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“(...) All our science, measured against reality, is primitive and childlike and

yet it is the most precious thing we have.”

Albert Einstein (1879-1955)



Abstract

In tuberculosis (TB), matrix metalloproteinases (MMPs) have a major role in tissue
destruction and cavitation. The composition of each extracellular matrix (ECM) gives
specificity to tissues and is important in control of local immune responses by acting
as a “molecular postcode”. Hence, it is likely to have important implications in TB.
During central nervous system (CNS) infection, the effect of TB on blood-brain
barrier (BBB) function is unknown. | hypothesised that the ECM environment may
determine the MMP response during innate immune activation in pulmonary and
CNS TB. | aimed to investigate the effect of adhesion to the lung’s ECM in regulation
of MMP expression and activity. | also aimed to develop a BBB cellular model and
investigate the role of Mycobacterium tuberculosis (Mtb)-driven MMP secretion on
BBB function. In a model of pulmonary TB, human bronchial epithelial cells (NHBES)
and monocytes were exposed to ECM components and stimulated with conditioned
medium from Mtb-infected monocytes (CoMtb) or infected with Mtb. Type | collagen
(Coll-I) matrix was shown to decrease MMP-1 mRNA accumulation by 48% and
collagenolytic activity compared to NHBEs in the absence of matrix. MMP-1 co-
localised with integrin a2B1 resulting in enhanced cell migration in wound healing
assays. In contrast, soluble Coll-I led to integrin a231 occupancy without clustering
and caused a 7-fold increase in collagenolytic activity but decreased migration. In
Mtb-infected monocytes, adhesion to ECM components increased MMP-1 secretion
by over 60%. Fibronectin and Coll-I also increased MMP-10 by 55% and 90%
respectively. Surface expression of integrin aVB3 was upregulated by Mtb-infection
and adhesion to Coll-I. Activation of integrin aVB3 mimicked the effect of Coll-l MMP

secretion, while its inhibition impaired monocyte migration.



CoMtb-stimulation of the BBB model decreased trans-endothelial electrical
resistance from 154+1.2ohm.cm? to 111.6+4.7ohm.cm?, while Papp increased 3-fold.
Coll-IV and tight junction proteins (TJPs) degradation was also detected. MMP
concentrations increased 125-fold for MMP-1 (0.35+2 to 43.845.1ng/mL) and 619-
fold for MMP-9 (0.072+0.014 to 44.6+8.9ng/ml). Treatment with the MMP inhibitor
Ro032-3555 prevented BBB disruption. Neutrophil and monocyte transmigration
increased 60% and 80% respectively and returned to control levels with MMP
blockade. MMP-9 was shown to be responsible for BBB disruption and its inhibition
by antibodies prevented BBB disruption. The Hedgehog pathway was downregulated
during infection, resulting in decrease TJPs gene expression, which contributes to
BBB dysfunction.

In summary, the ECM regulates both epithelial and monocyte expression of MMP-1
via integrins signalling. In the CNS, MMP-9 drives tissue destruction and BBB

disruption which may be a potential reversible event in CNS TB immunopathology.
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CHAPTER I- INTRODUCTION

1. Tuberculosis: a global health emergency

Tuberculosis (TB) was declared a global health emergency by the World Health
Organization in 1993 [1] and still remains the second leading cause of death by an
infectious agent. Annually, it is estimated that there are 8.6 million new cases and 1.3
million deaths caused by TB[1]. In the 90s, the first cases of multidrug resistant TB
(MDR-TB) and, later, extensive drug resistant TB (XDR-TB) were reported [2], and
we still continue to witness a rise in these cases, with 94,000 cases of MDR-TB

cases reported in 2012 and 92 countries reporting XDR-TB [1].

The majority of TB cases occur in Africa, South/ South-East Asia, Eastern Europe
and Central/ South America [1]. In these resource challenged settings, it is difficult to
comply with the long treatment regimen due to lack of availability of all drugs and
also limited availability of drug sensitivity testing. Furthermore, treating drug resistant
TB is expensive and complicated, involving drugs with serious side effects and

limited efficacy [3].

Although only accounting for 1% of all cases, TB of the central nervous system
(CNS) is a highly devastating form of the disease and is associated with high
mortality and neurological morbidity [4]. CNS TB has a higher incidence in children
and human immunodeficiency virus-infected individuals [5,6]. CNS TB manifests
itself primarily as tuberculous meningitis (TBM) and less commonly as tubercular

encephalitis, intracranial tuberculoma, or a tuberculous brain abscess [6].
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CHAPTER I- INTRODUCTION

New therapeutic approaches which shorten treatment duration of TB and limit tissue
destruction are clearly needed, as well as new approaches for vaccine development
that allow the creation of a vaccine that confers long-term protection to

Mycobacterium tuberculosis (Mtb) infection.

22



CHAPTER I- INTRODUCTION

2. Pathogenesis of tuberculosis

The Mtb infection cycle is usually initiated with inhalation of mycobacteria aerosilised
by a patient with active pulmonary disease. Mtb reaches lower sections of the lung
and is phagocytosed by resident alveolar macrophages, which in turn will release
cytokines (IL-6, TNF-a, IL-1B) to recruit and activate blood monocytes, neutrophils
and dendritic cells, forming the Ghon focus (primary lesion). At this initial stage, the
destruction of Mtb will depend on the microbicidal capacity of host macrophages and
virulence factors of the engulfed mycobacteria [7]. If macrophages fail to clear the
infection, mycobacteria will grow exponentially and blood-derived macrophages will
accumulate. Neutrophils also have the capacity to kill internalised mycobacteria and
may also have an important role at this stage [8]. Although not well understood,
during this process, mycobacteria may disseminate, either freely or inside infected
phagocytes, to local lymph nodes and the bloodstream, most frequently to highly
oxygenated regions such as the brain.

After adaptive immunity recruitment and activation, CD4+ T lymphocytes proliferate
within the early lesion and secrete cytokines, mainly INF-y, which stimulates
macrophages to destroy the intracellular mycobacteria (Fig. 1). Nevertheless, the
adaptive immune response is not able to induce sterilizing immunity [9]. These
events lead to the cessation of Mtb exponential growth, both intracellularly and
extracellularly, due to the formation of central solid necrosis, rich in lipids and derived
from dead macrophages, which inhibits Mtb extracellular growth. At this stage,
infection may become stationary or dormant, depending on a complexity of host
immune and Mtb virulence factors, which dictate whether infection is contained or if

dessimination leads to clinical disease [7].
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Figure 1. Representation of innate and adaptive immunity response to Mycobacterium

tuberculosis infection.

CTL= cytotoxic T lymphocyte; GM-CSF= granulocyte-macrophage colony-stimulating factor; IL= interleukin; IFN-
y= interferon gamma; Mtb= Mycobacterium tuberculosis; Th1, 2, 17= T helper cell type 1, 2, 17; TGF-p=
transforming growth factor-beta; TNF-a= tumour necrosis factor-alpha; TLR= toll-like receptor; Treg= regulatory T

cell.
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A complex interplay of host immune factors and Mtb virulence factors in the end
determines whether or not the infection is contained and whether, or to what extent,
the dissemination of the bacilli leads to clinical disease

When Mtb disseminates from the lung bases to the apices), it engages the host
immune response to drive ECM destruction, resulting in cavities within which it
proliferates exponentially. The pathogen is then transmitted to new hosts by cough
aerosol generation.Cavity formation must involve the action of proteases, specifically
MMPs, which are able to degrade the ECM.

In CNS TB, small tuberculous foci can form in the brain, spinal cord or meninges and
the location and capacity to control these foci determines which form of CNS TB
occurs. CNS tuberculosis manifests mainly as TB meningitis and less commonly as

tubercular encephalitis, intracranial tuberculoma or tuberculous brain abscess [4].

The role of MMPs in pulmonary and CNS TB will be discussed in more detail in the

chapters 3.3 and 3.4.
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3. Matrix metalloproteinases

Humans have 23 MMPs, and their activity under basal conditions is considered low
in most tissues. However, MMP expression can be upregulated by inflammatory
cytokines, growth factors, hormones or cell to cell interactions [11]. Generally an
MMP is composed of a pro-peptide domain (around 80 amino acids), a catalytic
domain (around 170 amino acids), a linker peptide of variable length and a
hemopexin domain (approximately 200 amino acids) (Fig. 2). Exceptions to this

structure are MMP-7, -26 and -23, which lack the linker and hemopexin domains [11].

tch-mows PRCGXPD AHEXGHXXGXXH ~ Zinchinding

switeh” motif- motif
N < = -~
~ ” * s 7
N o e -
- - I. L
Signal O-glycosylated
peptide Catalytic domain

Figure 2. Matrix Metalloproteinases general structure.

Matrix metalloproteinases are generally composed of a pro-peptide domain, a catalytic domain, a
linker peptide and a hemopexin domain. The pro-peptide domain is part of the “cysteine switch.” It
contains a conserved cysteine residue (sequence PRCGXPD) that interacts with the zinc in the
active site and keeps the enzyme in an inactive form. In the catalytic domain forming the active
site there is a catalytically important Zn** ion, which is bound by three histidine residues found in
the conserved sequence HExxHxxGxxH. Gelatinases have fibronectin type Il modules linking the
zinc-binding motif to the catalytic domain. The catalytic domain is connected to the C-terminal
domain by a flexible hinge or linker region. The hemopexin-like domain is thought to be involved in
protein-protein interactions. In the inactive form, the SH group bound to the conserved cysteine

and Zn* prevents binding of H,O molecule to the zinc cation, which is essential for catalysis.
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The “cysteine switch” in the catalytic domain and the zinc binding motif are essential
structures in MMP activation. The coordination between the cystein and the zinc
cation keeps pro-MMPs inactive by preventing the binding of a H,O molecule to the
zinc cation, which is essential for catalysis. The catalytic domain also contains a
conserved methionine (“Met-turn”), located eight residues downstream of the zinc
binding motif which forms a base to support the structure around the catalytic zinc

[12].

Based on domain organization and substrate preference, MMPs have been
classically grouped into collagenases, gelatinases, stromeolysins, matrilysins and
membrane-type (MT-MMPs) which and are summarised in table 1. MMPs are
involved in several physiological functions including tissue homeostasis, host
defence and tissue repair [13]. Proteolysis of the extracellular matrix (ECM) is an
important feature of tissue repair and remodelling. Cells involved in wound repair
express MMPs and regulate their activity, e.g. MMP-1, -3 and -9 are involved in

repair of skin and lung tissues [14,15].

27



CHAPTER I- INTRODUCTION

Table 1- Matrix Metalloproteinases classification.

Traditional

classification

Matrix

Metalloproteinase

Substrates

MMP-1 Type |, Il and Il collagen
MMP-8 Other ECM molecules and
Collagenases MMP-13 _
soluble proteins
MMP-18
Gelati MMP-2 Gelatin
elatinases
MMP-9 Type IV, V and XI collagen
Laminin, hyaluronan
MMP-3 Pro-MMP activation
Stromeolysins MMP-10 Several ECM substrates
MMP-11
Elastin
Matrilvei MMP-7 Cell surface molecules (e.g.
atriysins -Q- i - -
y MMP-26 pro-a-defensin or pro-TNF-a
Other ECM substrates
MMP-14
MMP-15 Activated on the cell surface
MMP-16 Collagenolitic activity (types
MT-MMPs MMP-17 I, 1l and IlI).
MMP-24
MMP-25

References: 17-22. ECM- extracellular matrix; MMP- matrix metalloproteinases,

MT-MMPs- membrane-type metalloproteinases; TNF-a- tumour necrosis factor-a
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3.1. Regulation of Matrix metalloproteinase expression

Since these enzymes are so efficient at breaking down tissue, MMP activity is tightly
regulated. In addition to transcriptional regulation, MMPs are secreted as pro-
enzymes, in which the catalytic site is occupied by a pro-peptide domain that can be
enzymatically removed by cleavage by other MMPs or modified by interactions with
reactive oxygen species or plasmin. They are also co-secreted with endogenous
antagonists — Tissue inhibitors of Metalloproteinases (TIMPs), a family of four
proteins that bind MMPs in a 1:1 stochiometry to prevent proteolytic activity [11,16].
MMP activity is also regulated by compartmentalisation, for example MMP-1 binds to

integrin a2f31 restricting its activity to the pericellular space [17].

There are three groups of MMP gene promoters. The first group, which includes
MMP-1, -3 and -9, is composed of a TATA box at -30 base pairs (bp) and an AP-1
binding site at -70bp. The second group, which includes MMP-8 and -11, also has a
TATA box but no proximal AP-1 binding site. Finally, the third group, which includes
MMP-2, has multiple transcriptional start sites, no TATA box and is constitutively

expressed [18]. Therefore, MMP expression is cell, tissue and stimulus dependent.

Key transcriptional regulators of MMPs include nuclear factor-kB (NF-kB), AP-1 and
signal transducer and activator of transcription 3 (STAT3) pathways [19,20]. Due to
the AP-1 binding site, group 1 promoters are inducible by cytokines and growth
factors, through extracellular signal-regulated kinase (ERK) 1/2, c-Jun N-terminal
kinase (JNK), and p38-MAPK-signaling pathways [21-24]. Also, the MMP-9 promoter

contains a consensus binding site for NF-kB at -600bp and therefore its expression is
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inducible by TNF-a [25,26]. There are no NF-kB binding sites in the MMP-1 and -3
promoters and yet their expression is also inducible by NF-kB, either via other

transcription factors or by non-canonical NF-kB sites [27,28].

Epigenetic mechanisms, including DNA methylation and covalent modification of
histones, are also emerging as key regulators of MMP gene expression. Methylation
and acetylation of histones can activate or repress transcriptional activation by
regulating the access of transcriptional machinery to coding sequences [29]. Most
studies in histone modifications on MMP gene expression were focused on histone
acetylation, a process that is regulated by two enzymes: histone acetyltransferases
(HATs) and histone deacetyl transferases (HDACs). The inhibition of HDACs by
chemical inhibitors or siRNA to decrease methylation-associated gene silencing
revealed that inhibition of HDACs induced MMP-1, -2, -9 and -13 gene expression
[30-32]. However, in some cases HDAC inhibitors caused a decrease in MMP levels.
HDAC inhibitors have been shown to block MMP-9 gene expression in several
cancer cell lines (e.g. liver cancer cells, neuroblastoma, human gastric cancer cells,

A549 lung adenocarcinoma cells), leading to a reduced invasive phenotype [33-36].

30



CHAPTER I- INTRODUCTION

3.2. Matrix metalloproteinases in homeostasis and

inflammation

3.1.1 Cell migration

Cell migration in the ECM requires MMP proteolytic activity which in turn is controlled
by association with cell surface receptors, restricting MMP activity to the pericellular
space. Secreted MMP-1 binds to integrin a21, while MMP-2 binds to integrin aV33
and MMP-9 to CD44 and 31 and B5 integrin subunits [17,37-40]. The localized ECM
proteolysis occurs in specialized cell receptor-ECM contacts, (e.g. lamellipodia,
filopodia, podosomes) where MMPs act in tight coordination with the cell migration
machinery. MMPs also facilitate cell migration by generating chemokine gradients to
direct cell migration. ECM fragments generated by MMP proteolysis have also been

shown to have chemotactic properties [41].

MMP-1 is required for alveolar and keratinocyte cell migration and proliferation
[17,42], while MMP-12 is required for macrophage influx in mouse models of
emphysema [43] and MMP-14 is required for monocyte migration[44]. MMP-3 is
required for neutrophil recruitment to the airways in mouse models of acute lung

injury [45].
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3.1.2. Cytokine and chemokine processing

Besides degrading components of the ECM, MMPs may act on a variety of non-
matrix substrates. In vitro, MMP-1,-2, -3 and -9 are able to activate TNF-a [46],
MMP-2, -3 and- 9 can activate pro-IL-1B, which in turn also degrades the active form
IL-18 [47,48]. In addition to cytokines, MMPs also processes chemokines. MMP-9
processes CXCL8 (IL-8) to a fragment with enhanced chemotactic capacity [49].
Conversely, CCL7 (MCP-3) is cleaved into an inactive form by MMP-2, and the CCL7
fragment acts as a receptor antagonist [50]. Table 2 summarises chemokines that

are known to be processed by MMPs (work reviewed in [51]).

Table 2- Proteolytic processing of human chemokines by MMPs.

Function Chemokine MMP
Activation CXCLS8/IL-8 MMP1, -8, -9, -13, - 14
CXCL5 MMP-1, -8
CXCL1 MMP-9, -12
CXCL2 MMP-12
CXCL3 MMP-12
IL-8 MMP-12
CXCL4 MMP-9
... CXCL5 MMP-9, -12
Inactivation CXCL5 MMP-1, -9, -12
CXCL7 MMP-9
CXCL9 MMP-7, -8, -9, -12
CXCL11 MMP-7, -9
CXCL12 MMP-1, -2, -3, -9, - 13, -14
IL10 MMP-7, -8, -9, -12
CCL2/MCP-1 MMP-1, -3, -8, -12
CCL8/MCP-2 MMP-1, -3, -12
. CCL7/MCP-3 MMP-1, -2, -3, -12, - 13, -14
Antagonist CCL13/MCP-4 MMP-1, -12
CXCL11 MMP-8, -12

Reviewed in Biochim Biophys Acta. 2010;1803(1):39-54 [51].
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3.1.3. Regulation of intracellular signalling

MMPs can also mediate intracellular signalling. For example MMP-1 can cleave the
extracellular domain of proteinase activated receptor 1 (PAR-1), which activates a G-
protein dependent signalling cascade and calcium flux [52]. Furthermore, emerging
evidence indicates that intracellular MMPs also have roles in cell signalling [53].
MMP-2 and MMP-3 have nuclear localisation sequences [54,55] and the presence
of these MMPs in the nucleus has been associated with apoptosis [55,56]. A study
on dopaminergic neurons also indicates a pro-apoptotic role for active intracellular
MMP-3, by activation of caspase-3. In opposition, MMP-1 appears to prevent
apoptosis [57]. MMP-1 association with the nucleus and mitochondria also appears
to have a role in regulation of cell growth and may contribute to tumour cell survival

[58].

Transcription factor-like properties have also been attributed to MMPs. MMP-3 has
been shown to be a trans regulator of connective tissue growth factor (CCN2/CTGF)
by interacting with heterochromatin protein-y [59]. In a viral infection model, MMP-12
secreted by macrophages was transported to coxsackievirus type B3-infected HelLa
cells and translocated to the nucleus, enhancing transcription of IkBa which in turn is

necessary for export of IFN-a from virus-infected cells [60].
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3.1.4 Activation of antimicrobial peptides

In mice, MMP-7 is key in activating a-defensins in the gut, which was demonstrated
by the impaired bacterial clearance from the gut in MMP-7 deficient mice [61]. MMP-
7 also appears to play a similar role in the airways, since its expression has been
shown to be upregulated in respiratory epithelial cells in cystic fibrosis [62]. Also,
bacterial products have been shown to drive MMP-7 secretion in respiratory epithelial

cells [63].

3.1.5. Pathogenic functions of MMPs

Although MMPs are crucial for tissue homeostasis and inflammatory response,
excess MMP activity is also involved in immunopathological conditions such as
inflammatory diseases and cancer leading to marked tissue destruction as well as
cancer progression. In myocardial infarction, activation of latent collagenases causes
rapid degradation of the myocardial matrix, followed by de novo synthesis of MMP-1,
-2 and -9 leading to extensive matrix breakdown [64]. The collagenases MMP-1 and -
13 have predominant roles in rheumatoid arthritis (RA) and osteoarthritis. MMP-1 is
secreted mainly by synovial cells that line the joints, while MMP-13 is produced by
chondrocytes in the cartilage [65]. Extensive studies have been done on the role of
MMPs in cancer cell invasion and metastasis [66-68]. Upregulation of MMP
expression in benign cancer cells leads to acquisition of malignant properties, while

blockade of MMP activity reduces the aggressiveness of malignant cells [66].

34



CHAPTER I- INTRODUCTION

MMPs can also be upregulated in infection and can be either protective or
deleterious to the host. For example, MMP-2 and 9 have a protective role in the
immune response against Streptococcus pneumoniae infection [69], while MMP-9
was found to be essential for resistance to Escherichia coli peritonitis [70]. In
contrast, in malaria, hemozoin induces MMP-9 by monocytes and endothelial cells
[71-74] and serum MMP-8 and TIMP-1 have been associated with disease severity
[75]. In human cytomegalovirus (HCMV) infection, MMP-9 expression by
macrophages appears to be downregulated by an immediate-early or early viral gene
product. HCMV was shown to decrease MMP-9 activity in infected cells, which was

suggested to contribute to the development of vascular diseases [76].
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3.3. Matrix metalloproteinases in pulmonary tuberculosis

In TB, ECM breakdown has been considered a part of the caseous necrosis process
[77]. However caseation and ECM destruction are likely to be distinct processes
since the collagen network can only be degraded by proteases [78]. ECM
destruction is essential since it creates an immunoprivileged site within which
mycobacteria can proliferate and spread to new hosts. Several studies have
implicated MMP upregulation in TB tissue destruction. MMP expression (namely
MMP-1, -3, -9 and -7) has been localized within TB granulomas [19,79,80] and is
associated with disease severity [81]. Moreover, in mice models, Mtb infection
upregulated MMP-9 [82,83] and one study performed with human MMP-1 expressing
transgenic mice indicated that MMP-1 upregulation with Mtb infection is the main
MMP responsible for tissue destruction in pulmonary granulomas [84]. In TB patients,
including patients with TB/HIV co-infection, MMP-1 concentrations in plasma and
sputum were increased compared with controls and associated with tissue

destruction [85].

Direct Mtb infection of monocytes/macrophages or neutrophils induces MMP gene
expression and secretion. However, these are not the only source of MMPs in TB. It
is likely that cell-cell interactions, involving phagocytic and stromal cells such as
respiratory epithelial cells, amplify this signal, constituting the main route that drives

MMP secretion in TB (Fig. 3) [86].
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Our group has an established in vitro model of pulmonary TB, where responses to
Mtb by respiratory epithelium, monocytes, neutrophils and macrophages can be
studied, as well as cell-cell networks. Primary human bronchial epithelial cells
(NHBEs) and monocytes are stimulated with conditioned medium from Mtb-infected
monocytes (CoMtb), to mimic the effect of Mtb infection on uninfected cells. Previous
work from our group has demonstrated that CoMtb contains both host derived
cytokines and chemokines (e.g. TNF-a, IL-1B, IL-6) and pathogen-derived antigens
and lipids [80]. Also it was reported that TNF-a in CoMtb is the main inducer of MMP-
9 by monocytes, while in NHBEs MMP-9 synergistic upregulation is observed with
TNF-a and soluble Mtb antigens but not lipoarabinomannan [80]. However, in
NHBEs, MMP-9 secretion is independent of IL-1 and IL-6 as well as the chemokines

CCL2, 3 and 5 and CXCL 8 and 12 [80].
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Figure 3. Cellular networks that drive matrix metalloproteinases gene expression and

secretion in tuberculosis.

Leukocytes infected by Mtb will express MMPs but will also secrete cytokines and chemokines such
as TNF-q, IL-18 and OSM which induce stroma and uninfected leukocytes to also express MMPs.
When used in the laboratory context, the supernatant collected from infected monocytes/macrophages
is denominated CoMtb. MMPs can be inhibited by specific tissue inhibitors such as TIMP-1.

CoMtb- conditioned medium from Mycobacterium tuberculosis infected monocytes; IL-13- interleukin 1
beta; MMP- matrix metalloproteinase; Mtb- Mycobacterium tuberculosis; OSM- ocostatin M; TIMP-

tissue inhibitor of metalloproteinases; TNF- tumour necrosis factor
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3.4. Matrix metalloproteinases in central nervous system

tuberculosis

In CNS tuberculosis, it is likely that MMPs also play a key role in immunopathology,
and its pathological effect has been demonstrated in neurodegenerative disorders
[87-90]. MMPs were shown to be upregulated in Mtb-infected microglial cells (MMP-
1, -3 and -9) [19] and in CoMtb-stimulated astrocytoma cell lines U373-MG and U87-
MG (MMP-9) [91]. MMP-2 is constitutively expressed by many cells and is regulated
by pro-peptide activation [92,93]. In the CNS, MMP-2 drives neuronal apoptosis and
breakdown of components of CNS ECM such as dystroglycan and laminin [94]. Due
to substrate overlap, MMP-9 is also able to cleave the previous components, as well
as type IV collagen, which is an important component of the basement membrane of
the cerebral epithelium and endothelium and is important in maintenance of blood-

brain barrier (BBB) integrity [95].
The use of steroids appear to have a beneficial effect in CNS TB which may be due

in part to their influence on MMP secretion [96]. However, the link between MMP

levels and the presence of BBB disruption in CNS TB has not yet been investigated.
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4. The extracellular matrix

The ECM is present in a substantial part of the extracellular space. It provides a
physical scaffold to the cells, segregates tissues from one another, regulates cellular
communication and provides the biomechanical and biochemical properties of each
organ. Therefore, the ECM plays a crucial role in tissue behaviour from
morphogenesis and homeostasis to inflammation and fibrosis. The importance of the
ECM became clearer with the knowledge that genetic abnormalities in matrix

components results in a wide range of severe syndromes [97].

Collagens

Collagens are proteins composed of three polypeptide chains forming a triple helix,
and can be divided in two classes: fibrillar (type I, II, 1ll, V, VI, XI) and non-fibrillar
collagens (type IV, VII, VI, IX, X, Xl and XIV). Other collagens have only been
characterised at the genomic level and their structures remain unknown [98]. The
main cell-binding site of fibrillar collagens is the triple-helical GFOGER sequence
(Glycine-Phenylalanine-Hydroxiproline-Glycine-Glutamic acid-Arginine) and there is
also the RGD sequence (Arginine-Glycine-Aspartic acid), which is a second integrin

binding site.

The primary fibril of the lung is type | collagen (Coll-1), which provides tensile strength
and is highly resistant to enzymatic degradation [13]. The alveolar wall is mainly

composed of type lll collagen while the basement membrane, which underlies the
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alveolar epithelium and capillary endothelium, is composed of non-fibrillar type IV
collagen (Coll-IV) interspersed with laminins, fibronectin, nidogen and proteoglycans

[98,99].

Elastin

Elastin confers distensibility which is extremely important in several tissues such as
the lung, arteries, tendons and skin [100]. Elastin is synthesised and secreted as the
soluble precursor tropoelastin and cross-linked into an insoluble elastin fibre. The
balance between elastin and collagen fibrils varies between tissues according to their

mechanical properties.

Fibronectin

Fibronectin (Fn) is a dimeric glycoprotein that has two main forms: soluble plasma
fibronectin (major component of plasma); and insoluble cellular fibronectin which
binds to several ECM components and has biological effects in cell adhesion,
migration and differentiation [101]. The most well characterised cell-binding domains
of fibronectin are homologous polypeptide repeats —type Il repeats- which contain an
RGD sequence which is a cell binding site of fibronectin and also PHSRN sequence
(Proline-Histdine-Serine-Arginine-Asparagine). The RGD and PHSRN sequences are
both located in the molecular surface loop regions of the 9—10" type Ill repeat, but on
opposite sides, suggesting interaction with different sites in the integrin receptor

[102].
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Laminins

Laminins (Lam) are trimeric proteins and form an insoluble network connected to
Coll-1V, influencing cellular attachment, differentiation and migration [103]. There are
five a chains (a1-a5), three B chains (B1-B3) and three y chains (y1-y3) which
combine to form the 18 different isoforms currently identified, but in the healthy adult
lung only laminin-5 (a3B3y2), laminin-10/11 (a5B1y1/ a5p2y1), laminin-2 (a2B1y1)

and laminin-8 (a4p1y1) are present [104].

Proteoglycans

Proteoglycans are a diverse family of core proteins covalently linked to
polysaccharides or glycosaminoglycans and are present in most ECMs and plasma
membranes [105]. Proteoglycans can promote cell adhesion, can associate with
other ECM molecules such as fibrillar collagen and fibronectin and a number can
bind to a variety of growth factors, concentrating them in the local tissue. Examples
of proteoglycans include aggrecan (highly present in cartilage tissue), lumican (forms
a gel that aids transparency of the cornea), neurocan (surrounds nerves) and

perlecan (forms gels in basement membranes).

Other components of the ECM include: glycoprotein such as nidogen (present in

basement membranes) and tenascin. Hyaluronan (HA), a glycosaminoglycan, is

present in connective, epithelial, and neural tissues.
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4.1. Tissue specificity of the extracellular matrix

The matrix components and amounts of each component present in each ECM gives
specificity to tissues. For example, the lung’s ECM is rich in type | collagen, which
provides tensile strength, while elastin provides distensibility [106], while the brain’s
ECM has a reduced number of fibrous matrix proteins [107] and is mainly composed
of nets of proteoglycans, HA and tenascins, which stabilise neuronal synapses [108].
However, when cells are removed from their native matrix, differentiated cells may
lose important characteristics when cultured without an adequate supportive
microenvironment. Besides soluble molecular factors (e.g. growth factors or
cytokines), cells are influenced by physical factors such as stress and strain and by

the insoluble matrix microenvironment [109,110].

Increasing evidence indicates that, besides regulating tissue function and
homeostasis, the tissue specific ECM microenvironment also plays a key role in the
regulation of immune responses by acting as a “molecular postcode” that controls
local immune function [111,112]. For example, specificity in chains composition of
proteoglycan were seen between different tissues [113], which potentially may
regulate the function of proteins, such as those that control angiogenesis and innate

immunity [112].
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4.2. The extracellular matrix and matrix metalloproteinases

MMPs are necessary for the normal maintenance of the ECM. In healthy tissues, the
ECM is regularly remodelled and damaged proteins are removed, recycled and
replaced by new proteins. However, in pathological conditions, this maintenance is
disturbed and the composition and quality of the matrix is altered, which in turn may

be sensed by adherent cells.

ECM remodelling is the result of multiple concurrent processes that vary according to
the initiating stimulus. However the conserved key events of ECM remodelling are
synthesis and deposition of matrix components and proteolytic breakdown [114].
Different proteases have been implicated in the proteolytic degradation of the ECM,
with the vast majority belonging to the MMP family. MMPs can cleave practically all
components of the ECM and although initially being divided into collagenases,
gelatinases, stromelysins, and matrilysins, there is a high degree of overlap among
MMP substrate specificity. Also, MMPs can also cleave numerous substrates that are

not part of the ECM.
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4.3. The extracellular matrix and integrin signalling

Cells adhere and sense the ECM environment mainly through the integrin receptors.
Integrins are a family of heterodimeric transmembrane glycoproteins, with one a and
one B subunit, that constitute cation-dependent receptors for components of the
ECM (Fig. 4). In humans 18 a-subunits and 8 3 subunits have been identified, which
can form a total of 24 integrin heterodimers [115]. Important roles played by integrins
have been identified in practically all aspects of cell behaviour such as migration,
establishment of polarity, growth, survival, differentiation and also expression of other

genes like cytokines [116-118].

Integrin adhesion to the ECM is highly dynamic with cells continuously “sampling”
their pericellular environment and, therefore, integrin receptor activation is highly
responsive. Integrin signalling is induced by assembly of adhesome complexes on
the cytoplasmic side of the membrane. The formation of these complexes is
achieved by receptor clustering, which increases avidity of molecular interactions and
by induction of conformational changes in the receptors that expose effector binding
sites [119]. Although models of integrin function suggest that integrin activation
requires receptor extension, there is also evidence suggesting that ligand-bound
integrin can adopt a bent conformation. Crystallized aVB3 can bind a cyclic RGD
peptide in the bent conformation [120] and complexes of bent aV3 integrin bound to
fibronectin were also demonstrated [121]. In opposition, FRET-FLIM analysis of a531

in adherent cells showed that a5B1 integrins are extended in focal adhesions and
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bent elsewhere [122]. This suggests that the mechanism of integrin activation might

differ between receptor and cell type.

The binding of individual or clusters of integrins to a ligand drives an initial talin-
mediated interaction between the cytoskeleton and the ECM, leading to recruitment
of additional cytoskeletal and signalling proteins. Multiprotein complexes then
assemble at the cytoplasmic side of the integrin cluster and these connect integrins
to the actin cytoskeleton and activate signalling cascades [123]. The processes of
outside-in signalling are still poorly understood. The mechanisms that trigger
signalling and allow a cell to interpret the binding of different ligands are still unclear,
along with those regulating the sensing of the microenvironment at the molecular
level. The mechanisms of integrin-ligand engagement and signalling mediators will

be further discussed in Chapter III.
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Figure 4. Integrin basic structure.

Integrins are composed of one a and one B subunit, each constructed from several
domains with flexible linkers. Each subunit has a single membrane-spanning helix and a
short cytoplasmic tail. The last blades of the propeller contain cation-binding domains
facing away from the ligand-binding surface. Integrin ligand binding also requires an M92+
ion, which binds to the MIDAS located in the al-domain. Integrins have a bent and a high-
affinity extended conformation.

FAK= focal adhesion kinase; MIDAS= metal ion-dependent adhesion site;
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There are at least seven different integrin heterodimers expressed on respiratory
epithelial cells of adults: a231, a3p31, a6p4, a9B1, avpB5, avp6 and avB8 (Table 3)
[124-126]. The only integrins for ligands present in basement membranes are a331
and a6B4 (Coll-IV, Fn and Lam) [127,128]. The fibronectin receptor a5p1 is generally
not seen on the respiratory epithelium but is rapidly induced by injury [129]. Since
pulmonary epithelial cells express integrins for ligands which are absent in resting
healthy airways, these integrins are probably used to detect, coordinate and spatially

organize responses to airway injuries.

Leukocytes also display particular patterns of integrins that can change in a signal-
and time-dependent manner (Table 3). For example, freshly isolated human
monocytes express B1 and B2 integrins, but their culture changes the pattern and

induces av3 integrin [130].

In the brain different groups of integrins are expressed by the endothelium and
parenchyma (Table 4). For example, brain endothelial cells express 1, B3, B85, B6,

while astrocytes express only 1 and 5.

Different integrins can adhere to similar substrates, e.g. integrin a231 adheres to the
GFOGER region of Coll-I while integrin a31 can adhere to Coll-I through the RGD
sequence [131]. Also, a specific integrin can adhere to different substrates with

different affinities (Table 3).
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Table 3- Ligands of integrins in the lung.

Integrin Ligands Cells
Collagens (++type IV, GFOGER),
al o Monocytes
laminin

Collagens (++type |, GFOGER), o ]
a2 amin Lung epithelial cells, fibroblasts, lymphocytes
aminin

Laminins, fibronectin, collagens

81 a3 (RGD) Lung epithelial cells
a4 Fibronectin (RGD), VCAM-1 Monocytes, lymphocytes
a5 Fibronectin (PHSRN) Lung epithelial cells, monocytes, fibroblasts
a6 Laminin Monocytes
a9 Tenascin Lung epithelial cells
aM ICAM-1, collagens Monocytes/ macrophages
b2 aX Fibrinogen, collagens Monocytes/ macrophages

Collagens, fibronectin, fibrinogen,
B3 aV ] ] Monocytes
vitronectin (RGD)

B4 a6 Laminins Lung epithelial cells, fibroblasts
B5 aV Fibronectin Lung epithelial cells, fibroblasts
B6 aV Fibronectin (RGD) Lung epithelial cells
B8 aV Fibronectin (RGD), laminin Lung epithelial cells

ICAM-1- intercellular Adhesion Molecule 1; VCAM- vascular cell adhesion protein 1; PHSRN- proline-histdine-
serine-arginine-asparagine; RGD sequence- arginine-glycine-aspartic acid; GFOGER sequence- glycine-

phenylalanine-hydroxiproline-glycine-glutamic acid-arginine
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Integrin Ligand Cells
Endothelial cells, astrocytes,
al Collagens, laminin
neurons, radial glia, pericytes
a2 Collagens, laminin Endothelial cells, pericytes
a3 Collagens, fibronectin, laminin  Endothelial cells, neurons
a4 Fibronectin Neurons
B1 Endothelial cells, neurons,
ab Fibronectin
astrocytes, pericytes
Endothelial cells, neurons,
a6 Laminin astrocytes, oligodendroglia,
pericytes
aV Fibronectin, vitronectin Neurons
B3 aV Collagens, laminin Endothelial cells
Endothelial cells, neurons,
B5 aV Fibronectin, vitronectin
astrocytes, oligodendroglia
Endothelial cells, neurons,
B6 aV Fibronectin, tenascin
oligodendroglia
Neurons, astrocytes,
B8 aV Fibronectin, laminin

oligodendroglia

Reviewed in: Schmid RS et al. Cereb. Cortex 2003;13 (3): 219-24; Tigges U et al. JNI 2013; 10:33; Mobley AKJ

Cell Sci. 2009;122(11):1842-51.
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4.4. Extracellular matrix regulation of the immune

response

4.4.1. ECM regulation of innate immunity

The inflammatory response requires emigration and maturation of leukocytes from
the circulation into affected tissues, while peripheral dendritic cells (DC) mature into
antigen presenting cells and migrate to lymphoid organs to recruit cells of acquired
immunity. It has been shown that discoidin domain receptor tyrosine kinase 2
mediated DC adhesion to Coll-l, leading to mouse bone marrow DC activation and
functional upregulation [132]. This was recently confirmed to also occur in human DC
cells [133]. During inflammation, secretion of cytokines and chemokines induces a
protease-rich environment leading to degradation of the ECM [64] and formation of a
provisional matrix. Besides contributing to leukocyte infiltration, these early changes
in matrix composition also regulate inflammatory pathways. Emerging evidence
suggests that release of ECM fragments occurs during inflammation and may play an
important role in leukocyte recruitment [41] and activation of the Toll-like receptor
(TLR) family, in particular TLR2 and 4 [134,135]. Fragments of Coll-I, Coll-IV and
elastin-derived peptides have been shown to be bioactive and to induce monocyte
and neutrophil chemotaxis [41]. The best studied Coll-I derived peptide is acetylated
proline-glycine-proline (AcPGP), which acts as a neutrophil chemoattractant in
endotoxin-induced pulmonary inflammation by signalling through the chemokine
receptors CXCR1/2 [136] and is generated in a multi-step process involving MMP-8,
-9 and a prolyl-endopeptidase [137]. MMP-9 appears to be essential for PGP
formation, since MMP-9 deficient mice have shown lower PGP levels and fewer
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neutrophils in bronchoalveolar fluid of Francisella tularensis pulmonary infection
[138]. We have demonstrated that in the immune response to TB, procollagen Il N-
terminal propeptide and desmosine are released by MMP-mediated ECM destruction
and can be detected in the plasma and sputum of infected patients [85]. Elastin
peptides have been shown to dampen lipopolysaccharide (LPS)-stimulated
monocytes immune response and it was suggested this may be due to negative
trans-regulation of CD14 and TLR4 [139]. Tenascin C, which is upregulated in
synovial fluid and cartilage from individuals with RA, interacts with TLR4 of synovial
fibroblasts and macrophages leading to pro-inflammatory cytokine production, which
is distinct from the cytokine pattern induced by bacterial LPS and contributes to
perpetuating inflammation in the joint [134]. In renal inflammation, soluble biglycan, a
small proteoglycan induced during reperfusion, also functions as endogenous
agonist of TLR-2/4. It activates the inflammatory response with secretion of TNF-q,
CXCL1, CCL2 and CCLS5 and influx of leukocytes, leading to worsened renal function

in a murine model of renal ischemia—reperfusion injury [140].

Bacteria can also bind to the ECM through microbial surface components
recognising adhesive matrix molecules (MSCRAMMS) and use these in early steps
of colonisation and subsequent infection [141-144]. For example, in infection by
enterohaemorrhagic Escherichia coli, bacterial binding to the ECM components,
particularly Fn, Lam and Coll-IV, contributes to bacterial colonisation of the
gastrointestinal tract [145]. However, components of the matrix generally activate the

immune response by recruiting/activating immune cells.
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Adhesion of phagocytes to diverse matrix components such as Fn, collagens,
laminin-111 or fibrinogen enhances phagocytic functions and oxidative burst [41].
Furthermore, the presence of cytokines within the ECM enhances cell adhesion and
bacterial activities of phagocytes [146]. Tissue macrophages are extremely important
in initiating inflammatory responses and their depletion was shown to affect
chemokine production and neutrophil influx in models of inflammation [147]. They
express a wide range of receptors for the recognition of pathogen-associated
molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPSs);
however the usage of these receptors as well as other functional and morphological
properties are directed by the tissue, which creates unique phenotypes in distinct
microenvironments [147]. For example, inflammation increases breakdown of HA into
low molecular weight HA, which was shown to activate monocytes and macrophages
and to polarise human macrophages toward an M1 phenotype [148]. However, even
after initial polarisation (M1/M2), macrophages remain very sensitive to changes in
the local tissue environment, which suggest they might serve as potential targets for

therapeutic interventions [149].

4.4.2. ECM regulation in fibrosis

After initial wound response, recruited fibroblasts begin to synthesise large quantities
of ECM proteins. Myofibroblasts, which may have different progenitors in different
organs, constitute the primary ECM-secreting cells (mainly collagens) during wound
healing. They are also the main cells responsible for the stiffening and contraction of

scar tissue [150]. This microenvironment disrupts the basement membrane of
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surrounding epithelium and promotes epithelial cell migration towards the wound site.
In a healthy response, once the wound healing is completed, feedback mechanisms
are initiated, inducing apoptosis of myofibroblasts, repression of cytokines that drive
ECM deposition and resolution of fibrosis. However, under certain conditions, these
normal feedback mechanisms are compromised and ECM synthesis and deposition
is perpetuated, as well as the imbalance of TIMP prevailing MMP production [151].
This altered wound healing is characterised by scar tissue, which is rich in fibrillar
collagens and which has altered architecture, mechanical stability and reduced
elasticity. Fibrosis may originate in response to various acute or chronic stimuli, from
infection and autoimmune responses to mechanical injury [152], and is believed to be
driven by a series of cellular and molecular events. The importance of the ECM in
directing cellular processes and maintaining tissue integrity is known; however, the
extent to which a fibrotic ECM can drive pathological cellular phenotypes is not well
defined. Idiopathic pulmonary fibrosis, which often leads to patient death, is
characterised by increased Coll-I deposition which forms a fibrotic reticulum that
impairs gas exchange [153,154]. Evidence shows that this fibrotic ECM drives a
positive feedback loop which may redirect fibroblast ECM expression by reducing
negative regulators of ECM genes, such as miR-29 [153]. Also, adhesion to
monomeric Coll-I was shown to activate alveolar macrophages via CD201, causing a
shift towards the profibrotic M2 type [155]. Proliferative vitreoretinopathy results from
a failure of surgical repair of rhegmatogenous retinal detachment and is driven by
plasma fibronectin present in the sub-retinal space, which act as a chemoattractant
of retinal pigment epithelial cells which in turn synthesise excessive fibrillar collagens
[156]. In fact, a recent study shows that usage of a fragment antibody termed

Fn52RGDS, which interacts with specific sites necessary for fibronectin
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polymerisation and with integrins through an attached arginine-glycine-aspartic acid
(RGD) sequence tag, reduces fibrotic features [157]. Therefore, innate immune

responses induced by a pathogenic ECM might perpetuate fibrosis.

4.4.3. ECM regulation of acquired immunity

After T cell activation and transendothelial migration, cells need to migrate within the
inflamed tissue environment and locate the affected area. The site and extent of
lymphocyte extravasation appears to be defined by the composition of the
endothelial basement membrane and laminins were suggested to be essential for
leukocytes to penetrate the vessel wall [158,159]. Although it was recently
demonstrated that T cells can migrate in 3D ECM independently of integrins by actin-
myosin protrusion and contraction [160,161], the exact mechanisms for directed cell
migration in inflammation remain unclear. One study identified the key role of
integrins containing the aV subunit in T cell migration in inflamed dermis [162]. It
verified increased fibronectin content and condensation of collagen fibres into thicker
bundles in inflamed dermis. T cells then migrated around this network of ECM fibres
via integrin aV binding to fibronectin RGD sequences. This indicated that the
“context” given by the ECM directs T cell migration in inflamed tissues and might be
crucial for protective immunity. Also, the density and orientation of stromal ECM
around lung tumours controls T cell motility, thereby affecting the anti-tumour
immune response by impairing T cell migration to these regions [163].

The ECM has also been implicated in peripheral immune tolerance. Intact HA,

characteristic of healing tissues, promotes CD44-dependent induction of IL-10
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producing regulatory T-cells (TR1) which are crucial in maintenance of immune
tolerance. On the other hand, fragmentary HA, typical of inflamed tissues, was
unable to promote TR1 induction and IL-10 production [164], indicating a role for
tissue integrity in this immunotolerance system. Aggrecan is present in the cartilage
matrix and has recently been identified as a candidate auto-antigen in RA [165]. B
cells are capable of efficiently extracting components of the ECM for subsequent
presentation and one study demonstrated that B cells specific for aggrecan can
present it to CD4+ T cells, leading to activation and effector functions. This may be
key for the development of autoimmunity [166]. Elastin-derived peptides may also
impact adaptive immunity. For example, they promote Th1 cell differentiation and
enhance Th1 cytokines with phytohemagglutinin stimulation [167]. One study
demonstrated that stimulation of T cells with elastin peptides resulted in IFN-y
release and high levels of circulating anti-elastin antibodies correlated with

pulmonary emphysema in smokers [168].

Once regarded as simply a cellular scaffold, the ECM is now acknowledged as a key
regulator of cell and tissue function and may be both an inhibitor and a driver of
pathogenesis. The matrix environment affects cell and tissue behaviour by providing
a context to the information sensed from soluble factors and helps fine-tune
inflammation. Hence, the ECM should not be disregarded when establishing cellular
models, since the absence or presence of the ECM and its nature can cause
different responses by the cells in inflammatory conditions. Although much has been
accomplished regarding the understanding of cell function regulation by the ECM, we
still have a simplistic view about the effects of cell adhesion on its behaviour. Purified

ECM proteins in 2D monolayers or 3D gels cross-linked with ECM proteins (e.g.
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Matrigel) do not accurately reproduce the biophysical characteristics of native ECM.
However new developments in the biomaterials field, such as electrospun scaffolds
(collagen, gelatin, poly-caprolactone; PCL or poly-L-lactide-co-glycolide; PLGA) [169]
and anisotropically nanostructured substrates formed from polyethylene glycol (PEG)
or polyurethane acrylate (PUA) polymers [170,171] are promising. However, more
work with different cells and tissues is necessary to conclude if these new
biomaterials are indeed relevant in matrix biology and can overcome the

shortcomings of previous models.
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5. The blood-brain barrier

The CNS has three barriers that regulate molecular exchange between blood and the
brain tissue or the cerebrospinal fluid (CSF): the BBB, the choroid plexus epithelium
between blood and ventricular CSF and the arachnoid epithelium between blood and
subarachnoid CSF. Since neurons are rarely more than 20pm from a brain capillary
but can be millimetres to centimetres from a CSF compartment, it is believed that the

BBB has the main control over the immediate microenvironment of brain cells [172].

The BBB separates the circulating blood from the brain extracellular fluid and
constitutes both a structural and functional barrier. It maintains the homeostasis of
the microenvironment by blocking the passage of large and hydrophilic molecules but
allowing the diffusion of water, some gases (e.g. O, and CO;) and small hydrophobic
molecules. Other important molecules such as amino acids or glucose are actively
transported across the barrier by specific transporters and receptors, such as
excitatory amino acid transporters 1-3 (EAAT1-3), glucose transporter 1 (GLUT1) or

L-system for large neutral amino acids (LAT1) (Fig. 5) [172].
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Figure 5. Cellular constituents of the blood-brain barrier.

The blood-brain barrier is composed of capillary endothelial cells, surrounded by basement
membranes, astrocytes and pericytes. Important molecules such as amino acids or glucose are
actively transported across the barrier by specific transporters and receptors, such as EAAT1-3,
GLUT1 or LAT1.

EAAT1-3- excitatory amino acid transporters 1-3; GLUT1- glucose transporter 1; LAT1- I-system for
large neutral amino acids.

From: Abbot NJ et al. Nature Reviews Neuroscience 2006,7:41-53
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The BBB is formed of capillary endothelial cells, surrounded by basement
membranes composed mainly of Coll-IV and Lam, and astrocytic perivascular end-
feet (Fig. 6). Astrocytes, besides providing biochemical support to endothelial cells,
provide a cellular link to neurons. Pericytes are contractile cells that are wrapped
around the endothelial cells and embedded in basement membranes. They help the
maturation of endothelial cells and establishment of the BBB by inhibiting the effects
of CNS immune cells (which can damage the formation of the barrier) and by
reducing the expression of molecules that increase vascular permeability. Finally,

microglial cells constitute the resident macrophages.
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Figure 6. Model of the tight junctions found in the epithelial and endothelial

barriers.

JAM-junctional adhesion molecule; ZO- Zonula occludens; PAR- Partitioning defective protein;
aPKC- Diacylglycerol-independent protein kinase C.
From: K Aktories & JT Barbieri. Nature Reviews Microbiology 2005;3:397-410
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The barrier functions of the brain endothelium are dependent on tight junctions (TJs).

These are the most apical intercellular junctional complex, composed of several

transmembrane tight junction proteins (TJPs) such as occludin, claudins and adaptor

proteins which connect them to the actin cytoskeleton, allowing TJ to form a seal

(Fig. 6).

Occludin

Occludin is a 60KDa protein composed of four transmembrane helices and a coiled-

coil cytosolic C-terminus (Fig. 7)
which mediates its lateral
oligomerisation [173,174]. Occludin
oligomerisation appears to be
redox-sensitive, since studies have
demonstrated that normoxic
conditions promote occludin
oligomerisation and TJ assembly,
while oxidative stress associated
with hypoxia [175] or inflammation
[176,177] results in TJ disruption.
The second extracellular domain
has been shown to be required for
stable assembly of TJs [178], and

occludin degradation is associated
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Figure 7. Human occludin.

Occludin domains (and amino acid lengths) are
indicated, as well as the C-terminal occludin interaction
with the ZO-1 GUK domain.

EL1/2- extracellular loops 1/2; GUK- guanylate kinase
domain; IL- intracellular loop; SH3- src homology 3 domain;
TM1-4- transmembrane domains 1 to 4.

From: Mol Cell Biol 2012 vol. 32 no. 2 242-250.

with increased permeability of primary and immortalized human brain microvascular
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endothelial cells [179,180]. However, well-developed TJs were reported in cells
lacking occludin [181]. Also, occludin deficient-mice are viable, exhibiting normal TJs
morphology, as well as intestinal epithelium barrier function [182,183]. This indicates

that occludin is important, but not essential, for TJ formation.

Claudins
Claudins are a family of 20-27kDa proteins with four transmembrane domains that

are expressed in TJs of various

cell types (Fig. 8). Brain )
endothelial cells express mainly paacenuiar space

claudin-3 and claudin-5 [184,185], 10LLL0L0 Wl A
L M e (] e ] Gl (1500001

whereas claudin-12 is likely to be cytosol

-—-._,~—

expressed in minor amounts [186]. (i Ca

Claudin-3 and -5 have a key role Paimitoyiation Phospfiorylation

in TJ formation and BBB integrity, Figure 8. General structure of human claudins.

EL1/2- extracellular loops 1/2; TM1-4-transmembrane
due to their capacity to

domains 1 to 4.

homodimerise as  well as

heterodimerise through their second extracellular loop [187-189]. Exogenous
expression of claudin-5 was shown to strengthen BBB properties in rat brain

endothelial cells [186], while depletion of claudin-5 induces disruption of the BBB in

claudin-5 deficient mice [190].
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Junctional adhesion molecules

Junctional adhesion molecules (JAMs) belong to the immunoglobulin superfamily.
JAM-1/JAM-A, a 32kDa glycoprotein composed of two immunoglobulin loops in the
extracellular domains, is expressed in the TJ of human endothelial and epithelial
cells [191] but also in circulating neutrophils, monocytes and lymphocytes [192].
Although JAMs are not essential for TJ formation in brain endothelial cells, they may
be involved in facilitating the assembly of TJPs and the establishment of cell polarity

[193].

Cytoplasmic adaptor proteins

A number of cytoplasmic proteins are known to associate with TJ transmembrane
proteins and contribute to TJ integrity. Among these are the PDZ domain-containing
family: zonula occludens-1 (ZO-1), -2 (ZO-2) and -3 (ZO-3) [194,195]. ZO-1 forms
heterodimers with ZO-2 and -3 and these interact with the C-terminal domain of
claudins via the PDZ domain 1[196] and with occludin via the GUK domain [197]. It
has been shown that ZO proteins are essential for assembly of claudins, occludin
and JAM-1[198-200] and for anchoring of this complex to the actin cytoskeleton

[201].
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5.1. Regulation of TJ assembly by perivascular cells

Astrocyte and pericyte derived Wnt and hedgehog proteins have been shown to
control BBB formation during development, but also maintain TJ integrity in adult

tissues.

5.1.1. The Wnt/ B-catenin pathway

This pathway has been recently discovered as a key regulator of the BBB. Wnt
ligation to its membrane receptors, Frizzled4 (Fz4) and LRP5/6 expressed by brain
endothelial cells, inhibits the [(-catenin repressor complex, allowing [B-catenin
cytoplasmic accumulation, nuclear translocation and transcription of various genes,

including claudin-3 and -5 [202].

5.1.2. The Hedgehog pathway

The Hedgehog pathway (Hh) is involved in morphogenesis, neuronal guidance and
angiogenesis [203,204] and in adult tissues it is associated with vascular
differentiation and tissue repair [205]. The Hh pathway has also been linked to
inhibition of endothelial production of chemokines and expression of adhesion
proteins, which supports extravasation of leukocytes to the brain [206]. In the CNS,
Shh is produced by astrocytes (Fig. 9). Mammals have three Drosophila Hedgehog

homologs: Indian Hedgehog (lhh), Desert Hedgehog (Dhh) and Sonic Hedgehog
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(Shh) however, CNS morphogenic events are mainly associated with Shh signalling

[207].

Brain endothelial

cell
Active
i Gli target genes

Figure 9. Representation of the Sonic Hedgehog signalling pathway in the blood-

brain barrier.

In the CNS, Shh is produced by astrocytes, where SCUBE appears to be necessary for efficient
Shh processing and delivery to endothelial cells. Shh bound to Ptch1 inhibits its repressor abilities
and Smo is translocated to the membrane, leading to inhibition of SuFu and activation of Gli
transcription factors. Gli-1/2 accumulates in the nucleus and controls transcription of Hh target

gene.

Gli- GLI family zinc finger; Hh-Hedgehog; Ptch1- patched-1 receptor; Shh- sonic hedgehog
homolog; Smo- smoothened receptor; SuFu- suppressor of Fused
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5.2. BBB in infection and inflammation

The CNS inflammatory response has been associated with enhanced BBB
permeability and disturbance of brain function in multiple sclerosis [208], lymphocytic
choriomeningitis [209], rabies virus infection [210], West Nile virus encephalitis [211]

and neuroAIDS [212].

Disruption of brain endothelial functions is often associated with development of
oedema [213]. The resultant raised intracranial pressure leads to impaired tissue
perfusion and risk of herniation, severe neurological morbidity or death.

Several host mediators have been shown to affect BBB permeability, e.g. nitric oxide,
TNF-a, IL-1, TGF-B, proinflammatory neuropeptides, caspases and also MMPs [214].
These mediators also have direct toxic effects on neurons by activation of apoptotic
and necrotic pathways causing neuronal loss and neurological sequelae [215-217].
The role of MMPs in BBB disruption in bacterial meningitis is becoming increasingly
clear. MMP-2, -3 and -9 are produced by multiple cell types, including the
endothelium, astrocytes, microglia and neurons [218]. MMPs can also be released
from infiltrating leukocytes. Neutrophils predominantly carry MMP-8 and -9 [219],

whereas monocytes can produce multiple MMPs [220].

MMP-8 and MMP-9 are upregulated in the CSF of children with bacterial meningitis,
levels being 10 to 1000-fold higher than in viral meningitis [221]. MMP-8 is also
upregulated upon Neisseria meningitidis, leading to human brain microvascular

endothelial cell (HBMEC) detachment from the ECM and cleavage of occludin [179].
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In a cellular model of BBB, virulent strains of Mtb were shown to tranverse the BBB
independently of leukocytes [222] However, in this model human astrocytes were
disregarded, hence it is unclear what their role is in preventing Mtb entry into the
brain parenchyma. BBB integrity has never been accessed before and during Mtb

infection.
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6. Hypothesis and aims

As the composition of the ECM is tissue-specific and there is evidence that the ECM
may be key in shaping local immune inflammatory responses, | hypothesise that the
local tissue environment regulates MMP response, not only in pulmonary TB, but

also in CNS TB.

e In a cellular model of pulmonary TB, addressed in Chapters Ill and IV, | aimed
to study the effect of specific components of the lung ECM in regulation of
MMP expression and activity. This was investigated in CoMtb-stimulated
NHBE cells and monocytes and also in Mtb-infected monocytes, and the
responses between inflammatory and epithelial cells were compared and

contrasted.

e In a cellular model of the BBB, in which the normal composition of the ECM is
different from the lung, | aimed to study the role of TB-driven MMP production
in BBB disruption and leukocyte transmigration. | also aimed to compare the

MMP response with the one seen in the lung.
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2. Materials and Methods

2.1. Reagents and antibodies

All chemical inhibitors, agonists and antagonists used are summarised in table 4.

Table 4- Chemical inhibitors

Name Target Supplier

FAK inhibitor Il Focal adhesion kinase (FAK) Calbiochem, Millipore
Wortmanin PI3K activity Calbiochem, Millipore
PD169316 Erk-1/2 activity Calbiochem, Millipore

Cytochalasin D actin polymerization Sigma-Aldrich
Ro32-3555 Collagenases & gelatinases Calbiochem, Millipore
GM6001 MMP inhibitor Calbiochem, Millipore

EDTA Integrin activity (non-specific) Sigma-Aldrich

Cyclopamine

smo receptor antagonist

Calbiochem, Millipore

Purophamine

smo receptor agonist

Calbiochem, Millipore

GANT61

Gli1/2 transcription factor

Calbiochem, Millipore

GM6001

MMP inhibitor

Calbiochem, Millipore

All recombinant human proteins used are summarized in table 5 and primary and

secondary antibodies are in tables 6 and 7.

Table 5- Recombinant human proteins

Name Supplier
rhMMP-1 R&D
rhMMP-9 R&D

rhSHH eBiosciences
rhMCP-1 Peprotech

rhiL-8 Peprotech
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Target Host Clone / Isotype Supplier
Human integrin o231 -

(FUNC/ Co-IP) Mouse IgG1/ BHA2.1 Millipore
Human integrin a3p1 -

(FUNC) Mouse IgG1/M-KID2 Millipore
human ICAM-1 (IF) Mouse lgG1 Abcam
Isotype control (IF/ o

FUNC) Mouse IgG1 BD Biosciences
human integrin 1 .

(IF, FUNC) Mouse IgG1/ P4C10 Millipore
human integrin 2 .

(IF, FUNC) Mouse IgG1/ MEMA48 Millipore
human integrin 3 -

(IF, FUNC) Mouse IgG1/25E11 Millipore
human integrin aV .

(IF, FUNC) Mouse 1gG1/272-17E6 Millipore
human ZO-1 (WB/ IF) Mouse IgG1/1A12 Life Technologies
human Occludin . . ,

(WB/ IF) Rabbit Polyclonal Life Technologies

human Claudin-5 . . ,

(WBY IF) Rabbit Polyclonal Life Technologies

human Claudin-3 . . :

(WB/ IF) Rabbit Polyclonal Life Technologies
p-Akt (Ser 473; WB) Rabbit Polyclonal Cell Signalling

Total Akt (WB) Rabbit Polyclonal Cell Signalling
p-Erk1/2 (Thr 202/ . . .
Tyr204: WB) Rabbit Polyclonal Cell Signalling
Total Erk1/2 Rabbit Polyclonal Cell Signalling
p-p38 (TI:/r\;IéS)O/TyHBZ; Rabbit Polyclonal Cell Signalling
Total p38 (WB) Rabbit Polyclonal Cell Signalling
p-JNK (WB) Rabbit Polyclonal Cell Signalling
Total JNK (WB) Rabbit Polyclonal Cell Signalling
B-actin (WB) Mouse lgG Sigma-Aldrich
Human SHH (WB/IF) Rabbit Polyclonal Millipore
Human SCUBE2 (WB) Rabbit Polyclonal Abcam
Human smo (WB) Rabbit Polyclonal Abcam
human Gli-1 (WB/ IF) mouse [e]€] Abcam

Applications: FUNC- Functional; IF- Immunofluorescence; WB- Western blotting
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Table 6- Primary antibodies (Cont.)

Target Host Clone / Isotype Supplier
Human MMP-1 (FUNC) Rabbit Polyclonal R&D
Human M'\I"FF;'Q (FUNC/ Rabbit Polyclonal R&D
Human MMP-1 (IF/WB) Rabbit Polyclonal Millipore

Human MMP-10 . -
(IFWB) Rabbit Polyclonal Millipore

Applications: FUNC- Functional; IF- Immunofluorescence; WB- Western blotting

Table 7- Secondary and conjugated antibodies

Target / conjugation Host Clone / Isotype Supplier
CD64-FITC (IF) Mouse IgG1 BD
CD66¢c-FITC Mouse lgG1 BD
Human '”t‘(*lgFr)'” a2-FITC 1 Mouse AK7/ IgG1 Abcam
Human integrin a3-FITC
Mouse 17C6/ 1gG1 Abcam
(IF)
Human CD16-FITC (IF) Mouse IgG1 BD Biosciences
Mouse IQ?IFF)HL —FITC Goat polyclonal Sigma-Aldrich
Mouse IgG H+L -
DyLight 549 (IF) Goat polyclonal Abcam
Mouse IgG-alexa fluor . ,
488 (IF) Goat polyclonal Life Technologies
Rabbit IgEIEFI;HL —Cy5 Goat polyclonal Abcam
Rabbit IgG H+L-HRP Goat polyclonal New England Biolabs
(WB)
Mouse I?VGVISJrL'HRP Goat polyclonal Sigma-Aldrich

Applications: IF- Immunofluorescence; WB- Western blotting
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2.2. Mycobacterium tuberculosis culture

Mtb strain H37Rv was cultured in Middlebrook 7H9 medium (BD Diagnostics)
supplemented with 10% ADC enrichment medium (BD Diagnostics), 0.2% glycerol
(Sigma-Aldrich) and 0.02% Tween 80 (Sigma-Aldrich) with agitation at 100rpm.
Culture growth was monitored with a Biowave cell density meter (WPA, Cambridge,

UK) and was subcultured when the optical density was 1.00.

For colony forming units (CFU) counting, supernatants and/or cell lysates were
seeded in 7H11 agar plates (BD Diagnostics) supplemented with 10% OADC
enrichment medium and 0.2% glycerol (Sigma-Aldrich). Plates were incubated at

37°C for 3-4 weeks.

2.3. Conditioned media preparation (CoMtb)

Monocytes from single-donor leukocyte cones (National Blood Transfusion Service,
London, UK) were isolated by gradient centrifugation with Ficoll-Plaque (GE
Healthcare, Buckinghamshire, UK) and adhesion purification. Monocytes were
counted in peripheral blood mononuclear cell (PBMC) solution by adhesion to
haemocytometer slides and seeded at a density of 2.5x10° cells/cm? in 60mm petri
dishes. Non-adherent cells were removed by washing with Hank’s balanced salt
solution (HBSS; Life Technologies, Paisley, UK). Fresh RPMI 1640 medium (Life
Technologies) supplemented with 2mM glutamine and 10 mg/ml ampicillin added
before infecting cells with Mtb strain H37Rv at a multiplicity of infection (MOI) of and

incubating for 24h at 37°C and 5% CO,. Control medium from uninfected cells
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(CoMCont) was prepared in a similar manner but with the addition of an equal
volume of 7H9 medium without Mtb. Supernatants were collected, filtered through a
0.2uM polypropylene filter (Whatman Anotop 25, Buckinghamshire, UK) to remove

Mtb and MMPs from the supernatants [223], aliquoted and stored at -20°C.

2.4. Cell culture

2.4.1. Coating of tissue culture plates and latex beads

Tissue culture plates were pre-coated with human Coll-I (VitroCol), Col-1V, fibronectin
(Fn) (Advanced BioMatrix, USA) or laminin (Lam) (Life technologies, UK) according
to the manufacturer instructions.

In brief, for Coll-I, wells were coated at a desired concentration of VitroCol diluted in
sterile distilled water and incubated at room temperature for 1h, rinsed with sterile
phosphate buffered saline (PBS). Coll-IV was diluted in a 0.25% acetic acid solution
and coated plates incubated for one hour and rinsed with Hank’s balanced salt
solution (HBSS). Fn was diluted in HBSS, plates incubated for one hour and rinsed
with sterile distilled water. Plates were stored at 4°C ensuring they remained sterile.
Finally, Lam was slowly thawed to avoid formation of a gel, diluted in HBSS and
incubated at room temperature for one hour. After incubation any excess material
was aspirated and plates were blocked with sterile 1% heat denatured bovine serum
albumin (hdBSA) and allowed to air dry for at least 45 minutes before introducing cell

suspensions.
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Latex beads (0.3um, Sigma-Aldrich) were sterilised by tantalization (cycles
alternating between 37°C and 60°C) and resuspended in 1mg/ml of Coll-I in 0.1M
bicarbonate buffer and incubated with rotation for 1h at room temperature. After
washing with PBS beads were blocked with 1% heat denatured BSA for 2h with
rotation at room temperature. After the washing steps, beads were resuspended in

culture medium and added to the wells in a 100:1 bead-to-cell ratio.

To mimic integrin engagement to Coll-l, plates were coated with goat anti-mouse 1gG
monoclonal antibodies (Ab) overnight at 4°C, washed with PBS, blocked with 1%
hdBSA and coated for 2h at room temperature with either 20ug/ml of anti-integrin

a2B1 Ab or anti-integrin a331 Ab.

2.4.2. Respiratory epithelial cell culture

Human alveolar adenocarcinoma epithelial cell line (A549 cells) were maintained in
RPMI 1640 (Gibco, Life technologies) supplemented with 10% heat inactivated FBS
(Biowest, UK), 2mM glutamine and 10 ug/ml ampicillin and were subcultured at 80%-
90% confluence using 0.25% trypsin-EDTA for 2min and neutralised with growth
medium. For experiments, cells were seeded at a density of 40,000 cells per cm? in

serum free medium.
Primary Normal Human Bronchial epithelial cells (NHBE; Clonetics, Lonza, Basel,

Switzerland) were grown in bronchial epithelial growth medium (BEGM; Clonetics,

Lonza) and were subcultured at 80% confluence using trypsin-EDTA for 2min and
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neutralised with trypsin neutralising solution (Clonetics, Lonza). For experiments,

cells were seeded at a density of 50,000 cells per cm? and rested overnight.

For both cell types, CoMtb was added to wells in a 1:5 dilution. Cells were stimulated
between 24-72h for secretion experiments and for 6h for gene expression. For
secretion experiments, cells were incubated for 24h-72h and supernatants were
collected, centrifuged at 11,000rpm for 2 min and stored at -20°C. For gene
expression, cells were incubated for 6h, rinsed with sterile PBS and lysed with Tri-
Reagent and stored at -80°C. For wells with soluble Coll-I or coated beads, 100ug/ml
Coll-I or pre-coated beads in growth medium was added to the wells. Cell viability

was determined by trypan blue exclusion.

2.4.3. Human primary astrocyte culture

Human astrocytes were maintained in T75 flasks pre-coated with poly-L-lysine
(Sigma-Aldrich) in complete astrocyte medium (basal medium, astrocyte growth
supplement and 2% FBS) with 1% penicillin-streptomycin (Sciencell Research
Laboratories) until the culture was approximately 90% confluent. Cells were used

between passages 4 and 10.

2.4.4. hCMEC/D3 cell line culture

The brain microvascular endothelial cell line hCMEC/D3 was maintained in T75
flasks pre-coated with rat tail Coll-l (Sigma-Aldrich) in EBM-2 medium (Lonza)

supplemented with 1.4uM hydrocortisone (Sigma-Aldrich), 5ug/mL ascorbic acid

76



CHAPTER II: MATERIALS AND METHODS

(Sigma-Aldrich), 1% chemical defined lipid concentrate (Life technologies), 1ng/mL of
basic fibroblast growth factor (Sigma-Aldrich), 10 mM HEPES (Life technologies), 5%
FBS (Sciencell Research Laboratories) and 1% penicillin-streptomycin (Sciencell
Research Laboratories) until the culture was 100% confluent. Cells were used

between passages 25 and 32.

2.4.5. Co-cultivation of hCMEC/D3 cells and human astrocytes

67,000 astrocytes were seeded in inverted transwell permeable inserts, 5.0um pore
size (Millipore) pre-coated with 150ug/mL of Coll-IV in 250uL of growth medium and
let to adhere for 1h at 37°C and 5% CO,. Transwells were inserted in 12-well
receiver plates containing 1.2mL astrocyte growth medium and 50,000 hCMEC/D3

cells were seeded in the apical side in 400uL endothelial cell growth medium.

The BBB was left to mature between 6 and 11 days. When the BBB was matured
(accessed by trans-endothelial resistance), cells were stimulated with CoMtb (1:5
dilution) or infected with Mtb (MOI 20). For experiments using direct Mtb infection,

antibiotics were removed from the culture medium.

2.4.6. Monocyte purification and culture

Monocytes from fresh blood volunteers (JSF research group donors list) were
isolated by gradient centrifugation with Ficoll-Plaque PLUS (GE Healthcare) and
CD16-monocytes were purified from PBMCs by negative magnetic-activated cell

sorting (MACS monocyte isolation kit Il; Miltenyi Biotec Ltd., UK) according to the
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manufacturer’s instructions. Purity was confirmed by CDG64 staining and FACS
analysis. Monocyte purity was over 96% (Fig. 10). Viability was accessed by trypan

blue exclusion and viability was 298%.
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Figure 10. FACS analysis of monocyte purity.

Monocytes were isolated from peripheral blood by gradient centrifugation and negative
magnetic-activated cell sorting and labelled with FITC-conjugated CD64 antibody or isotype

control and 10 000 events were gated.

Monocytes were seeded at a density of 2.5x10° cells per cm? in RPMI 1640,
supplemented with 2mM glutamine and 10ug/ml ampicillin and 10% heat inactivated
FBS. Monocytes were left to rest for 1h before adding 1:5 diluted CoMtb (diluted in

RPMI with 10% heat inactivated FBS) or infecting with Mtb H37Rv at a MOI of 1. For
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secretion experiments, cells were incubated for 24h and supernatants were
collected, centrifuged at 11,000rpm for 2 min and stored at -20°C and for gene
expression, cells were incubated for 6h, rinsed with sterile PBS and lised with Tri-

Reagent and stored at -80°C.

2.4.7. Neutrophil purification and culture

Neutrophils from fresh blood volunteers (JSF research group donors list) were
isolated by dextran/ saline erythrocyte lysis, followed by gradient centrifugation with
Ficoll-Plaque PLUS (GE Healthcare) and 3 steps of erythrocyte hypotonic lysis, each
consisting of 30 sec cell incubation wilth 20mL of ice cold 0.2% NaCl followed by
20ml in ice cold 1.6% NaCl and centrifugation at 250g at 4°C for 4 min without brake.
The neutrophil pellet was resuspended in RPMI 1640 with 10% FBS and used in

experiments.

Purity was confirmed by CD66¢ staining and FACS analysis. Neutophil purity by this

melhod was over 98%. Viability was accessed by trypan blue exclusion and viability

was 299% (Fig. 11).
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Figure 11. FACS analysis of neutrophil purity.

Monocytes were isolated from peripheral blood by gradient centrifugation and negative
magnetic-activated cell sorting and labelled with FITC-conjugated CD66¢ antibody or isotype
control and 10 000 events were gated.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Secretion levels of MMPs and TIMPs were analysed by ELISA (Duoset, R&D
Systems, Abdingdon, UK) according to the manufacturer’s instructions. The 96-well
micoplate (Costar) was read at 450nm with a reference wavelength of 540nm on a
MQuant plate reader (Biotek Instruments Inc). The lower limit of sensitivity for the

Duoset kits were: 21.2pg/ml for TIMP-1, 31.2pg/ml for TIMP-2, 156pg/mL for MMP-

1and and 31.2pg/ml for MMP-10.
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2.6. Luminex bead Array

Microparticle based multiplex immunoassays were used to analyse total secretion
levels of MMPs, cytokines and soluble adhesion molecules. Specific antibodies are
pre-coated onto colour-coded microparticles or beads. Microparticles, standards, and
samples were pipetted into a Luminex plate and agitated at 500rpm for 2h allowing
immobilised antibodies to capture the analyte of interest. Biotinylated antibodies
specific to the analyte were added and agitated for 1h. Next, streptavidin
phycoerythrin (PE) was added with agitation for 30min to generate a signal. Washes
are performed between each step. Finally, the beads were resuspended and read
using the Luminex dual laser analyser (Bio-Rad Bio-Plex 200 System). One laser
classifies the bead and determined the analyte which is being detected, the second
laser determined the magnitude of the PE derived signal, which is in direct proportion

to the analyte bound.

MMPs were analysed using the Fluorokine MAP kit (R&D Systems) according to the
manufacturer’s instructions. The lower limits of sensitivity were: 1.1pg/ml for MMP-1,
12.6pg/ml for MMP-2, 7.3pg/ml for MMP-3, 6.6pg/ml for MMP-7, 16.6pg/ml for MMP-
8, 13.7pg/ml for MMP-9 and 3.2pg/mL for MMP-10. All samples were run with
appropriate controls and were within the linear range of detection as indicated by the
manufacturer. Adhesion molecules were analysed using the 4-plex human adhesion
molecule performance kit (R&D Systems) with the following lower limits of sensitivity:
303pg/mL for ICAM-1, 7.4pg/mL for E-Selectin, 12.2pg/mL for P-Selectin and

529pg/mL for ICAM-1.
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2.7. EnzChek DQ collagen type | assay

Collagenolytic activity was measured using EnzChek DQ collagen type | assay (Life
technologies) and performed as indicated in the manufacturer’s instructions. Briefly,
a standard curve was originated from known concentrations of collagenase from
Clostridium histolyticum and standards and cell supernatants were incubated with
DQ type | collagen for 24h. Collagenase activity was measured by gain of

fluorescence originating from DQ type | collagen degradation.

2.8. Gelatin and casein zymogram

Samples were diluted in SDS loading buffer and proteins were separated by
electrophoresis in 0.05% casein gels (Life technologies) or 0.12% gelatin gel (made
in-house) and incubated in collagenase buffer overnight at 37°C. All gels were run
with a recombinant human MMP-1 or MMP-9 standard (Calbiochem, Merck
Biosciences, UK). Caseinolytic/gelatinolytic activity was revealed by Coomassie blue

staining (Pharmacia) and methanol: acetic acid: water distaining.

2.9. RNA extraction and cDNA synthesis

Total RNA was extracted using DirectZol™ RNA MiniPrep Kit (Cambridge
Biosciences, UK) according to the manufacturer’s instructions. 1ug RNA was reverse
transcribed using QuantiTect Reverse Transcriptase Kit (Qiagen, Manchester, UK)
and gPCR reactions were performed in the ABI Prism 7700 (Applied Biosystems,

Paisley, UK). For low quantities of RNA (monocyte experiments), 15ng RNA were
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reverse transcribed using the OneStep RT-PCR kit (Quiagen) according to the

manufacturer’s instructions.

2.10. Plasmid standards

Plasmid standards were kindly engineered by Dr Catherine Ong using the TOPO
vector (Life technologies). 80ng of plasmids containing MMPs and/or housekeeping
genes were used to transform chemically competent E. coli TOP10 (Life
technologies) according to the manufacturer’s instructions. Bacteria were incubated
in SOC medium (Life technologies) overnight at 37°C with agitation. Transformed
bacteria were selected by plating into LB/Amp agar plates. Positive isolated clones
were picked from plates and grown in LB/Amp broth. Successful transformation was
tested by real-time PCR. Part of the transformed bacteria was frozen in 50% glycerol
at -80°C and the rest was used to purify the grown plasmids, using GenElute GP

plasmid miniprep (Qiagen) according to the manufacturer’s instructions.

Serial dilutions of the linearised plasmids were used to generate a standard curve

with a known number of gene copies.
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2.11. Real-time polymerase chain reaction (PCR)

RT-PCR was performed in a Framestar 96 well PCR plate (4titude, Wotton, UK) on
the Stratagene Mx3000Pro machine (Agilent Technologies Inc.) with a thermal profile
of: 10min at 95°C (Taqg polymerase activation) followed by 40 cycles at 95°C for 30
sec (cDNA denaturation) then 60°C for 1 min (annealing of primers and
probes/extension). When using the OneStep RT-PCR kit, the thermal profile was: 30
min at 50°C (reverse transcription) and 15 min at 95°C (Taq polymerase activation),
followed by 40 cycles of 30 sec at 94°C (cDNA denaturation), 30 sec at 60°C
(annealing of primers and probes) and 1min at 72°C (extension). Primers and probes
used are summarised in table 8 and 9.

MMP-1/10 cycle thresholds were quantified by comparison to an MMP-1/10 standard
curve generated using known MMP-1 concentrations and then standardised to 18S

rRNA.

When standards were not available (e.g. claudin-5, occludin), the Pfaffl comparative

Ct method was used applying the following equation:

AACt (control-target
Etarget ( get)

Ratio= AACt (control-target)
reference

where E is the real-time PCR efficiency of one cycle in the exponential phase,

calculated according to the equation: E= 10-"°P%] and the reference gene is B-actin.
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Table 8- TagMan custom Primers and Probes used (spp. Homo)

Target gene

Sequence

MMP-1

Forward
Reverse
Probe

5’- AAGATGAAAGGTGGACCAACAATT -3’
5 -CCAAGAGAATGGCCGAGTTC -3’
5’- FAM-CAGAGAGTACAACTTACATCGTGTTGCGGCTC-TAMRA -3’

MMP-14

Forward
Reverse
Probe

5-AAGGCCAATGTTCGAAGGAA -3’
5-GGCCTCGTATGTGGCATACTC -3’

5'- FAM-CAACATAATGAAATCACTTTCTGCATCCAGAATTACA -
TAMRA -3’

MMP-10

Forward
Reverse
Probe

5- GGACCTGGGCTTTATGGAGATAT -3’
5’- CCCAGGGAGTGGCCAAGT -3
5'- FAM- CATCAGGCACCAATTTATTCCTCGTTGCT-TAMRA -3

Table 9-TagMan Primer and probe mix (Life technologies)

Target gene Reference

18S 4308329

B-actin 431088E
Occludin Hs00170162_m1
Claudin-5 Hs00533949 s1
Shh Hs00179843 m1

2.12. Wound healing assay

96-well ImageLock plates (Essen Biosciences Ltd, Hertfordshire, UK) were coated

with either Coll-I or poly-L-lysin (Sigma-Aldrich) and 20,000 NHBE cells were seeded

in each well. A standard wound was created in the cell monolayer of each well using

a WoundMaker (Essen Bioscience Ltd) according to the manufacturer’'s protocol.

Cells were stimulated as previously described and plate was incubated in the

IncuCyte Zoom (Essen Biosciences Ltd). Images were taken at 2h intervals for a

maximum of 18h.
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2.13. Laser scanning cytometry

4-well glass slides were pre-coated and NHBE cells were seeded, incubated and
stained for F-actin as previously described. Fluorescence was determined by
quantitative imaging cytometry using an iCys Research Imaging Cytometer
(CompuCyte, Cambridge, USA) with iNovator software (CompuCyte). A scanning
protocol for quantification was configured with two channels; 405nm diode laser
excitation and blue channel detection (445nm-485nm) for DAPI and HeNe 633 nm
laser excitation and long red channel detection (650nm LP) for F-actin. High
resolution scans were acquired using the 60x objective and 0.5mm x-step size.
Watershed filters were applied to separate closely spaced events, size constraints to
exclude artefacts and border objects were removed. Cells were contoured on the
blue channel to identify events (>4000 cells per well). A peripheral contour was set
14 pixels outside the nuclear contour to sample the cytoplasmic staining and long red
channel peripheral measurements were used to quantify F-actin fluorescence, which
was expressed as levels per cell. A confirmatory analysis was performed to verify
the results obtained from the iCys software analysis. Image files acquired from the
iCys scans were imported into the Columbus analysis software (Perkin Elmer). An
analysis protocol was set up to identify nuclei (size constraints were added to
exclude artefacts and partial image border objects were also removed) and to identify
the total cytoplasmic F-actin staining associated with each nucleus in the far red
channel. A batch analysis was run for each well and the measurements determined

and expressed as fluorescence per cell.
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2.14. Co-immunoprecipitation

After 24h incubation, supernatants were removed and cells were washed three times
with ice-cold phosphate-buffered saline (PBS) and then lysed on ice with 500uL of
1.5% (v/v) Triton X-100, 10mM Tris (pH 7.5), 150mM NaCl, TmM MgCl,, 1TmM MnCly,
2mM phenylmethylsulfonyl fluoride, 20 pg/ml aprotinin, and 12.5ug/ml leupeptin. Cell
lysates were centrifuged at 20,000g for 10min at 4°C and supernatants removed to a
fresh tube. Co-immunoprecipitation was performed using the Dynabeads Protein G
kit (Life technologies), according to the manufacturer’s instructions. The following
antibodies were used for immunoprecipitation: mouse anti-human MMP-1 (R&D
systems), mouse anti-human integrin a281 Ab (clone BHA2.1, Millipore) and mouse

IgG isotype control (BD biosciences).

2.15. Trans-endothelial electrical resistance (TEER)

TEER measurements were conducted to monitor BBB maturation and integrity, by
using STX2 electrode and EVOM2 meter (World Precision Instruments). STX2
electrode was equilibrated in HBSS buffer and black measurement was registered.
The chopstick STX2 electrode was placed vertically in the wells, allowing the longer
(external) electrode to touch the bottom of the dish containing the external culture
media while preventing the shorter (internal electrode) from reaching the monolayer
at bottom of the tissue culture insert. TEER values were obtained by a 4 point
measurement system on transwell inserts. Coll-IV coated insert without cells was

used as a control.
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2.16. Apparent permeability (Papp)

BBB integrity was also analysed by assessing the permeability to 100ug/mL solution
of fluorescein conjugated sodium salt (306Da, Sigma-Aldrich) or Tmg/mL fluorescein-
dextran solution (3KDa, Life technologies). Briefly, 500uL of fluorescein conjugated
molecules was loaded into the apical side of the insert, while the basolateral side
contained 2mL of PBS. Solutions were let to permeate the BBB for 45min to 3h at
37°C and 5% CO, and 100uL samples were collected from the basolateral side for
fluorimetric analysis (FLUOROstar galaxy, BMG Laboratories) using 485nm
excitation and emission filters and 590nm emission filter.

Concentrations were obtained by creating a 6-point standard curve with serial
dilutions of the permeation solution. Papp was obtained using the equation:

Papp (cm/s) = (dQ/dt)/CO*A)

where dQ/dt is the rate of permeation (ug/sec), CO is the initial concentration and A is

surface area of the monolayer.

2.17. Transmigration assay

Co-culture of hCMEC/D3 and HA and cell stimulation were performed as previously
described. Isolated neutrophils or monocytes were gently resuspended in 0.5uM
CellTracker green dye (Life technologies) working solution and incubated for 20min
on ice. An aliquote of 2x10° neutrophils/monocytes was left unstrained in RPMI with
FBS, on ice. Cells were centrifuged and resuspended in DMEM (with 1%FCS,

2%glutamine and 25mM HEPES) to a final concentration of 5.5x10° cells/mL.
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Transwells were rinsed and 150ng/mL of IL-8 or MCP-1 (chemoattractants for
neutrophils and monocytes respectively) in DMEM (with 1%FBS, 2%glutamine and
25mM HEPES) were added in the lower chamber and 200yl cell suspension (1.1x10°
cells) in the upper chamber. Cells were incubated between 90-120 min at 37°C, with
5%CO0O.,. Transmigrated cells were collected from the bottom well and gently scraped
from the bottom of the transwell, transferred to FACS tubes, centrifuged at 1200rpm

for 5min at 4°C and resuspended in 400uL PBS.

2.18. Immunoblotting

Western blotting was used for chemiluminescent detection of phosphorylated and
total proteins. Proteins were separated by electrophoresis, using NUPAGE® 4-12%
Bis-Tris Gel (Life technologies) in an XCell SureLock Mini-Cell (Life technologies),
filled with the appropriate running buffer (MES buffer for proteins <60kDa, MOPS
buffer for proteins >60kDa, Life technologies). A full range rainbow protein molecular
weight marker (GE Healthcare Life Sciences) was also loaded. Transfer to a
nitrocellulose membrane (Amersham Hyobond — ECL, GE Healthcare Life Sciences)
was performed, using the X-Cell Il Blot Module (Life technologies) soaked in Transfer
Buffer (Life technologies) with 20% methanol (Sigma-Aldrich)/0.6% SDS (Sigma-
Aldrich). Membranes were blocked with 0.1% Tween-20, 5% non-fat milk in Tris-
buffered saline (Sigma-Aldrich) or 0.1% Tween-20, 5% BSA in Tris-buffered saline
prior to staining with primary antibodies overnight. Membranes were then stained
with HRP conjugated secondary antibodies for 1h. Washes with 0.1% Tween-20 in

Tris- buffered saline were performed between each step. Finally, membranes were
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placed in chemiluminescent substrate (Amersham ECL Plus/ Prime Western Blotting
Detection System, GE Healthcare Life Sciences) for 1 to 2 min, and exposed to
chemiluminescence film (Amersham 70 Hyperfim ECL, GE Healthcare Life

Sciences) and this was developed.

2.19. Flow cytometry

Cells were detached with 5mM EDTA, washed with PBS, fixed with 4%
paraformaldehyde (v/iw) and blocked with 1% BSA/ 5% human serum (v/v) buffer.
Cells were incubated for 1h at room temperature with FITC conjugated anti-human
integrin Ab or mouse IgG1 isotype or secondary antibody alone as controls. Flow
cytometry was performed on a FACSCalibur (BD Biosciences) cytometer which was
calibrated using FACS CaliBRITE (BD Biosciences) beads. The baseline Forward
Scatter, Side Scatter and FL1H settings were adjusted using an unstained,
unstimulated cell sample. Median fluorescence intensities (MFI) were compared after
normalisation to the isotype control. Data was analysed using FlowJo vX.0.6 (Tree

star, USA).

For transmigration assays, cells were resuspended in 400uL PBS and 50uL of
CountBright Absolute Counting Beads (Life technologies) was added to each tube.
5.5x10° unstimulated and unlabelled cells were used to adjust baseline Forward

Scatter, Side Scatter and FL1H settings and gate cells of interest. The number of
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FL1H positive cells in each condition was assessed by comparing the ratio of bead

events to cell events.

2.20. Confocal microscopy

4-well glass slides were pre-coated with human Coll-I and cells seeded and
incubated as previously described. For BBB co-cultures, all steps were performed

directly in the transwells.

Cells were fixed with 4% paraformaldehyde, blocked with 1% BSA/ 5% human serum
buffer and stained. For intracellular targets and F-actin staining, cells were
permeabilised with 0.5% saponin (v/v) and stained with phalloidin conjugated with
Alexa fluor 594 or Alexa fluor 488 (Life technologies). DAPI was used as a nuclear

counterstain and a borosilicate glass cover slip (Fisher Scientific, UK) mounted.

ECM degradation was observed by pre-coating 4-well glass slides with DQ type | or
type IV collagen. Cells were fixed with 4% paraformaldehyde and DAPI was used as

a nuclear counterstain.

Confocal microscopy was performed on a Leica TCS SP5 Confocal equipped with
405nm diode laser, 488nm argon laser, 543nm and 633nm HeNe lasers and using
the Leica Application Suite 2.6.2 software (Milton Keynes, UK). Images were edited

using Imaged software v1.46r (NIH, Maryland, USA).
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2.21. Transmission electron microscopy (TEM)

Transwells were rinsed with ice cold PBS and fixed with 0.5% glutaraldehyde in
200mM sodium cacodylate for 30min. Transwells were washed with sodium
cacodylate buffer, then sealed and stored in buffer at 4°C until ready to process.
Trans-wells were incubated with rabbit anti-human 1gG for 1h and labelled with 6nM
protein A gold particles for 2h. Samples were washed in cacodylate buffer and post-
fixed in 1% osmium tetroxide and 1.5% potassium ferrocyanide for 1h. After washing
in water, transwells were incubated in 0.5% magnesium uranyl acetate overnight at
4°C, dehydrated in ethanol and propylene oxide, and embedded in EPON resin.
Transwells were cut into ultrathin sections and collected on TEM grids, and lead
citrate was added as a contrast agent. Sections were analysed using an FEI Tecnai
G2 transmission electron microscope, and digital images were captured using Soft

Imaging Software.

2.22. Statistical Analysis

Statistical analysis was performed using GraphPad Prism® v5.02 (GraphPad
Software Inc, USA). Data are presented as mean + standard deviation (SD) of three
replicate samples per condition and are representative of at least three independent
experiments, unless otherwise stated. Statistical analysis was performed using one-
way ANOVA and Tukey’s range test. For data from repeated measurements a two-
way ANOVA and Bonferroni correction were used. Differences between variables

were considered statistically significant for p-values lower than 0.05.
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3.1. Introduction

Pulmonary ECM is composed of a network of molecules including type I, lll and IV
collagen, fibronectin, laminin, elastin and proteoglycans. Coll-I, which is the primary
structural fibril of the lung, provides tensile strength and is highly resistant to
enzymatic degradation. MMPs are key in TB-associated tissue destruction and the
collagenases, particularly MMP-1, are able to degrade fibrillar Coll-l. MMP
expression is driven by infected phagocytes and the matrix destruction phenotype is

amplified by stromal cells, such as respiratory epithelial cells in pulmonary TB.

Although responsible for tissue destruction, MMPs (particularly MMP-1 and 9) are
also involved in lung epithelial repair. Mechanisms involving soluble factors
(cytokines, chemokines and growth factors), ECM components, MMPs, focal
adhesions and cytoskeletal structures promote cell spreading and migration during
re-epithelisation [224]. Cell adhesion to the ECM is mediated by the integrin family of
cell surface molecules. Diverse integrin heterodimers are expressed on adult human
respiratory epithelial cells [115,225,226]. Of these, integrin a2B1 and a3B1 are
constitutively expressed and bind to collagens [227], with integrin a21 having a high
affinity to Coll-I [228], while a3B1 is also able to bind to other components such as
laminins and fibronectin [229]. Integrin engagement to the ECM triggers assembly of
an adhesome network, composed of scaffolding molecules (including adhesion
receptors, adaptor proteins and actin cytoskeleton) and signalling molecules
(including diverse kinases, phosphatases and GTPases) [230]. One of the key
signalling molecules is FAK, a multidomain protein displaying docking and signalling
functions [231]. FAK signals to several downstream molecules such as the Ras-ERK

and the PI3K/Akt-signalling pathways [232]. Integrins can adhere to multivalent
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immobilised ligands of the ECM resulting in their clustering on the cell surface at
sites of adhesion; cell spreading then strengthens this adhesion. Integrins may also
bind soluble monovalent forms of matrix that have been released from the ECM.
This requires a high affinity form of the integrin and results in ligand binding without
receptor clustering. In normal lung, the vast majority of Coll-I, a ligand for integrin
a2p1, is found in the ECM. However, fragments of Coll-I are released to the airway
space and the circulation in TB [85]. It is, therefore, not just the integrin ligand that
may be important, but the way in which it is presented to the adherent cell, either as
immobilised multivalent protein or in soluble ligand form. Thus, the cell responds
specifically to changes in the matrix environment following airway injury. It is likely
that an appropriate epithelial-derived MMP-1 activity is required for respiratory tissue
repair, while overexpression in later stages of disease may lead to unwanted
proteolysis and impede tissue repair and this responses may be regulated by the

tissue environment via integrin signalling.

Little is known about the interaction between MMP-1 and the local tissue
environment although much evidence indicates that this is key in the inflammatory
response. Therefore, in this chapter, the role of individual components of the ECM on
Mtb-driven MMP expression will be dissected, as well as the integrin receptors

involved in this response.
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3.2. Specific aims

Hypothesis: In pulmonary TB, the local ECM environment regulates bronchial
epithelial cell-derived MMP-1 gene expression and secretion, affecting tissue repair

in later stages of TB disease.

Using primary Normal Human Bronchial Epithelial (NHBE) cells stimulated with
conditioned medium from Mycobacterium tuberculosis -infected monocytes (CoMtb) |

aimed to:

Test if cell adhesion to ECM components (Collagen I-IV, Fibronectin and

Laminin) regulates CoMtb-driven MMP expression and secretion and/or their

inhibitors (TIMP-1/2);

- Verify if integrin engagement to the above ECM components regulates CoMtb-
driven MMP expression;

- Dissect the pathways involved in MMP modulation by integrin engagement to

ECM components.

Verify how ECM and integrin signalling regulation of CoMtb-driven MMP-1

expression affects cell migration and tissue repair.
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3.3. Results

3.3.1. Effect of pulmonary ECM components on MMP secretion by CoMtb

stimulated epithelial cells

Our group has demonstrated in the past that Mtb upregulates epithelial cell MMP-1
secretion via a monocyte-dependent network. The monocyte-epithelial signal is
transmitted by TNF-synergy with a GPCR ligand. Therefore, to mimic these
monocyte-epithelial network, | have used CoMtb has a stimulus in this model instead

of direct infecton with Mtb.

First, the kinetics of MMP-1 secretion by respiratory epithelial cells grown in the ECM
components Coll-l (100 ug/mL), Coll-IV (250 ug/mL), Fn (20 pg/mL) and Lam (20
pMg/mL) were studied using A549 cells (Fig. 12). In CoMtb stimulated samples, MMP-
1 levels were shown to reduce in the presence of Coll-l and Lam for all time-points
when compared with samples from uncoated wells (p<0.01), and showed a 2-fold
downregulation at 72h for Coll-l and a 4-fold downregulation in the presence of Lam
(Fig. 12a, d). However, no statistically significant difference was shown, between the
cells in the absence of matrix and adherent to Coll-IV and Fn (p>0.05) (Fig. 12b, c).
Subsequent experiments cells were only incubated for 24h since statistically
significant differences for MMP-1secretion were found to be already present after

24h.
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Figure 12. Kinetics of MMP-1 secretion with adhesion to ECM components.
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A549 cells were seeded in the presence or absence of human Coll-I (a), Coll-IV (b) Fn (c) or Lam

(d), stimulated with 1:5 CoMtb or control medium and incubated between 24-72h. Figures

representative of three independent experiments performed in triplicate.

CC- conditioned medium from uninfected monocytes; Coll-I- type | collagen; Coll IV- type IV

collagen; Fn- fibronectin; Lam- laminin; CT- conditioned medium from Mycobacterium tuberculosis

infected monocytes;
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To test if this MMP-1 downregulation seen with the presence of Coll-l and Lam is due
to cell adhesion to these substrates, dose-response experiments were performed
with A549 cells as well as primary NHBE cells (Fig. 13). For both, MMP-1 levels with
CoMtb stimulation were lower in the presence of Coll-l in a concentration dependent
manner. However, in the dose-response experiments performed with primary NHBE
cells, no significant difference was seen in MMP-1 secretion levels with the presence
Lam, despite the concentration dependent downregulation seen in A549 cells (Fig.
13 c, d). This might be due to the fact that A549 cells are a carcinoma cell line and
hence have modifications in terms of receptors expression and activation of

signalling cascades compared with NHBE cells.
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Figure 13. Dose-response of MMP-1 secretion with adhesion to Coll-l and Lam.

A549 (a and c) and NHBE (b and d) cells were seeded in the presence or absence of human Coll-
| or Lam, stimulated with 1:5 CoMtb or control medium and incubated for 24h. Figures

representative of three independent experiments performed in triplicate.

Collagen I- type | collagen; CoMtb- conditioned medium from Mycobacterium tuberculosis infected
monocytes; Lam- laminin; NHBE- Normal Human bronchial epithelial cells.
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3.3.2. Type | collagen modulates MMP-1 gene expression in CoMtb-

stimulated NHBE cells

In normal lung tissue the vast majority of Coll-l is found in the ECM. However,
fragments of Coll-I are released to the airway space and the circulation in TB [85],
therefore cell adhesion to soluble Coll-l (sColl-I) was also analysed in primary
respiratory epithelial cells and compared with MMP-1 in stimulated cells adherent to
Coll-I matrix (mColl-I) and in the absence of matrix. NHBE cells grown on plastic or
Coll-l produce low MMP-1 concentrations even in the presence of sColl-I, but MMP-1
concentrations are dramatically increased on stimulation with CoMtb. CoMtb-
stimulated NHBE cells cultured in the absence of ECM had high levels of MMP-1
secretion which was down-regulated 32% (from 3198.4+238.1 to 2176.5+158.2
pg/ml) when CoMtb-stimulated NHBE cells were adherent to mColl-l, (Fig.14a;
p<0.001). Addition of sColl-I increased MMP-1 secretion by 48% (4176.9£245.5
pg/ml). At a transcriptional level, MMP-1 mRNA accumulation decreased 48% in the
presence of mColl-l and increased 40% with sColl-I (Fig. 14b). Next, functional MMP
collagenolytic activity was investigated and was 4-fold higher from cells adherent to
plastic, compared to those adherent to mColl-l (p<0.05) and was 7-fold higher in the
presence of sColl-1 (p<0.001;Fig. 14c). Since matrix degradation is critically regulated
by MMP:TIMP ratios, we investigated the effect of adhesion to ECM on secretion of
TIMP-1/2, the main secreted inhibitors of MMP-1. Addition of CoMtb did not affect
TIMP-1/2 secretion compared with un-stimulated controls (p>0.05). However, in the
presence of sColl-l, TIMP-1 secretion by CoMtb-stimulated NHBE cells was

downregulated by 31% (from 22.4+0.7 to 15.3£0.6 ng/ml) and TIMP-2 by 30% (from
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108.31£7.4 to 75.319.2 pg/ml) (Fig. 14d, e). Adhesion to mColl-l had no significant

effect on TIMP-1/2 concentrations.

3.3.3. Effect of adhesion to type I collagen matrix on other MMPs

The effect of adhesion to Coll-l on other MMPs was investigated. Secretion of MMP-
3, a stromelysin which may activate MMP-1 and -9, was upregulated from
327.2+24.5 pg/ml to 523.3161.8 pg/ml in CoMtb-stimulated NHBE cells adherent to
mColl-I (p<0.001) but was unaffected by sColl-I (Fig. 15a). MMP-9 concentrations
were upregulated by 46% in NHBE cells adherent to mColl-1 (50.3+2.2ng/ml) and by
81% in cells adherent to sColl-I (142.5+4.7 ng/ml) compared with controls (27.2+2.2
ng/ml; Fig. 15b). Increased MMP-9 secretion was also seen in unstimulated NHBE
adherent to plastic on addition of sColl-l. No differences were detected in MMP-9
secretion after adhesion to Coll-IV or to Fn. MMP-2 secretion from NHBE cells was

not altered in the presence of Coll-I (Fig. 15e).
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Figure 14. Type | collagen regulation of MMP-1 gene expression and secretion by

CoMtb-stimulated NHBE cells.

NHBE cells were cultured in the absence or presence of 100ug/ml of coated or soluble human
type | collagen and stimulated with CoMtb in a 1:5 dilution or control medium. (a) MMP-1
secretion, (b) MMP-1 gene expression, (c) collagenolytic activity and (d, e) TIMP-1/2 secretion.
Samples were collected at 24h post-stimulation for secretion analysis and at 6h post-stimulation
for gene expression. Figure representative of 3 independent experiments performed in triplicate.
*p<0.05; **p<0.01; ***p<0.001. mColl-I- matrix type | collagen; sColl-I soluble type | collagen;
CoMtb- conditioned medium of Mycobacterium tuberculosis infected monocytes; w/o ECM-
without extracellular matrix. MMP-1- matrix metalloproteinase I; TIMP- tissue inhibitor of

metalloproteinases.
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Figure 15. MMP-3, -9 and -2 secretion by NHBE cells adherent to type | collagen.

NHBE cells were cultured in the absence of ECM or in the presence of coated or soluble human

Coll-l, -IV or Fn and stimulated with CoMtb in a 1:5 dilution or control medium. Concentrations of
secreted (a) MMP-3, (b-d) MMP-9 and (e) MMP-2. Samples were collected at 24h post-stimulation

and analysed by Luminex assay. Figure is representative of 3 independent experiments performed

in triplicate. **p<0.01; ***p<0.001. mColl-I- matrix type | collagen; sColl-I soluble type | collagen;

Coll-IV-type IV collagen; CoMtb- conditioned medium of Mycobacterium tuberculosis infected

monocytes; ECM- extracellular matrix; Fn-fibronectin; MMP- matrix metalloproteinase.
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3.3.4. Integrin a2B1 but not a3B1 reqgulates MMP-1 expression in NHBE

cells

Next, | investigated the mechanisms by which integrin subunits regulate the MMP-1
response to Coll-l. Integrin-mediated adhesion is divalent cation-dependent and can
be abolished by chelation of Mg®* and Ca®" [233]. In NHBE cells, the MMP-1
suppression observed in the presence of mColl-l was abolished by 2mM EDTA (Fig.
16a). To investigate the nature of receptor engagement, NHBE cells were incubated
with latex beads coated with Coll-I (Fig. 16b) to allow receptor occupancy and
clustering with localised cell spreading. This resulted in MMP-1 suppression (from
1292.1£68 pg/ml to 828.9+33 pg/ml; p<0.001) equivalent to that seen following

adhesion to mColl-1 (898172 pg/ml; p>0.05).

To identify the specific collagen-binding integrins involved in the MMP response,
plates were coated with anti-a2B1 or a3B1 integrin Abs, which can be used as
integrin agonists [234-236]. CoMtb-stimulated NHBE cells adherent to anti-a231 Abs
had similar MMP-1 mRNA accumulation (5-fold change) and protein secretion (1223
pg/ml) to those observed in cells adherent to mColl-l (Fig. 16¢c, d). In contrast,
adhesion to anti-a3B1 Abs did not cause a significant change in MMP-1 gene
expression and secretion compared to cells cultured in the absence of ECM
(p>0.05). These results show that integrin a231 mediates the decrease in MMP-1
gene expression and secretion, as a result of integrin occupancy and clustering with

localised cell spreading.

105



CHAPTER Ill: ECM MODULATION OF BRONCHIAL EPITHELIAL CELLS

a) 5000+ b) 4500~ -
==
1500 _
E T 1000+
£ 10004 2
= 500 =
Sl SRS

CoMtb - CoMth - - - - + + + +
mColl-l - + - + mColl-l - + - + - + - +
EDTA - - + + Beads - - + + - - + o+
d)
2000=
/]
2
1500+ &
= (%] o
E <
g Zs
£ 1000+ £S5
) [
= £3
= -
500= a
=
=
0
CoMtb - - - CoMtb - - - - + o+ + o+
mColl - + - + - + - - mColl-l - + - + - 4
ant-o2B1 - - 4+ - - -+ - antbo2B1 - -+ - - -+
anti-03p31 - - - + - - - + anti-o3p1 - - - + - - -+

Figure 16. Integrin a2B1 regulation of MMP-1 gene expression and secretion with

adhesion to type | collagen.

NHBE cells were cultured in the presence or absence of pre-coated human type | collagen and
stimulated with CoMtb in a 1:5 dilution or control medium, in presence or absence of (a) 2mM
EDTA; (b) type | collagen pre-coated latex beads and/or (c, d) anti-integrin a2p1 or anti-integrin
a3B1 blocking monoclonal antibodies. Concentrations of secreted MMP-1 (a, b, c) were analysed
from samples collected at 24h post-stimulation and for MMP-1 gene expression (d) at 6h post-
stimulation. Figure is representative of 3 independent experiments performed in
triplicate.***p<0.001; mColl-I- matrix type | collagen; CoMtb- conditioned medium of Mycobacterium

tuberculosis infected monocytes; MMP- matrix metalloproteinase.
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3.3.5. CoMtb-stimulated MMP-1 secretion is regulated by FAK and the

actin cytoskeleton

| investigated whether CoMtb altered surface expression of collagen-binding integrins
by flow cytometry (Fig. 17 a-c). No significant differences were seen in mean
fluorescence intensities (MFIs) for the a2 or a3 integrin subunits between the
different conditions (p>0.05). Since integrin activation and clustering, may signal via
the cytoskeleton, | measured the amount of polymerised F-actin inside the cells by
laser scanning cytometry (Fig. 17d). Stimulation with CoMtb of NHBE cells grown on
tissue culture plastic increased the amount of F-actin MFI per cell by 22% (from
1840.4+168 to 2359.5+143 MFl/cell; p<0.05). In cells adherent to plastic, the addition
of sColl-I increased F-actin to levels seen on adhesion to mColl-l (2287.8+193
MFl/cell) and further increased levels in CoMtb-stimulated cells (3040.8+69 MFl/cell;
p<0.01). In cells adherent to mColl-I the baseline level of F-actin was similar to that
following CoMtb stimulation in cells adherent to plastic and no further increase was
seen on the addition of CoMtb (p>0.05). Confocal microscopy revealed that in
CoMtb-stimulated NHBEs cultured on mColl-I, integrin a231 was mainly localized at
the basal side of the cells, correspondent to the cell-matrix interface. In contrast,
there was punctate integrin a2p1 staining in cells cultured in the presence of sColl-I,
while no marked integrin staining was seen in the absence of Coll-I (Fig. 17e). Thus,
CoMtb stimulation and a2B1 integrin occupancy act thorough distinct signalling
pathways, and are additive in their effects on actin polymerisation; a2B1 integrin
occupancy and clustering with cell spreading increases baseline actin polymerization

that is not increased further by CoMtb.
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Figure 17. Integrin a2B1 surface expression and reorganisation and actin
polymerisation with adhesion to type | collagen.

NHBE cells were seeded in the presence or absence of Coll-l and stimulated CoMtb. Cells were
stained with FITC conjugated anti-integrin Abs, or IgG1 isotype control. Figures represent MFI for
(a) integrin a2 and (b) integrin a3. (c) Flow cytometry histograms for integrin a2 and integrin a3
subunits. (d) Laser scanning cytometry analysis of NHBE cells stained for F-actin with phalloidin
conjugated with Alexa Fluor 633 and nucleic acids with DAPI. e) cells stained with DAPI (blue) for
nucleic acid, phalloidin conjugated with Alexa Fluor 594 (red) for F-actin and FITC conjugated anti-
integrin a2 Abs (green) for integrin subunit a2. Yellow colour shows co-localization of F-actin and
integrin a2B31. Scale bar: 10um; *p<0.5; **p<0.01; ns-non significant; CoMtb-conditioned medium
from Mycobacterium tuberculosis infected monocytes; Max- percentage of maximum; MFI- Median
fluorescence intensity; mColl-I matrix type | collagen; sColl-I soluble type | collagen; w/o ECM-

without extracellular matrix.
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Inhibiting actin polymerisation with 4ug/ml cytochalasin D in control cells mimicked
the effect of adhesion to mColl-l on MMP secretion in response to CoMtb reducing
MMP-1 by 30% (from 3198.4+238 pg/ml to 2229.7+269 pg/ml; Fig. 18a).
Cytochalasin D prevented the effect of sColl-l on the upregulation of MMP-1
(p<0.001). Cytochalasin D had no significant effect on MMP-1 secretion in cells
adherent to mColl-l. 10uM FAK chemical inhibitor [l has a similar effect as
cytochalasin D and suppressed MMP-1 secretion by 41% (from 1536.5+75 pg/ml to
906.9+326 pg/ml) in cells on plastic and 64% (2969.2+136 pg/ml t01064.8+240
pg/ml) in cells exposed to soluble coll-I (Fig. 18b). Downstream of FAK, the PI3K
and Erk-1/2 pathways were analysed since these are known regulators of MMP-1
expression. Blockade of Erk1/2 with 10uM PD169316 lead to a suppression of 33%
for MMP-1 in stimulated cells adherent to plastic but did not cause any further
downregulation in cells adherent to mColl-I (p>0.05, Fig. 18c), while blockade of PI3k
lead to increased MMP-1 by cells both in presence and absence of mColl-I to similar

levels (approximately 2250pg/ml, Fig. 18d).

When phosphorylated levels of Akt (p-Akt; a downstream effector of PI3k) and Erk-
1/12 (p-Erk-1/2; p42/p44) were analysed, p-Erk-1/2 levels were increased in CoMtb-
stimulated cells in the presence of sColl-l and decreased with mColl-I, compared with

stimulated NHBESs in the absence of matrix (Fig. 18e).

These results demonstrate that dynamic changes in actin polymerization affect p-
Erk-1/2 levels, which in turn affects CoMtb-driven MMP-1 secretion. Activation of

FAK has a role in CoMtb stimulation of MMP-1 independent of the ECM.
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Figure 18. Effect of cytochalasin D and Focal Adhesion Kinase inhibition on CoMtb-

driven MMP-

1 secretion.

NHBE cells were seeded in the absence of matrix or in the presence of of coated or soluble type |
collagen, and incubated for 2h with (a) 4ug/ml cytochalasin D, (b) 10uM FAKIi (c)10uM PD169316 or

d) 10uM wortmanin and stimulated with CoMtb or control medium. MMP-1 concentrations were

measured at 24h post-stimulation. (e) western blot of phosphorylated Erk1/2 and Akt, using B-actin

as loading control. Figures are representative of 3 independent experiments performed in triplicate.

CoMtb- conditioned medium from Mycobacterium tuberculosis infected monocytes; MMP- matrix

metalloproteinase; mColl- matrix type | collagen; sColl-2- soluble type | collagen; wort- wortmanin.
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3.3.6. Adhesion to collagen matrix, MMPs and cell migration and repair.

Confocal microscopy demonstrated that MMP-1 staining in CoMtb stimulated cells
cultured, in the absence of ECM, is distributed throughout the cell membrane. In cells
cultured on mColl-I, MMP-1 expression was decreased compared to cells exposed to
sColl-I and the distribution was focal instead of diffuse (Fig. 19a). This suggests that
secreted MMP-1 is localised to ligand-occupied a2B31. To confirm the interaction
between a2B1 integrin receptors and MMP-1, co-immunoprecipitation was performed
using an antibody against a2 subunit and then western blot was performed for both
a2 integrin and MMP-1. This suggested a degree of direct association between o231

integrin and MMP-1(Fig. 19b), which is consistent with the literature [17].
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Figure 19. MMP-1 localization and interaction with integrin a2p1.

NHBE cells were seeded in 4-well glass slides or plates in the presence or absence of matrix or
soluble Coll-I and stimulated with CoMtb in a 1:5 dilution. (a) Cells were fixed with 4%
paraformaldehyde and stained with DAPI (blue) for nucleic acid, FITC conjugated anti-integrin a2
Ab, anti-human MMP-1 primary Ab and Cy5 conjugated goat anti-rabbit secondary Ab (red). (b)
Cells were lysed on ice, imunoprecipitated with an anti-integrin a2 antibody and blotted for integrin
a2 and MMP-1. Scale bar: 50um. mColl-I- matrix type | collagen; sColl-I- soluble type | collagen; IP-

immunoprecipitation; w/o ECM- without extracellular matrix.
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To investigate the functional consequences of the collagen matrix on cellular
migration and repair, wound healing assays were performed. CoMtb-stimulated
NHBE cells on mColl-I migrated 28% (p<0.001) faster than cells in the absence of
ECM (poly-L-lysine coated wells) and 60% faster than cells in the presence of sColl-I
(Fig. 20b, c). In the absence of CoMtb, no statistically significant differences were
seen in rates of migration between the different conditions (Fig. 20a). Following
addition of CoMtb, cells cultured on mColl-I and in the absence of ECM, migrated
significantly faster, taking approximately 2 hours less to reach similar relative wound
density coverage compared with unstimulated controls (Fig. 20a, b). In contrast,
NHBE cells cultured in the presence of sColl-l migrated slower than the
corresponding controls with 21-49% lower relative wound density coverage at the

corresponding time-point (p<0.01).
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Figure 20. NHBE cell migration and wound healing following adhesion to type |
collagen.

NHBE cells were seeded in 96-well plates in the presence or absence of coated or soluble type |
collagen, a wound was created in the cell monolayer and wound closure was analysed for wells
with control medium (a), CoMtb (b, d) or CoMtb+10uM GM6001 chemical inhibitor (c, d). Images
were acquired at 2h intervals from wound creation (c). Relative wound density corresponds to the
amount of wound coverage by migrating cells. Scale bar: 400um. Figures are representative of 3
independent experiments performed in triplicate. ***p<0.001; mColl-I- matrix type | collagen; sColl-

I- soluble type | collagen; w/o ECM- without extracellular matrix.
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3.4. Discussion

It is increasingly evident that the ECM environment is at least as important in
regulation of cellular function as soluble molecular factors [109]. In the present study
| demonstrate that the matrix environment may also be a key factor in the respiratory
epithelial response to Mtb infection. When NHBEs adherent to a Coll-I matrix were
stimulated with CoMtb their migratory ability increased by almost 30% compared with
cells in the absence of ECM, MMP-1 secretion and collagenolytic activity was
decreased and MMP-1 was shown to cluster at cell edges. In contrast, adhesion to
sColl-I, which is associated with extensive inflammation, decreased NHBEs
migratory ability by more than 50% when compared with cells adherent to mColl-I.
Cells also showed an increased collagenolytic activity, which is consistent with a

tissue destruction phenotype.

Coll-l was shown to modulate gene expression and secretion of MMP-1 by NHBEs in
response to CoMtb via integrin a2B1 engagement and signalling. MMP-1 gene
expression and secretion by respiratory epithelial cells is increased by cell binding to
sColl-I, while adhesion to Coll-I matrix suppresses MMP-1 secretion. TIMP-1/2
concentrations secreted by CoMtb-stimulated cells decreased approximately 30% in
the presence of sColl-I, further contributing to increased matrix breakdown. The
relative increase in MMP-1 to TIMP-1/2 activity was functionally important, causing a
7-fold increase in collagenase activity in CoMtb-stimulated NHBE cells in the
presence of sColl-l compared with adhesion to mColl-I. NHBE cell adhesion to other
components of the lung’s ECM including Coll-IV and Fn, did not affect MMP-1

secretion, demonstrating that there is a tissue-specific response.

115



CHAPTER Ill: ECM MODULATION OF BRONCHIAL EPITHELIAL CELLS

MMP-3 secretion was also upregulated in CoMtb-stimulated NHBEs adherent to coll-
| matrix compared with sColl-l. MMP-3 is an activator of proMMP-1 and 9 [11,237],
and is implicated in cell migration and wound healing, independently of protease
activity [238]. MMP-9 was upregulated with adhesion to Coll-l even though MMP-9 is
unable to cleave fibrillar collagens and so cannot cause Coll-l breakdown [13].
However, MMP-9 is involved in macrophage recruitment in murine and zebra fish
models of TB [239,240], in repair of bronchial epithelial cells in vivo [14,15] and
MMP-9 mRNA has been shown to be stabilised by integrin a3B1 in immortalised

keratinocytes via Ras signalling [241].

The effect caused by adhesion to Coll-l was integrin-dependent and was disrupted
by EDTA pre-treatment of cultures. MMP-1 secretion was regulated by integrin a231
but not by integrin a3B1, the other major collagen-binding integrin expressed on
respiratory epithelial cells. The presence of Coll-l or CoMtb did not alter the surface
expression of integrin a231 which indicates that the effects on MMP-1 expression are

caused by events after ligand binding.

Our data demonstrates that in CoMtb-stimulated NHBE cells FAK has an important
role in regulation of MMP-1 secretion. After integrin engagement, it is known that
there is activation of FAK, followed by actin cytoskeleton reorganisation and
activation of signalling cascades, (including PI3K, ERK and GTPases) [231].
Research in malignancy has highlighted the importance of FAK phosphorylation in
dynamic regulation of focal adhesion and expression of MMPs [231,242].

Downstream of FAK, it has been demonstrated that Cdc42 decreases MMP-1
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expression through Erk-1/2 inhibition in activated human keratinocytes and skin
fibroblasts adherent to mColl-1 [243,244]; Erk-1/2 is a key kinase involved in TB-
mediated MMP-1 regulation in bronchial epithelial cells (data not published from
Singh S.). FAK is also a positive regulator of PI3K, and our group has recently shown
that PI3K is an important negative regulator of MMP-1 and its blockade leads to

MMP-1 upregulation in CoMtb-stimulated NHBE cells [245].
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Figure 21. Dynamics of TB-associated MMP-1 expression in NHBE cells adherent to

soluble and coated type I collagen.

Schematic summarization of the effects of adhesion to coated or soluble type | collagen (green)
binding a2f1 integrin (red) and actin cytoskeleton (yellow) rearrangements on MMP-1 production
(blue) in NHBE cells following stimulation with CoMtb. Thickness of blue arrows represents
quantity of secreted MMP-1.

CoMtb- conditioned medium from Mycobacterium tuberculosis infected monocytes; MMP-1- matrix

metalloproteinase 1; NHBE- normal human bronchial epithelial cells.
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Differential effects on cell signalling events may depend on integrin occupancy
and/or clustering (Fig. 21). | showed that increased MMP-1 expression on addition of
sColl-I to NHBE cells attached to plastic, was due to integrin receptor occupancy
without clustering. Decreased MMP-1 expression in cells grown on mColl-I is due to
integrin receptor occupancy and clustering with cell spreading, and can be replicated
with NHBE cell binding of Coll-l -coated beads. Such data indicate involvement of the
actin cytoskeleton. CoMtb and adhesion of cells to soluble or immobilized Coll-I both
increased F-actin levels by a similar amount, and the combination of CoMtb
stimulation and sColl-l had an additive effect on F-actin levels. The data show that
dynamic increases in actin polymerisation are responsible for upregulation of MMP-1
secretion by CoMtb and sColl-I from cells adherent to plastic in which polymerised
actin levels are initially low. Conversely, if actin polymerisation and FAK activation
are elevated in cells on mColl-I, the inability to increase these events further may

underlie the inhibition of MMP-1 production when cells are adherent to mColl-I1.

As well as affecting MMP-1 expression, the adhesion of NHBE to soluble and matrix
Coll-l induced a reorganization of integrin a231 and a different localisation of MMP-1.
Similarly, in migrating keratinocytes, there is direct binding of pro-MMP-1 to integrin
a2B1 and the ternary complex formed between integrin a2p1, Coll-l and pro-MMP-1
spatially confines proteolysis to specific points of cell-matrix contacts which allow
directed cell migration. This may also be important in host responses to TB
[17,246,247]. In my studies, adhesion to collagen matrix decreased MMP-1 secretion
but increased cell migration by almost 30% compared to CoMtb-stimulated cells in

the absence of ECM. Thus, MMP-1 expression and activity in response to CoMtb
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depends on the matrix environment. These findings demonstrate for the first time in
TB that MMP-1 secretion is involved in cell migration on mColl-l and may have a role

in tissue repair.

Taken together the present data show that, in TB, bronchial epithelial cell adhesion
to Coll-l matrix is associated with integrin a231 occupancy and clustering which
leads to decreased MMP-1 secretion and collagenolytic activity and enhanced cell
migration instead of collagen breakdown. In this situation, MMP-1 is co-localized with
epithelial a2B1 resulting in localised collagen proteolysis and enhanced cell
migration, promoting epithelial monolayer repair with preservation of the ECM. In
contrast, soluble Coll-I leads to integrin a2B1 occupancy without clustering, and
increases the production of MMP-1 and collagenolytic activity by CoMtb stimulated
NHBESs through effects on the actin cytoskeleton and activation of FAK. The in vitro
effects of soluble Coll-l demonstrated here may reflect the situation in vivo when
ECM destruction due to Mtb-infected phagocytes results in fragments of Coll-I
binding luminal a2B1integrins. Local production of sColl-l by MMP-1 would shift
bronchial epithelial cells towards a vicious cycle of matrix degrading phenotype with
escalating MMP-1 production and tissue destruction. Here | propose a novel
mechanism in which the local ECM environment can determine the tissue MMP

response to TB and which may be amenable to targeted drug therapy.
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CHAPTER IV- INTEGRIN REGULATION OF MONOCYTES IN TB

4.1. Introduction

The inflammatory response requires trans-endothelial extravasation and migration of
leukocytes within the inflamed tissue environment and localisation of the affected
area. During diapedesis, monocytes start to interact with ECM components such as,
fibronectin, collagen, laminin-111. It has been suggested that monocytes in the
presence of ECM components or fibrinogen show an enhanced phagocytic and
oxidative burst function. Cells interact with the ECM via integrin receptors and
integrin-mediated activation of monocytes is characterised by a tyrosine-kinase

dependent pro-inflammatory signalling response [248].

Table 10- Integrins expressed by monocytes.

Integrin Ligands

ail Collagens (++type 1V), laminin

a4 Fibronectin, VCAM-1

B1

ab Fibronectin

a6 Laminin

aM ICAM-1, fibrinogen
B2 aL ICAM-1, -2, -3, collagens

aX Fibrinogen, collagen

Collagens, fibronectin, fibrinogen,

B3 aV

vitronectin

ICAM- intracellular adhesion molecule; VCAM-
vascular cell adhesion molecule

Primary human monocytes express 8 integrin heterodimers (Table 10): a1B1, a3p1,
a4p1, a5B1, aVB3, aXpB2, aMB2 and alLB2 [249]. Monocyte recruitment in acute

inflammation is mediated, in part, by the p2-integrin receptors, aLB2 (LFA-1), aMB2
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(MAC-1) and aXpB2 binding to vascular ICAM-1 [250], while integrin a431 promotes
monocyte arrest and adhesion to VCAM-1[251]. Engagement of B2-integrins leads to
inflammatory cell activation and induction of genes encoding for IL-18 and TNF-a
[252,253], and has been implicated in modulation of AP-1 and NF-kB activity [254-
256]. Integrin avB3 is also involved in monocyte recruitment by modulating alL2
integrin-dependent monocyte adhesion to ICAM-1. Also, monocytes lacking B3

integrins revealed weak migratory ability [257].

Integrin avB3 has also been involved in MMP-2 and 9 activation, interaction with
MT1-MMP and cell migration in vitro and in vivo models of cancer [258-260].
Furthermore, integrin avB3 has also been associated with tissue damage in cancer,
since overexpression of av@3 integrin in breast cancer cells increased formation of

osteolytic lesions in mouse models [261].

The tuberculous granuloma is rich in recruited monocytes and monocytes-derived
cells which are important sources of MMPs that are strongly implicated in tissue
destruction in TB. However, there are no data on how integrin-dependent adhesion
to the lung micro-environment might regulate MMP gene expression and secretion
from monocytes in TB. Therefore, in this chapter, | will analyse the role of ECM
components in regulation of MMP expression in TB, as well as the involvement of
specific integrins. This will be compared and contrasted with the effect seen in

respiratory epithelial cells in the previous chapter.
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4.2. Specific aims

Hypothesis: Integrin-dependent adhesion to the lung ECM micro-environment

regulates MMP secretion by monocytes and monocyte-derived cells in TB.

Using primary monocytes infected with Mtb or stimulated with CoMtb, | aimed to:

- Test if cell adhesion to Coll I-1V, Fn and Lam regulates gene expression and

secretion of MMPs and their tissue inhibitors (TIMP-1/2);

- Analyse if integrin surface expression changes with Mtb infection and/or

adhesion to ECM components;

- Test if integrin activation and signalling by engagement to the ECM regulates

the production MMP by infected monocytes;

- Analyse the functional consequences of integrin signalling and MMP

production on monocyte migration during infection.

Understanding the roles of the ECM on MMP/TIMP expression is essential for the

development of models to investigate new approaches to reducing tissue destruction.
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4.3. Results

4.3.1. Effect of adhesion to components of the ECM on MMP-1

expression and secretion by Mtb-infected monocytes

To test the role of the ECM regulation of MMP expression by primary human
monocytes in a cellular model of pulmonary TB, plates coated with 100ug/ml Coll-I,
250ug/ml Coll-1V, 20ug/ml Fn and 20ug/ml Lam were used to represent the lung’s

ECM, as in the previous chapter.

Adhesion to Coll-I, Fn and Lam by Mtb-infected primary human monocytes drove an
MMP-1 upregulation of 60% (from 1208.1£186pg/ml to 1934.4+135pg/ml), 63%
(1970.31£95pg/ml) and 115% (2606.1£207pg/ml), respectively (Fig. 22 a-d). Adhesion
to Coll-IlV caused MMP-1 secretion levels equivalent to the ones from cells in the
absence of ECM (p>0.05). At the transcriptional level, the presence of matrices in
Mtb infection also induced an increased MMP-1 mRNA accumulation, with a 2.6-fold
upregulation with Coll-l and a 4.3-fold upregulation with Fn and 3.5-fold with Lam

(Fig. 22e-g; p<0.001).
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Figure 22. MMP-1 protein secretion and gene expression by Mtb-infected primary

monocytes adherent to ECM components.

Plates were seeded with either 100ug/ml Coll-I, 150ug/ml Coll-1V, 20 yg/ml Fn or Lam, or left
uncoated. For secretion analysis (a-d), supernatants were collected at 24h post-infection; while for
gene expression (e-g) cell lysates were collected at 6h post-infection. Figures show MMP-1
secretion in cells adherent to (a)Coll-I, (b)Coll-IV, (c)Fn, (d)Lam and MMP-1 mRNA accumulation in
cells adherent to (e)Coll-l, (f)Fn and (g)Lam. ***p<0.001; ****p<0.001; Coll-I- type | collagen; Fn-
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4.3.2. Effect of adhesion to components of the ECM on secretion

stromelysins, elastases and gelatinases by Mtb-infected monocytes

Besides MMP-1, primary human monocytes infected with Mtb also express other
MMPs, hence | also investigated the effect of the ECM on regulation of other MMPs

relevant in TB.

Secretion of MMP-3, -10, -7 and -9 was increased in Mtb infected cells (Fig. 23).
However MMP-2 was downregulated in infected cells compared with uninfected
controls. The presence of ECM did not affect secretion of MMP-3 and -9 (p>0.05)
with Mtb infection, while MMP-7 had an increase of 57% with Coll-I (from
1219.5£79pg/ml to 1918.7+276) and 32% with Fn (1615.0£248pg/ml). No significant
increase was seen with Lam. In Mtb infected monocytes, MMP-10 was upregulated
by 90% (from 442.5+35pg/ml to 840.3+78pg/ml) with Coll-I, 55% (686+44pg/ml) with

Fn and a slight but significant upregulation was seen with Lam (563.4pg/ml; p<0.05).
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Figure 23. Secretion of MMP-3, -10, -7, -2 and -9 by Mtb-infected primary monocytes
adherent to ECM components.

Plates were seeded with either Coll-I, Coll-IV, Fn or Lam, or left uncoated. Supernatants were
collected at 24h post-infection and analysed for: (a-c) MMP-3; (d-f) MMP-10; (g-i) MMP-7; (j-1)
MMP-2; and (m-0) MMP-9. *p<0.05; **p<0.01; ***p<0.001; ****p<0.001; Coll-I- type | collagen; Fn-

fibronectin; Lam- laminin; MMP- matrix metalloproteinase; Mtb- Mycobacterium tuberculosis.

127



CHAPTER IV- INTEGRIN REGULATION OF MONOCYTES IN TB

4.3.3. Effect of adhesion to components of the ECM on secretion of

TIMPs by Mtb-infected monocytes

Next, concentrations of TIMP-1 and -2 were assessed. Mtb infection caused a 2-fold
increase in TIMP-1 secretion, while for TIMP-2 a decrease in secretion of
approximately 65% was detected (Fig. 24). Adhesion to substrate did not alter
concentrations of TIMP-1 or -2, excepting a small increase in TIMP-1 by infected

monocytes adherent to Coll-I (from 22.71+8.86ng/ml to 27.69+8.78ng/ml).
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Figure 24. TIMP-1 and -2 protein secretion by Mtb-infected primary monocytes
adherent to ECM components.

Plates were seeded with either Coll-I, Fn or Lam, or left uncoated. Supernatants were collected at
24h post-infection and analysed for: (a-c) TIMP-1 and (d-f) TIMP-2. ****p<0.001; ns- non significant;
Coll-I- type | collagen; ECM- extracellular matrix; Fn- fibronectin; Lam- laminin; Mtb- Mycobacterium

tuberculosis. TIMP- tissue inhibitor of metalloproteinases.
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4.3.4. Effect of adhesion to components of the ECM on MMP expression

and secretion by CoMtb-stimulated monocytes

In the granuloma, the majority of cells is though to be uninfected and networks
between Mtb-infected and uninfected cells upregulate MMP production. Hence, to
study the effect of adhesion on monocyte-dependent networks, monocytes were also

cultured in the same matrices and stimulated with CoMtb.

Although not as marked as in direct infection, adhesion to Coll-I, Fn and Lam by
CoMtb-stimulated primary human monocytes also caused a significant upregulation
of MMP-1. Compared with the absence of matrix, Coll-l caused an increase of 22%
(from 10450.78+201.7pg/ml to 12770.02+275.6pg/ml), while Fn caused an increase

of 47% (15376.78+609.8pg/ml) and Lam an increase of 38% (Fig. 25).
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Figure 25. MMP-1 secretion by CoMtb-stimulated monocytes adherent to ECM

components.

Plates were seeded with either Coll-I, Fn or Lam, or left uncoated. Supernatants were collected at
24h post-infection. *p<0.05; **p<0.01; CoMtb-conditioned medium of M. tuberculosis infected

monocytes; Coll |- type | collagen; Fn- fibronectin, Lam- laminin; MMP- matrix metalloproteinase.
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Regarding other MMPs, significant differences were only detected for MMP-10 in
CoMtb-stimulated cells adherent to ECM (Fig. 26). Adhesion to Coll-l caused an
upregulation of 67% (from 2555.33+35.5pg/ml to 4274.32+85.6pg/ml) and Fn drove
an upregulation of 62% (4146.21£279.4pg/ml). However, no differences were seen

for cells adherent to Lam.

130



CHAPTER IV- INTEGRIN REGULATION OF MONOCYTES IN TB

a) 500- ) €) 250-
~ 400 - = 400 - = 200
E E E
S 300 - S 300 - S 150
2 e e
< - @ - © 1004
d 200 7 200 2 100
=
= 100 = 1004 2 50
0 I II - T 0 I'_'II - r 0-
CoMtb - = - + 4+ CoMtb - = - + o+ CoMtb - = - + 4+
Coll | - + - + Fn - + -+ Lam - + -
- 5000 - -
d) 5000 - e) - f) 4000
E 4000 54000- g 30004
S 3000 2 3000 2 -
= 2000+ = 2000+ <
g = = 1000
Z 1000 Z 10004 z
0 T . 0- 0-
CoMtb - - + o+ CoMth - - + o+ CoMtb - - + +
Coll | - + -+ Fn - + -+ Lam - + - +
g) s00- h) 500- i) 500
= 400+ = 400 5 = 400
E E E
3 3004 g 300 4 E 3004
~ = ~ . ~ 4
T 200 T 200 T 200
= = =
= 100 - |&| = 100 |—| = 100+ |—|
0 Ii T 0 I. T 0 Ii T
CoMtb - - + + CoMtb - - + + CoMtb - - + o+
Coll | - + -+ Fn - + -+ Lam - + -+
i 400 - k) 400- ) 500-
) T ) T )
= = —~ 400
33004 3004 3
E E E
) o) S 300 -
£ 2004 £ 2004 f
o~ o~ \ .
a ) d 200
= 100- = 1004
Z 100 = 100 z

[ i
- ! - + ! +
- + - +

g 0
CoMtb - ' - + 4+ cgﬂtb LI L CoMtb
Coll | - + - + Fn . + . + Lam
m) 6000+ n) 6000+ 0) 6000
— = -
o = =
E 4000+ £ 4000+ E 40004
g s 2
%'- 20004 2 2000+ 2 2000+
= [ il = I
0
CON(Ith LR PRI CoMth - ' - LI CDN[Ith L L
Colll - + -+ Fn -+ -+ Lan - + -

Figure 26. MMP-2, 3, 9 and 10 protein secretion by CoMtb-stimulated monocytes
adherent to ECM components.

Plates were seeded with either Coll-l, Coll-IV, Fn or Lam, or left uncoated. Supernatants were
collected after 24h and analysed for: (a-c) MMP-3; (d-f) MMP-10; (g-i) MMP-7; (j-I) MMP-2; and
(m-0) MMP-9.**p<0.001; Coll-I type | collagen, CoMtb- conditioned medium of M. tuberculosis

infected monocytes; Fn-fibronectin; Lam-laminin; MMP- matrix metalloproteinase.
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4.3.5. Effect of adhesion to components of the ECM on secretion of

TIMPs by CoMtb-stimulated monocytes

As already mentioned, analysis of TIMP secretion is also important to understand the
net effects of the MMPs analysed. Therefore, the effects of monocyte adhesion to

ECM on TIMP-1 and -2 in CoMtb-stimulated cells were also investigated.

CoMtb caused a 2-fold increase in TIMP-1 secretion, while for TIMP-2 a decrease in
secretion of approximately 60% was detected (Fig. 27). As previously seen in direct
Mtb infection, adhesion to ECM components did not alter concentrations of TIMP-1

or -2 (p>0.05).

132



CHAPTER IV- INTEGRIN REGULATION OF MONOCYTES IN TB

a) b) c)
150 - 150 - S50 -
_ _ — 40- 1
E 100 _EI100 _EI
E - -
3 L = S 30-
=4 £ =
x N T 20-
S 50 & 50- =
F = ' F 10
0 T T 0 T T 0 T T
CoMtb - - +  + CoMtb - - + + CoMtb - - + o+
Colll - + -+ Fn - + R Lam - + -+
d) s000- e) 5000 - f) 1500-
] - L
~ 4000- S 4000- 5
E 2000 £ E1000-
E - 2 3000 - g
(3] [y} o~
S 2000+ & 2000 .
= = =
0 T T 0 T T 0 T T
CoMtb - = - + + CoMtb - - + + CoMtb - - + o+
Colll -+ - F Fn - + -+ Lam - + -+

Figure 27. TIMP-1 and 2 protein secretion by CoMtb-stimulated primary monocytes
adherent to ECM components.

Plates were seeded with either Coll-I, 20 Fn or Lam, or left uncoated. Supernatants were collected
after 24h and analysed for: (a-c) TIMP-1; (d-f) TIMP-2. Coll-I- type | collagen, CoMtb- conditioned
medium of M. tuberculosis infected monocytes; ECM- extracellular matrix; Fn-fibronectin; Lam-

laminin; TIMP- Tissue inhibitor of metalloproteinases.
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4.3.6. Integrin regulation of MMP secretion in CoMtb/Mtb stimulated

monocytes

Next, analysis of surface expression of beta 1, 2 and 3 integrin subunits was
performed by FACS, in order to investigate if the presence of ECM and/or the

Mtb/CoMtb inflammatory stimulus altered integrin surface expression (Fig. 28).

MFI for integrin B1 was low in all conditions and close to the negative control
(secondary Ab alone). MFls for 2 integrin were higher, but only a marginal increase
in MFI was verified with CoMtb stimulation for cells in the absence of ECM (MFI from
163 to 176), with adhesion to Col | (MFI from 144 to 186) and with adhesion to Fn
(MFI from 144 to 169). The presence or absence of ECM by itself also did not
caused a significant impact in B3 integrin MFIs. On the other hand, CoMtb stimulation
caused an increase in B3 integrin MFIs of 2-fold in the absence of ECM (MFI from
13.7 to 31.3), 3-fold with adhesion to Col | (MFI from 20.4 to 50.4) and 4-fold with

adhesion to Fn (MFI from 11.7 to 43.8).
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Figure 28. Surface expression of integrin beta subunits in CoMtb-stimulated

primary monocytes adherent to ECM components.

Plates were seeded with either 100ug/ml coll-lI, 20 ug/ml Fn or Lam, or left uncoated and

stimulated for 24h with CoMtb. Cells were fixed, blocked and stained with primary anti-integrin

B1, B2 or B3 Abs and secondary FITC-conjugated anti-mouse IgG Ab or just secondary. Purity

was accessed using a directly FITC-conjugated anti-CD68 Ab and an IgG1 isotype control. Ab-

antibody CC- conditioned medium from uninfected monocytes; Coll-I- type | collagen;

CoMtb/CT- conditioned medium from Mycobacterium tuberculosis infected monocytes; Fn-

fibronectin;w/o ECM- without extracellular matrix.
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To confirm the increase seen in surface levels of integrin B3, the MFIs from 4 donors
were plotted together to compare surface levels between stimulated and
unstimulated monocytes, as well with the absence and presence of ECM

components (Fig. 29 a-c).

a) woeEcm D) Coll-l c) Fn
50 = 80 = 150 -
40 —°
c c 60 - c
= = 'g1 00 4
2 304 o 2
5 5 40 - =
) ) ©
. 20 - N ol 50
— — E =
= = 20- =
10 =
0 T T 0 T T 0 ! y
cc CT cc CT cc CT
d) 80 —
A
=
2 604
E
o
=%
i -
= 40 *
2 [ | A
W
® | |
£ 204 “u
= ® A
= m 4
—o5
0 -_.I T T
w/o ECM Coll Fn

Figure 29. Surface expression of integrin B3 subunit in CoMtb-stimulated primary

monocytes adherent to ECM components.
Plates were seeded with either 100ug/ml coll-I, 20 ug/ml Fn, or left uncoated and stimulated for
24h with CoMtb. Cells were fixed, blocked and stained with primary anti-integrin 33 Abs and
secondary FITC-conjugated anti-mouse 1gG Ab or just secondary. Purity was accessed using a
directly FITC-conjugated anti-CD68 Ab and an IgG1 isotype control. Figures show MFI for integrin
B3 in monocytes (a)w/o ECM; (b)adherent to Coll-I; (c)adherent to Fn, (d) MFIs normalised to
correspondent controls.*p<0.05.Coll-I type | collagen; Fn- fibronectin; MFI- mean fluorescence
intensity; w/o ECM- without extracellular matrix,
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Although means did not reach statistical significance, a trend of higher surface levels
of integrin B3 in CoMtb-stimulated cells compared with controls is evident. Also, in
normalised samples to corresponding controls, the presence of Fn and Coll-I also
appears to increase integrin B3 (Fig. 29d). Since the only integrin heterodimer
expressed by primary human monocytes that contained the subunit B3 is the
receptor aVB3, MFIs from 4 donors were pooled to compare surface levels of the

integrin aV subunit (Fig. 30).

Similarly to what was seen for cell surface levels of integrin 3 subunit, CoMtb
stimulation appeared to increase integrin aV MFls, although they did not reach
statistical significance (p>0.05) (Fig. 30a-c). By normalising MFI levels from
stimulated monocytes with their respective controls, it was verified that monocytes
adherent to Coll-I had significantly higher MFIs for integrin aV (p<0.05) than in the
absence of ECM. Cells adherent to Fn also appeared to have higher MFIs for integrin
aV; however, due to the low number of donors, they did not reach statistical

significance (Fig. 30d).

137



CHAPTER IV- INTEGRIN REGULATION OF MONOCYTES IN TB

a) b) c)
w/o ECM Coll-l Fn
80 - 80 - 80 -
60~ I < 60+ /
£404 540- 40~
2 3 >5
™ i e
=20+ =20+ =20+
0 r 0 - r 0 T
cc cT cc cT cc cT
d)
40 -
: *
£ - A
2 30-
=
> -
z o =T
i 204
= n A
5 —e- A
[«4]
» ®
g 10-
5
=
0 ] ] ]
w/o ECM Coll Fn

Figure 30. Surface expression of integrin aV subunit in CoMtb-stimulated primary

monocytes adherent to ECM components.

Plates were seeded with either 100ug/ml coll-1, 20 pg/ml Fn, or left uncoated and stimulated for

24h with CoMtb. Cells were fixed, blocked and stained with primary anti-integrin aV Ab and

secondary FITC-conjugated anti-mouse IgG Ab or just secondary. Purity was accessed using a
directly FITC-conjugated anti-CD68 Ab and an IgG1 isotype control. Figures show MFls for
integrin aV for monocytes (a) w/o ECM; (b)adherent to Coll-I; (c)adherent to Fn; (d)MFls

normalised to respective controls. *p<0.05. Ab- antibodies; Coll-I type | collagen; Fn- fibronectin;

MFI- mean fluorescence intensity; w/o ECM- without extracellular matrix.
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To investigate if the increased seen in integrin aVB3 with CoMtb-stimulation was
involved in regulation of MMP expression in TB, monocytes were seeded in plates
coated with immobilised anti-beta integrin antibodies, functioning as integrin agonists

[234,235,262].

Concentrations of MMP-1 and MMP-10 secreted by Mtb-infected and CoMtb-
stimulated monocytes were analysed, since these were shown to be the most highly
upregulated by cell adhesion to ECM. Activation of integrin 1 did not significantly
alter MMP-1 by activated cells (Fig. 31), while integrin 2 activation led to a small
decrease in MMP-1 (from 1138.3£132.7pg/ml to 793.5+89.6pg/ml). However,
engagement of integrin B3 caused an increase of 84% (from 1206.8+ 40.8pg/ml to
2218.06+£252.97pg/ml) on MMP-1 by infected monocytes and 50% (1712.8+78.5
pg/ml) with CoMtb stimulation (Fig. 31a, c¢). For MMP-10, the highest increase was
also seen in integrin B3 activated cells, with an increase of 57% (from
712.8+28.9pg/ml to 1115.9+86pg/ml) in Mtb-infected cells and an almost 3-fold
increase (from 679.62+93.1pg/ml to 1895.12+363.7pg/ml) with CoMtb-stimulation
(Fig. 31b, d). In direct infection, a smaller increase in MMP-10 was also detected with

integrin B1 activation (1002.44+ 79.4pg/ml).
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Figure 31. Integrin beta subunits regulation of Mtb-infected or CoMtb-stimulated
primary monocytes.

Plates were coated with goat anti-mouse Fc region, blocked and coated with 20ug/ml either mouse
anti-integrin B1, 2 or B3 Abs or left uncoated and stimulated for 24h with CoMtb or directly infected
with Mtb (MOI=1). Supernatants were collected and assayed for MMP-1 and MMP-10. Figures
show in Mtb infected cells (a)MMP-1 and (b)MMP-10 secretion and (c)MMP-1, (d)MMP-10 secretion
in CoMtb stimulated cells adherent to bound anti-integrin Abs. * p<0.05; ***p<0.001; ****p<0.0001;

CoMtb- conditioned medium from Mycobacterium tuberculosis infected monocytes; MMP- matrix
metalloproteinase.
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To confirm that it was integrin aV33 driving the increase in MMP-1 by Mtb-infected
monocytes, the above experiments were repeated, this time using coated anti-aV
antibodies. Activation of aV in Mtb-infected monocytes led to an increase of 13-fold
for MMP-1. Activation of aV also led to an increase in controls, which suggests that

this subunit may be the effector driving MMP-1 upregulation (Fig. 32).
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Figure 32. Integrin aV subunit regulates secretion of MMP-1 by Mtb-infected primary
monocytes.

Plates were coated with goat anti-mouse Fc region, blocked and coated with 20pg/ml mouse anti-
integrin aV Abs or left uncoated and stimulated for 24h with CoMtb or directly infected with Mtb
(MOQOI=1). Supernatants were collected and assayed for MMP-1 and MMP-10. ****p<0.0001; MMP-1-

matrix metalloproteinase 1; Mtb- Mycobacterium tuberculosis.
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4.3.7. Integrin aVB3 interacts with MMP-1 and is necessary for monocyte

migration in tuberculosis.

| next investigated the functional effect of the increase seen in integrin aVB3
expression following Mtb-infection and CoMtb-stimulation. For this, transwell assays
were performed, where CoMtb was added in a 1:2 dilution to the basolateral
compartment, transwells were coated with Coll-l and 5x10° monocytes were added
to the apical compartment. Cells were either pre-incubated with anti-B3 or anti-aV
blocking antibodies or left in RPMI. Monocytes were left to transmigrate for 2h and
migrating cells were collected from the basal side and counted by FACS. With
CoMtb, the number of transmigrated monocytes was over 2-fold higher than in
controls (Fig. 33a), confirming that CoMtb is a chemotactic stimulus for monocyte
migration. However, blockade of either the B3 or the aV integrin subunits led to a
dramatic decrease in monocyte transmigration, with 96% fewer transmigrated
monocytes with integrin B3 inhibition and 92% fewer monocytes with aV subunit
inhibition. Since aVB3 integrin is required for monocyte migration in TB, thus slides
from Mtb-infected monocytes were stained for aV3 integrin and MMP-1 and 10. By
confocal microscopy with phase contrast we verified that with Mtb infection aV(3

integrin tended to co-localise with MMP-1 and MMP-10 (Fig. 33b).
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Figure 33. Integrin aVB3 is required for monocyte transmigration and co-localizes
with MMP-1/10 in Mtb infection.

Transwells were coated with Coll-l and CoMtb or CoMCont was added to the basal side in an 1:2
dilution. Cells were incubated with or without anti-integrin, added to the apical side and let to
migrate for 1h. Cells were collected from the basal side and counted by FACS. For confocal
microscopy (b) 8-well chamber slides were coated with collagen and monocytes were infected with
Mtb (MOI=1). Cells were fixed, blocked and stained with DAPI for nucleic acids (blue), integrin aVp3
(green) and MMP-1 or 10 (magenta). Scale bar: 25um. ****p<0.0001; Mtb- Mycobacterium
tuberculosis; CoMtb/CT- Conditioned medium from Mtb-infected monocytes; CoMCont/CC-

Conditioned medium from uninfected monocytes; MMP- matrix metalloproteinase.
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4.4. Discussion

In TB, monocytes are maijor drivers of MMP expression leading to tissue destruction
and are also involved in migration to foci of Mtb infection and granuloma formation.
The ECM is an important regulator of local immune response and it is likely to have
important implications in TB. However, in vitro studies tend to disregard the role of
the ECM in TB. In the present study | have dissected the role of the ECM in
regulation of MMP production during infection. | found that Mtb-infected monocytes in
the presence of ECM components, significantly increased MMP-1 and MMP-10.
MMP-1, as already mentioned, is the main collagenase involved in Coll-I breakdown
leading to tissue destruction and cavitation in TB [84]. MMP-10 is a stromelysin
which can degrade many components of the ECM, including collagen types Il1I-V and
fibronectin. It can also activate other MMPs, including MMP-1, MMP-7, MMP-8, and
MMP-9. This study showed that MMP-10 secretion levels were significantly
increased in the presence of both Coll-I and fibronectin. As MMP-10 does not directly
degrade Coll-l, it is likely the up-regulation observed was a regulatory mechanism
whereby MMP-10 secretion is increased, favouring activation of pro-MMP-1 to
produce a matrix degrading phenotype. MMP-10 has been shown to have a 10-fold
weaker affinity to TIMP-1 and TIMP-2 when compared to MMP-3, another
stormelysin [263]. This study has shown that the upregulation of MMP-10 in the
presence of the ECM is accompanied by little or no change to overall TIMP
secretion. This, coupled with a lower affinity of inhibition by TIMP-1 and TIMP-2,
leads to a net effect of increased MMP-10 activity. In TB, MMP-10 could be an

important factor in the activation of other MMPs, such as MMP-1, in human
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monocytes and could play a more important role in the activation of pro-MMPs when

compared to other stromelysins such as MMP-3.

A recent study from our group demonstrated that in pulmonary TB, Coll-l destruction
is an early event in TB pathogenesis and reduces survival of Mtb-infected cells,
leading to development of caseous necrosis, which favours survival of the pathogen
[264]. In the previous chapter, | have demonstrated that in bronchial epithelial cells,
the presence of an intact ECM caused integrin a2B1-dependent activation and
signalling, leading to increased cell migration and promoting epithelial repair, while
degraded Coll-I shifted the epithelium towards a matrix degrading phenotype. In
monocytes, adhesion to the ECM has been shown to modulate gene expression
profiles via integrins [265]. In the present study | have shown that Mtb-infection is
associated with an increased surface expression of integrin aVB3, which is known to
bind to different components of the ECM, such as collagens, fibronectin, laminins-
10/11 and fibrinogen [266]. FACS analysis showed that CoMtb stimulation leads to
an increase in aVB3 surface levels, which appear to be further increased when the
ECM is present. This indicates that the CoMtb inflammatory stimulus leads to an
increase in the receptor which is activated in presence of specific ECM components

and leads to an up-regulated expression of MMP-1 and -10.

Although traditionally viewed as a host strategy to control infection, excessive
monocyte migration may also have deleterious effects, leading to deregulated

inflammation and favouring tissue damage. In the zebrafish model of TB,
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macrophages were shown to migrate into granulomas after becoming infected,
allowing mycobacterial expansion. Also, they may egress the granuloma,
disseminating infection to new sites [267]. In the present study | have shown that
CoMtb acts as a chemoattractant for monocytes and that integrin aV33 was required
for monocyte migration. Also | found that with Mtb-infection integrin aV3 colocalised

with MMP-1 and MMP-10.

One caveat of this study was the lack of monocyte phenotypic analysis at the end of
experiments. It is likely that during isolation of CD16+ monocytes, culture and
stimulation with Mtb or CoMtb monocytes differentiate into an intermideate
phenotype more akin of macrophages. The tuberculous granuloma, is rich in
recruited monocytes and monocytes-derived macrophages which are important
sources of MMPs. Therefore it is possible that different phenotypes of monocyte
correspondent to different stages of differentiation/polarization will be present in the
infected tissue. Also, a study in zebrafish demonstrated that infected microphages
egress the granuloma, and infected macrophages are required for hematogenous
dissemination [267]. However, in this study they have not analysed phenotypic
changes in monocytes/macrophages, therefore more studies are needed to address

these events in TB.

Tissue destruction is a determinant event in TB immunopathology and can affect
disease outcome. | have demonstrated that, in pulmonary TB, the ECM regulates

both epithelial and monocyte expression of MMP-1 and that integrins are important
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regulators of these responses. Therapies directed towards the host immune
response are emerging as novel strategies in the treatment of TB [268]. Therapies
directed to reducing ECM degradation may have an important impact in reducing
morbidity and mortality in TB, by reducing excessive inflammation and promoting

tissue regeneration and an efficient immune response.
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Chapter V: Blood-brain barrier
disruption in central nervous
system tuberculosis
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5.1. Introduction

CNS TB is associated with high mortality and disease pathology is characterised by

a marked inflammatory response with widespread destruction of CNS tissues.

The BBB separates the circulating blood from the brain extracellular fluid and
maintains the homeostasis of the microenvironment. It comprises capillary
endothelial cells surrounded by basement membranes (composed mainly of Coll-IV
and Lam) and the astrocytic perivascular end-feet. The barrier functions of the brain
endothelium are dependent on TJ, which are composed of TJPs, such as occludins,
claudin-5 and -3, JAMs and cytoplasmic adaptor proteins (e.g. ZO-1 and -2), which

connect them to the actin cytoskeleton, allowing TJs to form a seal [201].

Astrocyte and pericyte-derived Hh proteins have been shown to control BBB
formation during development but, recently, they were also found to have a crucial

role in maintenance of TJ integrity in adult tissues as well as tissue repair [206,269].

Models of CNS neuroinflammation have provided evidence linking the CNS
inflammatory response to enhanced BBB permeability and disturbance of brain
function, often accompanied by a large influx of leukocytes. The role of MMPs in BBB
disruption in bacterial meningitis is becoming increasingly clear. MMPs are produced
by multiple cell types, including the endothelium, astrocytes, microglia and neurons

as well as infiltrating leukocytes.

The mechanism by which Mtb reaches the CNS is still not well characterised. Some

have postulated that free bacilli may traverse across the endothelial barrier [222],
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while others suggested that bacilli enter via the passage of infected monocytes
[270,271]. Using an in vitro monolayer of human brain microvascular endothelial
cells, Jain et al. shown that the virulent strains of Mtb H37Rv and CDC1551 were
able to traverse the endothelial monolayer [222] and later, Be et al. found that the
virulence factor pknD was required for CNS invasion [272]. However, in their in vitro
model they have not included other cells that comprise the BBB (e.g. astrocytes),
hence it is unclear what role these cells play in defence against entry into the brain

parenchyma. Also, they have never accessed BBB integrity during infection.

5.2. Specific aims

Hypothesis: Mtb-driven MMP production by astrocytes and phagocytes leads to

BBB disruption, which contributes to CNS TB immunopathology.

Using primary human astrocytes and a brain microvascular endothelial cell line, this

study aimed to:

- Develop a BBB cellular model to study BBB function during CNS infection;

- Testif TB-driven MMP activity disrupts affects BBB function in vitro;

- Investigate the signalling pathways involved in BBB disruption by Mtb

infection.
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5.3. Results

5.3.1. Cellular model of the blood-brain barrier

Studies have reported the role of astrocytes in blood-brain barrier regulation [172],
however most studies still use a single culture of human endothelial cells in their BBB
models. Therefore, | have started by comparing TEER and TJP expression between
single hCMEC/D3 cultures and co-cultures with human primary astrocytes (Fig. 34).
Co-cultures increased TEER of approximately 10% (from 142.242.7Q.cm? to
157.3+2.2Q.cm?) and cell lysates showed a higher content of claudin-5 and claudin-
3. Also, EM images (Fig. 34d, e) revealed that in the co-culture model, endothelial
cells establish tight junctions. This indicates that co-cultures may lead to stronger
barrier functions thean the single brain endothelial cell culture. Furthermore, this

model allows the study of astrocyte response during Mtb infection.
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Figure 34. Blood-brain barrier model.

a) schematic representation of the cellular BBB co-culture model. b) TEER measured during 72h
after BBB maturation. Green line- single culture hCMEC/D3; blue line- co-culture model. Figure
represents two independent experiments performed in triplicate. c) Western blot for claudin-5 and f3-
actin as loading control. Figure represents three independent experiments. d, e) Electron microscopy
images of d) the co-culture model (scale bar- 10um); and (e) hCMEC/D3 tight junction in the co-
culture model (scale bar- 200nm). BBB- blood brain barrier; HA-human astrocytes; hCMEC/D3-

Immortalized human brain microvascular cell line; TEER- trans-endothelial electrical resistance
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5.3.2. CoMtb stimulation causes disruption of the Blood-brain barrier

To mimic the signalling networks during Mtb infection that could lead to BBB
opening, CoMtb or CoMCont was added to the basolateral side of the BBB, to
stimulate astrocytes and brain endothelial cells (Fig. 35a). CoMtb stimulation, of the
BBB decreased TEER from 154+1.20hm.cm? to 111.6x4.7ohm.cm?, while Papp
increased approximately 2.4-fold with sodium-fluorescein and 2.5-fold with 3KDa

dextran-fluorescein after 72h (Fig. 35b, c).

Degradation of Coll-IV, which is one of the main components of basement
membranes, was detected by an increase in green fluorescence by confocal
microscopy (Fig. 35d) and protein content of the TJPs ZO-1, claudin-3, claudin-5 and

occludin were also decreased with infection (Fig. 35e).
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Figure 35. CoMtb causes BBB disruption.

HA and hCMEC/D3 were co-cultured in transwells coated with type IV collagen. BBB was matured
for 6-10 days and wells stimulated for 72h with CoMtb or CoMCont. For confocal microscopy, wells
were coated with DQ type IV collagen and cells fixed and stained with DAPI. For western blot,
samples were loaded together with a ladder in a gel and blotted. Membrane was cut according to
expected protein size and each segment incubated with respective antibodies. For claudin-3,
membrane was stripped from anti-claudin-5 Abs and reprobed with anti-claudin-3 Ab. Figures show
(a) TEER; permeability to (b)Na" fluorescein and (c) 3KDa FITC-dextran; (d) confocal images of
endothelial layer where blue is the nucleus and green are areas of degraded collagen. (e) western
blot for the TJP ZO-1, claudin-5, claudin-3 and occludin, using 3-actin as loading control.

**** p<0.0001; ns- non significant; Scale bar: 50um. BBB-Blood-brain barrier; CoMCont/CC-
conditioned medium from uninfected monocytes; CoMtb/CT-Conditioned medium of

Mycobacterium tuberculosis infected macrophages; HA-human astrocytes.
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MMP concentrations increased 125-fold for MMP-1(from 0.35+2 to 43.8+5.1ng/mL;
Fig. 36a), 37-fold for MMP-3 (0.057+0.013 to 2.11+0.35ng/ml; Fig. 36¢), 9-fold for
MMP-7 (0.24+0.067 to 2.11+0.3ng/ml; Fig. 36d), 20-fold for MMP-8 (0.057+0.029 to
1.14+£0.15ng/ml; Fig. 36e) and 619-fold for MMP-9 (0.072+0.014 to 44.6+8.9ng/ml;
Fig. 36f). No significant differences were seen for MMP-2 (Fig. 36b) or TIMP-1(Fig.

369). However TIMP-2 was found to be significantly decreased (Fig. 36h).
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Figure 36. CoMtb causes MMP upregulation by the BBB.

HA and hCMEC/D3 were co-cultured in transwells coated with type IV collagen. BBB was matured
for 6-10 days and wells stimulated for 72h with CoMtb or CoMCont. Supernatants were analysed
for secreted (a) MMP-1; (b)MMP-2; (c)MMP-3: (d)MMP-7; (e)MMP-8; (f)MMP-9; (g)TIMP-1 and

(h)TIMP-2.

**** p<0.0001; ns- non significant; BBB-Blood-brain barrier; CC- conditioned medium from

uninfected monocytes;

CT-Conditioned medium of Mycobacterium

tuberculosis

infected

macrophages; MMP- matrix metalloproteinase; TIMP- tissue inhibitor of metalloproteinases.
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To identify the role of astrocytes in BBB disruption, 1.25x10" mycobacteria (MOI=10)
were added to the apical side of each transwell and incubated for 72h. After 24h
post-infection, approximately 3.75X10° mycobacteria (0.03%) were detected in the
basal side of the BBB. Although not as marked as when using CoMtb, Papp to
sodium-fluorescein increased by 50% (Fig. 37a, b) and a small increase was

detected for MMP-1, -9 and -7 (Fig. 37b).

No differences in BBB integrity and MMP secretion were detected when monolayers
of endothelial cells were cultured with Mtb (Fig. 38). Also, only MMP-1, -2 and -9
were detectable, which means that the other MMPs are produced by the activated
astrocytes. This data suggests that mycobacterial invasion and traversing of the BBB
by itself does not disrupt the BBB and indicates that microglial/macrophage and

astrocyte activation and signalling are required for opening of the BBB.
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Figure 37. Mtb infection disrupts the blood-brain barrier.

BBB was infected with Mtb at an MOI of 10 and incubated for 72h. Supernatants were collected,
filtered and used for MMP and TIMP quantification. (a) Fold-change in permeability to sodium-
fluorescein; (b) fold-change in permeability to 3kDa FITC-dextran; secreted concentrations of (c)
MMP-1; (d) MMP-2; (e)MMP-7; (f) MMP-9; (g)TIMP-1 and (h) TIMP-2. **** p<0.0001; *p<0.05; ns-
non significant; Cont- control; Mtb- Mycobacterium tuberculosis; MMP- matrix metalloproteinase;

TIMP- tissue inhibitor of metalloproteinases.
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Figure 38. Astrocytes are necessary for blood-brain barrier disruption in

tuberculosis.

Endothelial cells were infected with Mtb at an MOI of 10 and incubated for 72h. Supernatants were
collected, filtered and used for MMP and TIMP quantification. (a) Diagram of endothelial
monolayer; (b) Fold-change in permeability to sodium-fluorescein; secreted concentrations of (c)
MMP-1; (d) MMP-2; (e)MMP-9.*p<0.05; ns- non significant; Cont- control; Mtb- Mycobacterium

tuberculosis; MMP- matrix metalloproteinase; TIMP- tissue inhibitor of metalloproteinases.
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5.3.3. Inhibition of MMP activity revert BBB disruption

To confirm that the increased MMP concentration was driving BBB disruption,
stimulated cells were co-incubated with Ro32-3555, a chemical inhibitor that blocks

activity of collagenases and gelatinases.

Treatment with 10uM Ro032-3555 prevented CoMtb-dependent BBB disruption, with
TEER and Papp remaining similar to controls (Fig. 39a, b). Coll-IV degradation was
decreased by MMP blockade, while levels of the TJP ZO-1, claudin-3, claudin-5 and

occludin were increased (Fig. 39c-e).
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Figure 39. Blood-brain barrier disruption with CoMtb stimulation.

BBB stimulated for 72h with CoMtb or CoMCont. For confocal microscopy transwells were coated
with (c) DQ collagen-1V and/or fixed and stained with DAPI (blue), (d) rabbit anti-human ZO-1,
claudin-5, -3, occludin Ab and FITC-conjugated goat anti-rabbit IgG Ab (green). (e) For western
blots, membranes were incubated with same TJP primary Ab and HRP conjugated goat anti-
rabbit IgG Ab. **** p<0.0001; ns-non significant; scale bar: 50um. Ab- antibody; BBB- blood-brain
barrier; CoMtb/CT-Conditioned medium of Mycobacterium tuberculosis infected monocytes;

CoMCont/CC- control medium from uninfected monocytes; Ro-32- Ro-32-3555 chemical inhibitor.
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5.3.4. CoMtb stimulation increases expression of adhesion molecules by

the endothelium leading to increased leukocyte transmigration

Another consequence of CNS TB and a disrupted BBB is a deregulated influx of
neutrophils and monocytes, which amplifies and perpetuates inflammation. In the
present in vitro model, CoMtb stimulation led to increased levels of the adhesion
molecules ICAM-1 (from 0.8£0.19 to 20.5+1.8ng/ml), VCAM-1 (0.5+0.13 to
27.5+3.8ng/ml), P-Selectin (0.03+£0.012 to 1.35+0.34ng/ml) and E-Selectin

(0.01+0.002 to 0.53+0.05ng/ml) (Fig. 40).

Transmigration of primary neutrophils and monocytes was preferentially paracellular
(Fig. 40e) and increased 64% and 5-fold (from 2.49x10* monocytes/2h to
1.24x10°/2h) respectively in pre-stimulated barriers. Addition of Ro32-3555 reverted

transmigration to control levels (Fig. 40f, ).
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Figure 40. CoMtb stimulation increases expression of adhesion molecules and
leukocyte transmigration across the barrier.

BBB stimulated for 72h with CoMtb or CoMCont. Supernatants were collected for Luminex of:
a)ICAM-1, b)VCAM-1, c)P-Selectin and d)E-Selectin. For transmigration neutrophils (f) or
monocytes (g) were labelled with a green cell tracker and 5.5x10° cells added to the apical side of
pre-stimulated BBB and let to migrate for 2h. Transmigrated cells were collected and analysed by
FACS. Figure e) is an electron microscopy image of a neutrophil during transmigration. Scale bar:
2um. **p<0.01; ***p<0.001; **** p<0.0001; CC- conditioned medium from uninfected monocytes;
CT- conditioned medium of Mycobacterium tuberculosis infected monocytes; Ro32- chemical
inhibitor Ro32-3555.
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Besides preventing BBB disruption, blocking MMP activity also led to reduced ICAM-
1 shedding which may also contribute to a decrease in leukocyte transmigration (Fig.

41a, b).

a) b)
20+ 5001
lla T ns
400
154 okl
E <
5 3 300
| =4
=101 S
= i 200+
< =
2 5
1004
0- T 0=
CcC CT CT+ CT+ CcC CT CT+
R032 DMSO R032

Figure 41. MMP blockade decreased ICAM-1 shedding in CoMtb-stimulated BBB.

BBB stimulated for 72h with CoMtb or CoMCont. Supernatants were collected for Luminex of: a)
ICAM-1, and (b) endothelial cells detached, fixed, labelled for ICAM-1 and analysed by FACS.

**p<0.01; ns-non significant. BBB- blood-brain barrier; CC- conditioned medium from uninfected
monocytes; CT-conditioned medium of Mycobacterium tuberculosis infected monocytes; MMP-

matrix metalloproteinase; MFI- mean fluorescence intensity; Ro32- chemical inhibitor Ro32-3555.
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5.3.5. Mtb-driven MMP-9 upregulation causes opening of the BBB

MMP-9 activity has been involved in TJP degradation in neuroinflammation.
Therefore it was investigated whether MMP-9 is the main effector driving BBB
disruption. For this, 20ng of activated rhMMP-9 was used to compare BBB integrity
with control and CoMtb-stimulated wells. Active rhMMP-9 caused a decrease in
TEER and Papp, which was blocked when the MMP chemical inhibitor was added
(Fig. 42a, b). MMP-9 activity was also specifically blocked in CoMtb-stimulated BBB
using 25ug/ml anti-human MMP-9 blocking antibodies (Fig. 42d). In stimulated wells
where MMP-9 was blocked, Papp significantly decreased by 40%. In CoMtb-
stimulated BBB stained for MMP-9, it was observed a marked increase in MMP-9
(Fig. 42c). No significant differences were seen between CoMtb-stimulated BBB
when MMP-1 was blocked by antibodies, nor by addition of active rhMMP-1 (Fig.

43a, b).
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Figure 42. Blood-brain barrier disruption is caused by MMP-9.

BBB stimulated for 72h with CoMtb, CoMCont or 20ng rhMMP-9. (a)TEER; (b) Papp tosodium-
fluorescein; (c) For confocal microscopy, cells fixed and stained with DAPI (blue), mouse anti-human
MMP-9 primary Ab and cy5 conjugated goat anti-mouse Ab (red). (d) For MMP-9 blocking, cells
were incubated with 20ug/ml of mouse anti-human MMP-9 antibody (clone) or a mouse IgG isotype
control Ab. *p<0.05; ***p<0.001; ****p<0.0001; ns-non significant; scale bar: 50um. Ab- antibody;
BBB- blood-brain barrier; CoMCont/CC- conditioned medium from uninfected monocytes; CoMtb/CT-
conditioned medium of Mycobacterium tuberculosis infected monocytes; MMP- matrix

metalloproteinase; Ro32- Ro32-3555 chemical inhibitor.
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Figure 43. MMP-1 does not disrupt the BBB.

BBB stimulated for 72h with CoMtb, CoMCont or 20ng rhMMP-1. (a) Fold-change in permeability to
sodium-fluorescein with addition of 25ug/ml of anti-MMP-1 blocking antibodies; (b) TEER with
addition of active rhMMP-1. ****p<0.0001; ns-non significant. Ab- antibody; BBB- blood-brain barrier;
CC- conditioned medium from uninfected monocytes; CT- conditioned medium of Mycobacterium
tuberculosis infected monocytes; MMP- matrix metalloproteinase; Ro32- Ro032-3555 chemical

inhibitor.
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5.3.5. TJP gene expression is decreased by Mtb infection

| have observed that during Mtb invasion of the CNS, MMP-9 is upregulated leading
to degradation of TJs and disruption of the BBB. Therefore, TJP gene expression
was next analysed in infection. With Mtb infection, occludin mMRNA was decreased by

90% and claudin-5 by 43% in hCMEC/D3 (Fig. 44a, b).
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Figure 44. TJP gene expression is decreased in Mtb infection.

BBB stimulated for 72h with CoMtb or infected by Mtb (MOI=10). (a) Fold-change in occludin mRNA;
(b) Fold-change in claudin-5 mRNA. B-actin mMRNA was used as control.

***p<0.001; *p<0.05. BBB- blood-brain barrier; Cont- control medium; CoMtb- conditioned medium of
Mycobacterium tuberculosis infected monocytes; CLAUS5- claudin-5; Mtb- Mycobacterium

tuberculosis; OCCL-occludin; TJP- tight junction protein.
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The transcription factors Gli-1/2 regulate TJP gene expression, therefore their
involvement was investigated. Staining Gli-1 revealed a decrease in nuclear
translocation of the transcription factor in CoMtb-stimulated transwells (Fig. 45a).
Blockade of the transcription factors Gli-1/2 with 10uM GANT-61 caused a 50%
increase in Papp to sodium-fluorescein in controls but no further increase in CoMtb

stimulated BBB (Fig. 45b).
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Figure 45. Endothelial Gli-1/2 activity is decreased with CoMtb-stimulation.

BBB stimulated for 72h with CoMtb. (a)Confocal microscopy of transwells stained for nucleic acids
with DAPI (blue), cytoskeleton (red) and Gli-1 (green). Light blue correspond to areas of nucleus/Gli-
1 overlap. Scale bar- 50pm. (b) Fold-change in permeability to sodium-fluorescein with addition of
10uM GANT61. **p<0.01. CoMCont/CC- conditioned medium from uninfected monocytes;

CoMtb/CT-conditioned medium of Mycobacterium tuberculosis infected monocytes.
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The Hh signalling pathway is known to regulate Gli-1/2 and has recently been
implicated in maintenance of TJ integrity in the adult BBB. Therefore, the
involvement of the Hh pathway in the decreased TJ gene expression was
investigated. To analyse if during Mtb infection the production of Shh was decreased,
BBB were stained for Shh. In CoMtb stimulated BBB, Shh at the surface of
hCMEC/D3 was significantly decreased (Fig. 46a). This decrease was also apparent
in endothelial cell lysates and reversed by MMP blockade with 10uM Ro032-3555

(Fig. 46b).
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Figure 46. Endothelial Gli-1/2 activity is decreased with CoMtb-stimulation.

BBB stimulated for 72h with CoMtb. (a)Confocal microscopy of endothelial layer stained for nucleic
acids with DAPI (blue), Shh (green). Scale bar- 50um; (b) Western blot for hCMEC/D3 cell lysates
labelled for Shh and B-actin as loading control. CoMCont- conditioned medium from uninfected
monocytes; CoMtb- conditioned medium from Mycobacterium tuberculosis infected monocytes;
R032-R032-3555 chemical inhibitor; Shh- Sonic hedgehog homolog.
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To further confirm that decreased TJP expression during Mtb infection is due to a
decrease in the Hh signalling, 100ng/ml rhShh was added to CoMtb-stimulated BBB.
Addition of rhShh improved barrier functions, with a decrease in Papp to 3KDa FITC-

dextran and increase in TJs proteins ZO-1, claudin-3, claudin -5 and occludin (Fig.

47).
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Figure 47. Addition of rhShh partially revert BBB disruption.

BBB stimulated for 72h with CoMtb or CoMcont and/or 100ng/ml rhShh. (a)Fold-change in
permeability to 3KDa FITC-dextran; (b) Confocal microscopy of transwells stained for nucleic acids
with DAPI (blue), and TJP (green). Scale bar- 50pm. **p<0.01. CoMCont/CC- conditioned medium
from uninfected monocytes; CoMtb/CT- conditioned medium from Mycobacterium tuberculosis

infected monocytes; rhShh- recombinant human sonic hedgehog homolog.
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Since Hh pathway is downregulated in brain endothelial cells during Mtb infection,
Shh production by astrocytes was analysed. Shh gene expression was significantly
downregulated by CoMtb stimulation. However, no significant differences were found
at the Shh protein levels in astrocytes (Fig. 48a, b). Recently the secreted
glycoprotein SCUBE2 (signal peptide, cubulin domain, epidermal growth factor-like
protein 2) was implicated in efficient Shh proteolytic processing and secretion from
producing cells [273]. Therefore, | analysed the levels of SCUBEZ2 in astrocytes. In
CoMtb-stimulated BBB, astrocytes had significantly lower levels of SCUBE2 than
controls (Fig. 48c), which indicates that this decrease may be affecting Shh delivery

to hCMEC/D3 during infection.
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Figure 48. Astrocyte Shh gene expression and SCUBE2 protein levels are decreased
by CoMtb.

Human astrocytes were stimulated with CoMtb or CoMcont for 6h for gene expression and for 72h
for proteinlysates. (a)Fold-change in shh mRNA. B-actin mRNA was used as control. Western blots
from total astrocyte lysates for (b) Shh and (c) SCUBE2. B-actin was used as loading control.
****p<0.0001. CC- conditioned medium from uninfected monocytes; CT- conditioned medium from
Mycobacterium tuberculosis infected monocytes; Shh- sonic hedgehog homolog; SCUBE2- signal

peptide, cubulin domain, epidermal growth factor-like protein 2.
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5.4. Discussion

CNS TB and particularly TB meningitis is associated with cerebral oedema and
increased intracranial pressure derived from BBB disruption. However no studies

have been performed to understand the mechanisms leading to BBB opening in TB.

In the present study | developed an in vitro co-culture model of CNS TB and verified
that Mtb and monocyte dependent networks lead to astrocyte activation and
upregulation of MMP production. MMP-9 was found to be the main MMP responsible
for ECM and TJPs degradation, since an upregulation of over 600-fold was detected
and MMP-9 inhibition by specific blocking antibodies partially reversed BBB
disruption. This data is consistent with studies in multiple sclerosis, Alzheimer’s
disease and other bacterial meningitis, where MMP-9 has been reported as the main
MMP driving BBB dysfunction and neuronal injury [274-276]. One study in children
with TB meningitis reported that increased VEGF levels correlated with CSF-serum
albumin ratios and mononuclear cell counts [277]. Although VEGF levels were not
analysed in the present and my group was not able to find significant correlations in
previous studies, it is known that this growth factor increases MMP-9 gene

expression which is consistent with my data.

Although | was not able associate other MMPs with the phenotype | have detected a
significant increase of over 20-fold for MMP-1, MMP-3 and MMP-8. MMP-1 is able to
degrade fibrillar Coll-l and is the main collagenase driving cavitation in pulmonary
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TB. However, the extracellular matrix in the CNS is poor in Coll-I and is mainly
composed by HA, aggrecan and tenascins and basement membranes by Coll-IV and
Lam [278], all substrates for gelatinases such as MMP-9. Nevertheless, MMP-1 has
other non-matrix substrates such as IL-13 and proTNF-a which may also contribute
to increase inflammation. MMP-3, a stromelysin, is a known activator of proMMP-9
and proTNF-a, which may contribute to the final net effect of total active MMP-9,
especially because no increase was detected for the corresponding MMP inhibitors.
MMP-8 has been involved in the cleavage of the TJP occludin in Neisseria
meningitidis infection [179], which may contribute to the phenotype seen in my

model.

| found that, in response to Mtb infection, MMP-9 was mainly astrocyte derived since
no significant increases in MMP-9 secretion and BBB disruption were detected in the
absence of astrocytes. Although | have detected a pathological effect from
astrocytes, these are crucial to maintain BBB integrity. Recently the Hh pathway has
been implicated in BBB integrity in the adult CNS [206,279] and human astrocytes
are the main cells expressing Shh. In my study | found that gene expression of the
TJPs claudin-5 and occludin was decreased during Mtb-infection and this was
associated with a decreased activity of the transcription factors Gli-1/2, the final
mediators of the Hh pathway. Using Smo knockout mice, Alvarez et al. found that
silencing Hh lead to low levels of claudin-3/-5, occludin and ZO-1 and a fragmented
basement membrane. Moreover, they found that the Hh pathway is key in controlling

the pro-inflammatory response during experimental autoimmune encephalitis [206].
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In the present study | found that the Hh pathway was decreased during Mtb infection
and upregulation of the Hh pathway by addition of a smo agonist or rhSHH
decreased permeability, increased TEER and TJP expression. One study using
mouse primary cells also found that condition medium of astrocytes and recombinant
rhShh increased TJP expression and reported that IL-1B was associated with
decreased Shh gene expression by astrocytes[269]. Although | also found a
decrease in Shh gene expression | was not able to detect a significant decrease at
the protein level. The secreted glycoprotein SCUBEZ2 has been implicated in efficient
Shh proteolytic processing and secretion [273,280] and in my model, | found that
during Mtb infection astrocytes had significantly lower levels of SCUBE2 than
controls. This might cause an accumulation of Shh protein in the astrocytes without
delivery to the target endothelial cells leading to downregulation of the Hh pathway.
There is not an extensive knowledge about the Shh pathway and SCUBE2. SCUBE3
is a homolog of SCUBEZ2 and has a protein sequence similarity of 90% for the CUB
domain and 77% homology for the EGF repeats. The spacer regions are the most
divergent with only 50% homology [281]. SCUBE 3 was found to be proteolytically
cleaved by the gelatinases MMP-2 and MMP-9 [282], while one study in cancer,
showed that SCUBE2 can be cleaved by recombinant MMP-2 with generation of an
NH2 terminal 72kDa fragment and a COOH terminal 55kDa fragment [283].
Therefore, the increased activity seen for MMP-9 might be responsible for the
degradation detected for SCUBEZ2 in my model leading to decreased Shh delivery to

the brain endothelial cells.
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Taken together my data demonstrates that, in CNS tuberculosis, astrocyte-derived
MMP-9 causes breakdown of tissue and tight junctions leading to BBB disruption,
facilitating increased leukocyte migration which, in turn, sustains inflammation. Shh is
a potential new target to restore BBB function and decrease inflammation and could

be used as adjuvant therapy in CNS TB.
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Conclusions

The ECM gives tissues specificity and is a key element in the control of local immune
function. In TB, tissue destruction is a determinant event in immunopathology and
can affect disease outcome. | have demonstrated that in pulmonary TB, the ECM
regulates both epithelial and monocyte expression of MMP-1 and that integrins are
important regulators of these responses. During infection, integrins integrate
important cues from the ECM environment providing cells a local context to other
inflammatory stimuli. | have demonstrated that during infection, intact matrix Coll-I
decreased MMP-1 secretion and collagenolytic activity in bronchial epithelial cells
and enhanced cell migration instead of collagen breakdown. In this situation, MMP-1
was co-localised with epithelial a231 resulting in localised collagen proteolysis and
enhanced cell migration, promoting epithelial monolayer repair with preservation of
the ECM. However, sColl-I led to integrin a231 occupancy without clustering and
increased the production of MMP-1 and collagenolytic activity. In Mtb-infected or
CoMtb-stimulated monocytes, surface expression of integrin aVB3 was upregulated
and this was shown to be responsible for MMP-1/10 upregulation in the presence of

Coll-l and Fn.

In vivo, soluble Coll-I results from fragments released from the ECM as a result of
increased proteolysis, like the one resulting from MMP-1 secreted by recruited
monocytes during Mtb infection. The present work has shown that local production of
sColl-l by MMP-1 appears to shift bronchial epithelial cells towards a matrix

degrading phenotype, with escalating MMP-1 production and tissue destruction.
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Hence, the local ECM environment can determine the tissue MMP response to TB,

which may be amenable to targeted drug therapy.

In the CNS, the ECM is mainly composed by HA, aggrecan and tenascins, while the
basement membrane is composed by Coll-IV and Lam, which are natural substrates
for gelatinases. During Mtb-infection a significant upregulation of MMP-1 was
detected; however, tissue destruction and TJP breakdown was caused by
gelatinolytic activity of astrocyte-derived MMP-9. Nevertheless, MMP-1 has other
non-matrix substrates such as IL1-f and proTNF-a which may also contribute to
increased inflammation. BBB disruption due to MMP-9 activity also facilitates
leukocyte transmigration, which in turn sustains CNS inflammation. In CNS TB, BBB

disruption may be a key and targetable event in immunopathology.
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Future prespectives

The results from the present work have provided important evidence that the ECM is
a key element in regulation of the tissue immune response to TB. In this chapter |
shall discuss possible directions of research looking at further expanding the

knowledge of TB immunopathology.

Most studies in the field of TB have been focused on therapies to eliminate the
microorganism and less effort has been directed to the immunopathological response
of the host and the way the pathogen exploits this response in its favour. Previous
work from my group has hypothesised that ECM breakdown, namely Coll-I, was
required for the development of caseous necrosis [85,264]. My work using an in vitro
model of pulmonary TB supported this hypothesis. It was demonstrated that through
integrins engagement and signalling the respiratory epithelium can integrate signals
from the ECM. Activated monocytes increase their expression of integrin aV(3,
which becomes activated when monocytes reach the lung driving cell migration and
collagenase expression. The resulting presence of degraded Coll-l in the
environment blocks epithelial ability to migrate and repair the tissue, skewing the
immune response in favor of the pathogen. Hence, tissue pathology occurs primarily
due to the host response, which highlights the role for immunomodulatory therapy in

TB.
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The evidences from this study support the emergent concept that collagen
destruction is an early event in TB pathology, preceding caseation. This opposes the
previous paradigm that ECM destruction is a consequence of caseous necrosis
[284,285]. To prove this concept, future MMP inhibition studies in an animal model
that recapitulates the key pathological features of human TB should ideally be
performed, in order to demonstrate that collagenase inhibition reduces Mtb—driven
immunopathology. Animal models used in research such as zebrafish, mice, guinea
pigs, rabbits do not completely replicate the immunopathology seen in humans. For
example, mouse models demonstrate minimal delayed-type hypersensitivity
response and do not form true caseous necrosis or cavities in response to Mtb, while
the guinea pig although showing a delayed-type hypersensitivity response, they also
demonstrate a very high mortality compared with humans. The spectrum of TB
disease is better replicated in the rabbit model demonstrates pulmonary cavities in
established disease [286]. Cavitation is, however, more pronounced in rabbits

exposed to Mycobacterium bovis than to Mtb.

Regarding the work using the CNS TB in vitro model, it has demonstrated for the first
time that BBB dysfunction is a key element in development of immunopathology.
Future research will require in vivo work would to better understand the mechanisms
that contribute to Mtb dissemination from the lung to the brain and the mechanisms
leading to opening of the BBB. However, to study interventions based on
observations from the BBB cellular model, it is vital to first develop better in vivo

models.
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Currently existing models of CNS TB do not satisfactorily fulfil the required features,
which were also limited to the use of the laboratory strain of Mtb H37Rv, and
experiments using both aerosol and intra-venous routes of infection demonstrated
minimal H37Rv infection in the CNS [287]. This limitation has been well recognised
and been overcomed using murine intracerebral injections in studies involving
H37Rv. However, this method is extremely invasive although it may be associated
with BBB disruption since in this model, Mtb was detected relatively early in the
lungs of CNS-infected mice [288]. Some studies in guinea pigs were successful in
detecting Mtb in the brain following aerosol infection[272]. However, guinea pigs are
highly susceptible and quickly succumb to infection making data collection difficult.
This clearly illustrates the need to develop new in vivo models to study BBB
disruption during CNS TB.

Paradoxical worsening of symptoms and lesion in CNS TB may occur days to
months after starting anti-tuberculous therapy. We thus need anti-tuberculous agents
with good CNS tissue penetration and that have immunomodulatory activity to
prevent BBB disruption which | believe leads to the paradoxical reaction seen
following initiation of therapy. There are several new drugs in the pipeline. Among
them bedaquiline (TMC207), delamanid (OPC67683), pretomanid (PA-824) which
have the potential of shorten pulmonary TB therapy. Bedaquiline has already been
approved by the US Food and Drug Administration for treatment of drug-resistant
TB[289]. However, there are still no data on the efficacy and safety of these drugs on
treatment of extra-pulmonary TB. Corticosteroids are often administered as
adjunctive therapy in CNS TB paradoxical reactions but some cases may prove
refractory.lt is therefore necessary to evaluate other potential immunomodulatory

agents.
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In both pulmonary and CNS TB, we found a key role for MMP activity in
immunopathology, therefore MMPs are a likely candidate as a drug-target. A range
of MMP inhibitors, (e.g. batimastat, marimastat, Ro32-3555) have been developed
for use in cancer and trialed for rheumatoid arthritis. However, they failed to produce
positive outcomes in the clinical trials due to pronounced adverse effects on the
musculoskeletal system, which lead to non-adherence to the drugs. New anti-MMP
drugs should therefore be developed and MMP has a drug target deserve further
testing, especially in the field of infection, where the duration of drug treatment is

considerably shorter.

In summary, future research should be directed towards understanding host
response to Mtb and focused in developing therapeutic approaches to reduce tissue
destruction. Strategies to preserve the ECM in patients with TB may reduce morbidity

and mortality and restore an efficient immune response to Mtb infection.
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