target
important components of the pathways under study, in order to suppress

their negative regulatory function.
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Figure 71: M.th infection of macrophages upregulated multiple microRNAs
predicted to target negative regulatory pathways. MDMs were infected with M.tb for
24 hours, after which RNA samples were analysed for miR profiling. RNA samples where
M.tb induced suppression of PI3Kd, MNK1 and MLST8 were used to perform micro-RT-
gPCR. MicroRNAs that are predicted to target PI3Kd, MNK1 and MLST8 gene expression
are up-regulated in cells where the mRNA of the same intracellular signalling

components was significantly suppressed by M.tb. Data show all three experiments
performed in different occasions.

The micro RNAs chosen have been predicted, but have not been

experimentally proven to suppress the expression of their predicted
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target genes. | predicted that stimulating macrophages with anti-micro
RNAs (anti-miRs) would reverse the micro RNA-induced repression of
PI3Kd, MNK1 and MLST8 gene expression. | proposed that if specific micro
RNAs are responsible for the down-regulation of either of our genes of
interest (i.e. PI3Kd, MNK1 and MLST8 genes), then their corresponding
anti-miRs would block the activity of such micro RNAs, thereby allowing
their respective mRNAs to be stably accumulated in order to be detected
by RT-gPCR.

Data from initial experiment using anti-miRs 30a and 135a showed up-
regulation of PI3Kd gene (Figure 73A) with accompanying down-
regulation of MMP-1 by a combination of anti-miRs 30a and 135a (Figure
73B). Interestingly, although antimiR_30a failed to repress M.tb -driven
MMP-1, there was no change in M.tb -driven MMP-1 gene expression in
macrophages treated with antimiR_135a compared to that driven by M.tb
only. However, data from subsequent repeated experiments were

inconclusive (Figure 74).

In all experiments, M.tb consistently suppressed PI3Kd, MNK1 and MLSTS8
genes as expected, and the anti-miRs reversed this suppression effect
when compared to control macrophages. However, given that the
negative control anti-miR exerted effect in similar manner to the un-
infected control cells (Figure 74), this data was deemed inconclusive as |
could not exclude a non-specific effect. Although antimiR_135a (but not
antimiR_30a) failed to reverse M.tb -driven MMP-1, anti-miRs_27a, 30a
and a combination of all three anti-miRs caused no change in M.tbh -
driven MMP-1 expression. M.tb -driven MMP-1 was greatly repressed in
cells treated with the negative control anti-miR. Given that this ‘negative
control’ anti-miR reverses M.tb -driven PIK3CD, MKNK1 and MLSTS8
genes, with accompanying MMP-1 repression in the same cells, this
confirms that rather than acting as negative control, in fact this control
anti-miR may target our genes of interest directly or the effect may be

non-specific. When an alternative method of analysis where the data was
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normalised to the non-specific negative control instead of the uninfected
control, the anti-miRs clearly reversed the M.tb -induced suppression of
PIK3CD, MKNK1 and MLST8 gene expression (Figure 75)
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Figure 72: Anti-miRs reverse M.tb effect on PIK3CD and MMP-1genes. MDMs were
transfected with the said anti-mlIRs for 24 after which RNA was isolated for gene
expression analysis. A: Anti-miRs-30a and 135a induced upregulation of PIK3CD in M.tb
infected macrophages. B: Whereas antimiR-30a failed to reverse M.tb -driven MMP-1,
antimiR-135a exerts no change, with a combination of the two anti-miRs greatly
suppressing M.tb -driven MMP-1. In both A and B, the negative control anti-miR (Not
expected to elicit any effect on M.tb activity) exerted up-regulation effect on both
PIK3CD and MMP-1 genes. This data shows one of the experiments performed on at

least three different donors.
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Figure 73: Anti-miRs modulate PIK3CD, MKNK1, MLST8 MMP-1 genes. A, B, and C:
Anti-miRs-27a, -30a and -135a reversed M.tb -induced suppression of PIK3CD, MKNK1
and MLST8 genes, with the negative control anti-miR exerting a greater reversal effect
on these genes. D: Although the negative control anti-miR supressed MMP-1, the anti-

miRs of study failed to suppress M.tb -driven MMP-1. This data shows one of the

experiments performed on at least three different donors.
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Figure 74: Anti-miRs drive upregulation of PIK3CD, MKNK1 and MLST8 genes in
M.tb infected macrophages. A, B and C: The non-specific negative control anti-miR
was for standardisation as an alternative method of analysis. In this analysis, the data
support the hypothesis that miRs cause suppression of negative regulatory pathways.

This data shows one of the experiments performed on at least three different donors.
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5.10 Discussion of results chapter lll

This study has demonstrated that M.tb drives MMP-1 production in TB,
and MMPs have been linked to lung tissue destruction which is crucial for
cavitation (Elkington et al., 2011c, Ong et al.,, 2014). It has also
demonstrated that the inhibition of PI3K/AKT/mTORC-1 and Mnk
signalling pathways results in elevated MMP-1 production by M.tb
infected macrophages. This suggests that the pathways exert a
suppression effect on MMP-1 production in TB, and this is indicative of
negative regulation of tissue destruction. Given the global success of TB,
It was hypothesised that the bacilli must be targeting important

components of the regulatory pathways to drive disease progression.

In order to evade host defence and enhance their survival, M.tb is known
to have devised a number of mechanisms to interfere with and attenuate
macrophage-triggered anti-mycobacterial immunity (Hestvik et al.,
2005). Data from this study has revealed that M.tb significantly drives
MMP-1 (Figure 61A), whilst suppressing PI3Kd gene expressions in the
same cells (Figure 61B and 61C). Given my hypothesis that signalling via
the PI3K pathway negatively regulates MMP-1, this data was supportive
of my prediction that M.tb has evolved to target intracellular signalling

that negatively regulate tissue destruction in TB.

At the gene level, M.tb significantly repressed gene expression of PI3Kd
(PIK3CD), and Mnkl (MKNK1) and a subunit of the mTOR complex-1,
MLST8 after 72 hours of infection (Figure 70). The repressed mRNA did
not translate to reduced protein expression in M.tb  -infected
macrophages at early time points. | have shown in one dataset that M.tb
down-regulates PI3Kd protein in infected macrophages by 72 hours
(Figure 62). However, our attempt to reproduce this data was not always

successful. Thus, the changes | observed at the gene expression level did
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not always reflect the same trend at the protein level. This is not
uncommon, since mRNA production and protein levels do not always
correlate (Vogel and Marcotte, 2012). It is likely that the biochemical
diversity of proteins is partly responsible for the differences in individual
correlation levels with the associated mRNA. With an average half-life of
2.6-7 hours for mRNA compared to 46 hour for protein, mRNA are known
to be generally less stable than proteins in mammalian cells (Vogel and
Marcotte, 2012, Schwanhausser et al., 2011). Furthermore, the rate of
MRNA transcription in mammalian cells is much slower compared to
protein synthesis. Only about two copies of a given mRNA is produced
per hour in mammalian cells, compared to multiples of tens of protein
copies translated per mRNA per hour (Vogel and Marcotte, 2012). These
factors are therefore likely to account for the discrepancies in our gene
versus protein expression data, and it may be necessary to do later time

points to investigate whether PI3K protein levels fall after M.tb infection.

Next | investigated PI3Kd protein expression profile in lung tissues
biopsied from patients confirmed to have pulmonary TB. PI3Kd expression
was globally suppressed in TB lung tissues (Figures 66-68). In fact the
high expression of CD68 by giant cells in TB lungs, with the
accompanying lack of PI3Kd expression supports our data where M.tb

repressed PI3Kd gene expression in infected macrophages (Figure 61).

This study next attempted to dissect the underlying mechanisms that
underpin the ability of M.tb to block important effectors of regulatory
pathways including PI3Kd, Mnkl and MLSTS8. It was identified that
although early stages of M.tb infection in macrophages results in
upregulated PI3Kd, Mnkl and MLST8 gene expression, the resulting
MRNA transcripts are not stable (Figure 70). It was predicted that M.tb
intervention of host defence is posttranscriptional, involving microRNAs.
Micro RNAs target mRNAs for their degradation or translational

repression (Singh et al., 2013).
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Micro RNA-155 (miR-155) which was upregulated in system (Figure 72 A)
is a well characterised micro RNA known to be frequently up-regulated in
inflammation and in a variety of pathological conditions. In M.tb infection,
autophagy induced death of macrophages has been reported to enhance
M.tb killing (Bao et al., 2013). miR-155 was shown to be up-regulated in
M.tb infection, where it interacts with Rheb to prevent it from repressing
autophagy, thereby promoting mycobacterial killing via increased
macrophage autophagy. Thus, although miR-155 up-regulated in TB can
be interpreted as a mechanism to increase M.tb killing in macrophages,
suppression of Rheb by miR-155 could also result in repression of
mTORC-1 activity, which | have demonstrated to negatively regulate
MMP-1. Thus, the up-regulation of miR-155 could be a host immune
response to eradicate M.tb , or a mechanism devised by M.tb to subvert

MTORC-1 signalling in order to successfully drive M.tb pathogenesis.

It was propose that one of the ways by which M.tb suppresses the
PI3/AKT/mTORC-1 and Mnk1 signalling is by inducing up-regulation of
micro RNAs that target PI3Kd, Mnkl and MLST8. This study has
demonstrated that indeed, M.tb induces up-regulation of microRNAs that
are predicted to target PI3Kd, Mnk1l and MLSTS8 in this model (Figure 72).

Micro RNA-7 (miR-7) has been demonstrated to target the PIK3CD gene,
and the overexpression of miR-7 in alternative systems resulted in
repression of mTORC-1 and p70S6K activity, whereas levels of 4E-BP1
were elevated. This resulted in inhibition of cell growth in hepatocellular
carcinoma (HCC), thereby decreasing tumour progression in HCC (Fang et
al., 2012). This work has shown that signalling via mTORC-1 also
negatively regulates MMP-1 in TB (Figure 31). It is therefore likely that in
order for M.tb to drive disease progression, the bacilli induce the up-
regulation of miR-7 (as well as the other identified miRs under study) to
target both PIK3CD, MLST8 and MKNK1 genes in order to remove the

regulatory effects exerted by these signalling pathways.
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Despite the growing knowledge of the involvement of micro RNAs in TB,
the above miRs have not been extensively investigated in the context of
tissue destruction in TB. In order to confirm the target specificity of the
identified micro RNAs under study, | transfected M.tb infected
macrophages with a selection of anti-miRs. | expected that this would
counteract the suppression effect of their corresponding miRs on PI3Kd,
Mnkl and MLST8 gene expression. It was expected that the anti-mIRs
would block the activities of the identified miRs, and prevent the miRs
from degrading the mRNAs under study. This would cause a reverse of
the observed M.tb-induced suppression effect and thereby increase the
gene expression of PI3Kd, Mnk1l and MLSTS.

The data from the anti-miR study was inconclusive and difficult to
interpret. Compared to un-infected, control cells, M.tb consistently
suppressed PI3Kd, Mnk 1 and MLST8 genes as expected, and the anti-
miRs increased the expression of these genes to levels higher than that
of M.tb infected cells which were not treated with anti-miRs. However,
apart from figure 73A, where the anti-miRs drove higher PI3Kd
expression compared to that driven by M.tb alone, all subsequent data

did not reproduce this phenomenon.

In figure 73B, it was predicted that blocking the miRs under study from
targeting PI3Kd, Mnkl and MLST8 would enable a direct negative
regulatory role of the signalling pathways on MMP-1 production. For this
reason, it was expected that the anti-miRs would exert a suppression
effect on MMP-1 gene expression. However, data from this study did not
support this prediction. In fact although MMP-1 was driven by M.tb
infection, the non-specific negative control anti-miR exerted marked
MMP-1 upregulation in M.tb infected macrophages, and this was not
expected. Although anti-miRs -30a and -135a suppressed the effect of
the negative control on MMP-1 production, the extent of suppression was

not lower than levels of MMP-1 that was driven by M.tb alone.
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Interestingly, a combination of the two anti-miRs (anti-miRs -30a and -

135a) completely abolished MMP-1 gene expression.

A careful consideration of figure 73A and 73B suggests that but for the
unexpected activity of the negative control (non-specific-anti-miR), it can
be speculated that indeed the anti-miRs block their respective target
miRs, and that this reverses the suppression effect of M.tb on PI3KJ,
indirectly leading to PI3Kd (Mnkl and MLST8)-induced suppression of
MMP-1. However, given that the non-specific negative antimiR control
(with M.tb infection) increased PI3Kd gene expression greater than that
driven by M.tb alone, it is difficult to arrive at such definitive conclusions.
In fact for all the anti-miR data, the non-specific anti-miR control exerted
some level of activity in infected macrophages, up-regulating PIK3CD,
MKNK1 and MLST8 gene expression to levels greater than that driven by

M.tb alone, and comparable to levels driven by un-infected macrophages.

This study did not investigate the reasons why | did not observe a direct
and consistent reverse expression of M.tb-induced suppression of PI3K9,
Mnk1 and MLST8 genes from low to high, when miRs predicted to target
their corresponding mRNA transcripts were blocked. A number of factors
could account for the discrepancies in this observation. Firstly, | did not
expect the negative control, which is a non-specific anti-miR, to exert
activity on the infected macrophages. This data however shows that the
negative control overcame the M.tb suppression effect on our genes of
interest, which compromises the reliability of the data. Future studies
should investigate the effect of a number of non-specific anti-miR
negative controls on gene expression, in the context of M.tb infection in
macrophages. Secondly, micro RNAs function to silence gene expression

via mRNA degradation or translational downregulation (Singh et al., 2013)

Multiple micro RNAs are known to combine in order to cooperatively
target particular mRNAs, and this results in a synergistic down regulation

of gene expression (Rupani et al., 2013). It is therefore likely that other
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micro RNAs that have not investigated in this study may combine with any
or all of the micro RNAs under study to repress PIK3CD, MKNK1 and
MLST8 gene expression. Future studies should investigate the expression
profile of a broader spectrum of micro RNAs that have been predicted to
target PIK3CD, MKNK1 and MLST8 gene expression in M.tb infected
macrophages. Once the relevant micro RNAs are identified, multiple anti-
miRs that are specific for the identified micro RNAs can then be included

in the investigation in order to reach a decisive conclusion.

Taken together, this work has demonstrated that in order to drive disease
progression, M.tb induces upregulation of micro RNAs that are predicted
to target important effectors of signalling pathways that negatively
regulate tissue destruction in TB. Future studies should dissect the exact
micro RNAs involved and determine their specificity with their predicted

target genes.

6. CHAPTER 6: GENERAL DISCUSSION AND
FUTURE WORK

Pulmonary TB patients develop cavities within their lungs and are thought

to be the global drivers of the TB pandemic (Yoder, 2004). MMP-1

secreted by M.tb infected macrophages have been shown to mediate
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destruction of lung extracellular matrix (ECM), ultimately resulting in
cavitation (Elkington et al., 2011a). This work has demonstrated that
intracellular signalling pathways negatively regulate MMP-1 production in
TB, and that the PI3Kd isoform of the class IA PI3Ks plays a pivotal role in
suppressing MMP-1. Thus this in vitro study has confirmed the emerging
notion that the PI3K/AKT/mTORC-1 (and Mnk1) signalling play negative

regulatory roles in disease pathogenesis.

| have examined M.tb modulation of MMP-1 production in infected
macrophages, and explored how this response is affected by chemical
compounds that block the intracellular signalling pathways under study.
The PI3K/AKT/mTORC-1 pathway plays a crucial role in immune response
to pathogens by balancing pro- and anti-inflammation, hence its critical
function in health and disease. However, as a result of the signalling
cascade’s ability to trigger diseases that emanate from uncontrolled cell
growth, various compounds that inhibit distinct components of this

pathway have been designed as novel therapies for cancer.

In human prostate cancer, PI3K (together with FAK and PKCd) signalling
has been reported to mediate MMP-1 dependent invasion (Zeng et al.,
2006). It is however becoming increasingly clear that this pathway also
play vital regulatory role in inflammation to limit diseases pathogenesis
(Thomas et al., 2005, Fukao et al., 2002, Aksoy et al., 2012, Tsukamoto
et al., 2008, Xia et al., 2004). | have shown here that M.tb drives MMP-1
secretion in macrophages and that PI3K, AKT, mTORC-1 (and Mnk1)
inhibitors further augment MMP-1 production in M.tb  infected
macrophages, suggesting a negative regulatory role played by the
PI3K/AKT/mTORC-1 pathway in TB. The premise that lipid kinases and
their intracellular signalling cascade components play a negative
regulatory role has been supported by numerous studies (Molnarfi et al.,
2008, Guha and Mackman, 2002, Tengku-Muhammad et al., 1999,
Weinstein et al., 2000). In Lipopolysaccharides (LPS) stimulated dendritic

cells (DCs), although IL-12 secretion is essential to initiate a Thl-type,
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cell-mediated response to the invading pathogens, excessive production
of IL-12 is detrimental to the host. Enhanced IL-12 suppressed anti-
inflammatory Th2-type immunity, rendering the host susceptible to
parasitic infections (Fukao et al., 2002, Finkelman et al., 1997), and
causing endotoxin shock (Gately et al., 1998, Ulevitch and Tobias, 1995).
PI3K has been shown to limit excessive IL-12 production by LPS
stimulated dendritic cells (DCs), mediating a balance between Th1l/Th2-
type response, thereby limiting LPS induced endotoxin shock (Fukao et al.,
2002).

In line with this finding, PI3K inhibition also blocked IL-10 (an anti-
inflammatory cytokine) secretion whilst enhancing that of IL-12 in
Porphyromonas gingivalis lipopolysaccharide infected monocytes
(Molnarfi et al., 2008, Martin et al., 2003). Consistent with findings from
this work, the negative regulation of IL-12 secretion by PI3K pathway was
confirmed in a study where primary macrophages were infected with
H37Rv strain of M.tb (Yang et al.,, 2006b). Following activation by
cytokines, LY294002 and Wortmannin treated T cells isolated from
rheumatoid arthritis patients caused human monocytes to secrete the
pro-inflammatory cytokine TNF, at levels much higher than non-treated
cells (Brennan and Foey, 2002) with the opposite effect on IL-10 secretion

by macrophages (Foey et al., 2002).

PI3Kd has been reported to be the specific isoform that mediate a balance
between pro- and anti-inflammatory immunity in response to numerous
pathogenic insults (Aksoy et al., 2012, Molnarfi et al., 2008). In LPS-
infected monocytes, PI3Kd was shown to suppress the production of TNF,
IL-1 and IL-6 which are all potent pro-inflammatory cytokines (Molnarfi
et al., 2008) which have also been linked to necrosis and tissue
destruction in TB (Fenhalls et al., 2002). Although inhibition of PI3Kx and
PI3KB in M.tb infected primary macrophages up-regulates MMP-1
secretion (Figure 28), PI3Kd inhibition results in even marked

upregulation of M.tb-driven MMP-1. This result suggests that PI3Ka and
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B isoforms are contributors, rather than the main isoforms involved in the
regulatory role proposed, and that the PI3Kd isoform predominantly

mediates the negative regulatory role of PI3K observed in this model.

The current paradigm of the formation of TB-associated lung cavitation
implicates TNF-a and IL-1B as the key cytokines that mediate necrosis
and have been suggested to promote tissue destruction.
Lipoarabinomannan (LAM), a component of mycobacterial cell wall
triggers TNF-a and IL-1B production in macrophages (Fenhalls et al.,
2002), and PI3Kd has been reported to suppress LPS-induced secretion
of these cytokines (TNF-«, IL-6 and IL-1PB) in macrophages (Molnarfi et
al., 2008). TNF-« and IL-1p are reported to play crucial role in putative
tissue damage in TB. Even though exaggerated production of these pro-
inflammatory cytokines may play a role in necrosis-associated cell death
that has been implicated in early phase pathogenesis of cavitation, as they
have no proteolytic activities, it is unlikely that the cytokines solely cause
the extensive ECM degradation observed in later stages of cavity
formation. The notion that PI3Kd negatively regulates the secretion of
cytokines that have been linked to tissue damage is consistent with

findings from this work.

A key downstream substrate of the PI3K/AKT pathway is mTORC-1.
MTORC-1 signals in a very similar fashion to PI3Ks in that its activation
results in up-regulation of cell proliferation, growth, differentiation, cell
migration and many other cell survival processes, as well as initiation of
protein synthesis (Laplante and Sabatini, 2012). mTORC-1 has been
shown to negatively regulate IL-12 production in LPS-stimulation DCs as
seen in PI3K activity, however mTORC-1 requires local production of IL-
10 (Ohtani et al., 2008). Consistent with this observation, enhanced MMP-
1 production was observed in MDMs which were pre-treated with the

classic mTORC-1 inhibitor, rapamycin (Figure 31).
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Both PI3K and mTORC-1 inhibition by LY294002 and rapamycin
respectively further enhanced the production of MMPs-1, -3 and -10
without altering M.tb -driven MMP-2 and MMP-7 (Figures 34 and 35).
These results suggest that whereas the bacteria deliberately drives
production of pathogenic MMPs, the PI3K pathway functions to supress
such pathogenic MMPs that have potent collagenase and/or direct tissue
destructive activity. By so doing, the intracellular signalling pathway is

able to negatively regulate MMP-mediated tissue destruction in TB.

This study has demonstrated that inhibition of the PI3 kinase and mTOR
pathways have a widespread effect, with mostly enhanced secretion of
Th1l/Th2-type cytokines and differential modulation of a number of
chemokines and growth factors (Figures 36 to 45). This observation was
of major interest because appropriate levels of Thl-type cytokines are
likely to mediate a protective antimicrobial immunity during infection,
which in TB is essential for depriving M.tb of its intracellular niche. In
contrast, uncontrolled production of Thl-type molecules can be

deleterious and may accentuate disease progression.

Although physiological production of IL-6, IL-12 and TNF-« in M.tb
infection is essential for host defence against pathogenic challenge
(Martinez et al., 2013, Cooper et al., 1997, Stenger, 2005), unregulated
over-expression of these Thl-type molecules has previously been
implicated in disease exacerbation by mediating tissue destruction (Law
et al., 1996, Mootoo et al., 2009, Zhang et al., 2012). Inhibition of both
PI3K and mTORC-1 signalling resulted in even marked secretion of IL1-
B, IL-6, IL-12 and TNF-a by M.tb -infected macrophages (Figure 36 and
37). This suggests that important intracellular signalling pathways play
crucial negative regulatory role to restrict tissue damage in TB by
controlling overproduction of Thl-type pro-inflammatory cytokines. The
pathway inhibitors similarly augmented a wide range of Th2-type
cytokines, chemokines and growth factors (although the levels were

relatively low), which was not expected (Figures 38-45). A high level of
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fine tuning of inflammatory effector molecules is required to ensure
appropriate balance between antimicrobial immunity and the chronic
tissue damage that is associated with pulmonary TB. It is therefore likely
that the negative regulatory role of intracellular signalling observed is not
restricted to known pro-inflammatory molecules, but also Th2-type

cytokines, chemokines and growth factors alike.

Further down the signalling cascade, Mnk1 signalling is widely known to
drive cap-dependent translation via elF4E activation (Knauf et al., 2001).
Mnk1l inhibition also enhanced M.tb-driven MMP-1 secretion by
macrophages (Figure 48). Mnkl signalling has long been known to
regulate protein translation via elF4E phosphorylation. It was therefore
surprising to observe an enhanced MMP-1 synthesis by M.tb infected
macrophages when translation was supposed to have been interfered with
through chemical inhibition of Mnkl. However, it has previously been
reported that elF4E phosphorylation on Ser 209 weakens the binding
affinity of elF4E for the 5'-cap structure of mRNA (Scheper and Proud,
2002a, Scheper et al., 2002, Knauf et al., 2001), and that phosphorylation
of elF4E is not indispensable for normal cell growth (Ueda et al., 2004). It
is therefore likely that in the case of translational modulation of MMP-1
MRNA, Mnk1 functions to limit uncontrolled protein synthesis in a cap-
independent translation mechanism that is independent of elF4E activity.
Although elF4E is the most characterised Mnk substrate (Waskiewicz et
al., 1997), various other Mnk1/2 targets are known, including ones that
are specific for particular members of the Mnk group of kinases (Buxade
et al., 2008). It therefore cannot be excluded that the effect of Mnkl
inhibition on MMP-1 is via mechanisms of other downstream substrates
of Mnkl1.

Mnk1 inhibition upregulated MMP-1, MMP-3 and MMP-10, (which are

frequently synergistically regulated) with a widespread suppression of

cytokines and chemokines (Figures 54-59), and this was not expected.

This suggests that the effect of Mnk1 inhibition observed was specific to
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pathogenic MMPs, implying a specific negative regulatory role of the Mnk

pathway in dampening down tissue destructive TB immunopathology.

M.tb is known to employ several mechanisms, including interfering with
essential signalling pathways, to evade host immune response in order
to successfully survive in host cells and to drive the progression of disease
(Hestvik et al., 2005). However, mechanisms by which M.tb is able to
avoid host regulatory processes to drive the extensive tissue destruction
seen in chest radiographs of patients with cavitary TB is much less well
understood. M.tb induces a PIP-free environment in the phagosomal
membrane to achieve oppression of phagosome maturation (Poirier and
Av-Gay, 2012). This study has demonstrated that in macrophages, M.tb
significantly suppresses PI3Kd gene expression levels by 24 hours post
infection (Figure 61). This study has also reported for the first time that
PI3Kd expression is absent in TB lungs with granuloma lesions (Figures
66-68). This data has revealed that M.tb significantly drives MMP-1
(Figure 61A), whilst suppressing PI3Kd gene expressions in the same cells
(Figure 61B). Given my hypothesis that signalling via the PI3K pathway
negatively regulates MMP-1, these data were in concert with the second
hypothesis that M.tb has evolved to target intracellular signalling that

negatively regulate tissue destruction in TB.

Attempts to dissect the underlying mechanisms that underpin the ability
of M.tb to block important effectors of regulatory pathways including
PI3Kd, Mnk1l and MLST8 led to the conclusion that although early stages
of M.tb infection in macrophages results in upregulated PI3Kd, Mnk1 and
MLST8 gene expression, the resulting mRNA transcripts are not stable
(Figure 70), implicating a posttranscriptional mechanism, potentially

involving microRNAs.

Micro RNAs target mRNAs for their degradation or translational
repression (Singh et al., 2013). This work has demonstrated that indeed,

M.tb induces up-regulation of microRNAs that are predicted to target
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PI3Kd, Mnkl and MLSTS8 in the same cells where M.tb suppresses PI3Kd
(Figure 72), but drives MMP-1 gene expression. Recent years has seen
growing interest in the role of micro RNAs in TB pathogenesis, with miR-
155, miR -125b, miR-99b, miR-7 and miR29 implicated in host immunity
(Singh et al., 2013, Sharbati et al., 2011), and several micro RNAs have
been linked to mechanisms by which M.tb evades host immunity to
promote its survival (Singh et al.,, 2013). This data suggests that by
inducing up-regulation of micro RNAs that target negative regulatory
pathways, M.tb exerts an effect of skewing the transcriptional response

to a matrix-degrading phenotype.

Taken together, This work has demonstrated that signalling downstream
of the PI3K/AKT/mTORC-1 axis and Mnkl pathway play a negative
regulatory role in TB, and that M.tb induces suppression of important
components of these signalling pathways. | have identified a novel
strategy employed by M.tb to drive immunopathology by subverting
negative regulatory pathways, both in primary macrophages and in TB
patients. | demonstrate for the first time, a role of Mnk1 signalling as a
negative regulator of MMPs in M.tb infected macrophages. Figure 76 is a
schematic representation of proposed model based on summary of
findings from this study. Here | propose that the PI3K/AKT/mTORC-1
signalling negatively regulates MMP-1 in tuberculosis. Whereas M.tb-
induced signalling downstream of p38 and Erk drives MMP-1 via
activation of COXIl and PGE;, the opposite can be said of Mnk1 signalling,

which is also downstream of p38 and Erk MAP kinases. In fact the negative

215



Investigating host regulatory pathways that limit immunopathology in TB.

regulation of pro-inflammatory mediators by Mnkl signalling is
pathogenic MMP specific.

Figure 75: Proposed model. M.tb infection triggers intracellular signalling which
culminates in the modulation of MMP-1 production in infected macrophages. In order
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to drive disease progression, M.tb subverts negative regulatory pathways through
upregulation of micro RNAs. | have shown that the PI3K/AKT/mTORC-1 axis and Mnk1
signalling function to limit M.tb -driven MMP-1, with Mnk1 regulation being specific to
pathogenic MMP-1. Interestingly, M.tb -induced signalling downstream of p38, COXII,
PGE; and Erk have all been previously shown to drive MMP-1.

6.1 CONCLUDING REMARKS

Taken together, this study has confirmed that M.tb induces MMP-1
secretion in primary macrophages, and that signalling downstream of
PI3K/AKT/mTORC-1 and Mnk1l pathways function to limit the excessive

production of such tissue damaging proteases. Consequently, this work
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has demonstrated that M.tb suppresses the transcription of PI3Kd mRNA
in macrophages and PI3Kd protein levels in TB patients, through up-
regulation of micro RNAs that target the pathways under study.
Interestingly, attempts to determine intracellular components that play
negative regulatory role in TB have identified signalling pathways which
are frequently switched on in cancer. This suggests that these signalling
pathways may potentially possess evolutionary homeostatic role in TB and
in other infectious diseases. PI3K inhibitors are currently in clinical trials
for cancer and diabetes therapies, and | propose that they may also
dampen down important host protective responses in TB, thereby

accentuating the disease.

6.2 FUTURE WORK

Ideally, | would like to further dissect the negative regulatory pathways to
build on my findings. Time and the technical challenges have meant that
| have followed the pathways as far as | could, but inevitably there are
further avenues to explore to build the overall macrophage signalosome.
For example, another key downstream target of PI3K pathway is GSK3«/B
signalling. In a study where mTORC-1 was shown to negatively regulate
IL-12 production in LPS-stimulation DCs via local production of IL-10,
GSK3 was also shown to drive IL-12 secretion in acute LPS infection, but
did not require IL-10 (Ohtani et al., 2008). The function of GSK3 reported
there supports the findings of a different group's work which
demonstrated that in acute/infectious inflammatory conditions such as
LPS-stimulation, GSK3 drives the secretion of pro-inflammatory cytokines
(Martin et al., 2005). However, during chronic/sterile inflammatory
condition as occurs in rheumatoid arthritis, GSK3 functions to suppress
production of pro-inflammatory cytokines (Bommhardt et al., 2004,
Hirsch et al., 2000, Williams et al., 2004). Since GSK3 is involved in the

regulation of numerous transcription factors, it would be interesting to
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decipher the effect of the PI3K/AKT/GSK3 axis of the PI3K pathway on
MMP production in M.tb infected macrophages.

This study has utilised a number of pharmacological inhibitors to dissect
the negative regulatory role of intracellular signalling in TB. Such
compounds are known to exert non-specific by-stander effect on other
effectors that may be critical for the phenotype described. Going forward,
alternative methods such as direct targeting of the pathways in
macrophages via si-RNA should be employed to further validate the

findings of from this study, or via CRISP-R gene editing.

This study did not investigate the mechanism via which Mnk1 inhibition
drives pathogenic MMPs, but not other pro-inflammatory cytokines.
Although elF4E is the most characterised Mnk substrate (Waskiewicz et
al., 1997), various other Mnk1/2 targets are known, including ones that
are specific for particular members of the Mnk group of kinases (Buxade
et al.,, 2008). It is likely that different downstream Mnk substrate
molecule(s) mediate the surprisingly high MMP-1 secretion effect of Mnk1
inhibition. It is therefore worth investigating the role of other Mnkl
targets in MMP production in the context of M.tb infection, and this

finding is likely to be of broad interest to the Mnk signalling field.

It was proposed that one of the ways by which M.tb suppresses the
PI3/AKT/mTORC-1 and Mnk1 signalling is by inducing up-regulation of
micro RNAs that target PI3Kd, Mnkl and MLSTS8. This work further
demonstrated that indeed, M.tb induces up-regulation of microRNAs that
are predicted to target PI3Kd, Mnk1l and MLSTS8 in this model. However,
attempts to confirm specificity of the identified micro RNAs with their
corresponding predicted target was inconclusive. Further studies would
be required to confirm direct targeting of the micro RNAs of study to their
predicted mRNA transcripts. This can be carried out by utilising a number
of different non-specific anti-miRs as negative controls. The specificity

of micro RNAs on targets can also be ascertained by cloning the 3’ UTR
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of PIK3CD, MKNK1 and MLST8 genes for luciferase assay analysis. This
represents a significant body of work but would provide mechanistic
evidence that the micro RNAs are exerting the hypothesised effect.
Moreover, the micro RNAs under study were only a fraction of dozens
predicted to target the pathways of study. Future work should include a

broader range of micro RNAs to confirm further validate the findings.
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Appendix 1

7.1 Appendix 1: Materials and buffer recipes

e Complete media

RPMI-1640 (Sigma-Aldrich, #R7509-6X500ML) supplemented with 5% L.
Glutamine (Sigma-Aldrich Company Ltd., #G7513-100ML), 5% ampicillin
(Sigma-Aldrich Company Ltd., #A0166-5G) and 10% foetal bovine
serum(Life Technologies Ltd #FB-1001/500).

Middlebrook 7H9 medium (BD Bioscience)

10% ADC enrichment medium (BD Bioscience), 0.2% glycogen (Life
Technologies Ltd) and 0.02% Tween 80 (Fisher Scientific UK Ltd #BPE338-
500)

Preparation of Ampicillin stock solution

Weigh 500mg of Ampicillin powder (Ampicillin sodium salt, sigma A0166)
in falcon tube. Re-suspend in 5ml of endotoxin free water and vortex.
Top up to 50ml by adding 45ml of endotoxin free water. Filter sterilise

into 5ml aliquots. Label and store in -20°C.
Materials and buffer recipes for ELISA
e PBS (10X)

0.9 Litres H.O, 137mM NaCl (80g), 2.7mM KCI (2g), 8.1mM Na;HPO,
(11.1g), 1.5mM KH.PO. (2g), Adjust to pH 7.2-7.4 (0.2 um filter before
use); Make up to 1L.

e Capture (primary) antibody 2.0 pg/mil

Stock 360pg/ml stored at -80° in 60ul aliquots; 10mls 1X PBS 55.6ul

stock.
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e Wash buffer
1 litre 1x PBS (pH 7.2 - 7.4), 0.5ml Tween 20 (0.05%)
e Reagent diluent
1 X PBS, 1% BSA.
e Detection antibody (biotinylated) 50ng/ml

Stock 72pg/ml stored at -80°C, 10mls Reagent diluent, 55.6ul Stock =
4 pg

e Streptavidin-HRP (dilute 1 in 200)
10mls Reagent diluent, 50ul streptavidin
e Stop solution 2M H2S04 (for 5ml)
4.5mls ddH,0, 540ul concentration H.SO,
Buffer recipes for gel casting
e Separating gel buffer (1 M Tris-HCI, pH 8.8)
Add 30.3 g Tris to about 150 mL water; adjust to pH 8.8 with HCI
Bring to 250 mL with water
e 50% Sucrose
50.0 g Sucrose. Bring to 100 mL with distilled water
e 10% SDS
10.0 g SDS. Bring to 100 mL with distilled water
e 50% Acrylamide/BIS (29:1)
48.3 g Acrylamide, 1.7 g BIS. Bring to 100 mL with water

e Stacking gel buffer (0.375 M Tris HCI, pH 6.8)
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Add 11.4 g Tris to about 150 mL water; adjust to pH 6.8 with HCI. Bring
to 250 mL with distilled water.

¢ Catalyst (made fresh on the day of use)
100 mg Ammonium persulfate in 2 mL of distilled water
Western blotting materials and buffers

e Preparation of 1X NuPAGE® MOPS SDS running buffer Using
NuPAGE® SDS Running Buffer (20X) as follows:

NuPAGE® SDS Running Buffer (20X, MES or MOPS) 50 ml
Deionized Water 950 ml
Total Volume 1000
ml

e Preparation of 1L transfer buffer (20X)

NuPAGE® Transfer Buffer (20X) 50 mL
Methanol 100
mL

Deionized Water 850
mL

e Concentrated TBS (10x)
24.23g of Trizma/HCL
80.069g of NaCL

Mix in 800mL ultra-pure water and bring to pH 7.6 by adding HCL and
top up to 1L

e TBS tween (TBST)

For 1 L: 100 ml of TBS X10 + 900 ml Ultra-pure water + 1ml Tween20
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(OR 1X PBS, 0.1% Tween was used as Washing Buffer)
e Blocking reagent
To prepare a 5% milk or BSA solution,
5g per 100 ml of Tris Buffer Saline Tween20 (TBST) buffer

Mix well and filter (Failure to filter can lead to “spotting” where tiny dark

grains will contaminate the blot during development)

(Or 4% BSA in 1 X PBS was used as blocking buffer)
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7.2 Appendix 2: Culture of M.tb (H37RV)

The handling of pure cultures of Mycobacterium tuberculosis is the most
hazardous procedure performed in the TB laboratory and therefore must
only be performed by an experienced operator who is taking time and
care over the procedure. Subculture must be done at the rear of the class
[ MSC and the MSC must be clutter-free at all times.

Subculture of M.th

M.tb is cultured in 2mls Middlebrook 7H9 media in sealed 8ml falcons,
held in racks in a secondary Bio jar. Bio jars are kept closed with zinc tape
to ensure that they do not progressively loosen while shaking. Bio jars
must never be opened outside the MSCs. M.tb will be sub-cultured
weekly. 200, 300, 400, 600 and 800pul of M.tb suspension is transferred
to fresh falcon tubes containing 2mls sterile 7H9 medium so that M.tb at

the appropriate OD is available the following week for experiments.

M.tb Colony counts

Middle brook 7H11 agar plates will be used. Each plate is divided into 8,
clearly labelled and infected with sequential dilutions of TB culture in the
MSC. Plates are left to air dry for half an hour prior to stacking upside-
down After placing in two secondary Petri dish sleeves and taping closed,
they will be transferred to the incubator for culture. Plates must be
regularly checked for contamination and discarded if contaminated.

Plates will be autoclaved after 6 weeks.

Freezing M.tb stocks

Aliquot M.tb mixed with 30% glycerol into cryovials for freezing. Wipe
the exterior of vials twice with gauze soaked in 70% ethanol. Place in
secondary container (plastic Eppendorf box) and close carefully. Mark
box with “M.tb stocks - danger of infection”. Wipe exterior of secondary

container with 70% ethanol. Place in -80°C freezer.
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Killing of M.tb with ultraviolet light

This protocol is used to kill M. tuberculosis by exposure to high intensity
UV light for 90 minutes, in order to use whole killed bacilli with intact
extracellular proteins for experiments outside the CL3 suite. The
following protocol has been optimised through 3 test runs in the CL3 suite
at Imperial College Hammersmith and has been demonstrated to be

efficacious.
Grow up multiple aliquots of 2mls M.tb in the shaking incubator.

When the optical density reaches 0.60 measured on the WPA cell density
meter in the class Il MSC, perform UV killing as described below. (OD =0.6
corresponds to 1 x 10® CFU /ml)

Pipette 1ml M.tb broth into a 60mm sterile petri dish and seal carefully
around the edge with parafilm. Ensure that the parafilm does not obscure
the base of the Petri dish at any point. Slowly rotate the dish so that the
M.tb forms a thin monolayer across the entire surface. Perform the same

process for up to 8 petri dishes.

Keep a 100ul aliquot of M.tb as positive control for the culture

confirmation of killing.

Carefully slide each Petri dish into a zip lock plastic bag. Each dish must
be kept horizontal as it is placed in the zip lock bag. Carefully seal the
zip lock bag along its entire length. This ensures the samples are double

contained.

Dispose the outer gloves within the cabinet and put on new ones outside.
Wipe the surface of the zip lock bag with 70% ethanol before removing
them from the MSC and placing on the UV illuminator in class | or Il

microbiological safety cabinet (MSC).

Close the cover of the illuminator, turn to full power and switch on.
Irradiate the M.tb for 90 minutes.
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Place the zip lock bag back in the class Il MSC.

Pipette all the UV killed M.tb into a single 15ml falcon, close the lid and
invert to ensure that bacteria are fully mixed. All Petri dishes must be
tested for sterility simultaneously, in case one UV bulb s

underperforming.

Plate 100ul UV killed M.tb onto 3 separate 7H11 agar plates and spread
with a sterile loop. Plate 100ul control untreated TB onto a fourth 7H11

agar plate.

Allow to air dry for 30 mins, double bag and place in the incubator at 37

degrees with plates inverted.

Aliquot the rest of the UV killed M.tb into screw-top Eppendorf’s, label
and place in a box. Label box with date and “UV-killed TB, awaiting
culture confirmation of sterilization”. Place the box at -80°C in
containment laboratory. The samples must not be removed from the TB

lab until sterility confirmed by culture.

Plates must be read at 6 weeks to confirm sterility. The positive control
must show excellent M.tb growth and the UV treated plates must be
completely devoid of any colonies. If either case is not fulfilled, samples

must be discarded as efficacy of killing has not been proven.

If plates are sterile and M.tb has grown on positive control plate, then the
aliquots frozen at -80°C are proven to be sterile and can be removed from

the TB lab after external decontamination with 70% ethanol.

Each and every batch of UV-killed TB must be tested as above prior to
release from the CL3 as the performance of UV bulbs may decline over

time.

Although the UV illuminator has a protective lid and gaps will be covered,

the UV killing should be during a time when the TB lab is not being used

by others. Therefore, liaise with other users in advance of performing the
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UV killing to identify a convenient time, perform during a 90 minute
period when the lab will not be in use, and place the “BIOHAZARD NO

ENTRY” sign on the door while the irradiation is underway.
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Appendix 2
Appendix 3: Manufacturer's protocols used

High capacity cDNA Reverse Transcription Kit (Applied
Biosystems™, #4374967)

Tagman’® Gene expression Assays (Applied Biosystems™)

Protein assay kit, BCA Thermo Scientific Pierce (Life Technologies
Ltd., # 10741395)

Human cytokine 30-plex assay (Invitrogen)
MMP multiplex assay (R&D Systems)
MMP-1 and IL-8 DuoSet ELISA developing System (R and D systems)

Cytotoxicity Detection Kit ™ (LDH) (Roche, #04744926001)
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7.4 Appendix 4: Software used
e SDS version 2.3 sequence detection systems (Applied Biosystems™).

e Graph Pad Prism version 5 (Graph Pad Software, San Diego
California USA)

e (gbase ™* (Biogazelle)
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