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SUMMARY

Tuberculosis is a disease caused by the Gram-positive acid fast bacillus, Mycobacterium
tuberculosis (M. tuberculosis). This intracellular pathogen has infected one-third of the
world’s population and accounted for over two million deaths per year. The long-term
persistence of M. tuberculosis, TB-human immunodeficiency virus coinfections, and the
emergence of multidrug resistant (MDR) and extensively resistant (XDR) M. tuberculosis
strains are the main factors contributing to the high global burden of this disease.
Management of TB remains a great challenge despite the use of BCG vaccination and the
availability of anti-tuberculous therapies, many of which are usually administered for longer
periods. Hence ongoing research is aimed at developing new, efficacious, orally available
drugs with the ability of shortening and simplifying the long and complex treatments of both
drug-sensitive and drug-resistant tuberculosis. The success of such developments will be of
great value if emphasis is based on re-formulation of the older drugs for the treatment of TB,

such as clofazimine.

Previous studies on clofazimine demonstrated that it was highly effective against M.
tuberculosis in vitro, as well as in murine models of experimental, disseminated TB, but was
of limited, if any, value in the treatment of TB in humans. This is probably due to the
pharmacokinetic properties of this riminophenazine antimicrobial agent, which appears to
have poor penetration into the airways. A renewed interest in clofazimine as an anti-TB agent
was elicited by the emergence of MDR and extensively drug-resistant (XDR) TB, together
with advances in technology for the delivery of lipophilic drugs to target organs. The primary
objective of the laboratory research described in this dissertation was to compare the
activities of a conventional preparation and a novel nanoparticle formulation of clofazimine

against intracellular M. tuberculosis concealed in human monocytes/ macrophages.

In the present study, a procedure was established for isolating monocytes from human
peripheral blood and subsequently maturing these cells into homogenous populations of
monocyte-derived macrophages. Exposure of the monocytes to the cytokine growth factors,
IL-3 and GM-CSF, over a 7 day incubation resulted in a significant increase in the level of
expression of CD14"/ CD16" markers showing accelerated differentiation. Importantly, this

cell population was highly homogeneous and accounted for >95% of the total cell population.

XV
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These findings confirmed that the modified procedure results in the acquisition of
synchronised human monocyte-derived macrophages, in adequate numbers. The monocyte-
derived macrophages were then infected with H37Rv M. tuberculosis laboratory strain at a
1:10 macrophage: bacteria multiplicity of infection. Concentrations ranging from 0.15 - 2.5
pug/ml for both the native and spray-dried clofazimine preparations together with
corresponding drug-free controls were used to treat the infected cells for 48 hours. The
intracellular bioactivities of the two preparations were determined by quantifying the number
of surviving bacteria inside macrophages following treatment. Findings demonstrated
comparable efficacy, with dose-dependent response inhibition of colony formation when M.
tuberculosis was exposed to either of the clofazimine preparations, with significant inhibition
of growth at 1.25 p/ml, with no detectable colonies at 2ug/ml. No statistically significant
differences were found between the treatments with both preparations. These observations
demonstrate that the intracellular bioactivities of both clofazimine preparations are equivalent
with respect to efficacy against M. tuberculosis. This study may therefore provide
justification for future studies on the therapeutic efficacy of the spray-dried formulation of

clofazimine in murine models of experimental chemotherapy.

XV
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CHAPTER 1

1.1 LITERATURE REVIEW
1.1.1 Tuberculosis as a disease

Tuberculosis (TB) is a life-threatening chronic infection caused by the Gram-positive, acid
fast bacillus, Mycobacterium tuberculosis (M. tuberculosis). The organism is an obligatory
aerobic, intracellular pathogen that infects the lungs (Tyagi and Sharma, 2004). One-third of
the world’s population is infected with this organism, leading to approximately 2 - 3 million
deaths per year (WHO report, 2007). In South Africa, an estimate of 0.48 million cases was
reported in 2008 and, the country is currently ranked third after India and China in ranking of
the total number of annual incident cases of TB (WHO report, 2009). This high global
burden of the disease is exacerbated by long-term persistence of M. tuberculosis, TB-human
immunodeficiency virus (HIV) coinfection, and the emergence of multidrug resistant (MDR)
and extensively drug-resistant (XDR) M. tuberculosis strains, making tuberculosis one of the
leading causes of death from an infectious agent in the world, despite the use of BCG
vaccination and the availability of anti-tuberculous therapy (Raviglione, 2003; Dye et al.,
2008).

Despite this high morbidity and mortality associated with the disease, primary infections with
M. tuberculosis are usually controlled in immuno-competent individuals. Only 5 to 10% of
the infected population has a lifetime risk of developing active tuberculosis, either within one
or two years after infection or thereafter. The situation is different in immuno-compromised
individuals infected with HIV, whose chance of developing active disease is 10% per year

(Parrish et al., 1998; Flynn and Chan, 2001; Corbett et al., 2003; Aaron et al., 2004).

In Africa, tuberculosis (TB) is one of the earliest occurring opportunistic infections,
accounting for approximately 40% of deaths in HIV-infected individuals in this region.
HIV/M. tuberculosis coinfection is clearly the major public health threat to developing
countries in this region, predominantly affecting the under-privileged, and having the
potential to devastate national health budgets (Corbett et al., 2003; Dye et al., 2008). Given
the relative therapeutic efficacy of anti-retroviral drugs, there is clearly an urgent need for the
development of affordable anti-TB chemotherapeutic agents which are effective against

MDR/XDR strains of M. tuberculosis.

© University of Pretoria
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Without a doubt, the surveillance of M. tuberculosis including the nature in which this
microorganism spreads, the difficulties in acquiring effective drug treatments, and a complex
therapeutic regimen, form a part of the many inherent factors which still makes tuberculosis
one of the major health challenges in the world (Sasindran and Torrelles, 2011). Hence
ongoing research is aimed at developing new, efficacious, orally available drugs with the
ability of shortening and simplifying the long and complex treatments of both drug-sensitive
and drug-resistant tuberculosis (Lu et al., 2011). Such developments will be a great success if

the value of the older drugs in the treatment of TB today is enhanced (Jawahar, 2004).

The discovery of clofazimine coincided with the emergence of the more potent anti-TB
agents isoniazid and pyrazinamide in the early 1950s and rifampicin and ethambutol in the
early 1960s. Early studies of clofazimine in various animal models demonstrated inconsistent
therapeutic activities against experimental tuberculosis, but the drug was considered to be
ineffective in the treatment of pulmonary tuberculosis (Barry and Conalty, 1965). Interest in
developing clofazimine as an anti-TB agent was lost due to the unusual pharmacokinetic
properties and side-effects profile of this agent, which lowered priority on the use of this drug
for several decades (Drugs.com, 2011). A renewed interest in clofazimine as an anti-TB agent
was elicited by the emergence of MDR and XDR-TB, together with advances in technology
for the delivery of lipophilic drugs to target organs. Current studies have provided new
insights into the targets and molecular mechanisms of both clofazimine-mediated
antimicrobial and anti-inflammatory activity. They have also provided the drive to design and
develop novel riminophenazines with improved antimicrobial efficacy and efficient delivery

to target organs (Working Group on New TB Drugs, 2011; Yano et al., 2011).

© University of Pretoria
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1.1.2 Pathogenesis of tuberculosis

Central to understanding the pathogenesis of tuberculosis is the interaction between the
pathogen and mononuclear phagocytes. The main route of infection is by means of aerosol
transmission, whereby droplet nuclei containing one to three bacilli of particle size < Sum,
gain access to alveoli (Wells, 1955; Riley et al., 1959; Riley and O’Grady, 1961). The bacilli
enter the airways and are engulfed by alveolar macrophages, which presumably are equipped
with multiple microbicidal mechanisms, including phagolysosome fusion and a respiratory
burst, that clear the host of infecting microorganisms (Sibille and Reynolds, 1990; Verhoef,
1991).

Those that survive intracellular destruction multiply and lead to disruption of the
macrophages. Following this, blood monocytes and other inflammatory cells are attracted to
the lungs. These monocytes will differentiate into macrophages which again readily ingest,
but do not destroy, the mycobacteria. The mycobacteria grow logarithmically in the
macrophages, while other blood-derived macrophages accumulate, but little tissue damage
occurs. Two to six weeks after infection, T-cell immunity develops. Antigen-specific T
lymphocytes then proliferate within the early lesions or tubercles, activating macrophages to
kill the intracellular mycobacteria. Subsequent to this phase, the early logarithmic bacillary
growth stops. The primary lesions become necrotic in the centre, which inhibits extracellular
growth of mycobacteria. As a result, infection may become stationary or dormant (Van

Crevel et al., 2002; Raja, 2004; Tyagi and Sharma, 2004).

Disease may progress and haematogenous dissemination takes place weeks, months or years
afterwards, under conditions of failing immune surveillance. The solidified necrotic foci will
liquefy and provide excellent conditions for extracellular growth of M. tuberculosis, leading
to cavitations in the lungs. Cavity formation may lead to rupture of nearby bronchi, allowing
the bacilli to spread through the airways to other parts of the lung and may also result in
extra-pulmonary dissemination of the TB bacilli. When infection occurs in other parts of the
body, such as pleura, lymphatics, bones, meninges, peritoneum, genito-urinary system or
skin, the disease is referred to as extra-pulmonary TB (Raja, 2004; Dye et al., 2008). This
type of disease is common in immuno-compromised individuals. These events are

summarized in Figure 1.1 (page 4).
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Figure 1.1. Schematic diagram of the chronological events after inhalation of M. tuberculosis
(Van Crevel et al., 2002. Clinical Microbiology Reviews. 15(2):294-309).
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1.1.3 Host immune mechanisms in TB

Uptake of M. tuberculosis by airway macrophages during the initial stages of infection
involves interaction of the microbial pathogen with various surface receptors on the
macrophage. These include Toll-like receptors (TLR2/ TLR4), complement receptors (CR1,
CR3 and CR4), mannose receptors, cluster of differentiation (CD) 14 scavenger receptors and
surfactant protein receptors (Fenton and Golenbock, 1998; Aderem and Underhill, 1999;
Pasula et al., 1999). Signaling through TLRs results in the release of interleukin (IL)-12,
which in turn promotes the release of the macrophage-activating cytokine, interferon (INF)-y
from proximal natural killer cells (Quesniaux et al., 2004; Korbel et al., 2008). IFN-y, in turn
upregulates anti-mycobacterial activities (increased production of reactive oxygen species
(ROS) such as superoxide, hydrogen peroxide, and nitric oxide) of the M. tuberculosis-
infected macrophage, favouring either elimination or containment of infection. In the case of
the latter scenario, containment enables activation and mobilization of adaptive immune

defenses (Chan et al., 1992; Korbel et al., 2008).

1.1.3.1 Acquired immune response

Acquired immune responses to TB are mainly cell-mediated, being dependent on mature T
cells. During infection, the activated T cells, both CD4+ and CD8+, migrate to the site of
infection and interact with the antigen presenting cells (APC) to contain the infection and
prevent reactivation (Stenger and Modlin, 1999; Harding and Boom, 2010). CD4+ T cells
play a critical protective role in host defense against M. tuberculosis, by producing INF-y and
other cytokines, which activate macrophages. In humans, the pathogenesis of HIV infection
has demonstrated that the progressive loss of CD4+ T cells greatly increases susceptibility to
both acute and reactivation TB. The CD8+ T cells are also capable of secreting cytokines
such as INF-y and IL-4, and may play a role in regulating the balance of Th1 and Th2 cells at
the site of infection. Thl cells secrete IL-2 and INF-y, and play a protective role in
intracellular infections, while Th2 cells secrete IL-4, IL-5 and IL-10 and may exert a negative

influence on the cell-mediated immune response (Raja, 2004).

1.1.4 Evasion of host immune response by MTB

M. tuberculosis is equipped with numerous immune evasion strategies, including modulation
of antigen presentation, to avoid elimination by T cells. Proteins secreted by M. tuberculosis
such as superoxide dismutase and catalase, neutralize antimicrobial reactive oxygen

intermediates (ROI). Mycobacterial components such as sulphatides, lipoarabinomannan

-5.
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(LAM) and phenolic glycolipid 1 (PGL-1) are also potent oxygen radical scavengers
(Guenin-Mace et al., 2009). M. tuberculosis-infected macrophages appear to be diminished in
their ability to present antigens to CD4+ T cells, which leads to persistent infection. Another
mechanism by which antigen-presenting cells contribute to defective T cell proliferation and
function is by production of anti-inflammatory cytokines, including TGF-, IL-10 or IL-6
(Giacomini et al., 2001). In addition, it has also been reported that virulent mycobacteria
were able to escape from fused phagosomes and multiply (Clemens and Horwitz, 1995; De
Chastellier et al., 1995; De Chastellier et al., 2009). Activation of the macrophages is induced
by bacterial components that are Toll-like receptor agonists, including lipoarabinomannan
(LAM), lipoteichoic acid, muramyl dipeptide and heat shock proteins. Analysis of M.
tuberculosis-specific responses revealed inhibition of IL-12 production, suggesting one

means by which this organism survives host defenses (Nau et al., 2002).

1.1.5 Role of Toll-like receptors in MTB infection

The detection, recognition and response to microbial infection by the immune system depend
to a considerable extent on a family of pattern-recognition receptors, Toll-like receptors
(TLRs) (Takeda and Akira, 2005). These receptors which are summarized in Figure 1.2 (page
7), are expressed in many cell types such as macrophages, neutrophils, dendritic cells, and
mucosal epithelial cells, although most cell types express only a select subset of these
receptors (Kabelitz, 2007). They are evolutionarily conserved to recognize a variety of
pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS),
lipoprotein/lipopeptide, and flagellin, endogenous DAMPs including heat shock proteins
(HSPs), calcium-binding proteins SI00A8/A9, DNA and RNA viruses, fungi and protozoa
and they show considerable target specificity (Akira and Takeda, 2004; Liew et al., 2005;
Halayko and Ghavami, 2009; Wheeler et al., 2009).

To date, 11 mammalian TLRs have been identified, numbered 1-11 in humans and 13 in
mice (Akira, 2004; Verstack et al., 2007). TLRs 1-9 are conserved in humans and mice, while
TLR10 is present only in humans (Balaram et al., 2009). The C-terminal half of TIr10 gene in
mice is substituted by a non-related sequence and the TLR10 in mice is therefore non-
functional (Takeda and Akira, 2005). In contrast, in mice TLR11 is functional and silenced
by a stop codon in humans, resulting in lack of its translation (Zhang et al., 2004; Balaram et
al., 2009). The biological roles, the expression patterns, ligands, and modes of signaling of

TLRs 10, 12, and 13 remain to be defined (Balaram et al., 2009; Wu et al., 2010). TLR2 and

-6-
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TLR4 are the principal receptors for recognition of various bacterial cell wall components
(Hirschfeld et al., 2000). TLR2 plays an important role in mediating inflammatory responses
to peptidoglycan, lipoarabinomannan (LAM), lipoproteins and lipoteichoic acid (LTA) from
Gram-positive bacteria (e.g. S. pneumoniae) and mycobacteria (Harju et al., 2001; Means et
al., 2001; Knapp et al.,, 2004), and to some rare LPS species such as that from
Porphyromonas gingivalis (Martin et al., 2001). TLR4 is crucial for effective host cell
responses to Gram-negative bacterial lipopolysaccharide (LPS) (Poltorak et al., 1998;
Hoshino et al., 1999; Hirschfeld et al., 2000). Furthermore, TLR4 has been shown to be
involved in the recognition of endogenous ligands, such as heat shock proteins (HSP60 and
HSP70), the extra domain A of fibronectins, oligosaccharides of hyaluronic acid, heparan
sulfate and fibrinogen, but all these ligands require very high concentrations to activate TLR4

(Gao and Tsan, 2003).

Figure 1.2. Toll-like receptors (TLRs) and their ligands (Lata and Raghava, 2008. BMC
Genomics, 18; 9: 180).
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Receptors involved in M. tuberculosis pattern recognition include the mannose receptor,
complement receptors (CR) CR1, CR3, and CR4 (Schlesinger, 1993), and Toll-like receptors
TLR2 and TLR4. Both TLR2 and TLR4 can mediate cellular activation by M. tuberculosis,
specifically, soluble heat-stable and protease-resistant factors via the TLR2 pathway and
heat-sensitive membrane-associated factors via both receptors (Lien et al., 1999; Means et

al., 1999).

It has been demonstrated that TLR2 can mediate mycobacterial lipoprotein-induced
mechanisms including mycobacterial killing and apoptosis (Aliprantis et al. 1999; Brightbill
et al., 1999; Underhill et al., 1999a; Underhill et al., 1999b; Thoma-Uszynski et al., 2000;
Thoma-Uszynski et al., 2001). Documented in vitro studies have shown opposing outcomes
from antigen-presenting cells (APC) following interaction of their surface TLR2 with M.
tuberculosis. Studies that have used Chinese hamster ovary (CHO) cells as a transfection
model demonstrated that the expression of TLR2 or TLR4 conferred responsiveness to both
virulent and attenuated M. tuberculosis (Means et al., 1999). TLR4 plays an ambiguous role
with some studies showing no effect of its deficiency (Abel et al., 2002), while in others it
resulted in impaired clearance of tuberculosis and increased mortality (Drennan et al., 2004;

Chaudhuri et al., 2005).

Other TLRs may be involved in immune recognition of M.tuberculosis besides TLR2 and
TLR4. Usually TLR2 forms heterodimers with either TLR1 or TLR6 necessary for signal
transduction (Ozinsky et al., 2000; Bulut et al., 2001), and TLR9 recognizes unmethylated
bacterial or viral cytosine-phosphate-guanine DNA (CpG-DNA) (Hemmi et al., 2000). It
appears that TLR9 also activates effective Thl responses during M. tuberculosis infection in
mice. Double deficiency in TLR9 and TLR2 has shown enhanced susceptibility to the
mycobacteria, but this phenomenon in mice lacking either TLR2 or TLR9 alone has not been
observed. It is therefore concluded that TLRs collaborate in the host to regulate responses to

mycobacterial infection in the lung (Bafica et al., 2005).

1.1.6 Monocytes/ Macrophage

Monocytes and macrophages are critical effectors and regulators of inflammation and the
innate immune response. They are regarded as the immediate arm of the immune system
(Geissmann et al., 2010). Monocytes represent a subgroup of leukocytes originally described

as a population of bone marrow-derived myeloid cells that circulate in the blood (Van Furth
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and Cohn, 1968). They are equipped with chemokine receptors and adhesion receptors that
mediate migration from blood to tissues during infection and also produce inflammatory
cytokines and take up cells and toxic molecules. They can also differentiate into
inflammatory dendritic cells (DCs) or populate tissues as macrophages during inflammation
in the steady state (Serbina et al., 2008). The functional heterogeneity of these cells is shown
in Figure 1.3 (page 10).

The macrophages become long-lived cells and develop specialized functions once they have
differentiated. Their numbers are maintained by resistance to constitutive apoptosis (Murphy
et al., 2008a), recruitment of further monocytes from blood and/or replication of local
intermediates which is dependent on the prevailing stimulus and anatomical location (van oud

Alblas and van Furth, 1979; Landsman and Jung, 2007).

Macrophages are prodigious phagocytic cells that clear approximately 2 x 10'" erythrocytes
each, making a vital metabolic contribution of recycling almost 3kg of iron and haemoglobin
per year for the host to reuse (Kono and Rock, 2008), while most of the phagoytosis that
occurs on a daily basis by macrophages does not depend on other immune cells. The main
function of macrophages is to clear the interstitial environment of extraneous cellular material
which makes them function not as elite immune effector cells, but instead as common

‘janitorial’ cells (Zhang and Mosser, 2008).

Macrophages provide an innate, antigen-nonspecific first line of defense against infection
caused by the microorganisms that enter the body by engulfing and destroying them through
phagocytosis (Gordon, 1999). Bacteria are an important and highly diverse class of human
pathogens which are recognized by macrophages. However, these pathogens have developed
many mechanisms to avoid elimination by innate immunity, hence their ability to propagate
(Pieters, 2001). Macrophages that have bound and ingested microorganisms, but have failed
to destroy them, contribute to adaptive immune responses by presenting these foreign

antigens to naive T cells (Gordon et al., 2000).

Clearly, the macrophage is both the primary target of M. tuberculosis, as well as being a key
effector cell in the eradication of this microbial pathogen. However, the macrophage is
dependent on efficient assistance from the Thl cell to promote effective clearance of

intracellular M. tuberculosis. Decreased numbers and/ or defective function of Thl cells
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results in chronic infection, characterised by an ineffective chronic inflammatory response in
the airways, which, if not successfully treated, results in progressive pulmonary damage
(Wilson et al., 1998; Orme and Cooper, 1999; Saunders and Cooper, 2000). This is due to the
chronic release of indiscriminate toxic ROI and proteases from activated macrophages, which
will also ultimately promote extra-pulmonary dissemination of M. tuberculosis. Effective
antimicrobial chemotherapy of established M. tuberculosis infection requires the use of
antimicrobial agents which are not only active against this microorganism, but which

penetrate the infected macrophage and are bioactive intracellularly.

Antigen Presentation

Antimicrobial

Antigen/Antibody

\_ﬂ:wth factors

Bone Resorbtion Wound Healing

Phagocytosis

Figure 1.3. Functional heterogeneity in resident and recruited macrophages (Chawla, 2010.
Circulation Research. 106:1559-1569).
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1.1.6.1 Adaptation of macrophages to MTB infection

Hosts identify invading microorganisms by use of the proteins called pathogen-associated
molecular patterns (PAMPs), found on the cells of the innate defense system such as
macrophages. They have also evolved mechanisms to identify these patterns through the
action of pattern recognition receptors (PRRs) (Janeway Jr., 1989; Akira et al., 2006). PAMP
signatures for pathogenic mycobacteria include CpG DNA, 19 kDa lipoprotein,
lipoarabinomannan (LAM) and mannosylated phosphatidylinositol (PIM) (Ryffel et al.,
2005).

As mentioned earlier, TLRs are regarded as an important class of evolutionarily conserved
pathogen recognition receptors with a role that goes beyond recognizing pathogens. They are
also able to trigger host defense mechanisms against invading microbes (Krutzik and Modlin,
2004). Macrophage responses include up-regulation of phagocytosis of bacteria, promotion of
phagosome maturation and expression of pro-inflammatory cytokines (Blander and
Medzhitov, 2004; Doyle et al., 2004). These responses occur upon TLR stimulation which
has also been reported to promote phagosomal maturation via activation of p38 MAP kinase

in a MyD88 dependent signaling relay (Blander and Medzhitov, 2004).

In recent studies, autophagy was recognized as one of the host responses to infection and also
proposed as a component of innate immune mechanisms, although it was previously
unappreciated (Gutierrez et al., 2004). Autophagy is the cellular process by which a cell
degrades its own intracellular compartments, including parts of the cytoplasm, leaky
mitochondria, and excessive peroxisome, into double membrane structures called
autophagosomes, and promotes their delivery to lysosomes. Studies in mice have shown that
stimulation of autophagy through pharmacological, physiological or immunological means
results in elimination of intraphagosomal mycobacteria in infected cells (Shintani and

Klionsky, 2004).

1.1.6.2 Activation of macrophages

Macrophages are activated by pathogens which are engulfed, resulting in the initiation of
inflammatory responses. As mentioned above, these cells express receptors for many
bacterial components, including bacterial carbohydrates (mannose and B-glucan receptors),

lipids (LPS receptor) and other pathogen-derived components (Toll-like receptors (TLRs) and
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scavenger receptor-A (SR-A) (Gordon and Hughes, 1997). Binding of bacteria to
macrophage receptors stimulates the phagocytosis and uptake of pathogens into intracellular
vesicles, where they are destroyed. Signaling through these receptors in response to bacterial
components causes the secretion of ‘pro-inflammatory cytokines’ such as interleukin-1f (IL-

1B), IL-6, and tumor necrosis factor-a. (TNF-a.).

Nrampl, a gene which codes for natural-resistance-associated macrophage protein (Nramp) is
also involved in macrophage activation and mycobacterial killing (Blackwell et al., 2000).
This integral membrane protein belongs to a family of metal ion transporters. These metal
ions, particularly Fe®, are involved in macrophage activation and generation of toxic

antimicrobial radicals (Zwilling et al., 1999).

A well-established feature of cellular immunity to infection with intracellular pathogens such
as M. tuberculosis and HIV is the classical pathway of activation of macrophages. The
understanding of this type of activation dates from studies in the 1960s which have shown
that such pathways depend on the products of specifically activated T helper (Thl)-type
lymphocytes and natural killer (NK) cells- in particular, interferon-y (IFN-y) and a cytokine
network involving interleukin (IL)-12 and IL-18, which are produced by antigen-presenting
cells (APCs) (Dalton et al., 1993). Other molecules which have macrophage-activating
activity include tumour necrosis factor-alpha (TNF-a) and granulocyte-macrophage colony
stimulating factor (GM-CSF). These molecules also promote human macrophage anti-

tuberculosis activity (Denis and Ghadirian, 1990; Denis et al., 1990).

The concept of an alternative pathway of macrophage activation is less well defined. During
this activation, IL-4 and IL-13 cytokines are produced generally in a Th2-type response,
particularly in allergic, cellular and humoral responses to parasitic and extracellular
pathogens. The effects of these cytokines on macrophages have been grouped together with
those of IL-10, as being deactivating (Ehrt et al., 2001). This is associated with transition

from the M1 to M2 phenotype. Pathways of macrophage activation are shown in Figure 1.4

(page 13).
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Figure 1.4. Innate and acquired immune activation of macrophages (Gordon, 2003. Nature

Reviews: Immunology. 3: 23-35).

1.1.6.3 Antimicrobial mechanisms of macrophages

Mechanisms of intracellular killing of M. tuberculosis by macrophages are not fully
understood, but these cells are able to create the hostile environment of the acidified phago-
lysosome containing a host of bacterial enzymes, and direct bactericidal effector functions
which include generation of reactive nitrogen and oxygen intermediates (RNI and ROI)
(Chan et al., 1992; Chan et al., 1995; Nathan and Shiloh, 2000; Raja, 2004). In mouse models
of TB infection, the actions of inducible nitric oxide synthase (iNOS) and the release of nitric
oxide (NO) represent a powerful and necessary antimycobacterial defense mechanism (Chan
et al., 1992; Chan et al., 1995; MacMicking et al., 1997). It has not been possible, however,

to consistently demonstrate NO-mediated killing in human macrophages (Rockett et al.,
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1998; Thoma-Uszynski et al., 2001), although iNOS has been detected in macrophages from

human disease lesions (Nicholson et al., 1996).

As mentioned earlier, several studies have explored the role of autophagy, a repair
mechanism of eukaryotic cells in host defense against infectious agents (Deretic et al., 2006).
This mechanism is frequently associated with cell starvation and has been shown to eliminate
intracellular bacteria through the delivery of ubiquitin-derived peptide to the mycobacterial
vacuoles (Gutierrez et al., 2004; Alonso et al., 2007). Autophagy connects with apoptosis
through several pathways (Deretic et al., 2006). It is assumed that when macrophages
infected with M. tuberculosis fail to kill this pathogen by autophagy, then the host uses

apoptosis as an alternative strategy to eliminate the intracellular bacteria (Duan et al., 2002).

1.1.6.4 Respiratory burst of macrophages

Macrophages have important roles in maintaining the normal physiology of tissues by
secreting growth factors, contributing to the immune surveillance by killing of tumors, and as
antigen presenting cells. They also play a critical role in the regulation of inflammation by
initiating the process through secretion of pro-inflammatory cytokines and then resolving it
through phagocytosis of apoptotic and necrotic cells. Macrophages express a functional
nicotinamide adenine dinucleotide phosphate reduced (NADPH) oxidase, although they are
also armed with an array of non oxidant-dependent tools for killing tumor cells and microbes.
The oxidative mechanisms are generally implied to be involved in the killing process, but
only a few studies have clearly demonstrated a requirement for the respiratory burst in

macrophage killing (Forman and Torres, 2001).

Macrophages also produce nitric oxide (NO) by a high-output form of nitric oxide synthase,
iINOS2. Superoxide is generated by a multi-component, membrane-associated NADPH
oxidase during the respiratory burst caused by a transient increase in oxygen consumption;
the superoxide is then converted into H,O, by the enzyme superoxide dismutase. Further
chemical and enzymatic reactions produce a range of toxic chemicals from H,O,, including
the hydroxyl radical (¢OH), hypochlorite (OCI") and hypobromite (OBr’) (Murphy et al.,
2008Db).
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1.1.7 Cytokine production in MTB infection

As mentioned earlier, cytokines are members of a large family of secreted proteins that bind
immune cells through specific receptors, which then signal the cell via second messengers,
often tyrosine kinases, to alter gene expression and thereby cell behavior (Balaram et al.,
2009). The production of these proteins results in the activation of an intracellular signalling
cascade that mediates and regulates immunity, inflammation, and hematopoiesis (Russell,
2007). Cytokines are usually short-lived, produced locally in response to a stimulus, either
acting in an autocrine, exocrine, or endocrine fashion. Interaction of M. tuberculosis with the
TLRs on macrophages and dendritic cells leads to cell activation and production of cytokines
and chemokines (Salgame, 2005; Ulrichs and Kaufmann, 2006; Russell, 2007). This cytokine
network is responsible for inducing the inflammatory response and the outcome of

mycobacterial infections (Van Crevel et al., 2002).

1.1.7.1 Pro-inflammatory cytokines

The protective immune response to M. tuberculosis infection relies mostly on the production
of pro-inflammatory, or Thl cytokines, which are produced mainly by Th1 lymphocytes. One
of the key activators of macrophages produced by the Thl cells is interferon gamma (IFN-y)
(Flesch and Kaufmann, 1987a; Champsi et al., 1994; Lake et al., 1994). As alluded to earlier,
IFN-y plays a protective role in M. tuberculosis infection (Flesch and Kaufmann, 1987b),
primarily in the context of antigen-specific T-cell immunity (Andersen, 1997). It is well
known that IFN-y control of macrophage activation is associated with microbicidal and
tumoricidal activity (Bloom and Bennett, 1970; David, 1973) by up-regulating lysozymal

proteolytic enzymes and oxygen radicals (Hu and Ivashkiv, 2009).

Thl cells produce additional cytokines, most notably TNF-o and granulocyte-macrophage
colony-stimulating factor (GM-CSF), which stimulates granulocyte and macrophage
maturation (McGeachy and Cua, 2008; Ouyang et al., 2008). IL-3 is also a member of this
large group of cytokines, and is characterised by its ability to stimulate the development of
various lineages of hematopoietic cells in vitro. It was originally referred to as a multi-colony
stimulating factor due to its interaction with immature multipotential hematopoietic
progenitors as well as with lineage-committed progenitors in colony assays (Arai et al.,

1990). IL-3 is now known to share many of its functions with the GM-CSF (Metcalf, 1991).
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IL-12 is produced mainly by phagocytic cells, and phagocytosis of M .tuberculosis bacilli
seems necessary for the production of this cytokine (Fulton et al., 1996; Ladel et al., 1997). It
also has an important role in the induction of IFN-y production (O’Neill and Greene, 1998).
Early studies demonstrated that mice deficient in the p40 component of IL-12 were highly
susceptible to M. tuberculosis infection (Flynn et al., 1995a). The bacterial burden was
increased and was associated with a decrease in survival time probably due to the reduction

of IFN-y production (Cooper et al., 1997).

TNF-a is a pleiotropic cytokine produced primarily by monocytes, macrophages, and
dendritic cells, as well as by Thl cells (Henderson et al., 1997, Dempsey et al., 2003). It
synergizes with IFN-y in macrophage activation and also plays an important role in the host
immune response to infection with M. tuberculosis. TNF-a is known to be essential for the
formation of protective tuberculous granulomas, which serve to control bacterial infection
(Roach et al., 1999). Studies on TNF-a-receptor-knockout mice showed decreased survival
and disrupted granuloma formation compared to wild-type mice following infection with
virulent M. tuberculosis (Flynn et al., 1995b). In addition, TNF-a-deficient mice became
highly susceptible to reactivation of TB infection (Marino et al., 1997; Botha and Ryffel,
2003).

1.1.7.2 Anti-inflammatory cytokines

The Th2 cytokine profile involves IL-4, IL-5, IL-13, IL-10, and transforming growth factor
beta (TGF-B) (Van Crevel et al., 2002). These cytokines typically induce humoral type
responses and are usually involved in immune responses to helminths, allergies and low-dose
antigens (Jancovic et al., 2001). These anti-inflammatory or Th2 cytokines antagonize the
pro-inflammatory responses which are initiated by M. tuberculosis and also act as antagonists
of macrophage activation (Van Crevel et al., 2002; Rook, 2007). Stimulation of Th2 activity
and the induction of B cells to secrete IgE and IgG, are ascribed to 1L-4, while it suppresses
the production of IFN-y (Powrie and Coffman, 1993; Lucey et al., 1996). Data from two
studies demonstrated that IL-4 deficient mice displayed normal instead of increased
susceptibility to mycobacteria, suggesting that [L-4 may be a consequence rather than the
cause of development of TB (Erb et al., 1998; North, 1998). Another study on IL-4 KO mice
showed contradictory results in which the granuloma size was increased and there was also

mycobacterial outgrowth after airborne infection (Sugawara et al., 2000).
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IL-10 is produced by macrophages and T cells after phagocytosis of M. tuberculosis. This
cytokine possesses macrophage-deactivating properties and antagonizes pro-inflammatory
cytokine responses by down-regulation of production of IFN-y, TNF-a, and IL-12 (Gong et
al., 1996; Fulton et al., 1998; Hirsch et al., 1999; Rojas et al., 1999).

TGF-B is produced by human monocytes after stimulation with M. tuberculosis (Toossi et al.,
1995a). Production of this cytokine is also selectively induced by LAM from virulent
mycobacteria (Dahl et al., 1996). TGF-B has the ability to down-modulate macrophage
effector functions such as the production of ROI and RNI and is therefore thought to play a
role in the pathogenesis of TB (Toossi et al., 1995a; Toossi et al., 1995b; Dahl et al., 1996).
TGF-pB and IL-10 seem to synergize within the anti-inflammatory response. IL-10 production
is selectively induced by TGF-f3, and both cytokines demonstrate synergy in suppressing the
production IFN-y (Othieno et al., 1999).

1.1.8 Chemokines

Chemokines are small 8-10 kDa chemotactic cytokines, which bind to pertussis toxin
sensitive G-protein coupled receptors, inducing actin dependent processes such as membrane
ruffling, pseudopod formation and assembly of adhesion complexes (Scott Algood et al.,
2003). These molecules contribute to cell migration and localization, as well as modulating
priming and differentiation of T cell responses (Bonecchi et al., 1998). Chemokines act both
as constitutive signals, functioning to form secondary lymphoid tissues, and as inducible
signals in response to physiological stress, such as inflammatory stimuli including infection
(Scott Algood et al., 2003). It is believed that chemokines are involved in the pathogenesis of
several lung diseases, such as asthma, tuberculosis, sarcoidosis, and chronic bronchitis, where
they recruit leukocytes to the inflammatory site (Miotto et al., 2001). Functional
consequences of chemokine receptor activation are not limited to locomotion as these
molecules also affect granule exocytosis, gene transcription, mitogenic effects and apoptosis

(Thelen, 2000).

The known chemokine system in humans is estimated to consist of approximately 50
mediators and 20 G protein—coupled receptors. Many cell types including endothelia, smooth
muscle cells, stromal cells, neurons and epithelial cells express chemokine receptors,
although the primary targets of chemokines are the bone marrow-derived cells (Rollins,

1997). Chemokines segregate into four families based on the differences in their structure and
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function (Handel and Domaille, 1996; Luster, 1998; Gerard and Rollins, 2001; Rot and von
Andrian, 2004; Cyster, 2005), C-X-C, C-C, C, and C-X3-C, depending on the number and
spacing of conserved cysteine residues (Kelner et al., 1994; Prieschl et al., 1995; Bazan et al.,
1997).

One major family is named the C-C chemokines because the first two of the four cysteine
residues in these molecules are adjacent to each other. These chemokines include monocyte
chemotactic protein-1 (MCP-1), also termed chemokine ligand CCL2 in the systematic
nomenclature, macrophage inflammatory protein (MIP)-la (CCL3), MIP-1p (CCL4), and
regulated on activation normal T cell expressed and secreted (RANTES/ CCL5) (Adams and
Lloyd, 1997; Proudfoot et al., 2003). C-C chemokines predominantly exert activating and

chemotactic effects on eosinophils, lymphocytes, and monocytes (Miotto et al., 2001).

A second family of chemokines consists of CXC chemokines in which two cysteine residues
are separated by a single amino acid. CXC chemokines include IL-8 (CXCLS8), which is the
prototype, and recruit neutrophils and lymphocytes to sites of acute inflammation. CXCLS8 is
also involved in the activation of monocytes and may direct the recruitment of these cells to

vascular lesions (Gerszten et al., 1999; Huo et al., 2001).

The third family is the CX3C, which consists of only one member called fractalkine
(CX3CL1) (Bazan et al., 1997; Pan et al., 1997). The CX3CL1 domain is fused to a mucin-
like stalk and transmembrane and cytoplasmic regions, which forms a cell-adhesion receptor
capable of arresting cells under physiologic flow conditions (Fong et al., 1998; Haskell et al.,
1999). The sole member of the fourth family, lymphotactin (XCL1), has a single cysteine

residue (Kelner et al., 1994). The different families of chemokines are shown in Table 1

(page 19).

Participation of chemokines in the control of M. tuberculosis infections has been investigated
to a limited extent. Several studies have addressed the role of IL-8, which attracts neutrophils,
T-lymphocytes, and possibly monocytes. It was demonstrated that macrophages that had
phagocytosed M. tuberculosis or were stimulated with LAM, produced IL-8 (Zhang et al.,
1995; Juffermans et al., 1999). Other chemokines that are involved in the host response to
tuberculosis include monocytes chemoattractant protein-1 (MCP-1), which is produced by

and acts on monocytes and macrophages and RANTES. A study on mice showed that
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deficiency of MCP-1 inhibited the formation of granuloma (Lu et al., 1998). In studies done
on patients with TB, concentrations of MCP-1 were found to be elevated in alveolar lavage
fluid (Kurashima et al., 1997), serum (Juffermans et al., 1999), and pleural fluid (Mohammed
et al., 1998). Development of M. bovis induced pulmonary granulomas in murine models has
been associated with the expression of RANTES (Chensue et al., 1999).In in vitro studies in
which human alveolar macrophages were infected with M. tuberculosis, monocytes, lymph
node cells and BAL fluid from patients released high levels of RANTES, MCP-1 MIP1-a
and IL-8 as compared to healthy controls (Kurashima et al., 1997; Sadek et al., 1998).

Chemokines
CXCLE (Interleukin-8)

CXCLE
CCL2 (MCP-1)
CCL2, CXCLE, CCL3 (MIP1g), CCLS (RANTES)

CCL3, CCL4 (MIP1p), CCLS
CXCLY (Mig). CXCL10 (IP-10), CXCL11 (I-TAC)

Table 1.1. Chemokines in human tuberculosis (Peters and Ernst, 2003. Microbes and

Infection. 5:151-158).
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1.1.9 History of chemotherapy of MTB infection

One of the greatest works on TB was performed by Robert Koch 1882, an esteemed scientist
of his time. His experimental work identified the bacterium as the TB etiological agent and
also led to the discovery of a TB therapeutic drug named tuberculin which was announced in
1890. This discovery allowed researchers to focus efforts on development of new and more
efficient therapies to treat TB patients. Another great discovery, made in 1908, was the BCG
(Bacille Calmette-Guérin) intradermal vaccine which became widely used to combat TB; this
strategy relies on a prophylactic administration of live attenuated bacilli to newborns and

young children to help protect them from developing severe disseminated TB (miliary TB).

One of the most remarkable achievements of the twentieth century was the development of
chemotherapeutic agents for the treatment of microbial diseases. The era of the ‘“anti-
microbials” began with the discovery of the sulphonamides in the 1930’s (Greenwood, 1997).
From then to the current date, discoveries of many other antimicrobial agents have been made
and a number of these have now become established drugs used as treatment for
mycobacterial infections. These are shown in Table 2 (page 23) (Davidson and Le, 1992;
Tillotson, 1996; Grange, 1997; Watt, 1997). Drugs used to target and specifically treat the
causative agent became available for the first time only in 1944 when streptomycin was
discovered by Selman Waksman (Waksman, 1944; Hinshaw and Feldman, 1945). This was
soon followed by para-aminosalicylic acid (PAS) in 1949, isoniazid in 1952, the discovery of
rifampicin in the late 1960s and the rediscovery of the antimycobacterial activity of
pyrazinamide soon after. These discoveries were major breakthroughs in the treatment of
tuberculosis as some of them made it feasible to shorten the duration of treatment

considerably (Fox, 1981; Fox et al., 1999).

Observations from both animal and human studies have suggested that a patient with
tuberculosis can harbour four hypothetical populations of organisms (Parrish et al., 1998).
The currently available anti-tuberculosis drugs are proposed to have three major actions
(Mitchison, 1979). Firstly, their bactericidal action, which is the ability to kill actively
growing bacilli rapidly, and often this ability, is assessed by the decrease in quantitative
sputum culture bacillary count in the first few days of treatment. Secondly, their sterilising
action, which is the ability to kill persisters under acid inhibition or with spurts of

metabolism, and this is revealed by the ability to prevent relapse or its proxy marker, such as
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2-month sputum culture conversion rate (Mitchison, 1993). And thirdly is their ability to

prevent the emergence of bacillary resistance to drugs.

In order to treat tuberculosis successfully, prolonged administration of a minimum of three
drugs to which the organisms are susceptible, and at least one drug which is bactericidal, is
required. It was evident from early clinical trials that monotherapy led to the spontaneous
emergence of drug resistance in a small number of tubercle bacilli, with even the most potent
bactericidal drugs and this also led to failure of the treatment (Centers for Disease Control,
1994; Department of Health and Human Services, 1994; De Cock et al., 1995). From the late
1960s, chemotherapy involved the administration of a combination of multiple drugs as this

appeared more effective for treating tuberculosis (Mitchison, 2005).

Antibiotics against TB can be classified into two lines of combination treatment namely, the
first line drugs, i.e. isoniazid, rifampicin, pyrazinamide, ethambutol, and streptomycin, while
the second line drugs which are dictated by the development of drug resistance to the first
line agents, but these drugs have less efficacy and greater toxicity (British Medical

Association and Royal Pharmaceutical Society of Great Britain, 2006).

The following are considered the most effective and extensively used drugs at this time for
the treatment of tuberculosis. Isoniazid is the most potent bactericidal drug available, killing
more than 90% of bacilli within 7 days and is particularly effective against actively growing
organisms (Dean et al., 2002). It is a relatively non-toxic, ecasily administered, and
inexpensive drug which is also effective in preventing the emergence of drug resistance. The
mechanism of action for this drug is complex and includes the inhibition of mycolic acid
synthesis (Davis, 2007). Hepatotoxicity is one of the frequently reported adverse effects of
isoniazid. The increase in probability of this side effect is associated with patients with a

history of excessive alcohol consumption or hepatitis infection (Watts and Lifeso, 1996).

Rifampicin is a bactericidal drug with a potent sterilizing effect and the ability to prevent
emergence of drug resistance. The mechanism of action for this drug involves the inhibition
of DNA-dependent RNA polymerase. The most common adverse reaction is gastrointestinal

upset, but mild jaundice may also occur (Watts and Lifeso, 1996; Dean et al., 2002).
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Pyrazinamide, although bactericidal for M. tuberculosis as well, is used mostly for its
sterilising effect, and its efficacy for killing bacilli sequestered by macrophages in an acid
environment. The exact mechanism of action for this drug is uncertain, but inhibition of fatty
acid synthesis in M. tuberculosis has been reported. Side effects include hepatotoxicity, gout,
and labile blood sugar measurements in diabetes (Watts and Lifeso, 1996; Dean et al., 2002).

Ethambutol is a less potent, bacteriostatic drug. This drug works by inhibiting incorporation
of mycolic acids into cell wall and interfering with an enzyme involved in the synthesis and
stabilisation of RNA. The most frequent and serious adverse effect is retrobulbar neuritis,
with symptoms including blurred vision, central scomata, and color blindness (Watts and

Lifeso, 1996; Dean et al., 2002; Davis, 2007).

Streptomycin is also a less potent bactericidal drug. This antibiotic can play a role in HIV-
infected patients who show an increased risk of drug resistance (Dean et al., 2002). The mode
of action of this drug has been mostly studied in E. coli. The drug’s mechanism of action in
mycobacteria is comparable to that in E. coli, with early data pointing to the inhibition of
protein synthesis by this antibiotic (Winder, 1982). The most common serious side effect is
ototoxicity, which usually results in vertigo and patients may also develop pruritis and skin

rash (Watts and Lifeso, 1996; WHO, 2003).

Drugs used in the second line combinations include fluoroquinolones such as sparfloxacin,
ofloxacin, levofloxacin, moxifloxacin and ciprofloxacin (O’Brien and Vernon, 1998; Davis,
2007) and three most potent injectables (second-generation aminoglycosides such as
kanamycin and amikacin, and cyclic polypeptides such as capreomycin) (Shah et al., 2007).
Other drugs that are useful and included in this group are para-aminosalicylic acid, which is
involved in the inhibition of folate metabolism, cycloserine and ethionamide (Davis, 2007).
Second line drugs are more toxic and their level of tolerance in patients is less compared to
the first line agents, hence recommendation for their use should be through consultation with
a specialist in the treatment of tuberculosis. These drugs are mostly used in MDR-TB or

XDR-TB cases (Watts and Lifeso, 1996).
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Broad Spectrum Agents

Cycloserine
Fluoroquinolones
Macrolides
Rifamycins
Streptomycin
Narrow Spectrum (anti-mycobacterial) Agents
Capreomycin
Clofazimine
Dapsone
Ethambutol
Ethionamide

Isoniazid
Isoxyl/Thiocarlide
Para-aminosalicylic acid
Pyrazinamide

Thiacetazone

Table 1.2. Drugs used or under investigation at that time for the therapy of mycobacterial

infections (Chopra and Brennan, 1998. Tubercle and Lung Disease. 78(2): 89-98.
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The most extensively used chemotherapeutic strategy for pulmonary TB in adults or children
involves taking rifampicin, isoniazid, pyrazinamide and ethambutol for 2 months followed by
a further 4 months of rifampicin and isoniazid (Fox and Mitchison, 1976; Neft, 2003;
National Collaborating Centre for Chronic Conditions, 2006). Results from both trial and
routine clinical use of this standard regime have shown to have cure and completion rates of
more than 95% and relapse rates of 0-3% (Ormerod and Horsfield, 1987; Ormerod et al.,
1991). Regimens of shorter periods have been associated with higher relapse rates (Gelband,

2000).

The worldwide emergence of MDR and XDR strains of M. tuberculosis has posed a serious
concern about the continued ability to contain this disease (Barry 3 and Blanchard, 2010).
The magnitude of both MDR and XDR-TB results from their poor response to available
therapeutic regimens. Drugs that are used as treatment are less effective, more toxic and
much more expensive compared to those used in treatment of patients with drug susceptible
tuberculosis (Iseman, 1993). Hence, in more recent years efforts have been directed at
development of tuberculosis control programmes and multidrug regimens aimed at
preventing the spread of tuberculosis, MDR and XDR M. tuberculosis infections (Bass et al.,
1994; Bloch et al., 1994; Mitchison, 1998). Most activity has been centred within academic
and governmental laboratories, as opposed to the biotechnology or large pharmaceutical
industries (Barry 3rd, 2001; Spigelman, 2007; Ma and Lienhardt, 2009). Furthermore, there
has been resurgence in interest in identifying new formulations that make use of drug-loaded
microspheres (Quenelle et al., 2001) and newer drug combinations in order to increase their
therapeutic potency and to reduce the toxicity of these anti-mycobacterial agents (Cavalieri et

al., 1995; Abate and Hoffner, 1997; Wiid et al., 1999).

1.1.10 Clofazimine

The clofazimine development program began with large-scale screening of substances
extracted from lichens such as usnic acid, roccellic acid, and diploicin. Diploicin, was the
first organic chlorinated compound that occurred in nature which was shown to have
inhibitory effects against M. tuberculosis in vitro at 1/100000 dilutions, but was inactive in
animal models, and this prevented further development of this compound. However,
molecular structure/ function studies identified a compound, termed B283, which
demonstrated in vivo activities against leprosy and urinary tuberculosis, but with evidence of

toxicity (Lane, 1951; Allday and Barnes, 1952). One chlorinated derivative of B283, known
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as clofazimine or B663 demonstrated high activity against M. tuberculosis in murine models
of experimental infection (Barry and Conalty, 1965), but very limited clinical trials in

humans produced poor results.

Clofazimine is a riminophenazine antibiotic that was first synthesized in 1954 as an anti-
tuberculosis lichen-derived compound. It was thought that this drug was ineffective against
mycobacterial infections until, in 1959, Chang demonstrated its effectiveness against leprosy.
In 1969 after clinical trials, the product was launched as Lamprene or B663 (Clofazimine,
2008). This drug has also found diverse clinical applications in several infectious and non-
infectious diseases, such as atypical mycobacterial infections, rhinoscleroma, pyoderma
gangrenosum (Michaelsson et al., 1976; Kaplan et al., 1992), necrobiosis lipoidica, severe
acne, pustular psoriasis, and discoid lupus erythematosus (Markey and Barnes, 1974).
Clofazimine acquired new prominence as a component of therapy in the treatment of
Mycobacterium avium infections in AIDS patients (Agins et al., 1989), although its efficacy is

questionable.

Although clofazimine is highly effective against M. tuberculosis in vitro, as well as in murine
models of experimental, disseminated TB, it is of limited, if any, value in the treatment of TB
in humans. This is probably due to the pharmacokinetic properties of this riminophenazine
antimicrobial agent, which appears to have poor penetration into the airways. Consequently,
current efforts are focused on the development of clofazimine nanoparticles, which can be

delivered directly into the airways.

1.1.10.1 Structure and Pharmacology

Clofazimine [3-(p-chloroanilino)-10-(p-chlorophenyl)-2,10-dihydro-2-(isopropylimino)-
phenazine], the molecular structure of which is shown in Figure 1.5 (page 30), belongs to a
group of phenazines consisting of substituents on the N, N3, and C;-atoms, which were
termed riminophenazines by Barry and co-workers (Barry et al.,, 1957; British
Pharmacopoiea Commission, 1988; Dollery, 1991). This compound is practically insoluble in
water and other non-acidic aqueous solutions (Morrison and Marley, 1976[a; b]), but is
soluble in dilute acetic acid, and in small parts in chloroform, ethanol, and ether
(Clofazimine, 2008). Clofazimine is highly lipophilic, and can slowly build up in the plasma
and then concentrate mainly in the cells of the monocyte/ macrophage system, and fat cells in

adipose tissues (Conalty and Jackson, 1962; Conalty, 1966; Vischer, 1969; Conalty et al.,
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1971). It has been estimated that clofazimine needs 70 days to reach a steady-state plasma
concentration and this correlates with the long time taken to achieve clinical efficacy

(Banerjee et al., 1974; Venkatesan, 1989).

The crystalline form of clofazimine has been detected in bone, muscle, skin, heart, eye,
galbladder, and nervous tissues with the highest levels found in the spleen, liver, lung, and
mesentery (Vischer, 1969; Mansfield, 1974; Desikan et al., 1975; Desikan and Balakrishnan,
1976; Kumar et al., 1987). Skin is the most common organ adversely affected by this drug,
where an orange-pink discolouration can be seen. This pigmentation disappears a few months
after treatment has ceased (Garrelts, 1991). The second most common cutaneous side effect is
ichthyosis (scaly patches) which progresses from general dryness of the skin and xerosis
(Caver, 1982). Only small traces of clofazimine can be detected in urine as most of it is
excreted through the faeces. Another clinically significant method of elimination is reported
to occur through sebum, perspiration, tears, semen and milk (Knable, 2001; Reddy et al.,
1999). Since up to 99% of clofazimine can be found in many tissues, it is believed that this

drug can remain in the body for years after administration has ceased (Banerjee et al., 1974).

1.1.10.2 Immunomodulatory Actions

The mode of action of clofazimine remains uncertain, although some reports have
demonstrated that it mainly alters the function of monocytes and macrophages. It also plays a
role in inhibiting of mobility of neutrophils, as well as lymphocyte proliferation, both
activities being dose-dependent (Knable, 2001). Clofazimine has also been reported to
stimulate oxygen consumption and generation of superoxide by neutrophils, as well as the
activity of phospholipase A, (PLA;), resulting in the release of lysophosphatidylcholine and
arachidonic acid from the neutrophil membrane. This mechanism is said to be similar to that
of interferon gamma (IFN-a), which also increases the activity of PLA, the enzymatic
hydrolysis products being toxic to Gram-positive organisms and mycobacteria (Arbiser and

Moschella, 1995; Lopez-Barcenas et al., 2005).

A study conducted by Sarracent and co-workers demonstrated that treatment of macrophages
with clofazimine induced an increase in the levels of lysosomal enzymes, which correlated
with morphological changes characterized by an increase in cell size and granularity. This
was proposed to underpin the increased capability of macrophages to kill intracellular

parasites (Sarracent and Finlay, 1982). Another study demonstrated that a 25 Kd
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glycolipoprotein derived from M. tuberculosis was capable of inhibiting the intracellular
killing ability of phagocytic cells. Clofazimine and B669 were reported to reverse the
immunosuppressive activity of this mycobacterial glycolipoprotein (Wadee et al., 1987;

Wadee et al., 1988; Wadee et al., 1995).

Other studies have reported that clofazimine stabilizes lysosomal membranes of macrophages
and induces the inhibition of Mycobacterium leprae metabolism in mouse peritoneal
macrophages (Sarracent and Finlay, 1982; Ramasesh et al., 1989). A study by van Rensburg
et al also demonstrated that clofazimine has anti-proliferative effects on various cancer cell
lines. Constant exposure to a-tocopherol, an antioxidant, was needed to antagonize the anti-

proliferative effect of clofazimine (Van Rensburg et al., 1993).

1.1.10.3 Antibacterial Actions

Even though clofazimine was described in 1957, the molecular/ biochemical mechanism of
its antimicrobial activity remains uncertain (Barry et al., 1957). However, the outer
membrane has been reported to be the probable primary site of action for this drug (De Bruyn
et al., 1996; Oliva et al., 2004; O’Neill et al., 2004; Shen et al., 2010; Yano et al., 2011).
This drug has a highly lipophilic nature and a redox potential of -0.18 V at pH 7. It has
therefore been proposed that intracellular generation of hydrogen peroxide by redox cycling
mechanisms may contribute to the antimicrobial activity of clofazimine by a mechanism that
involves oxidation of reduced clofazimine, leading to generation of the antimicrobial reactive
oxygen species and superoxide and hydrogen peroxide. However, it has also been reported
that clofazimine is capable of blocking the template function of DNA by binding to the
guanine bases of DNA, which leads to inhibition of bacterial proliferation (Morrison and
Marley, 1976a). The increase in the guanine and cytosine content of microbial DNA relative
to that of human DNA may explain the selective inhibitory effects of clofazimine on the

proliferation of microbial cells.
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Van Rensburg and co-workers also investigated the antimicrobial spectrum of clofazimine
and its analog B669, as well as the biochemical mechanism of the antimicrobial activities of
these agents. Their data demonstrated that exposure of Gram-positive bacteria to these
riminophenazines, may disrupt the cell membrane structure, making the integral
phospholipids more susceptible to attack by PLA,. These agents were shown to have
selective antimicrobial activities against Gram-positive bacteria, whereas Gram-negative

microorganisms were uniformly resistant (Van Rensburg et al., 1992).

Clofazimine has a high anti-tuberculosis activity, which was demonstrated by a low MIC
value for the H37Rv strain and a high efficacy against clinical isolates, including MDR-TB
strains (Reddy et al., 1999; De Logu et al., 2002; Cholo et al., 2006). Nevertheless, some
MDR-TB strains are resistant to clofazimine. The drug is suggested to interfere with the K"
transporters of M. tuberculosis either directly, or by membrane destabilizing mechanisms
(Steel et al., 1999; Cholo et al., 2006). It has a high redox potential, which may result in
intracellular generation of hydrogen peroxide and may also operate by interfering with
electron transport mechanisms (Niwa et al., 1984). In addition to antimicrobial mechanisms,
it has some anti-inflammatory and pro-oxidative activities as mentioned earlier (Durandt et

al., 1996).

Lately, Yano and colleagues revived the concept of intracellular redox cycling as a
mechanism of clofazimine-mediated antimicrobial activity. They reported that when
clofazimine is added, at minimum inhibitory concentration (MIC), to isolated membrane
fractions from M. smegmatis in the presence of the terminal cytochrome respiratory chain
inhibitor potassium cyanide and the oxidizable cofactor, NADH, serial oxidation of NADH,
reduction and oxidation of clofazimine and production of superoxide and hydrogen peroxide
occurred (Yano et al., 2011). As reported by Cholo et al. (2011), there are, however, two
possible caveats with respect to the mechanism of clofazimine-mediated antimicrobial
activity described by Yano et al (2011). Firstly, the magnitude of production of reactive
oxygen species by isolated membrane exposed to clofazimine in the absence of KCN was
substantially less than that observed in the absence of the respiratory chain inhibitor.
Secondly, isolated membrane fractions from S. aureus acted rather differently than those of
M. smegmatis, in which oxidation of NADH was actually inhibited by clofazimine at
concentrations of > 2 mg/L, compatible with the existence of additional mechanisms of

antimicrobial activity (Cholo et al., 2011; Yano et al., 2011).
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1.1.11 AIMS AND OBJECTIVES

1.1.11.1 Aim of the study

The current study was designed with the aim of establishing a procedure for the isolation of

monocytes from human peripheral blood and the subsequent maturation of these cells into a

homogeneous population of monocyte-derived macrophages by early exposure of monocytes

to the cytokine growth factors Interleukin (IL)-3 and granulocyte-macrophage colony-

stimulating factor (GM-CSF). These cells were then used to investigate the intracellular

bioactivity of locally-manufactured clofazimine nanoparticles against M. tuberculosis.

1.1.11.2 Hypothesis

Clofazimine nanoparticles prepared by mini-spray dry technology are more potent or
equivalent to the native, solubilized clofazimine with respect to intracellular
bioactivity against M. tuberculosis using infected, human monocyte-derived

macrophages.

1.1.11.3 Objectives

The primary objectives of the present study were as follows:

1l.

1il.

To determine the effects of IL-3 and GM-CSF, added to adherent, isolated human
blood mononuclear cells on the number of CD14-expressing cells (monocytes) and

their viability following a 7-day exposure to the cytokines.

To compare homogeneity (cell size/ volume, expression of surface markers of cell
activation — CD14, CD16) of cell populations 7 days after exposure to the cytokines

using flow cytometry.

To infect mature, synchronised monocyte-derived macrophages with M. tuberculosis
and measure the intracellular bioactivities of the two clofazimine preparations, using
colony counting procedures to determine the viability of bacteria released from

control and clofazimine-treated macrophages.
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Figure 1.5. Molecular structure of clofazimine [3-(p-chloroanilino)-10-(p-chlorophenyl)-
2,10-dihydro-2-(isopropylimino)-phenazine] (Gurfinkel et al., 2009. Journal of Drugs in
Dermatology. 8(9): 846-851).
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CHAPTER 2

2.1 MATERIALS AND METHODS
2.1.1 MATERIALS

2.1.1.1 Study subjects

This study was approved by the Research Ethics Committee of the Faculty of Health
Sciences, University of Pretoria (Protocol S157/2010). As stipulated in protocol S157/2010,
all blood donors, following prior informed consent had to undergo a blood pressure check
and an overall health assessment (questionnaire) by a qualified nursing sister. The informed
consent form was used only as a tool to screen the health of the donors and had no impact on
the experimental design analysis and the outcome. On satisfactory completion of the
informed consent/ health assessment procedures, venous blood was taken by the sister into a

sterile receptacle containing preservative-free heparin (5 units/ml blood).
2.1.1.2 Chemicals and Reagents

All reagents, unless otherwise stated, were purchased from the Sigma Chemical Co. and
Whitehead Scientific Pty Ltd. Media for differentiation and maintenance of macrophages
including RPMI-1640 media BioWhittaker®, the Penicillin, Streptomycin and Amphotericin
B (100X) (PSA) mixture, and Hanks Balanced Salt Solution with Ca™ (1.25 mM), Hanks
Balanced Salt Solution without Ca”™ were from Lonza (Walkerville, USA) and Highveld
Biological (Pty) Ltd, Lyndhurst, RSA) respectively.

2.1.1.3 Mycobacterial Strains

All the experimental work on M. tuberculosis intracellular infection of human monocyte-
derived macrophages in this study was performed using the M. tuberculosis H37Rv
laboratory strain (ATCC 26518), which was provided by the Inflammation and Immunity
Research Unit of the Medical Research Council, Department of Immunology, University of

Pretoria, South Africa.

-31-

© University of Pretoria



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
&

ﬂ UNIVERSITEIT VAN PRETORIA

A 4

2.1.1.4 Growth media

The M. tuberculosis H37Rv laboratory strain was grown in Middlebrook 7H9 medium
(Difco™, Becton Dickinson Co., MD, USA) which was prepared according to the
manufacturer’s instructions and supplemented with 10% Oleic Acid Dextrose Catalase
(OADC) enrichment (Difco™, Becton Dickinson Co., MD, USA ), 0.2% glycerol and 0.05%
Tween 80.

Middlebrook 7H10 medium (Difco™, Becton Dickinson Co., MD, USA) also prepared
according to the manufacturer’s instructions and supplemented with 10% OADC and 0.5%
glycerol was used for growing serial dilutions of lysates following infection and treatment of

macrophages to allow for the appearance of the colony-forming units (cfu).

2.1.1.5 Native and spray-dried clofazimine preparations

Native (Sigma Chemicals, Co.) and spray-dried clofazimine were used for testing of
intracellular activity in macrophages. The native clofazimine preparation was used to prepare
the spray-dried formulation, ensuring that both preparations (native and spray-dried) are
strictly comparable. The spray-dried formulation was kindly prepared by Dr Andre
Germishuizen (Medicine in Need, based at MRC Building, Pretoria). The clofazimine was
prepared by dissolving commercially-purchased powder in dimethyl sulfoxide (DMSO) to a
concentration of 2 mg/ml and used in the assays described in the methods at final

concentrations of 0.15 - 2.5 pg/ml which were prepared in double dilutions.

The spray-dried particles were prepared from clofazimine and excipient solutions to inhalable
size with a Buchi Mini Spray Dryer B-290 (Flawil, Switzerland) with drying air at a pressure
of 5-6 bar and a flow rate of 35 1. The clofazimine solutions were atomized by pumping at a
rate of 5-7 ml/min through a 0.7 mm pressure nozzle tip located above the inlet
chamber/cylinder. The inlet temperature and flow rates were optimised to result in a
minimum moisture content of the dried powder. Initial inlet temperature selection was 100-
140°C. Spray dried particles were collected in 6 inch collection vessels located at the bottom

of the high performance cyclone.
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2.1.2 METHODS

2.1.2.1 Isolation of mononuclear leucocytes

Mononuclear leucocytes (MNL) were obtained from venous blood (5 units of preservative-
free heparin /ml) of healthy adult volunteers. Monocytes were separated by collecting the
cell fraction at the plasma-ficoll interphase after a standard barrier centrifugation on
Histopaque®-1077 gradients at 1800 rpm for 25 minutes at room temperature. Following
centrifugation, the MNL layer was aseptically decanted into separate sterile tubes and diluted
1/5 in sterile phosphate-buffered saline (PBS, 0.15M, pH 7.4). After centrifugation at 1200
rpm for 10 minutes at 4 °C, the resultant MNL pellet was suspended in 20 ml of sterile, ice-
cold, 0.83% ammonium chloride and held on ice for 10 min to haemolyse contaminating
erythrocytes. Subsequent to another centrifugation step and discarding of the supernatant
fluid, the cells were suspended in sterile Hanks’ balanced salt solution (HBSS, indicator-free,
containing 1.25 mM CaCl,, pH 7.4, Highveld Biological, Johannesburg). The MNL
suspension (50 pl) was added to 0.45ml of leucocyte counting fluid, placed under the cover
slip of a haemocytometer and the number of MNL counted microscopically. To distinguish
between the various MNL sub-populations, the cell preparation was also analysed flow
cytometrically using a Beckman Coulter FC500 Flow Cytometer using the following
fluorochrome-labelled monoclonal antibodies (Beckman Coulter): CD3 (FITC), CD14 (PE),
CDI15 (FITC) and CD19 (PE) for analysis and enumeration of total T cells, monocytes,

granulocytes and B cells, respectively.

2.1.2.2 Separation and maturation of monocytes

Differential adherence to plastic, together with exposure to the growth factors IL-3 and GM-
CSF was used to separate monocytes from other types of MNL and to promote their
differentiation, respectively. MNL (30 ml of a 3 x 10’ MNL/ ml suspension in HBSS) was
seeded onto sterile 75 cm’ tissue culture flasks and incubated for 2 hours at 37 °C/ 5% CO, to
promote adherence of monocytes. Following incubation, each flask was gently rinsed with 50
ml of pre-warmed PBS to remove the non-adherent cells. Ten millilitres of tissue culture
medium RPMI 1640 (BioWhittaker, Walkersville, MD, USA) supplemented with, antibiotics
(penicillin: streptomycin: amphotericin B, 0.1:0.25:0.1 pg/ ml), 5% autologous serum and the
growth factors, IL-3 and GM-CSF (both human recombinant, and each used at a final
concentration of 100 ng/ml) were then added to each flask. When used in serum-containing

medium, these growth factors promote the differentiation of monocytes into macrophages
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(Suzuki et al., 2004; Shibasaki et al., 2007). The flasks were then incubated for 7 days at 37
°C/ 5% COa.

Following the 7-day incubation period, the tissue culture medium was discarded and each
flask rinsed once with 10 ml pre-warmed PBS, followed by addition of 10 ml PBS containing
the Ca*'-chelating agent ethylene glycol-bis (2-aminoethylene)-N,N,N,N-tetraceticacid
EGTA (2mM, final) and the flasks placed on ice with gentle agitation every 10 minutes for at
least 30 minutes, to promote detachment of the cells, which were then dislodged by scraping
the surface of the flask with a sterile 1.8 x 25 cm Cell Scraper (Adcock Ingram, Scientific
Group). The cells were then pelleted by centrifugation, the supernatant discarded and the cell
pellet resuspended in 3 ml of Ca**-free HBSS containing 2mM EGTA. The cell suspension
(350uL) was then analyzed flow cytometrically using the following combinations of
fluorochrome-labelled monoclonal antibodies: CDI14-PE/CD16-FITC  (monocytes/
macrophages) and CD3-FITC/ CD19-PE (T cells and B cells).

2.1.2.3 Preparation of macrophages for the morphological investigation using scanning
electron microscope (SEM)

Following a 7 day incubation period, the medium was removed and the monolayer was
washed with a phosphate buffered saline solution (PBS). The monolayer of each well
containing a coverslip was fixed with 2.5% gluteraldehyde in a 0.075M phosphate buffer
pH7.4. After 60 minutes the fixative was removed and each well was washed three times (15
minutes each) with 0.075M phosphate buffer. Post-fixation was then done for 60 minutes in a
1% osmium tetraoxide (OsQOy) solution. After post-fixation each well was washed three times,
(15 minutes each) with 0.075M phosphate buffer to remove any remaining osmium
tetraoxide. Once the washing step was complete, a dehydration step took place in which each
well went through serial dehydration with ethanol, 30%, 50%, 70%, 90% and three times
100%, each dehydration step was performed for 15 minutes. The cover slips were then
removed from the 24-well plates and dried, by means of CO, critical point drying procedures;

samples were mounted, coated with gold and examined with a JEOL 840 SEM.
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2.1.2.4 Preparation of macrophage monolayers for infection with M. tuberculosis

The cell suspension numerically adjusted to a concentration of 1 x 10°, was added to the 1
cm diameter wells of a 48-well tissue culture plate (Costar, Corning Inc, NY, USA) followed
by the addition of an excess of CaCl, (20 pL of a 100mM solution in sterile distilled water
(dH,0) = 4 mM, final in 500ul) to neutralize EGTA. The plate was then incubated for 2
hours at 37°C/ 5% CO, to allow cells to attach. The volume in each well was then brought to
0.5 ml by the addition of autologous serum-supplemented RPMI 1640 tissue culture medium
containing antibiotics (penicillin: streptomycin: amphotericin B, 0.1:0.25:0.1 pg/ ml. After 2
days, the antibiotic-supplemented RPMI 1640 was replaced with antibiotic-free medium.

2.1.2.5 Preparation of bacterial cultures for infection of macrophage monolayers

All work with M. tuberculosis was performed at the BL3 containment facility of the
Tuberculosis Epidemiology and Intervention Research Unit, Medical Research Council,
Pretoria. A laboratory M. tuberculosis H37Rv strain (ATCC 26518) was used for infection of
macrophages. This bacterial strain was cultured in Middlebrook 7H9 medium (Difco™,
Becton Dickinson Co., MD, USA) supplemented with 10% OADC, 0.2% glycerol, 0.05%,
incubated at 37°C and grown to mid-logarithmic phase under stirring conditions (for
approximately 7 days). The culture was then transferred into 50 ml tubes and centrifuged at
3000 rpm for 15 minutes at 25 °C. The supernatant was discarded and the pellet suspended in
an equal volume of PBS (0.15M, pH 7.4), and centrifuged again. The pellet was resuspended
in antibiotic-free RPMI 1640 and the OD adjusted to 0.6 at 540 nm, which is equivalent to
10" cfu/ml. This suspension was adjusted to yield a 10:1 bacteria:macrophage infectivity

ratio.

2.1.2.6 Infection of macrophages with M. tuberculosis and determination of the
intracellular bioactivities of the clofazimine preparations.

Following removal of the medium from the adherent monocyte-derived macrophages which
had been cultured for 7 days, the wells were gently rinsed with pre-warmed RPMI 1640
(antibiotic-free supplemented with 5% autologous serum), followed by addition of 1 ml
bacterial suspension in RPMI 1640 containing 1 x 10° cfu/ml of M. tuberculosis to give a
10:1 bacteria:macrophage ratio. The plates were then incubated overnight at 37°C to allow
internalization of M. tuberculosis by the adherent macrophages. After incubation, each of the
wells was gently rinsed with 500ul of pre-warmed sterile PBS, followed by addition of 500pul
RPMI 1640 containing 50 pg/ ml gentamicin and the plates incubated for a 1 hour period at
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37°C. This step was undertaken to kill non-internalized bacteria. Following this step, the
wells were rinsed once with pre-warmed PBS followed by addition of 0.5 ml serum-
supplemented RPMI 1640 containing 1% dimethyl sulfoxide (DMSO) solvent (control
systems) or native or spray-dried clofazimine at final concentrations of 0.15 - 2.5 pg/ml
clofazimine. In the therapeutic setting, clofazimine can attain maximum serum concentrations
of approximately 4 pg/ml (Reddy et al., 1999). The tissue culture plates were then incubated
for 48 hours at 37°C/ 5% CO; after which the wells were gently rinsed once with pre-warmed
PBS. A 100ul volume of sterile dH,O containing 0.2% sodium dodecyl sulphate (SDS) was
added to each well to lyse the infected macrophages. Serial dilutions of lysates were prepared
in PBS, plated onto Middlebrook 7H10 medium (Difco™, Becton Dickinson Co., MD, USA)
and incubated at 37°C to allow for the appearance of the colony-forming units (cfu). These
were scored to quantify the number of surviving intracellular bacteria. The numbers of
bacteria quantified at day zero were used as zero-time sample. The growth of bacteria inside
macrophages was measured by determining the increase in the number of intracellular
bacteria which was calculated by dividing the quantity of intracellular bacteria at the time of
lysis, by the quantity of intracellular bacteria in the zero-time sample (Pethe et al., 2004; Su

et al., 2009). Results were also expressed as cfu/ml.

2.1.2.7 Statistical analysis
The results of each series of experiments are expressed as the mean value + standard error of
the mean (SEM). Levels of the statistical significance were calculated using the Mann-

Whitney U test (non-parametric 2-tail). P values of < 0.05 were considered significant.
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CHAPTER 3

3.1 RESULTS

3.1.1 Isolation of mononuclear leucocytes

The initial yields of monocytes from the blood of 20 different human adult volunteers, as well
as the numbers of contaminating cells are shown in Table 3 (page 39). The average mean
percentage monocytes at this early stage of the isolation/ maturation procedures was 12.08 +
4.9 (SEM). The average total recovery of monocytes was 7 x 10° cells of which 10% were
monocytes (Table 3.1) from 150-200 ml blood after the seven days incubation. Assessment of
the different types of mononuclear leucocytes separated from total leucocyte preparations
was determined using fluorochrome-labelled monoclonal antibodies using a Beckman
Coulter FC 500 flow cytometer. The majority of the cell population was the T (CD3)
lymphocytes which accounted for 40-70%, while the B (CD19) lymphocytes and the
monocyte/macrophage (CD 14) populations were comparable and were between 5-20% as

shown respectively in Figure 3.1 [A,B and C] (page 40).

3.1.2 Separation and maturation of monocytes

With respect to the maturation strategies, the findings demonstrated that a seven-day
exposure of the adherent cell population to IL-3/GM-CSF was accompanied by a significant
increase in the level of expression of CD14 and CD16, as well as cell size, compatible with
accelerated differentiation. Importantly, this cell population was highly homogeneous and
accounted for >95% of the total cell population. These findings confirmed that the modified
procedure results in the acquisition of synchronised human monocyte-derived macrophages,
in adequate numbers as shown in Figure 3.2 [A,B] (page 41), which can be used for

experimental infection with M. tuberculosis in vitro.

Further assessment of the maturation state and viability of the monocyte-derived
macrophages were determined flow cytometricaly. For both cytokine and noncytokine-treated
populations, > 90% of the recovered cells represented macrophages co-expressing CD14 and
CD16 as shown in Figure 3.3 [A]. Cell viability was optimal when they were treated with
cytokines [B] (page 42).
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3.1.3 Investigation of the effects of the growth factors IL-3/GM-CSF on maturation of
monocytes into macrophages the using scanning electron microscope (SEM)

The effects of the growth factors IL-3/GM-CSF on the maturation of monocytes into
macrophages and their detailed morphological differentiation following 7-days incubation
were investigated using the scanning electron microscope (SEM). The results of the SEM
analysis for cytokine-treated macrophages are shown in Figure 3.4 (page 43) and indicate that
the treated cells were highly homogenous and larger in size than the non-cytokine treated

cells.

The SEM investigations on the non-cytokine treated macrophage populations indicated that
the cells were highly heterogeneous, presenting with different sizes, shapes and maturation

status as shown in Figure 3.5 (page 44).

3.1.4 The intracellular bioactivities of clofazimine preparations on the growth of M.
tuberculosis in macrophages

The bioactivities of the native and spray-dried clofazimine preparations are shown in Figures
3.6-3.9 (pages 45-48). Exposure of M. tuberculosis to both preparations (0.15 - 2.5 pg/ml)
relative to the corresponding drug-free controls demonstrated comparable efficacy, with
dose-dependent response inhibition of colony formation. Significant inhibition of growth
with both clofazimine preparations was demonstrated at 1.25 pg/ml and from 2.5 pg/ml, with

no detectable colonies.

The percentage inhibition of the growth of M. tuberculosis was determined for each
clofazimine preparation at each concentration and compared using the Mann-Whitney U test
(non-parametric 2-tail) as shown in Figure 3.10 (page 49). P values of < 0.05 were considered
significant. However, no statistically significant differences were found between the

treatments with respective clofazimine preparations as shown in Table 3.2 (page 50).
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Donor Total % Monocytes %Granulocytes ;f)y;rnphocytes ;f)yrlilphocy tes
leukocytes/ul | (CD 14) (CD15) (CD3) (CD 19)

1 4563 6.3 2.6 71.9 5.9
2 4390 24.2 0.6 39.8 11.4
3 9368 10.4 0.5 51.8 10.3
4 5049 15.4 0.4 55.2 21.7
5 9164 8.9 0.2 61.4 18.2
6 4926 7.9 1.6 77.5 9.2
7 9651 4.4 0.2 76.1 8.3
8 11340 8.4 1.1 64.3 12.8
9 3179 15.9 0.8 41.5 7
10 5675 11.6 14.5 56.7 11.2
11 7967 10.4 3.9 57.7 0.1
12 9519 6.9 0.2 69.5 17.7
13 7839 8.3 0.3 67.9 14.7
14 6881 10.4 0.6 65.8 12.3
15 4421 17.1 2.6 47.4 8.3
16 9888 20 6.2 42.4 5.3
17 5089 14.8 1.4 58.8 7.6
18 4561 13.4 0.9 59.7 6.7
19 9278 15.4 1.2 67.6 5.9
20 8163 11.5 0.9 62.4 5.9
Average 7045.55 12.08 +4.9 SEM 2.035 59.77 10.025

Table 3.1. Total numbers of leucocytes and monocytes isolated from human peripheral blood

following barrier centrifugation assayed by flow cytometry.
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Figure 3.1. Assessment of the different types of mononuclear leucocytes separated from total
leucocyte preparations was determined flow cytometricaly using fluorochrome-labelled
monoclonal antibodies. The majority of the cell population was T (CD3) lymphocytes [A]
which accounted for 40-70%, while the B (CD19) Ilymphocytes [B] and the

monocyte/macrophage (CD 14) populations [C] were comparable and were between 5-20%.
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Figure 3.2. Assessment of the maturation state of mononuclear leucocytes into macrophages
after 7 days incubation was determined flow cytometrically using fluorochrome-labelled
monoclonal antibodies. The number of macrophages recovered after 7 days incubation was
the same for both cytokine and non-cytokine treated populations [A]. The cell population

was, however, more homogeneous when treated with  cytokines [B].
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Figure 3.3. Assessment of the maturation state of monocytes
into macrophages after 7 days incubation was determined
flow cytometricaly using fluorochrome-labelled monoclonal
antibodies. Only data for cytokine-treated cells is shown as
there was no difference in the expression of CD14 [A] and

CD16 [B] for cytokine and non cytokine-treated cells [A, B].
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In both cell populations, >90% of the macrophages were matured. There was an improvement in

viability of cells treated with cytokines [C] relative to those which were not exposed to cytokines [D].
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Figure 3.4. Scanning electron microscope analysis of cytokine-treated macrophages showing
cells which were highly homogenous and larger in size than the non-cytokine treated cells

shown on the next page.
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Figure 3.5. Scanning electron microscope analysis of non-cytokine treated macrophage

populations showing cells which were highly heterogeneous presenting with different sizes,

shapes and maturation status.
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Figure 3.6. Data from experiment 1 showing the effects of varying concentrations (0.15 -

2.5ug/ml) of the native (NC) [A] and spray-dried clofazimine (SDC) [B] preparations on the

survival of M. tuberculosis in macrophages. The results are of a single experiment

represented as the mean values = SEM of duplicate values for the drug-free control system

© University of Pretoria

- 45 -



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

and each concentration of the two clofazimine preparations. The colony counts for the

duplicate values for each system were very close resulting in low SEM values.
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Figure 3.7. Data from experiment 2 showing the effects of varying concentrations (0.15 - 2.5
pg/ml) of the native (NC) [A] and spray-dried clofazimine (SDC) [B] preparations on the
survival of M. tuberculosis in macrophages. The results are of a single experiment

represented as the mean values + SEM of duplicate values for the drug-free control system
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and each concentration of the two clofazimine preparations. The colony counts the duplicate

values for each system were very close resulting in the low SEM values.
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Figure 3.8. Data from experiment 3 showing the effects of varying concentrations (0.15 - 2.5
pg/ml) of the native (NC) [A] and spray-dried clofazimine (SDC) [B] preparations on the
survival of M. tuberculosis in macrophages. The results are of a single experiment

represented as the mean values + SEM of duplicate values for the drug-free control system
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and each concentration of the two clofazimine preparations. The colony counts the duplicate

values for each system were very close resulting in the low SEM values.
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Figure 3.9. Data from experiment 4 showing the effects of varying concentrations (0.15 - 2.5
ug/ml) of the native (NC) [A] and spray-dried clofazimine (SDC) [B] preparations on the
survival of M. tuberculosis in macrophages. The results are of a single experiment

represented as the mean values = SEM of duplicate values for the drug-free control system
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and each concentration of the two clofazimine preparations. The colony counts the duplicate

values for each system were very close resulting in the low SEM values.
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Figure 3.10. Composite results of experiments 1-4 showing the effects of varying
concentrations (0.15 - 2.5 ug/ml) of the native (NC) and spray-dried clofazimine (SDC)
formulations on the survival of M. tuberculosis in macrophages. For purposes of comparison
between experiments, the results are presented as the mean percentages inhibition of bacterial

growth £+ SEM. No statistically significant differences were observed between the two

preparations of clofazimine.
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Native (NC) v/s Spray-dried (SDC) Clofazimine

Concentrations (pg/ml) P-values

0.8504

0.4394

0.3456

0.7325

Could not be calculated due to limited
values

Table 3.2. Comparison of the levels of statistical significance between each of the
concentrations of the native and spray-dried clofazimine calculated using the Mann-Whitney

U test (non-parametric 2-tail).
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CHAPTER 4

4.1 DISCUSSION
4.1.1 Development of a reliable procedure for the preparation of human monocyte-

derived macrophages using growth factors IL-3/GM-CSF

Macrophages are clearly considered both the primary target of M. tuberculosis, as well as the
key component of the first line of cellular defense against this microbial pathogen. These
cells may control replication of M. tuberculosis by activating innate bactericidal mechanisms.
This is usually observed in naturally resistant individuals and in non-resistant individuals who
are infected with low doses of this pathogen (Koul et al., 2004; Sundaramurthy and Pieters,
2007; Liu and Modlin, 2008). However, the mononuclear phagocytes may fail to control the
bacilli in susceptible individuals or those infected with high number of bacteria, and this
results in survival and replication of the mycobacteria (Bhatt and Salgame, 2007). M.
tuberculosis has developed strategies to disturb various processes within the host cells, such
as the phagosome and lysosome fusion, thus avoiding the hostile environment of
phagolysosomes (Armstrong and d’Arcy Hart, 1971; Fréhel et al., 1986); other subversive
mechanisms include modulation of different signaling pathways, thereby preventing
induction of bactericidal mechanisms, and promoting necrosis instead of apoptosis of infected

cells (Flannagan et al., 2009).

Macrophages display distinct heterogeneity in their phenotypes (Mosser and Edwards, 2008).
These cells develop functional diversity which results from a differentiation programme that
is subject to environmental imprinting (Gordon, 2007). The selection of phenotype is further
modified by exogenous stimuli such as micro-organisms. The tissue macrophage phenotype
has considerable plasticity even though it has differentiated, and this is dependent on the
pattern of stimulation. Macrophages mainly function in the maintenance of tissue

homeostasis and responding to micro-organisms (Mosser and Edwards, 2008).

The isolation of tissue macrophages requires blood donation or collection from specific tissue
by procedures such as bronchoscopy or tissue biopsy (Gordon et al., 2000). In addition, these
procedures result in poor yields of monocytes/macrophages. Based on these factors the
primary tissue macrophages cannot be readily expanded ex vivo and most studies have

adopted the frequent use of monocytic cell lines, which are easy to acquire and reproduce as
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compared to primary macrophages. However, these have varying degrees of differentiation
to model macrophage function. Their differentiation state means that conclusions drawn from
such experiments may not always correctly predict the behaviour of differentiated tissue

macrophages (Kohro et al., 2004; Park et al., 2007).

In order to address the above-mentioned problems posed by the two procedures, a modified
method for the isolation of macrophages from healthy human blood and their differentiation
into macrophages, has been developed in this study, by treating the monocytes with the
cytokines, IL-3 and GM-CSF, over a period of 7 days. Both these factors promote the growth

of macrophages in tissues.

Using these growth factors resulted in a homogeneous population of macrophages, which is
more viable and matures faster than the non-cytokine treated cells. Approximately 95% of the
cells expressed CD14 and CDI16 surface markers, after a seven-day exposure to these
cytokines. There was also a clear correlation of cell size with the differentiation of the cells as

the cytokine-treated cells were bigger and differentiated faster than the non-cytokine treated.

Despite these positive effects, the inclusion of the cytokines did not improve the yield of the
macrophages from the human blood as there was no difference in yield between the cytokine-
treated and non-cytokine treated cells. Furthermore, although heterogeneous and late in
maturation, the non-cytokine treated cells, were able to express the CD14 and CD16 markers
to the same magnitude as the cytokine-treated cells, with over 90% of the cells expressing

these markers.

In conclusion, the modified method described in this study has demonstrated that despite low
yield, the macrophages derived from human blood-isolated monocytes are homogeneous and
mature faster to benefit the experimental design required for many immunopathogenesis
assays. Further modification of this procedure is required to improve the yield of the

monocyte-derived macrophages from human blood.
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4.1.2 The intracellular bioactivities of clofazimine preparations on the growth of M.

tuberculosis in macrophages

The World Health Organization has over the past 15 years, endorsed a rigorous approach to
the treatment of tuberculosis which resulted in close to 36 million people being cured of this
disease (Sasindran and Torrelles, 2011). As discussed in Chapter 1, although many efforts
have been made to control TB, the interaction between human immunodeficiency virus (HIV)
and the tubercle bacilli poses a serious threat to the global TB control programme (Pablos-
Mendez et al., 1998; Havlir and Barnes, 1999; Aaron et al., 2004; Cohen et al., 2006).
Additionally, the emergence of multi-drug and extensively drug resistant strains of M.
tuberculosis also forms part of the major factors, adding a burden to the TB chemotherapy
(Sasindran and Torrelles, 2011). One of the ways to control this disease is by prevention
strategies using the attenuated M. bovis Bacillus Calmette Guerin (BCG), which is the only
available vaccine against TB. However, the efficacy of this vaccine has not been
demonstrated in all populations, as protection, varies from 0 to 80% in individuals (Fine,
1995; Reed et al., 2003). Other attempts which have been followed to manage TB were
through innovations in antimicrobial therapy, but appeared to be failing due to the emergence
of M. tuberculosis resistant to the standard first-line drugs, including isoniazid and rifampin

(Pablos-Mendez et al., 1998).

Hence, the development of improved antimycobacterial drugs that are active against the
resistant strains is crucial. Creating a rational design of such drugs depends on the knowledge
of the primary immune response that serves to protect most humans exposed to the pathogen,
and to understand the factors that result in the failure to mount protective immunity in
humans who are susceptible to tuberculosis (Flynn et al., 1995b). Although there is potential
in candidate anti-tuberculosis drugs being tested in recent studies, there are still many
obstacles that must be overcome. Problems that limit their use include, low solubility, low
levels of retention or stability in the cells after uptake, or degradation before they reach target
tissues. Other difficulties may be caused by failure to deliver sufficient concentrations of a
drug to the site of infection due to its poor absorption properties or low penetration into cells.
Additional limitations include high levels of toxicity of a potential drug, which may lead to a

maximum tolerated dose resulting in tissue damage (Swenson et al., 1988).
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Since macrophages are the primary target cells, which mycobacteria invade and colonise,
sufficient concentrations of antimycobacterial drugs need to be delivered within these cellular
compartments. Previous research was focused on developing liposomes containing
antibiotics, which would deliver high concentrations of antimycobacterial drugs into infected
macrophages, thereby improving the treatment outcomes for intracellular infections (Garrelts,

1991; Dayan Sandler et al., 1992; Forster et al., 1992).

One such study was conducted by Adams and co-workers, who focused on the therapeutic
efficacy of liposomal clofazimine (L-CLF) in mice infected with M. tuberculosis and
demonstrated that this form of treatment was highly effective against acute and chronic
infections (Adams et al, 1999). Observations in this study showed that the maximum
tolerated dose of free clofazimine (F-CLF) was 5 mg/kg of body weight of infected mice,
which was not enough to cause a significant reduction in the number of viable M.
tuberculosis bacilli. Even this free form of clofazimine cannot be administered intravenously
to patients because of its lipophilicity, the presence of organic solvents, and crystallization in
the aqueous phase. In addition, it did not show improvement on the treatment outcome of the
mice. However, the encapsulation of CLF in liposomes reduced its toxicity and allowed the
drug to be administered intravenously and in higher doses, enhancing therapeutic efficacy

(Mehta, 1996; Kansal et al., 1997).

Despite these improvements, there are still some limitations for using clofazimine in the
chemotherapy of TB in humans. These include solubility, lipophilicity, pharmacokinetics and
drug delivery in humans. In this study, the effectiveness of a nanoparticle formulation of
clofazimine, was compared to the crystalline native form of the drug with respect to
eradication of intracellular M. tuberculosis bacilli in macrophages. Both agents were
comparable at each concentration tested. The outcome of this study has illustrated that this
spray-dried formulation of clofazimine retains the antimycobacterial activity comparable to
that of the native drug. As it has not been clearly defined in previous studies, the minimum
intracellular bactericidal concentration of clofazimine has been determined in this study using

human-derived macrophages.

Further improvements on clofazimine as a possible candidate drug against M. tuberculosis
were demonstrated through the development of analogues by Lu and co-workers (2011). In

this systematic molecular structure/activity study, they tested more than 500 riminophenazine
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analogs for antituberculosis activity. Findings demonstrated equivalent activity compared to
clofazimine against intracellular M. tuberculosis H37Rv, as well as panels of drug-sensitive
and drug-resistant clinical isolates. Eleven of these more water-soluble analogs were dosed
orally to mice and possessed shorter half-lives as compared to clofazimine. This suggested
that they may accumulate less. However, nine compounds that progressed to efficacy testing
showed inhibitory activity on the growth of bacteria in the lung. These agents were superior
to an equivalent dose of clofazimine which had been orally administered in a murine model

of acute tuberculosis over a period of 20 days (Lu et al., 2011).
4.2 CONCLUDING COMMENTS

As previously discussed, a renewed interest in evaluating the activity of a variety of second-
line antituberculous drugs, new analogs of existing drugs, and newer drug combinations
against M. tuberculosis, has resulted due to the emergence of multidrug-resistant (MDR)
cases. The success of developing such drugs will depend on the acquisition of insights into
the mechanisms involved in the intracellular survival of M. tuberculosis as such aspects
would assist chemical biologists in prospectively selecting targets for structure-guided drug
designs (Dwyer et al., 2009; Mitchison and Chang, 2009). One of the many challenges is the
development of, affordable, non-toxic orally available drugs that would require shorter
regimens for patients (Lu et al., 2011). Despite the limited use of clofazimine against human
TB over the years, interest remains and the current study was designed with the primary
objective of assessing the intracellular efficacy of a nanoparticle formulation of clofazimine
which can be delivered directly into the airways. The results of the current study
demonstrated impressive in vitro intracellular antimycobacterial activity of clofazimine using
M. tuberculosis-infected human monocyte-derived macrophages. Although the findings with
respect to a comparison of the spray-dried formulation with the native drug demonstrated no
statistically significant differences with respect to inhibition of the growth of intracellular M.
tuberculosis, they can be used to lay a foundation for further studies to probe the efficacy of

the nanoparticle formulation against TB in animal models of experimental chemotherapy.
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