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ABSTRACT

Background: The chemotherapy of tuberculosis (TB) patients is administered for a six to nine-
month period consisting of an intensive phase during the first two months with four primary anti-
TB drugs, rifampicin (RMP), isoniazid (INH), ethambutol (EMB) and pyrazinamide (PZA),
followed by a continuation phase during the remaining four to seven months with RMP and INH.
During the intensive phase the active-replicating organisms (AR) are effectively and rapidly
eliminated (99% killing), while the slow-replicating (SR) / non-replicating (NR) populations are
targeted during the continuation phase. These latter bacterial populations respond poorly to
treatment and are often associated with disease reactivation and relapse in treated patients,
highlighting the necessity of identifying effective antimicrobial agents against these bacteria.
Clofazimine (CFZ) has demonstrated high antimycobacterial activities against the AR, SR and NR
microbial populations in vitro. However, its effects in combination with the primary drugs against

these bacteria have not been demonstrated.

Aim and objectives: To investigate the antimycobacterial activity of CFZ in combination with
primary anti-TB drugs against the AR and SR organisms isolated in planktonic and biofilm-

forming cultures respectively, by evaluating their inhibitory and bactericidal activities.

Methods: The inhibitory activities of CFZ and three primary anti-TB drugs viz. RMP, INH and
EMB were evaluated individually and in combination using minimum inhibitory concentration
(MIC) and fractional inhibitory concentration index (FICI) determinations by the microtitre
Alamar blue assay (MABA) and biofilm formation/ and crystal violet quantification for planktonic
and biofilm cultures respectively. The bactericidal activities of these various combinations of the
test agents were evaluated using minimum bactericidal concentration (MBC) and fractional

bactericidal concentration index (FBCI) determinations by colony-counting procedures.

Results: In planktonic cultures, CFZ demonstrated a high inhibitory (MIC: 0.15 pg/mL), but low
bactericidal activity (MBC: 5 pg/mL). In combination with primary anti-TB drugs, CFZ
demonstrated synergistic inhibitory activities in combination with RMP and INH individually, as
well as when the two antibiotics were used together. With respect to bactericidal activity, CFZ

exhibited synergistic activity only in a two-drug combination with RMP. Synergistic activities

iv
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were also demonstrated in a two-drug combination of RIF and INH and in a three-drug
combination of these two antibiotics with EMB.

However, in biofilm-forming cultures, CFZ demonstrated high inhibitory and bactericidal
activities, achieving equal MIC and MBC values of 0.15 pg/mL. All CFZ-containing anti-TB drug
combinations exhibited synergistic effects, with high activities being shown in combinations
containing RIF and INH.

Conclusion: CFZ exhibited synergistic effects in combination with primary anti-TB drugs against
both planktonic and biofilm-forming cultures, showing potential benefit in promoting treatment

outcome when used in TB chemotherapy.
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INTRODUCTION TO THE STUDY

Problem statement and rationale

Tuberculosis (TB) is an infectious disease that is responsible for high morbidity and mortality
globally. The high disease burden is complicated by human immunodeficiency virus (HIV)-TB
co-infection and the emergence of drug-resistant (DR)-TB isolates in patients, challenging the
management of the disease (WHO, 2018).

Chemotherapy of TB, constituting of four primary anti-TB agents, viz. rifampicin (RMP),
isoniazid (INH), ethambutol (EMB) and pyrazinamide (PZA), has been shown to be the most
effective control measure of the disease resulting in significant reductions in the number of
transmissible cases. However, treatment of TB patients is not always effective, as a result of non-
compliance due to the long duration of therapy and this, in turn, resulting in relapse, as well as
emergence of drug resistance in isolates, necessitating the search for effective, either new or
repurposed, anti-TB agents.

Clofazimine (CFZ), which was originally synthesized as an anti-TB drug in the 1950s, but
which is now routinely used for the treatment of leprosy, has recently been repurposed for the
treatment of TB patients (Barry, 1957; WHO, 2018; Singh et al., 2019). Due to its impressive in
vitro antimicrobial activity against different strains of Mycobacterium tuberculosis (Mtb) with
varying drug resistance profiles and metabolic status, such as the actively-replicating (AR), slow-
replicating (SR) or non-replicating (NR), CFZ has been included in the treatment regimens of DR-
TB patients (Mothiba et al., 2015; Cholo et al., 2017; Berube and Parish, 2018; WHO, 2018).
However, despite its application in chemotherapy, information on CFZ antimicrobial activities in
combination with other anti-TB agents against these bacterial populations is limited.

The AR and SR/NR microbial populations have been isolated in vitro in planktonic and
biofilm cultures respectively. This issue represents the focus of the current study in which the
antimicrobial effects of CFZ, in combination with primary anti-TB drugs, has been investigated

against AR planktonic and SR biofilm-forming organisms.

Hypothesis
Clofazimine potentiates the antimycobacterial activity of primary anti-TB agents against

planktonic and biofilm-forming Mtb bacteria.
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Aim and objectives

Aim

The aim of this study was to determine the antimicrobial potency of CFZ alone and in combination
with primary anti-TB chemotherapeutic agents against Mtb planktonic and biofilm cultures.
Objectives

To determine the inhibitory and bactericidal activities of CFZ in combinations with primary anti-

TB agents against these cultures by determining their:

i) minimum inhibitory concentrations (MIC) individually
i) fractional inhibitory concentration index (FICI) values in combinations,
iii) minimum bactericidal concentration (MBC) individually and

iv) fractional bactericidal concentration index (FBCI) values, in combinations

Scope and limitations

The current study consisted of two phases, which included the evaluation of the activities of the
antibiotics in planktonic and biofilm-forming cultures. In planktonic cultures, the MIC of the
individual agents, and the fractional inhibitory concentrations indices of the combinations of these
agents were determined using the microtitre Alamar blue assay (MABA) procedures while in
biofilm-forming cultures these effects were determined by biofilm quantification using visual
examination and crystal violet procedures. Bactericidal activities of the antibiotics against both
cultures were evaluated by determination of MBC of the individual agents and the fractional
bactericidal interaction indices of these agents, using colony-counting procedures. The results
showed that the inclusion of CFZ had led to improvement to antimicrobial activities of primary
drugs against both planktonic and biofilm-forming cultures, being more effective against the latter
bacterial population. These results demonstrated the potential useful information on the impact of
CFZ on treatment regimens for TB. However, despite this impact in chemotherapy, the effects of
CFZ were not evaluated against PZA, which is also used in TB chemotherapy as well as the NR
bacteria, which are also found in TB lesion. Despite this, the research presented in this study, is

also original and will be submitted for publication in international, peer-reviewed journals.
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Organisation of the thesis

This dissertation includes a comprehensive review of past and current literature in Chapter
One, illustrating the magnitude of the burden of TB and its control measures, which include
treatment strategies. This is followed by a detailed description of the properties of CFZ in Chapter
Two. In the three subsequent chapters (Chapters Three to Five) the methodologies used and results
on the effects of CFZ and the primary anti-TB agents on planktonic and biofilm Mtb cultures are
described. Chapter Six provides a final discussion on the results obtained with limitations of the

study being discussed in Chapter Seven.
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CHAPTER ONE: LITERATURE REVIEW

1.1. Background of Mycobacterium tuberculosis

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (Mtb)
bacterium. The bacteria are inhaled as aerosols from the TB-infected person and infect the lungs
(Esteban and Mufioz-Egea, 2016; Esteban and Garcia-Coca, 2018).

In immunocompetent persons, infection is stopped from spreading, but the bacteria remain
viable, resulting in latent disease, which is characterised by absence of development of symptoms.
However, in immunocompromised individuals, the bacteria multiply, leading to manifestation of
disease resulting in the development of active pulmonary TB (Jilani et al., 2019). The symptoms
include, but are not limited to, a cough that lasts for more than three months, chest pain, sometimes
coughing of blood, tiredness, night sweats, chills and fever, loss of appetite and weight. The disease
can also spread to other parts of the body such as the brain and spine causing extra-pulmonary TB
(Xu et al., 2018).

1.2. Mycobacterium tuberculosis bacterium

The Mtb bacteria belong to the species Mycobacterium, characterized by rod-shaped acid-fast
bacilli on Ziehl-Neelsen staining. The bacteria are also weak Gram-positive bacilli (Barksdale and
Kim, 1977; Abdelaziz et al., 2016; Dzodanu et al., 2019). The organisms grow slowly in aerobic
conditions in the presence of minimum levels of carbon dioxide (CO2) (5 - 10%) forming

aggregates due to cord formation (Figure 1.1).

The Mtb bacterium is approximately 0.2 mm in length and has a cell wall, which is rich in
lipids (Cook et al., 2009; Pasechnik et al., 2017).
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Figure 1.1: The cross-sectional structure of Mycobacterium tuberculosis (Smith et al., 2019, with

permission).

1.2.1. Cell wall structure of Mycobacterium tuberculosis
The cell wall structure of Mtb consists of three segments viz. the outermost layer, cell wall core
and plasma membrane (Figure 1.2) (Kaur et al., 2009; Maitra et al., 2019).

The outermost layer consists of lipomannan (LM), mannose-capped lipoarabinomannan
(Man-LAM), and glycoproteins with mannan and arabinomannan on the surface (Grzegorzewicz
et al., 2016). These molecules are anchored to the plasma membrane by mannosyl-phosphatidyl-
myo-inositol (MPI) (Barry et al., 2017).

The cell wall core is made up of mycolic acids, arabinogalactan (AG) and peptidoglycan
attached together covalently by phosphoryl-N-acetyl-glucosaminosylrhamnosyl linkage units
(Vincent et al., 2018). The Mtb mycolic acids are B-hydroxyl fatty acids with long a-alkyl side
chains (Slama et al., 2016), providing protection to the cell from oxidative stress (Minnikin, 1982;
Shang et al., 2018; Barry et al., 2017). The AG is a polymeric structure comprised of D-
galactofuranose and D-arabinofuranose polysaccharides, providing the cell with integrity (rigidity)
and permeability to external factors such as antibiotics (Olmos et al., 2017). The peptidoglycan is
also a polymeric structure consisting of glycan sugars and alternating units of N-acetylglucosamine
and N-acetylmuramic acid amino acids (Barreteau et al., 2008; Cava et al., 2018). Its function is
to provide shape, strength and protection to the cell wall (Radkov et al., 2018).
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The plasma membrane is the inner structure of a cell wall made up of a phospholipid bilayer
consisting of various fatty acids and proteins. Its function is to protect the cell from penetration by
external elements (Cholo et al., 2017).
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Figure 1.2: Basic structure of the Mycobacterium tuberculosis cell wall (Smith, 2011, with

permission).

1.3. History of tuberculosis

Tuberculosis is an ancient disease dating back millions of years (Pezzella et al., 2019). The first
evidence of human TB was discovered in a 500 000year-old skull in Turkey (Kappelman et al.,
2008). Additionally, historic presence of the disease in humans had been shown in Europe and
Asia with the detection of TB in several burial sites (Donoghue, 2004; Hershkovitz et al., 2008;
Nicklisch et al., 2012; Barberis et al., 2017).
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In 1882, TB was discovered as an infectious disease by Robert Koch, by the visual
detection of the microorganism using his invented microscopy-based staining technique, showing
that the microorganisms are rod-shaped entities, appearing as groups within the lesions which
failed acid-alcohol decolorisation (acid-fast) (Kapur et al., 1994; Murray et al., 2016). The staining
technique was later modified in 1885 to Ziehl-Neelson (ZN) staining as it is currently known.
Robert Koch further isolated the tubercle bacilli from a TB lesion using a solid medium that he
developed (Cambau and Drancourt, 2014; Murray et al., 2016). He later confirmed that TB is
transmissible by reproducing the disease in a non-infected animal, transmitting the disease from
patients to rabbits, cow to rabbit and rabbit to rabbit, findings which were demonstrated by the
French army doctor, Jean-Antoine Villemin (Villemin, 1865; Villemin, 1868; Koch, 1882; Sakula,
1982; Cambau and Drancourt, 2014; Murray et al., 2016). These discoveries led to other
milestones in the history of TB, which the development of intervention strategies in reducing the
spread of the disease, affording him the award of the Nobel Prize in Physiology or Medicine in
1905 (Philip, 1913; Clayson, 1957; Ehrlich, 1967; Murray et al., 2016).

Subsequently, the tuberculin skin test (TST), which involves the development of delayed
hypersensitivity reactions in suspected TB-infected persons following injection with a purified
protein mixture of TB bacteria was discovered. This procedure has since been adopted for testing
exposure to TB (Mantoux, 1910). Currently, in the post-human immunodeficiency virus (HIV)
era, the efficacy of the test is being reviewed as its performance and sensitivity is affected by the
HIV status of the TB-infected persons (Rangaka et al., 2012; Tesfaye et al., 2018).

Later, in 1920, a TB vaccine was developed by Leon Charles Albert Calmette and Camille
Guerin, who discovered that a subculture of Mycobacterium bovis (M. bovis) loses virulence after
several passages. This culture was then used for the preparation of the Bacillus Calmette-Guerin
(BCG) vaccine, named after the discoverers, which has since been used for the immunization of
TB-unexposed and exposed individuals for protection from development of TB disease (Calmette
and Guerin, 1920; Calmette et al., 1924). This vaccine has remained the only available vaccine
against TB to date.

Furthermore, in 1943; an antibiotic era in TB began with the discovery of streptomycin
(SM) by Albert Schatz and Selman Waksman. This was later followed by the discovery of other
anti-TB agents, including isoniazid (INH), rifampicin (RMP) and pyrazinamide (PZA). These

antibiotics have since being used for the development of the current treatment regimen for the
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chemotherapy of TB and are effective in the treatment of drug-sensitive (DS)-TB patients with
achievable success rates of > 95% (Schatz et al., 2005; Ahmad, 2011). However, due to the
emergence of drug-resistant (DR)-TB isolates, TB has remained a major public health problem
(Dye et al., 2008; Barberis et al., 2017).

Concurrent to the drug resistance era, was the co-infection of TB in HIV-infected persons.
This resulted in an increase in the global burden of TB, undermining previous control measures as

patients presented with altered symptoms and disease response to treatment (Gezae et al., 2019).

1.4. The global tuberculosis burden

TB is a major threat to global public health, leading to high mortality and morbidity especially in
low socio-economic countries, despite longstanding intense efforts to control the disease. About
23% of the world’s population is estimated to have developed latent TB infection with nine million
new cases of active TB and 1.3 million TB-associated deaths being reported in 2016 and 2018
(WHO, 2016; WHO, 2018).

Approximately 29% of the global burden of TB cases and 34% of TB-related deaths are
reported in Africa (Figure 1.3) (Rebekah, 2017). In sub-Saharan Africa, which contributes to the
majority of global TB cases, South Africa accounts for approximately 60% of these cases (WHO,
2016; WHO, 2018).
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Figure 1.3: Estimated tuberculosis incidence rates per 100 000 populations, 2017 (WHO, 2018).

Despite the high burden, the incidence rates of TB have declined since 2016 from 834 to
520 per 100 000 population. This was attributed to the 2020 Sustainable Development Goals
efforts (Stats SA, 2018). In South Africa, the number of cases differ in the different provinces with
the highest number of cases being reported in the Eastern Cape, KwaZulu-Natal and Western Cape

(Figure 1.4) (Loveday et al., 2018; WHO, 2018).
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Figure 1.4: Incidence of tuberculosis by province in South Africa per 100 000 population, 2016
(Loveday et al., 2018, with permission).
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Several factors contributing to the burden of TB that have been identified and include long-term
persistence of Mtb, TB-HIV co-infection, and the emergence of multi- and extensively-drug
resistant (M/XDR)-TB strains (Raviglione, 2003; Schumacher et al., 2016; NICD, 2017). Other
individuals prone to development of TB include immune-compromised people, due to prolonged
use of medicines such as tumour necrosis factor-alpha (TNF-a) inhibitors or steroids, and patients
with diabetes, renal insufficiency and silicosis (Glaziou et al., 2015). Furthermore, TB infection is
also influenced by low socio-economic status leading to poverty, which is a risk factor for
development of ill health (WHO, 2016). The disease is also more common in men than in women
and children (WHO, 2018).

1.5. Pathogenesis of Mycobacterium tuberculosis infection

TB is spread to susceptible persons via aerosols (Shiloh, 2016). The risk of infection is dependent
on several factors such as the infectiousness of the source, bacillary load inhaled, the closeness of
contact, and the immune status of the potential host (Mathema et al., 2008; Pienaar et al., 2010;
Ahmad, 2018). Upon inhalation, larger aerosol particles are trapped in the upper airway or
oropharynx where they can potentially cause TB of the oropharynx, while small particles transit
past the nasopharyngeal or tracheobronchial regions and are deposited in the distal airways
(Fennelly et al., 2015; Hinchey et al., 2019).

The primary route of TB infection involves the lungs (Figure 1.5) (Shiloh, 2016). Infection
begins when the inhaled small airborne particles (droplet nuclei) are deposited in the terminal
alveoli, where they are phagocytosed by the resident alveolar macrophages and/or tissue dendritic
cells (Wang et al., 2011; Shiloh, 2016; Wang et al., 2017). Other infected cells include the
microfold cells (M cells), alveolar endothelial and pneumocytes (Hunter et al., 2018). During this
early phase of infection, the bacteria replicate intracellularly leading to infection of other
phagocytic cells. These infected cells migrate to the draining pulmonary lymph nodes and activate
adaptive immunity, returning to the site of infection (Russel et al., 2010; Shiloh, 2016). An
effective cell-mediated immune response develops at the site of infection within 2 to 8 weeks after
infection, blocking further replication of the bacilli by forming a granuloma (Shiloh, 2016; Hunter
etal., 2018).

However, the formation of the granuloma does not completely eliminate the bacteria but

allows the bacteria to become dormant or non-replicating forming a solid granuloma. These
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bacteria are protected from the immune system and persist in the host for a long time (Kaufmann
et al., 2015; Lee et al., 2016). This type of infection is commonly found in latent disease. Upon
TB reactivation, active disease takes place leading to development of necrotic and caseous

granulomas (Lee et al., 2016; Gengenbacher et al., 2017).
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Figure 1.5: Transmission and pathology of tuberculosis. A) Transmission of TB between
individuals via aerosols. B) Estimated number of people infected due to transmission. C) Number
of people who develop the disease. D) Intracellular survival in alveolar macrophages following
phagocytosis. E) Activation of adaptive cell-mediated immunity leading to granuloma formation,
resulting in solid granuloma in latent TB infection. F) Maturation of granuloma to necrotic lesions
at early stage of active disease. F) Maturation of granuloma to caseous lesions found in active TB
patients, releasing bacteria into the airways which are coughed out as infectious aerosols
(Gengenbacher et al., 2014, with permission).

© University of Pretoria



1.6. Human host-tuberculosis pathogen interaction during infection

1.6.1. Infection of macrophages

Macrophages are the first line of defense against the invasion of pathogenic bacteria. The bacteria
are phagocytosed by macrophages forming phagosomes which undergo maturation from the early
to late stage using the vacuolar proton adenosine triphosphatase (ATPase), mediated by the
regulatory activity of the Ras-related in brain, guanosine triphosphatase (Rab GTPase) enzymes
(Aguet et al., 2016; Prashar et al., 2017; Queval et al., 2017). This results in acidification of the
phagosome leading to fusion of the phagosomal vacuole with the lysosome, forming a
phagolysosomal vacuole. The acidic pH of the phagolysosomal vacuole is an optimal condition
for the activity of the lysosomal digestive enzymes and for production of reactive oxygen species
(ROS), promoting elimination of the intracellular bacteria (Prashar et al., 2017).

In the macrophages, bacteria are exposed to additional mechanisms such as cytosolic
pattern recognition receptors (PRRSs), which lead to activation of antibacterial autophagy (Zheng
et al., 2017). The Mtb phagosome also interacts with numerous organelles such as lipid droplets,
mitochondria and the endoplasmic reticulum, which have antibacterial properties (Tobin, 2015;
Guiterrez et al., 2019).

Additionally, the host utilizes induction of apoptosis, which leads to infected host cell
death, resulting in elimination of infection. Apoptosis development leads to cell body shrinkage,
nuclear condensation, fragmentation and the formation of apoptotic bodies, which are membrane-
bound cell fragments, which are rapidly phagocytosed by neighbouring cells and resident
phagocytes (Lamkanfi and Dixit, 2017).

However, Mtb has developed a wide range of strategies to counteract macrophage defence
mechanisms for its survival and growth. These include failure of phagosomal maturation, allowing
the phagosome to express features of an immature endosome (phagosomal vacuole), preventing
vacuolar acidification, and inhibiting phagolysosomal fusion (Hu et al., 2017).

The factors utilized by bacteria for intracellular survival include production of
lipoarabinomannan (LAM), secreted acid phosphate M (SapM) and protein tyrosine phosphatase
A (PTPA), all of which lead to the arrest of phagosomal acidification by excluding the vacuolar
proton ATPase from the phagosomal membrane (Astarie-Dequeker et al., 2009; Augenstreich et
al., 2017; Burbaud et al., 2017). Additionally, the bacteria release dylinositol mannosides (DIM)/
phosphatidylinositol mannosides (PDIM) that allow bacterial access to the cytosol, leading to host

10
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cell death or necrosis. This in turn allow for bacterial escape and spread of infection (Figure 1.6)
(Andreu et al., 2010; Augenstreich et al., 2017; Groschel et al., 2017).
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Figure 1.6: Macrophage effector and bacterial intracellular survival mechanisms.

In green: bacterial factors; in black: macrophage factors. A) Interaction of Mtb with macrophage
PRRs, triggering bacteria internalization, B) Inhibition of phagosome maturation and acidification
through the expression or secretion of bacterial factors LAM, SapM, PTPA or by subverting host
pathways such as tryptophan aspartate-containing coat protein (TACO) or cytokine-inducible
SH2-containing protein (CISH) signaling, C) Bacterial cytosolic access through the action of the
ESAT-6 secretion system 1 (ESX-1) secretion system and DIM)/ PDIM, D) Bacteria are targeted
by ligases (Parkin, Smurfl) and/or activate specific cytosolic recognition pathways (Galectin 8
(Gal8), cyclic GMP-AMP synthase (cGAS), or absent in melanoma-2 (AIM2)), which induces
expression of type I interferon (IFN), activation of the nucleotide-binding oligomerization domain
and leucine-rich repeat-containing receptors (NLR) family pyrin domain containing 3 (NRLP3)
inflammasome and initiation of autophagy and E) Mtb induces host cell death programs (apoptosis

and necrosis) enhancing bacterial dissemination (Queval et al., 2017, with permission).
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1.6.2. Control of infection in granuloma

The granuloma which creates a microenvironment where the infection can be controlled is the
hallmark of TB disease (Qualls et al., 2010; Danielle and Heimall, 2017). The formation of the
granuloma begins with aggregation of different subsets of cells from the macrophage/monocyte
lineage, which include the blood-derived monocytes, epithelioid cells and multinucleated giant
cells formed by fused macrophages, surrounded by T lymphocytes (Puissegur et al., 2001; Danielle
and Heimall, 2017; Schwenkenbecher et al., 2018).

Other cells found in the granuloma of TB patients are the monocyte-derived dendritic cells
(mDCs), found at the periphery of the granuloma lesion containing fewer bacteria (Pedroza-
Gonzalez et al., 2004; Gutierrez et al., 2019), enabling antigen presentation and expression of
major histocompatibility class (MHC)-I1 and costimulatory molecules (Lussier and Schreiber,
2016). Although the dendritic cells (DCs) are not bactericidal against Mtb, they do, however
promote bacterial dormancy (Peyron et al., 2004; Gutierrez et al., 2019). Other cells include
neutrophils, which are also involved as a first line of defence against the bacteria, assisting in the
killing of the microorganisms by initiating the inflammatory process and induction of oxygen
radical production during the early stage of granuloma formation (Zhang et al., 1991; Danielle and
Heimall, 2017). Others include natural killer (NK) cells (Tsai et al., 2016) and B lymphocytes
(Maglione et al., 2019). Bacterial control in the host is mediated by the activity of the pro-
inflammatory cytokines such as tumour necrosis factor-alpha (TNF-a) and IFN-gamma (y), which
promote the formation and function of the granuloma (Jo et al., 2007; Ndlovu and Marakalala,
2016).

The granuloma also provides the mycobacteria with a survival platform. The bacteria
survive by modulating the immune response through reduced expression of cysteine-cysteine, 3
(CC) and cysteine-cysteine, a (CXC) chemokines, preventing the recruitment of macrophages and
cluster of differentiation 4* (CD4") T cells (Adams 1976; Roach et al., 2002; Ndlovu and
Marakalala, 2016). Infection also leads to the production of anti-inflammatory cytokines such as
interleukin (IL)-10, which is a negative regulator of the immune response, leading to the
development of necrotic and caseous granuloma lesions (Jo et al., 2007; Ndlovu and Marakalala,
2016; Danielle and Heimall, 2017). These lesions result in the release of the bacteria into the

extracellular environment, promoting inflammation and tissue damage. The bacteria are also
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released into the atmosphere by coughing and exhaling, leading to the spread of infection to
susceptible individuals (Wallis et al., 2016).

1.6.3. Biofilm formation in the host

The formation of biofilm in TB lesions has been reported recently in histological samples from
lung cavitary disease (Fennelly et al., 2016). The first reports came from cases of TB infection
associated with clinical biomaterial (Ha et al., 2005; Chakrabory and Kumar, 2019). Biofilms are
suggested to play an important role in TB disease by participating in the process of caseous
necrosis in cavitary disease in lung tissues (Basaraba and Ojha, 2017; Chakrabory and Kumar,
2019).

Mtb develops biofilm in vitro (Ojha et al., 2008; Mothiba et al., 2015; Ojha et al., 2015;
Chakrabory and Kumar, 2019). The bacteria form pellicles at the air interface of a detergent-free
medium. This phenomenon is different from biofilm formation in other bacteria which develop
along the material surfaces (Ojha et al., 2008; Esteban and Garcia-Coca, 2018). Mtb biofilm
development requires specific environments such as 5 - 10% CO; levels, elevated pH of between
7.0 - 8.0, nutrient-limitation and presence of nitric oxide (Kumar et al., 2011; Trivedi et al., 2012,
Basaraba and Ojha, 2017).

The process begins with planktonic bacteria moving to the surface of the growth medium,
resulting in the formation of a monolayer of cells on the surface (Chakrabory and Kumar, 2019).
The bacteria alter their gene expression from metabolic activities to those responsible for the
formation of organized biofilm communities known as sessile bacilli (Basaraba and Ojha, 2017).
These organisms release adhesin molecules from the cell wall, which mediate initial attachment of
bacteria to the surfaces (Richards and Ojha, 2014; Chakrabory and Kumar, 2019), followed by the
synthesis of an extracellular matrix, known as extracellular polymeric substance (EPS), consisting
of lipids, predominantly the mycolic acids, glycopeptides, deoxyribonucleic acid (DNA) and other
molecules produced by the sessile bacilli. The bacteria aggregate and attach to one another,
forming organized communities using intercellular communication via quorum-sensing (Menozzi
et al., 1996; Zamora et al., 2007; Ojha et al., 2015; Basaraba and Ojha, 2017).

The Mtb bacteria in a mature biofilm are slow replicating (SR) to non-replicating (NR)
(Kumar et al., 2011; Trivedi et al., 2012; Solokhina et al., 2017). During TB infection, NR bacteria

are found in solid granulomas in latent disease, resulting in a lack of development of signs or
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symptoms of the disease. However, these bacteria are activated in cavitation in necrotic and
caseous granulomas, causing active TB disease (Ojha et al., 2015; Chakrabory and Kumar, 2019).

Biofilm development is an important factor in antimicrobial resistance since these
metabolically quiescent cells are drug tolerant (Ciofu et al., 2017). Most of the anti-mycobacterial
drugs target components of active cell growth. Thus, bacterial drug tolerance leads to treatment
failure in TB (Hall-Stoodley et al., 2012; Chakrabory et al., 2019).

1.7. Control of tuberculosis

1.7.1. Diagnosis

Tuberculosis diagnosis involves clinical presentation and laboratory-based procedures. The
clinical presentations are detected by procedures such as the tuberculin skin test (TST), chest X-
rays and the IFN gamma release assays (IGRA) tests.

However, in the case of laboratory-based techniques, TB diagnosis is performed using the

Xpert Mycobacterium tuberculosis bacteria (MTB)/Rifampicin, microscopy and molecular
techniques.
Most microscopy centers and diagnostic laboratories use the Mycobacterial Growth Indicator Tube
(MGIT) liquid culture system for culture and drug susceptibility testing using Xpert MTB/
Rifampicin (Sulis et al., 2016). The procedure provides rapid diagnosis and detection of RMP
resistance. It is a rapid detection, nucleic acid amplification (NAA) test whereby results can be
obtained within two hours and has a high sensitivity of 99% and specificity of 99.2% (Musial et
al., 2017). Based on these advantages, Xpert technology has been introduced as a replacement for
sputum smear microscopy for the diagnosis of pulmonary TB since 2011. About 1.3 million Xpert
MTB/Rifampicin tests have been performed in SA between 2011 and 2013, which account for
more than half of the global usage of Xpert MTB/Rifampicin (Abdool-Karim et al., 2009; WHO,
2016).

The microscopic observation drug susceptibility (MODS) assay is one of the current Mtb
diagnostic tools and relies on light microscopy to visualize the characteristic cording morphology
of Mtb in liquid culture. It has a shorter time to culture positivity. However, the effectiveness of
MODS in HIV/TB case detection is not yet clearly established (Baya et al., 2019).

Spoligotyping is also a diagnostic technique which is used for concurrent detection and

typing of Mtb complex bacteria (Baya et al., 2019). This method relies on amplification of a highly
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polymorphic direct repeat locus in the Mtb genome and results can be obtained within one day
(Abadia et al., 2011; Baya et al., 2019).

1.7.2. Prevention

Prevention of TB has been a neglected aspect of TB control. The current TB prevention strategies
include treatment of latent TB infection among high-risk persons, case finding for early detection
and treatment of infectious TB, which reduces the duration of infectiousness and transmission, and
early antiretroviral therapy (ART) for people living with HIV as well as TB vaccine strategies.

To date, BCG is the only vaccine available for the prevention of TB development. It is
made up of live bacteria prepared from an attenuated bovine tuberculosis bacillus, M. bovis
(Olagunju et al., 2016). BCG is one of the most widely used vaccines worldwide, but it has variable
efficacy against pulmonary TB in adults (Davenne and McShane, 2016; Mcllleron et al., 2017).

The risk of infection can also be reduced by infection control measures such as effective
hygiene measures. These include covering the mouth and nose when coughing or sneezing, which
reduces the spread of TB bacteria, as well as ventilation as TB can remain suspended in the air for
several hours after individual has coughed or sneezed (Taha et al., 2016). In healthcare settings,
the spread of TB is reduced through the use of protective clothing, effective ventilation systems,
keeping potentially infectious patients separate from other patients and the regular screening of
healthcare workers for TB (Taha et al., 2016).

Isoniazid preventive therapy (IPT) is another preventive method. It is given for six months
to prevent TB in newborn infants and pregnant women, as well as in HIV-TB co-infected patients
(Churchyard et al., 2014; Mcllleron et al., 2017). Alternatively, a combination of RMP and INH
is given daily for three months (RH preventive therapy) (Spyridis et al., 2007; Getahun et al.,
2015; Mathivha and Vhelaphi, 2017).

1.7.3. Treatment
Treatment of TB has been the most effective control measure for the disease resulting in
reduction in the number of cases and prevention of the spread of the disease. Tuberculosis

chemotherapy is divided into drug susceptible (DS) and drug resistant (DR)-TB patients.
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1.8. Chemotherapy of tuberculosis

1.8.1. Chemotherapy of drug-susceptible tuberculosis

Drug-susceptible tuberculosis (DS-TB) patients are treated with first-line or primary anti-TB drugs
which include RMP, INH, EMB and PZA (WHO, 2018). The initial phase of treatment includes
these four primary drugs for the first two months followed by the continuation phase for either
four months for the smear-converters or for seven months for the non-smear-converters after two
months of therapy, with RMP and INH only (Shakya et al., 2012; WHO, 2016). This treatment
regimen is usually effective resulting in > 95% success rate in treatment outcome. However, its

success depends on patient compliance and early disease diagnosis (Singh et al., 2019).

1.8.1.1. Primary anti-tuberculosis drugs
1.8.1.1.1. Rifampicin
Rifampicin (RMP) was discovered in 1966 as a very potent anti-TB drug and its structure is given
in Figure 1.7. It has high activity against Gram-positive bacteria and Mtb with low minimum
inhibitory concentrations (MICs) (0.05-0.5 pg/mL), killing both actively-replicating (AR) and NR
bacteria. It is a lipid soluble anti-TB agent and is able to penetrate cell membranes. It kills bacteria
by inhibiting deoxyribonucleic acid (DNA)-dependent ribonucleic acid (RNA) polymerase in
bacterial cells, binding to the B-subunit of the enzyme, thus preventing transcription of RNA and
subsequent translation of proteins (Aristoff et al., 2010; Kora et al., 2018). Resistance to RMP is
associated mostly with mutations to the rpoB gene (Chen et al., 2019).

Patients are given a daily regimen of 10 mg/kg (up to 600 mg/day) orally (Buchan et al.,
2018). Treatment with RMP is not without its side-effects. These include hepatitis with elevation
of bile and bilirubin, anaemia, bleeding, fever, eosinophilia, leukopaenia, thrombocytopaenia,
purpura, haemolysis and nephrotoxicity (Peters et al., 2019). No serious side-effects have been
observed in breastfed infants during RMP therapy (Drobac et al., 2005; Peters et al., 2019).

1.8.1.1.2. Isoniazid

Isoniazid (INH) was discovered in 1952 (structure given in Figure 1.7). It has shown high
inhibitory (bacteriostatic) and bactericidal activities against AR Mtb bacteria with MIC and
minimum bactericidal concentration (MBC) of 0.003 to 0.01 pg/mL and 0.01 to 0.2 ug/mL,
respectively, however it has shown poor anti-mycobacterial activity against SR or NR
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mycobacteria. It is used in the treatment of latent TB and more frequently utilized in IPT (Nusrath
et al., 2016).

Isoniazid is a pro-drug and is activated by the mycobacterial enzyme catalase-peroxidase
(KatG), which catalyzes the formation of the isonicotinic acyl-NADH complex. Resistance to
isoniazid occurs due to mutations in several genes, which include katG, ahpC, inhA, kasA and ndh
(Shakya et al., 2012; Stagg et al., 2017).

The recommended daily dose of INH is 8 - 12 mg/kg/day in adults and 5 mg/kg/day in
children (Mcllleron et al., 2009; Francis et al., 2019). INH is metabolized in the liver and its
metabolites are excreted in the urine. INH toxicity includes hepatotoxicity, peripheral neuropathy

and haemolytic anaemia (Mcllleron et al., 2009; Francis et al., 2019).

1.8.1.1.3. Ethambutol
Ethambutol (EMB) was discovered in 1961 (structure given in Figure 1.7). It has demonstrated
inhibitory activity against AR Mtb bacilli with an MIC range of between 1 and 5 pg/mL. Its
mechanism of action involves blocking the formation of the cell wall of Mtb by inhibiting the
enzyme arabinosyl transferase involved in arabinogalactan synthesis, which is an essential
component in the formation of the mycolyl-arabinogalactan-peptidoglycan complex of the Mtb
cell wall (Aristoff et al., 2010; Zimmerman et al., 2017). Mutations in the gene embB are
responsible for resistance to EMB (Tao et al., 2006; Fatiguso et al., 2016).

Ethambutol is used at concentration of 15 to 25 mg/kg/day for 6 - 8 weeks (Lacroix et al.,
1989; Zimmerman et al., 2017). Fifty percent of the given dose is excreted unchanged in the urine
(Zimmerman et al., 2017). Adverse effects of EMB include peripheral neuropathy, red-green color

blindness, arthralgia, hyperuricaemia and optic neuritis (Tao et al., 2006; Schubert et al., 2017).

1.8.1.1.4. Pyrazinamide

Pyrazinamide (PZA) was discovered in 1952 (structure given in Figure 1.7). It is mainly inhibitory
but can be bactericidal for AR Mtb with a MIC of between 20 and 100 pg/mL. It accelerates the
sterilizing effect of INH and RMP when used as part of combination therapy. This has enabled a
reduction in the duration of treatment for DS-TB isolates from nine to six months and is therefore

used in the first two months of treatment (Heifets and Malenka, 2016).
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In acidic conditions, the enzyme pyrazinamidase, converts PZA to the active form,
pyrazinoic acid, which subsequently inhibits the enzyme fatty acid synthase (FAS) I, required by
the bacterium to synthesize fatty acids. Mutations of the pyrazinamidase gene (pncA) are
responsible for PZA resistance in Mtb (Shakya et al., 2012; Stagg et al., 2017).

The recommended dose of PZA is between 20 and 25 mg/kg/day or 30 - 40 mg/kg three
times a week (Buchan et al., 2018). Pyrazinamide is metabolized by the liver and the metabolic
products are excreted by the kidneys. Some common side effects of PZA include skin rash, nausea,
vomiting, hepatotoxicity, anorexia, hyperuricemia, dysuria, joint pains, urticaria, pruritus, malaise,

interstitial nephritis, porphyria and fever (Zimmerman et al., 2017).
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N Pyrazinamide J/\ Ethambutol

Figure 1.7: Molecular structures of first line anti-tuberculosis drugs (Shakya et al., 2012, with

permission).

1.8.2. Chemotherapy of drug-resistant tuberculosis

Drug-resistant TB (DR-TB) develops in situations where there is a late diagnosis, non-compliance,
misuse of antimicrobial agents, exposure to DR-TB patient and co-morbidity, leading to the
emergence of DR-TB strains such as the multidrug-resistant-TB (MDR-TB: resistant to at least
INH and RMP), extensively drug-resistant-TB (XDR-TB: MDR-TB strains resistant to at least
second-line agents fluorquinolones and aminoglycoside injectables) and totally drug-resistant-TB
(TDR-TB: resistance to all anti-TB drugs tested) (WHO, 2016).
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Drug-resistant-TB has seriously complicated the chemotherapy of TB by undermining the
effectiveness of available anti-TB agents (Shakya et al., 2012; Stagg et al., 2017). DR-TB patients
are treated with second-line drugs, which often result in high toxicity and side-effects (Phillips et
al., 2019).

Mtb acquires antibiotic resistance through several mechanisms, which include cell wall
permeability, clonal selection, efflux pumps, drug degradation and drug tolerance through biofilm
formation (WHO, 2016; Singh et al., 2019).

The standard chemotherapeutic regimen for DR-TB, which was introduced in 2018,
includes a shorter, standardized treatment regimen given for 9 - 12 months. The drugs include
members of four groups. These are: Group A: oral fluoroquinolones such as levofloxacin,
moxifloxacin and gatifloxacin; Group B: second-line injectables such as aminoglycosides
(kanamycin and amikacin), cyclic peptides and aminoglycosides (streptomycin) and Group C:
isonicotinic acid derivative (ethionamide), D-cycloserine, terizidone, riminophenazines
(clofazimine) and oxazolidinone (linezolid). Treatment regimens consist of at least five antibiotics
consisting of PZA and four second line drugs: one from Group A, one from B and at least two
from Group C. Treatment includes at least five effective agents during an intensive phase of four
months. Bedaquiline (BDQ) may be added to the regimen, either to replace one of the other second-
line drugs or to strengthen it (Singh et al., 2019). Bedaquiline is currently approved for the
treatment of patients with pre-XDR and XDR-TB (Ndjeka et al., 2018).

Due to clofazimine forming the basis of the present study, this agent, together with its
antimicrobial activity, mechanisms of action, pharmacological properties and clinical

presentations and adverse effects will be discussed in greater detail in Chapter Two.

19

© University of Pretoria



1.9. References

Abadia E, Zhang J, Ritacco V, Kremer K, Ruimy R, Rigouts L, Magdinier H, Gomes A, Elias E,
Fauville-Dufaux M, Stoffels K, Refrégier G, Sola C. (2011). The use of microbead-based
spoligotyping for Mycobacterium tuberculosis complex to evaluate the quality of the conventional
method: providing guidelines for quality assurance when working on membranes. BMC Infectious
Diseases. 11(110): 1471-2334.

Abdelaziz MM, Bakr WM, Hussien SM, Amine AE. (2016). Diagnosis of pulmonary tuberculosis
using Ziehl-Neelsen stain or cold staining techniques? Journal of Egyptian Public Health
Association. 91(1): 39-43. doi: 10.1097/01.EPX.0000481358. 12903.af.

Abdool-Karim SS, Churchyard GJ, Karim QA, Lawn SD. (2009). HIV infection and tuberculosis
in South Africa: An urgent need to escalate the public health response. The Lancet. 374(9693):
921-933. http://dx.doi.org/10.1016/S0140-6736 (09)60916-8.

Aguet F, Upadhyayula S, Gaudin R, Chou Y'Y, Cocucci E, He K, Chen BC, Mosaliganti K, Pasham
M, Skillern W, Legant WR, Liu TL, Findlay G, Marino E, Danuser G, Megason S, Betzig E,
Kirchhausen T. (2016). Membrane dynamics of dividing cells imaged by lattice light-sheet
microscopy. Molecular Biology of the Cell. 27(22): 3418-3435. doi:10.1091/mbc. e16-03-0164.

Ahmad S. (2018). Pathogenesis, immunology, and diagnosis of latent Mycobacterium tuberculosis
infection. Clinical and Developmental Immunology. 814943: 17. doi:10.1155/2011/814943.

Ahmad Z, Makaya NH, Grosset J. (2011). History of drug discovery: early evaluation studies and
lessons learnt from them. In Antituberculosis chemotherapy, Donald PR, VVan Helden PD (eds).

Progress in Respiratory Research. 40: 2-9.

Andreu N, Zelmer A, Fletcher T, Elkington PT, Ward TH, Ripoll J, Parish T, Bancroft GJ, Schaible
U, Robertson BD, Wiles S. (2010). Optimisation of bioluminescent reporters for use with
mycobacteria. PLoS One. 5(5): e10777.

20

© University of Pretoria



Aristoff PA, Garcia GA, Kirchhoff PD, Showalter HD. (2010). Rifamycins--obstacles and
opportunities. Tuberculosis (Edinb). 90(2): 94-118. doi: 10.1016/j.tube.2010.02.001.

Astarie-Dequeker C, Le Guyader L, Malaga W, Seaphanh FK, Chalut C, Lopez A, Guilhot C.
(2009). Phthiocerol dimycocerosates of Mycobacterium tuberculosis participate in macrophage
invasion by inducing changes in the organization of plasma membrane lipids. PLoS Pathogens.
5(2): e1000289.

Augenstreich J, Arbues A, Simeone R, Haanappel E, Wegener A, Sayes F, Le Chevalier F,
Chalut C, Malaga W, Guilhot C, Brosch R, Astarie-Dequeker C. (2017). ESX-1 and phthiocerol
dimycocerosates of Mycobacterium tuberculosis act in concert to cause phagosomal rupture and
host cell apoptosis. Cellular Microbiology. 19(7): 788-791. https://doi.org/10.1111/cmi.12726.

Barberis I, Bragazzi NL, Galluzzo L, Martini M. (2017). The history of tuberculosis: from the first
historical records to the isolation of Koch's bacillus. The Journal of Preventive Medicine and
Hygiene. 58(1): E9-E12.

Barksdale L, Kim KS. (1977). Mycobacterium. Bacteriology Reviews. 41: 217-372.

Barreteau H, Kovac A, Boniface A, Sova M, Gobec S, Blanot D. (2008). Cytoplasmic steps of
peptidoglycan biosynthesis. FEMS Microbiology. 32: 168e207. http://dx.doi.org/10.1111/j.1574-
6976.2008.00104.x.

Barry CE, Crick DC, McNeil MR. (2017). Targeting the formation of the cell wall core of

Mycobacterium tuberculosis. Infectious Disorders and Drug Targets. 7(2): 182-202.

Basaraba RJ, Ojha AK. (2017). Mycobacterial biofilms: revisiting tuberculosis bacilli in
extracellular necrotizing lesions. Microbiology Spectrum. 5(3): 22-24.

Baya B, Achenbach CJ, Kone B, Toloba Y, Dabitao DK, Diarra B, Goita D, Diabaté S, Maiga M,
Soumare D, Ouattara K, Kanoute T, Berthe G, Kamia YM, Sarro YDS, Sanogo M, Togo ACG,

21

© University of Pretoria


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Augenstreich%2C+Jacques
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Arbues%2C+Ainhoa
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Simeone%2C+Roxane
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Haanappel%2C+Evert
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wegener%2C+Alice
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sayes%2C+Fadel
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=le+Chevalier%2C+Fabien
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chalut%2C+Christian
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Malaga%2C+Wladimir
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Guilhot%2C+Christophe
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Brosch%2C+Roland
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Astarie-Dequeker%2C+Catherine
https://doi.org/10.1111/cmi.12726
http://dx.doi.org/10.1111/j.1574-6976.2008.00104.x
http://dx.doi.org/10.1111/j.1574-6976.2008.00104.x

Dembele BPP, Coulibaly N, Kone A, Akanbi M, Belson M, Dao S, Orsega S, Siddiqui S, Doumbia
S, Murphy RL, Diallo S. (2019). Clinical risk factors associated with multidrug-resistant
tuberculosis (MDR-TB) in Mali. International Journal of Infectious Diseases. 81: 149-155. doi:
10.1016/}.ijid.2019.02.004.

Buchan B, Windham S, Faron M, Balada-L, Relich R, Humphries R, Miller S, Harrington R,
Murphy C, Leber A, Bard JD, Zimmerman C, Kerr D, Graue D, Ledeboer N, Huang A. (2018).
Clinical evaluation and potential impact of a semi-quantitative multiplex molecular assay for the
identification of pathogenic bacteria and viruses in lower respiratory specimens. American Journal
of Respiratory and Critical Care Medicine. 197: A2617.

Burbaud S, Laval F, Lemassu A, Daffé M, Guilhot C, Chalut C. (2016). Trehalose polyphleates
are produced by a glycolipid biosynthetic pathway conserved across phylogenetically distant
mycobacteria. Cellular and Chemical Biology. 23(2): 278-289.

Calmette A, Guerin C, Weil-Halle B. (1924). Essaid’immunisation contre 1’infection
tuberculeuse. Bulletin of the Newyork Academy of Medicine. 91: 787-796.

Calmette A, Guerin C. (1920). Nouvelles recherches experimentales sur la vaccination des bovides

contre la tuberculose. Annales de Institute Pasteur (Paris). 34: 553-560.

Cambau E, Drancourt M. (2014). Steps towards the discovery of Mycobacterium tuberculosis by
Robert Kock, 1882. Clinical Microbiology and Infectious Diseases. 20(3): 196-201.

CavaF, de Pedro MA, Lam H, Davis BM, Waldor MK. (2018). Distinct pathways for modification
of the bacterial cell wall by non-canonical D-amino acids. The EMBO Journal. 30: 3442-3453.
doi: 10.1038/emboj.2018.246.

Chakrabory P, Kumar A. (2019). The extracellular matrix of mycobacterial biofilms: could we
shorten the treatment of mycobacterial infections? Microbial Cell. 6(2): 105-122.
d0i:10.15698/mic2019.02.667.

22

© University of Pretoria



Chen X, He G, Wang S, Lin S, Chen J, Zhang W. (2019). Evaluation of whole-genome sequence
method to diagnose resistance of 13 anti-tuberculosis drugs and characterize resistance genes in
clinical multi-drug resistance Mycobacterium tuberculosis isolates from china. Frontiers in
Microbiology. 10: 1741. doi: 10.3389/fmicb.2019.01741.

Cholo MC, Mothiba MT, Fourie B, Anderson R. (2017). Mechanisms of action and therapeutic
efficacies of the lipophilic antimycobacterial agents clofazimine and bedaquiline. Journal of
Antimicrobial Chemotherapy. 72(2): 338-353. doi: 10.1093/jac/dkw426.

Churchyard GJ, Mametja LD, Mvusi L, Ndjeka N, Hesseling AC, Reid A, Babatunde A, Pillay Y.
(2014). Tuberculosis control in South Africa: successes, challenges and recommendations. South
African Medical Journal. 104(3): 244-248. doi:10.7196/SAMJ.7689.

Ciofu O, Rojo-Molinero E, Macia MD, Oliver A. (2017). Antibiotic treatment of biofilm
infections. Journal of Antimicrobial Chemotherapy. 125(4): 304-319. doi: 10.1111/apm.12673.
Clayson C. (1957). Sir Robert Philip and the conquest of tuberculosis. BMC Microbiology.
2(5060): 1503-1508.

Cook GM, Berney M, Gebhard S, Heinemann M, Cox RA, Danilchanka O, Niederweis M. (2009).
Physiology of mycobacteria. Advances in Microbiology and Physiology. 55: 81-31.

Danielle AE, Heimall JR. (2017). A review of chronic granulomatous disease. Advances in
Therapy. 34(12): 2543-2557. d0i:10.1007/s12325-017-0636-2.

Davenne T, McShane H. (2016). Why don't we have an effective tuberculosis vaccine yet? Expert
Review Vaccines. 15(8): 1009-1013. doi:10.1586/14760584.2016.1170599.

Donoghue HD, Spigelman M, Greenblatt CL, Lev-Maor G, Bar-Gal GK, Matheson C, Vernon K,
Nerlich AG, Zink AR. (2004). Tuberculosis: from prehistory to Robert Koch, as revealed by
ancient DNA. The Lancet Infectious Diseases. 4(9): 584-592.

23

© University of Pretoria


https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20X%5BAuthor%5D&cauthor=true&cauthor_uid=31417530
https://www.ncbi.nlm.nih.gov/pubmed/?term=He%20G%5BAuthor%5D&cauthor=true&cauthor_uid=31417530
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31417530
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31417530
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=31417530
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=31417530
https://www.ncbi.nlm.nih.gov/pubmed/31417530
https://www.ncbi.nlm.nih.gov/pubmed/31417530

Drobac PC, del Castillo H, Sweetland A, Anca G, Joseph JK, Furin J, Shin S. (2005). Treatment
of multidrug-resistant tuberculosis during pregnancy: long-term follow-up of 6 children with
intrauterine exposure to second-line agents. Clinical Infectious Disease. 40(11):1689-1692.

Dye C, Bassili A, Bierrenbach AL, Broekmans JF, Chadha VK, Glaziou P, Gopi PG, Hosseini M,
Kim SJ, Manissero D, Onozaki I, Rieder HL, Scheele S, van Leth F, van der Werf M, Williams
BG. (2008). Measuring tuberculosis burden, trends, and the impact of control programmes. The
Lancet Infectious Diseases. 8(4): 233-234. doi: 10.1016/S1473-3099(07)70291-8. Epub 2008 Jan
16.

Dzodanu ED, Afrifa A, Acheampong DO, Dadzie I. (2019). Diagnostic yield of fluorescence and
Ziehl-Neelsen staining techniques in the diagnosis of pulmonary tuberculosis: a comparative study
in a district health facility. Tuberculosis Research and Treatment. 2019: 6.
doi.org/10.1155/2019/4091937.

Ehrlich P. (1967). Nobel lectures, physiology or medicine. Elsevier Publishing Company. 1: 1901-
1921.

Esteban J, Garcia-Coca M. (2018). Mycobacterium biofilms. Frontiers in Microbiology. 18: 2651.
doi: 10.3389/fmich.2017.02651.

Esteban J, Mufioz-Egea MC. (2016). Mycobacterium bovis and other uncommon members of the
Mycobacterium tuberculosis Complex. Microbiological Spectrum. 4(6): 0017-0021. doi:
10.1128/microbiolspec. TNMI7-0021-2016.

Fatiguso G, Allegra S, Calcagno A, Baietto L, Motta I, Favata F, Cusato J, Bonora S, Perri GD,
D'Avolio A. (2016). Ethambutol plasma and intracellular pharmacokinetics: a pharmacogenetic
study. The International Journal of Pharmacology. 497. 287-292.  doi:
10.1016/j.ijpharm.2015.11.044.

24

© University of Pretoria



Fennelly KP, Jones-Lopez EC. (2015). Quantity and quality of inhaled dose predicts

immunopathology in tuberculosis. Frontiers in Immunology. 6: 313.

Fennelly KP, Ojano-Dirain C, Yang Q, Liu L, Lu L, Progulske-Fox A, Wang GP, Antonelli P,
Schultz G. (2016). Biofilm formation by Mycobacterium abscesus in a lung cavity. American
Journal of Respiratory and Critical Care Medicine. 193(6): 692-693.

Francis J, Zvada SP, Denti P, Hatherill M, Charalambous S, Mungofa S, Dawson R, Dorman S,
Gupte N, Wiesner L, Jindani A, Harrison TS, Olagunju A, Egan D, Owen A, Mcllleron HM.
(2019). A population pharmacokinetic analysis shows that arylacetamide deacetylase (AADAC)
gene polymorphism and HIV infection affect the exposure of rifapentine. Antimicrobial Agents
and Chemotherapy. 63(4): e01964-18. doi: 10.1128/AAC.01964-18.

Gengenbacher M, Vogelzang A, Schuerer S, Lazar D, Kaiser P, Kaufmann SH. (2014). Dietary
pyridoxine controls efficacy of vitamin B6-auxotrophic tuberculosis vaccine bacillus Calmette-
Guérin AureC: hly Apdx1 in mice. mBio. 3(7): 412-414. doi: 10.1128/mbio.01262-14.

Gengenbacher N, Singhal M, Augustin HG. (2017). Preclinical mouse solid tumour models: status
quo, challenges and perspectives. Nature Reviews and Cancer. 17(12): 751-765. doi:
10.1038/nrc.2017.92.

Getahun H, Matteelli A, Abubakar I, Aziz MA, Baddeley A, Barreira D, Den Boon S, Borroto
Gutierrez SM, Bruchfeld J, Burhan E, Cavalcante S, Cedillos R, Chaisson R, Chee CB, Chesire L,
Corbett E, Dara M, Denholm J, de Vries G, Falzon D, Ford N, Gale-Rowe M, Gilpin C, Girardi E,
Go UY, Govindasamy D, D Grant A, Grzemska M, Harris R, Horsburgh CR Jr, Ismayilov A,
Jaramillo E, Kik S, Kranzer K, Lienhardt C, LoBue P, Lonnroth K, Marks G, Menzies D, Migliori
GB, Mosca D, Mukadi YD, Mwinga A, Nelson L, Nishikiori N, Oordt-Speets A, Rangaka MX,
Reis A, Rotz L, Sandgren A, Safié Schepisi M, Schiinemann HJ, Sharma SK, Sotgiu G, Stagg HR,
Sterling TR, Tayeb T, Uplekar M, van der Werf MJ, Vandevelde W, van Kessel F, van't Hoog A,
Varma JK, Vezhnina N, Voniatis C, Vonk Noordegraaf-Schouten M, Weil D, Weyer K, Wilkinson
RJ, Yoshiyama T, Zellweger JP, Raviglione M. (2015). Management of latent Mycobacterium

25

© University of Pretoria


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4049106/

tuberculosis infection: WHO guidelines for low tuberculosis burden countries. The European
Respiratory Journal. 46(6): 1563-1576.

Gezae EB, Abebe HT, Gebretsadik LG. (2019). Incidence and predictors of LTFU among adults
with TB/HIV co-infection in two governmental hospitals, Mekelle, Ethiopia, 2009-2016: survival
model approach. BMC Infectious Diseases. 19(1): 878. doi: 10.1186/s12879-019-3756-2.

Glaziou P, Sismanidis C, Floyd K, Raviglione M. (2015). Global epidemiology of TB. The Cold
Spring Harbor Perspectives in Medicine. 5(2): 017798.

Groschel C, Sasse A, Rohrborn C, Monecke S, Didié M, Elsner L, Kruse V, Bunt G, Lichtman
AH, Toischer K, Zimmermann WH, HasenfuR G, Dressel R. (2017). T helper cells with specificity
for an antigen in cardiomyocytes promote pressure overload-induced progression from
hypertrophy to heart failure. International Journal of Scientific Reports. 7(1): 15998. doi:
10.1038/s41598-017-16147-1.

Grzegorzewicz AE, de Sousa-d'Auria C, McNei MR, Huc-Claustre E, Jones V, Petit C, Angala
SK, Zemanoval J, Wang O, Belardinelli JM, Gao Q, Ishizaki Y, MikuSoval K, Brennan PJ,
Ronning DR, Chami M, Houssin C, Jackson M. (2016). Assembling of the Mycobacterium
tuberculosis cell wall core. The Journal of Biological Chemistry. 291: 18867-18879. doi:
10.1074/jbc.M116.739227.

Ha KY, Chung YG, Ryoo SJ. (2005). Adherence and biofilm formation of Staphylococcus
epidermidis and Mycobacterium tuberculosis on various spinal implants. Spine. 30(1): 38-43.

Hall-Stoodley L, Stoodley P, Kathju S, Hoiby N, Moser C, Costerton JW, Moter A, Bjarnsholt T.
(2012). Towards diagnostic guidelines for biofilm associated infections. FEMS Immunology and
Medical Microbiology. 65(2): 127-145.

Heifets LB, Malenka RC. (2016). MDMA as a probe and treatment for social behaviors. Tubercle.
166(2): 269-272. doi.org/10.1016/j.cell.2016.06.045.

26

© University of Pretoria



Hershkovitz 1, Donoghue HD, Minnikin DE, Besra GS, Lee OY, Gernaey AM, Galili E, Eshed V,
Greenblatt CL, Lemma E, Bar-Gal GK, Spigelman M. (2008). Detection and molecular
characterization of 9,000-year-old Mycobacterium tuberculosis from a Neolithic settlement in the
Eastern Mediterranean. PL0S One. 3: €3426.

Hinchey J, Lee S, Jeon BY, Rudstam LG, Reid JW. (2019). Enhanced priming of adaptive
immunity by a proapoptotic mutant of Mycobacterium tuberculosis. The Journal of Clinical
Investigation. 117(8): 2279-2288.

Hu S, He W, Du X, Yang J, Wen Q, Zhong XP, Ma L. (2017). IL-17 production of neutrophils
enhances antibacterial ability but promotes arthritis development during Mycobacterium

tuberculosis infection. Biological Medicine. 23: 88-99.

Hunter RL. (2018). The pathogenesis of tuberculosis: The early infiltrate of post-primary (adult
pulmonary) tuberculosis: a distinct disease entity. Frontiers in Immunology. 9: 2108.
d0i:10.3389/fimmu.2018.02108.

Jilani N, Avula A, Gondal AZ, Siddiqui AH. (2019). Active tuberculosis. Clinical
Neuroradiology. 29(1): 3-18.

Jo EK, Yang CS, Choi CH, Harding CV. (2007). Intracellular signalling cascades regulating innate
immune responses to mycobacteria: branching out from Toll-like receptors.  Cellular
Microbiology. 9(5): 1087-1098

Kappelman J, Alcicek MC, Kazanci N, Schultz M, Ozkul M, Sen S. (2008). First Homo erectus
from Turkey and implications for migrations into temperate Eurasia. American Journal of
Physiology and Anthropology. 135: 110-116.

Kapur V, Whittam TS, Musser JM. (1994). Is Mycobacterium tuberculosis 150 000 years old?
Journal of Infectious Diseases. 170(5): 1348-1349.

27

© University of Pretoria



Kaufmann SH, Evans TG, Hanekom WA. (2015). Tuberculosis vaccines: time for a global
strategy. Scientific Translation of Medicine. 7: 276-278. 10.1126/scitranslmed.aaa4730.

Kaur D, Guerin EM, Skovierova H, Brennan PJ, Jackson M. (2009). Biogenesis of the cell wall
and other glycoconjugates of Mycobacterium tuberculosis. Advances in Applied Microbiology. 69:
23-78.

Koch R, Die E. (1882). Aetiology of tuberculosis. Berliner klinische of Wochenschrift. 15: 221-
230.

Kora R, Brodsky SV, Nadasdy T, Agra D, Satoskar AA. (2018). Rifampicin in nontuberculous
mycobacterial infections: acute kidney injury with hemoglobin casts. Case Reports in Nephrology.
5:9321621. doi: 10.1155/2018/9321621.

Kumar A, Farhana A, Guidry L, Saini V, Hondalus M, Steyn AJ. (2011). Redox homeostasis in

mycobacteria: the key to tuberculosis control? Expert Reviews in Molecular Medicine. 13: e39.

Kumar A, Farhana A, Guidry L, Saini V, Hondalus M, Steyn AJ. (2011). Redox homeostasis in
mycobacteria: the key to tuberculosis control? Expert Reviews in Molecular Medicine. 13: e39.

Lacroix JM, Tempete M, Menichi B, Bohin JP. (1989). Molecular cloning and expression of a
locus (mdoA) implicated in the biosynthesis of Mycobacterium tuberculosis. Research in
Microbiology. 142(2):289-294. doi.org/10.1016/0923-2508(91)90043-A.

Lee RS, Radomski N, Proulx JF, Levade I, Shapiro BJ, Mclntosh F, Soualhine H, Menzies D, Behr
MA. (2016). Population genomics of Mycobacterium tuberculosis in the Inuit. Proceedings of the
National Academy of Science of the United States of America. 112(44): 13609-13614.
10.1073/pnas.1507071112.

28

© University of Pretoria



Loveday M, Wallengren K, Reddy T, Besada D, Brust JCM, Voce A, Desai H, Ngozo J, Radebe
Z, Master |, Padayatchi N, Daviaud E. (2018). MDR-TB patients in KwaZulu-Natal, South Africa:
Cost-effectiveness of 5 models of care. PLoS One. 13(4): e0196003. doi:
10.1371/journal.pone.0196003.

Lussier DM, Schreiber RD. (2016). Cancer immunosurveillance: immunoediting. Biomedicine
and Biochemistry. 19: 231-134.

Maglione PJ, Gyimesi G, Cols M, Radigan L, Huaibin L, Ko M, Weinberger T, Lee BH, Grasset
EK, Rahman AH, Cerutti A, Cunningham-Rundles C. (2019). BAFF-driven B cell hyperplasia
underlies lung disease in common variable immunodeficiency. Clinical Medicine Immunology.
4(5): e122728. doi.org/10.1172/jci.insight.122728.

Maitra A, Munshi T, Healy J, Martin LT, Vollmer W, Keep NH, Bhakta S. (2019). Cell wall
peptidoglycan in Mycobacterium tuberculosis: an Achilles’ heel for the TB-causing pathogen.
FEMS Microbiology Reviews. 43(5): 548-575. https://doi.org/10.1093/femsre/fuz016.

Mantoux C. (1910). L’intradermo-reaction a la tuberculine. La Presse medicale. 2: 10-13.

Mathema B, Kurepina N, Fallows D, Kreiswirth BN. (2008). Lessons from molecular
epidemiology and comparative genomics. Seminars in Respiratory and Critical Care Medicine.
29(5): 467-480.

Mathivha KT, Velaphi S. (2017). Characteristics of infants exposed to maternal tuberculosis and
chemoprophylaxis using 3 months of isoniazid and rifampicin. Paediatric International Children’s
Health. 37: 129-134.

Mcllleron H, Denti P, Cohn S, Mashabela F, Hoffmann JD, Shembe S, Msandiwa R, Wiesner L,
Velaphi S, Lala SG, Chaisson RE, Martinson N, Kelly E. (2017). Prevention of tuberculosis using
rifampicin plus isoniazid reduces nevirapine concentrations in HIV-exposed infants. Dooley on
behalf of the Tshepiso Study Team. The Journal of Antimicrobial Chemotherapy. 72: 2028-2034.

29

© University of Pretoria


https://doi.org/10.1093/femsre/fuz016

Mcllleron H, Willemse M, Werely CJ, Hussey GD, Schaaf HS, Smith PJ, Donald PR. (2009).
Isoniazid plasma concentrations in a cohort of South African children with tuberculosis:
implications for international pediatric dosing guidelines. Clinical Infectious Diseases. 48(11):
1547-53. doi: 10.1086/598192.

Menozzi FD, Rouse JH, Alavi M, Laude-Sharp M, Muller J, Bischoff R. (1996). Identification of
a heparin-binding hemagglutinin present in mycobacteria. The Journal of Experimental Medicine.
184: 993-1001. doi: 10.1084/jem.184.3.993.

Minnikin DE. (1982). Lipids: complex lipids, their chemistry, biosynthesis and roles. Journal of
Biology and Chemistry. 1: 95-184.

Mothiba TM, Anderson R, Fourie B, Germishuizen WA, Cholo MC. (2015). Effects of clofazimine
on planktonic and biofilm growth of Mycobacterium tuberculosis and Mycobacterium smegmatis.

Journal of Global Antimicrobial Resistance. 3: 13-18.

Murray JF, Rieder HL, Finley-Croswhite A. (2016). The king's evil and the royal touch: the
medical history of scrofula. The International Journal of Tuberculous and Lung Disease. 20(6):
713-716.

Musial CE, Tice LS, Stockman L, Roberts GD. (2017). Identification of mycobacteria from culture
by using the Gen-Probe Rapid Diagnostic System for Mycobacterium avium complex
and Mycobacterium tuberculosis complex. Journal of Clinical Microbiology. 26(10): 2120-2123.

Ndjeka N, Schnippel K, Master I, Meintjes G, Maartens G, Romero R, Padanilam X, Enwerem M,
Chotoo S, Singh N, Hughes J, Variava E, Ferreira H, Te Riele J, Ismail N, Mohr E, Bantubani N,
Conradie F. (2018). High treatment success rate for multidrug-resistant and extensively drug-
resistant tuberculosis using a bedaquiline-containing treatment regimen. The European
Respiratory Journal. 52(6): 1801528. doi: 10.1183/13993003.01528-2018.

30

© University of Pretoria



Ndlovu H, Marakalala MJ. (2016). Granulomas and inflammation: host-directed therapies for
tuberculosis. Frontiers in Immunology. 7: 434. doi:10.3389/fimmu.2016.00434.

Nicklisch N, Maixner F, Ganslmeier R, Friederich S, Dresely V, Meller H, Zink A, Alt KW.
(2012). Rib lesions in skeletons from early neolithic sites in Central Germany: on the trail of
tuberculosis at the onset of agriculture. American Journal of Physiology and Anthropology. 149(3):
391-404.

Nusrath A, Selvakumar U, Luke S, Hannaa E, Selvakumarc N. (2016). Overview on mechanisms
of isoniazid action and resistance in Mycobacterium tuberculosis. The International Journal of
Infectious Diseases. 45: 474-492. doi.org/10.1016/j.meegid.2016.09.004.

Ojha AK, Baughn AD, Sambandan D, Hsu T, Trivelli X, Guerardel YU, Alahari A, Kremer L,
Jacobs WR, Hatfull GF. (2008). Growth of Mycobacterium tuberculosis biofilms containing free

mycolic acids and harbouring drug-tolerant bacteria. Molecular Microbiology. 69: 164-174.

Ojha AK, Jacobs WR, Jr, Hatfull GF. (2015). Genetic dissection of mycobacterial biofilms.
Methods in Molecular Biology. 1285: 215-226.

Ojha AK, Trivelli X, Guerardel Y, Kremer L, Hatfull GF. (2010). Enzymatic hydrolysis of
trehalose dimycolate releases free mycolic acids during mycobacterial growth in biofilms. Journal
of Biological Chemistry. 285(23): 17380-17389. doi: 10.1074/jbc.M110.112813.

Olagunju A, Khoo S, Owen A. (2016). Pharmacogenetics of nevirapine excretion into breast milk
and infants’ exposure through breast milk versus post exposure prophylaxis. Pharmacogenomics.
17(8): 891-906.

Olmos E, Garcia De La Garma J, Gomez-Jimenez MC, Fernandez-Garcia N. (2017).
Arabinogalactan proteins are involved in salt-adaptation and vesicle trafficking in tobacco by-2
cell cultures. Frontiers in Plant Science. 8: 1092. https://doi.org/10.3389/fpls.2017.01092.

31

© University of Pretoria



Pasechnik O, Dymova MA, Stasenko VL, Blokh Al, Tatarintseva MP, Kolesnikova LP, Filipenko
ML. (2017). Molecular and genetic characteristics of Mycobacterium tuberculosis strains
circulating in the southern part of West Siberia. Indian Journal of Medical Research. 146(1): 49-
55. doi: 10.4103/ijmr.lJMR_162_186.

Pedroza-Gonzéalez A, Garcia-Romo GS, Aguilar-Leon D, Calderon-Amador J, Hurtado-Ortiz R,
Orozco-Estevez H, Lambrecht BN, Estrada-Garcia I, Herndndez-Pando R, Flores-Romo L. (2004).
In situ analysis of lung antigen-presenting cells during murine pulmonary infection with virulent

Mycobacterium tuberculosis. International Journal of Experimental Pathology. 85(3): 135-145.

Peters A, Delhey K, Nakagawa S, Aulsebrook A, Verhulst S. (2019). Immunosenescence in wild
animals:  meta-analysis and  outlook.  Ecology  Letters. 22(10): 1709-1722.
https://doi.org/10.1111/ele.13343.

Peyron P, Vaubourgeix J, Poquet Y, Levillain F, Botanch C, Bardou F, Daffé M, Emile JF,
Marchou B, Cardona PJ, de Chastellier C, Altare F. (2008). Foamy macrophages from tuberculous
patients’ granulomas constitute a nutrient-rich reservoir for Mycobacterium tuberculosis
persistence. PLoS Pathogens. 4(11): e1000204.

Pezzella AT. (2019). History of pulmonary tuberculosis. Thoracic Surgery Clinic. 29(1): 1-17. doi:
10.1016/j.thorsurg.2018.09.002.

Philip RW. (1913). The passing of tuberculosis. Glasgow Medicine. 79(5): 321-334.

Phillips PPJ, Mitnick CD, Neaton JD, Nahid P, Lienhardt C, Nunn AJ. (2019). Keeping phase 11
tuberculosis trials relevant: adapting to a rapidly changing landscape. PLoS Medicine. 16(3):
e1002767. doi.org/10.1371/journal.pmed.1002767.

Pienaar E, Fluitt AM, Whitney SE, Freifeld G, Viljoen HJ. (2010). A model of tuberculosis
transmission and intervention strategies in and urban residential area. Computational Biology and
Chemistry. 34(2): 86-96.

32

© University of Pretoria


https://doi.org/10.1111/ele.13343

Prashar A, Schnettger L, Bernard EM, Gutierrez MG. (2017). Rab GTPases in immunity and
inflammation. Frontiers in Cellular and Infection Microbiology. 7: 435.

Puissegur MP, Botanch C, Duteyrat JL, Delsol G, Caratero C, Altare F. (2004). An in vitro dual
model of mycobacterial granulomas to investigate the molecular interactions between

mycobacteria and human host cells. Cellular Microbiology. 6(5): 423-433.

Qualls JE, Neale G, Smith AM, Koo MS, DeFreitas AA, Zhang H, Kaplan G, Watowich SS,
Murray PJ. (2010). Arginine usage in mycobacteria-infected macrophages depends on autocrine

paracrine cytokine signaling. Science Signaling. 3(135): 62. doi: 10.1126/scisignal.2000955.

Queval C J, Brosch R, Simeone R. (2017). The macrophage: a disputed fortress in the battle against

Mycobacterium tuberculosis. Frontiers in Microbiology. 8: 2284,

Queval C J, Brosch R, Simeone R. (2017). The macrophage: a disputed fortress in the battle against

Mycobacterium tuberculosis. Frontiers in Microbiology. 8: 2284,

Radkov AD, Hsu YP, Booher G, Van Nieuwenhze MS. (2018). Imaging bacterial cell wall
biosynthesis. Annual Review of Biochemistry. 87: 991-1014. https://doi.org/10.1146/annurev-
biochem-062917-012921.

Rangaka MX, Wilkinson KA, Glynn JR, Ling D, Menzies D, Mwansa-Kambafwile J, Fielding K,
Wilkinson RJ, Pai M. (2012). Predictive value of interferon-C release assays for incident active

tuberculosis: a systematic review and meta-analysis. The Lancet Infectious Disease. 12(1): 45-55.

Raviglione M, Sulis G. (2016). Tuberculosis 2015: burden, challenges and strategy for control and

elimination. Infectious Disease Report. 8: 6570.

Raviglione MC. (2003). The tuberculosis epidemic from 1992 to 2002. Tuberculosis (Edinb).
83(1): 4-14.

33

© University of Pretoria


https://doi.org/10.1146/annurev-biochem-062917-012921
https://doi.org/10.1146/annurev-biochem-062917-012921

Rebekah J. (2017). Tuberculosis - United States, 2017. Morbidity and Mortality Weekly Report.
67(11): 317-323. doi:10.15585/mmwr.mm6711a2.

Richards JP, Ojha AK. (2014). Mycobacterial biofilms. Microbiology Spectrum. 2: 0002-0004.
doi: 10.1128/microbiolspec. MGM2-0004-2013.

Roach DR, Bean AGD, Demangel C, France MP, Briscoe H, Britton WJ. (2002). TNF regulates
chemokine induction essential for cell recruitment, granuloma formation, and clearance of

mycobacterial infection. The Journal of Immunology. 168(9): 4620-4627.

Sakula A. (1982). Robert Koch: centenary of the discovery of the tubercle bacillus, 1882. Thorax.
4: 246-251.

Schatz A, Bugie E, Waksman SA. (2005). Streptomycin, a substance exhibiting antibiotic activity
against Gram-positive and Gram-negative bacteria. 1944. Clinical Orthopaedics and Related
Research. (437): 3-6.

Schubert K, Sieger B, Meyer F, Giacomelli G, Bohm K, Rieblinger A, Lindenthal L, Sachs N,
Wanner G, Bramkamp M, Nacy CA. (2017). The antituberculosis drug ethambutol selectively
blocks apical growth in CNN group bacteria. American Society for Microbiology. 69: 405-423.
doi:10.1146/annurev-micro-091014-104121.

Schumacher SG, Sohn H, Qin ZZ, Gore G, Davis JL, Denkinger CM, Pai M. (2016). Impact of
molecular diagnostics for tuberculosis on patient-important outcomes: a systematic review of study
methodologies. PLoS One. 11(3): e0151073. doi: 10.1371/journal.pone.0151073.

Schwenkenbecher P, Neyazi A, Donnerstag F, Ringshausen FC, Jacobs R, Stoll M, Kirschner P,
Langer FP, Valizada E, Gingele S, Wegner F, Siihs KW, Stangel M, Skripuletz T. (2018). Chronic
granulomatous disease first diagnosed in adulthood presenting with spinal cord infection.
Frontiers in Immunology. 9: 1258. doi:10.3389/fimmu.2018.01258.

34

© University of Pretoria



Shakya A, Shakya VK, Arya N, Saxena RC. (2012). Preliminary physico-phytochemical study of
the bark of Acacia nilotica. Research Journal of Pharmaceutical, Biological and Chemical
Sciences. 3(2): 0975-8585.

Shang S, Kats D, Cao L, Morgun E, Velluto D, He Y, Xu O, Wang CR, Scott EA. (2018). Induction
of Mycobacterium tuberculosis lipid-specific T cell responses by pulmonary delivery of mycolic
acid-loaded polymeric  micellar nanocarriers. Frontiers in  Immunology. 9:2709.
https://doi.org/10.3389/fimmu.2018.02709.

Shiloh M. (2016). Mechanisms of mycobacterial transmission: how does Mycobacterium
tuberculosis enter and escape from the human host. Advanced Healthcare Materials. 7: 1503-
1506.

Singh S, Bouzinbi N, Chaturvedi V, Godreuil S, Kremer L. (2019). In vitro evaluation of a new
drug combination against clinical isolates belonging to the Mycobacterium abscessus complex.
Clinical Microbiology and Infection. 20(12): 1124-1127.

Slama N, Leiba J, Eynard N, Daffé M, Kremer L, Quémard L, Molle V. (2016). Negative
regulation by Ser/Thr phosphorylation of HadAB and HadBC dehydratases from Mycobacterium
tuberculosis type Il fatty acid synthase system. Biochemistry and Biophysics Research and
Communication. 412: 401-406.

Smith PJ. (2011). Nanoparticle delivery of anti-tuberculosis chemotherapy and drug resistance.
Yale Journal of Biological and Medical Research. 84(4): 361-369.

Smith V, Devane D, Begley CM, Clarke M. (2019). Methodology in conducting a systematic
review of systematic reviews of healthcare interventions. BMC Medical Research Methodology.
11 (15): 112-117.

35

© University of Pretoria


https://doi.org/10.3389/fimmu.2018.02709

Solokhina A, Bruckner D, Bonkat D, Braissant O. (2017). Metabolic activity of mature biofilms
of Mycobacterium tuberculosis and other non-tuberculous mycobacteria. Nature Research
Journal. 7(1): 1417-1430.

South African National Institute for Communicable Diseases. (2016). South African tuberculosis
drug-resistance survey 2012-2014. Johannesburg, South Africa: National Institute for
Communicable Diseases. Available at: http://www. nicd.ac.za/assets/files/K-12750. NICD
National Survey. Report_ Dev_V11-LR.pdf. Accessed 22 July 2017.

Spyridis NP, Spyridis PG, Gelesme A, Sypsa V, Valianatou M, Metsou F, Gourgiotis D, Tsolia
MN. (2007). The effectiveness of a 9-month regimen of isoniazid alone versus 3- and 4-month
regimens of isoniazid plus rifampin for treatment of latent tuberculosis infection in children: results

of an 11-year randomized study. Clinical Infectious Diseases. 45(6): 715-722.

Stagg HR, Lipman MC, McHugh TD, Jenkins HE. (2017). Isoniazid-resistant tuberculosis: a cause
for concern? International Journal of Tuberculous and Lung Disease. 21(2): 129-139.
doi:10.5588/ijtld.16.0716.

Statistics South Africa. (2015). Mortality and causes of death in South Africa, 2014: findings from
death notification. Pretoria: Stats SA; 2015.

Sulis G, Centis R, Sotgiu G, D'Ambrosio L, Pontali E, Spanevello A, Matteelli A, Zumla A,
Migliori GB. (2016). Recent developments in the diagnosis and management of tuberculosis.
Primary Care Respiratory Medicine and the Primary Care Respiratory Journal. 26: 16078.
doi:10.1038/npjpcrm.2016.78.

Taha TE, Flynn P, Cababasay M, Fowler MG, Mofenson L, Owor M, Shapiro D, Fiscus S, Stranix-
Chibanda L, Coutsoudis A, Gnanashanmugam D, Chakhtoura N, McCarthy K, Mukuzunga C,
Kawalazira R, Moodley D, Nematadzira T, Kusakara B, Bhosale R, Vhembo T, Bobat R, Mmaga
B, Masenya M, Nyati M, Theron G, Mulenga HB. (2016). Maternal triple antiretrovirals (MART)

and infant nevirapine (iNVP) prophylaxis for the prevention of mother-to-child transmission

36

© University of Pretoria



(MTCT) HIV during breastfeeding (BF). Review of Antiviral Therapy and Infectious Diseases. 7:
21-22.

Tao S. Lim A, Finlayson J, Thorpe M, Kishore S, Bibombe P. (2006). Outcomes of a contemporary
amputation series. ANZ Journal of Surgery. 76: 300-305. https://doi.org/10.1111/j.1445-
2197.2006.03715.

Tesfaye B, Alebel A, Gebrie A, Zegeye A, Tesema C, Kassie B. (2018). The twin epidemics:
Prevalence of TB/HIV co-infection and its associated factors in Ethiopia: a systematic review and
meta-analysis. PL0oS One. 13(10): e0203986. doi: 10.1371/journal.pone.0203986.

Tobin DM. (2015). Host-directed therapies for tuberculosis. Cold Spring Harbor Perspective in
Medicine. 5(10): a021196.

Trivedi A, Singh N, Bhat SA, Gupta P, Kumar A. (2012). Redox biology of tuberculosis
pathogenesis. Advanced in Microbial Physiology. 60: 263-324.

Tsai HZ, Lin RK, Hsieh TS. (2016). Drosophila mitochondrial topoisomerase I11 alpha affects the
aging process via maintenance of mitochondrial function and genome integrity. Journal of
Biomedical Sciences. 23(1): 38.

Villemin JA. (1865). Cause et nature de la tuberculose. Bulletin of the New York Academy of
Medicine. 37: 211-216.

Villemin JA. (1868). Etudes sur la tuberculose: preuves rationnelles et experimentales de sa
specificite et de son inoculabilite. Paris: J.-B. Bailli-ere. Thorax. 61(56): 1103-1118.

Vincent AT, Nyongesa S, Morneau |, Reed MB, Tocheva EIl, Veyrier FJ. (2018). The
mycobacterial cell envelope: a relict from the past or the result of recent evolution? Frontiers in
Microbiology. 10(24): 2341-2347. https://doi.org/10.3389/fmicbh.2018.02341.

37

© University of Pretoria


https://doi.org/10.3389/fmicb.2018.02341

Wallis RS, Maeurer M, Mwaba P, Chakaya J, Rustomjee R, Migliori GB, Marais B, Schito M,
Churchyard G, Swaminathan S, Hoelscher M, Zumla A. (2016). Tuberculosis — advances in
development of new drugs, treatment regimens, host-directed therapies, and biomarkers. The
Lancet Infectious Disease. 16: e34-46. doi: 10.1016/S1473-3099(16)00070-0.

Wang J, Gusti V, Saraswati A, Lo DD. (2011). Convergent and divergent development among M

cell lineages in mouse mucosal epithelium. Journal of Immunology. 187(10): 5277-5285.

Wang J, Gusti V, Saraswati A, Lo DD. (2017). Convergent and divergent development among M

cell lineages in mouse mucosal epithelium. American Journal of Public Health. 109(9): e5-€6.

World Health Organization. (2016). Global tuberculosis report 2015. WHO/HTM/TB/2015.22.
Geneva: WHO; 2015. Available from: http://www.who.int/tb/ publications/global report/en/. [6
August 2016].

World Health Organization. (2018). Global tuberculosis report.
http://www.who.int/tb/publications/global_report/en/.

Xu K, Liang ZC, Ding X, Hu H, LiuS, Nurmik M, Bi S, HuF, JiZ, RenJ, Yang S, Yang
YY, LiL. (2018). Nanomaterials in the prevention, diagnosis, and treatment of Mycobacterium

tuberculosis infections. Advanced HealthCare Materials. 7: 17005009.

Zamora N, Esteban J, Kinnari TJ, Celdran A, Granizo JJ, Zafra C. (2007). In vitro evaluation of
the adhesion to polypropylene sutures of nonpigmented, rapidly growing mycobacteria. Clinical
Microbiology and Infection. 13: 902-907.

Zhang L, English D, Andersen BR. (1991). Activation of human neutrophils by Mycobacterium
tuberculosis-derived sulfolipid-1. The Journal of Immunology. 146(8): 2730-2736.

38

© University of Pretoria


http://www.who.int/tb/publications/global_report/en/
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Xu%2C+Kaijin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Liang%2C+Zhen+Chang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ding%2C+Xin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Hu%2C+Haiyang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Liu%2C+Shaoqiong
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Nurmik%2C+Martin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bi%2C+Sheng
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Hu%2C+Feishu
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ji%2C+Zhongkang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ren%2C+Jingjing
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yang%2C+Shigui
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yang%2C+Yi+Yan
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Li%2C+Lanjuan

Zheng Q, Li Z, Zhou S, Zhang Q, Zhou L, Fu X, Yang L, Ma Y, Hao X. (2017). Heparin-binding
hemagglutinin of Mycobacterium tuberculosis is an inhibitor of autophagy. Frontiers in Cellular
and Infectious Microbiology. 7: 33. doi.org/10.3389/fcimb.2017.00033.

Zimmerman M, Lestner J, Prideaux B, O'Brien P, Dias-Freedman I, Chen C, Dietzold J, Daudelin
I, Kaya F, Blanc L, Chen PY, Park S, Salgame P, Sarathy J, Dartois V. (2017). Ethambutol
partitioning in tuberculous pulmonary lesions explains its clinical efficacy. Antimicrobial Agents
and Chemotherapy. 61(9): e00924-17. doi: 10.1128/AAC.00924-17.

39

© University of Pretoria



CHAPTER TWO: THE ANTITUBERCULOSIS ACTIVITIES OF CLOFAZIMINE
2.1. History of clofazimine
Clofazimine (CFZ) is a riminophenazine antibiotic which was synthesized in the 1950s for the
treatment of TB (Barry et al., 1956; Tyagi et al., 2016). It demonstrated high activity against Mtb
in vitro and therapeutic efficacy in an experimental murine model of TB and was used for the
treatment of TB patients. However, it proved ineffective as a monotherapy and also presented with
several side-effects such as skin pigmentation, abdominal pain, diarrhea, itchiness, dry skin, and,
in some cases, mental disturbances, which include depression, leading to discontinuation of the
antibiotic (Tyagi et al., 2016; Cholo et al., 2017).

CFZ, was, however, subsequently found to be highly effective against multibacillary
leprosy and has been used for the treatment of leprosy for over five decades (Pai, 2019). Due to an
increasing frequency of drug resistance to other anti-TB drugs in TB isolates, its use in the

treatment of TB patients has been revised (Lange et al., 2019).

2.2. Structure of clofazimine

The structure of CFZ is as shown in Figure 2.1. It has a phenazine nucleus, which is a crucial
structural feature of the riminophenazines, with an alkylimino group at position C-2 and phenyl
substituents at positions C-3 and N-10 of the phenazine nucleus (Cholo et al., 2012; Tan et al.,
2019). The nitrogen atom of the isopropylimino group located at position C-2 contributes to the
cationic amphiphilic properties of the molecule. Cationic amphiphilic drugs contain both
hydrophobic and hydrophilic domains in the aromatic ring system and an ionizable amine
functional group (Lanoix, 2015; Knight et al., 2019).
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Figure 2.1: Molecular structure of clofazimine (Cholo et al., 2012, with permission).

2.3. Antimicrobial activity of clofazimine

2.3.1. In vitro activity

CFZ has demonstrated high antimycobacterial activity against DS- and DR-TB isolates (Aung et
al 2014; Tang et al., 2015; Trébucq et al., 2018). It has high inhibitory activity against AR Mtb,
resulting in low MIC values of between 0.06 and 0.15 pg/mL but has weak bactericidal activity
against these organisms. However, it has both high inhibitory and bactericidal activities against
SR organisms, resulting in low MIC and MBC values (Mothiba et al., 2015). Moreover, it has also
demonstrated activity against NR organisms (Cholo et al., 2017).

Clofazimine has been shown to exhibit synergistic activity in combinations with second-
line drugs such as benzothiazinones, amikacin, tigecycline, clarithromycin, INH, EMB, PZA,
linezolid, and BDQ against various species of both rapidly-growing and slow-growing
mycobacteria (Van Ingen et al., 2012; Pym et al., 2016).
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2.3.2. In vivo activity in animal models

In vivo studies of experimental TB in mice reported significant therapeutic activity of CFZ (Hwang
et al., 2014; Ammerman et al., 2017), while activity in guinea pigs and monkey models showed
poor activity due to low absorption of the drug by the oral route and high accumulation in fatty
tissues (Huynh and Marais, 2019).

In a murine model the combination of CFZ with BDQ and PZA showed high bactericidal
activity (Tang et al., 2015; Diallo et al., 2018), while in combination with second-line regimens in
mice, led to improvement in treatment outcome leading to shorter culture conversion and relapse
prevention (Piubello et al., 2014; Diallo et al., 2018).

2.3.3. Clinical trials of clofazimine alone and in combination with other anti-tuberculosis
agents

Patients treated with CFZ-containing regimens, which include the shorter standardized regimen
that has been adopted by the World Health Organisation (WHQ) for the treatment of MDR-TB
patients, showed improvement in treatment success rates ranging from 62% to 87% (Van Deun et
al., 2010; Sow et al., 2016). These treatment success rates were independent of HIV co-infection
in patients or drug resistance status of the bacteria (Gupta et al., 2010; Nachipo et al., 2018).
Further cohort studies showing a favourable effect of CFZ-containing regimens have been reported
in Benin (Love etal., 2017), South Africa (Sow et al., 2016) and Ukraine (WHO, 2018) but limited
benefits were observed in studies in Brazil (Nachipo et al., 2018) and Sri Lanka (Sow et al., 2016).

2.4. Mechanism of action of clofazimine
The antimicrobial activities of CFZ have been attributed to its high lipophilicity, enabling efficient
transmembrane penetration, together with a redox potential of -0.18 V at pH 7 (Barry et al., 1957;
Lechartier and Cole, 2015; Cholo et al., 2017).

The exact mechanisms of antimicrobial action have not been fully elucidated. However,
CFZ has been proposed to compete with menaquinone for electrons (Figure 2.2). Menaquinone is
the substrate for type 2 NADH: quinone oxidoreductase, which is the initial event in the
mycobacterial respiratory chain (Yano et al., 2011; Cholo et al., 2017). The reduced form of CFZ

generated by this mechanism undergoes spontaneous oxidation, resulting in the generation of
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antimicrobial ROS such as superoxide and hydrogen peroxide (Grant et al., 2010; Yano et al.,
2011; Cholo et al., 2017).

Another mechanism of action demonstrates that the CFZ stimulates phospholipase A2 activity,
resulting in an accumulation of detergent-like lysophospholipids, thus disrupting fundamental
cellular functions (Li et al., 2014; Feng et al., 2015). It has also been hypothesized to inhibit cell
replication by binding to the guanine bases of the DNA (Cholo et al., 2012; Lechartier and Cole,
2015). It also interferes with potassium (K*) uptake, which is followed by the depletion of
adenosine triphosphate (ATP) and inhibition of growth (Cholo et al., 2017).

Clofazimine

Bacterial membrane

— T~

Interaction with Interaction with
respiratory chain phospholipids
Redox cycling Lysophospholipids
H,O- and Interference with
superoxide K* transport

\ /

Interference with
ATP production
Bacterial death
Figure 2.2: Membrane-directed mechanisms of the antimicrobial activity of clofazimine (Cholo

et al., 2012, with permission).

2.5. Pharmacological properties of clofazimine

Clofazimine is a highly lipophilic anti-TB drug which accumulates in high concentrations in
macrophages of fatty tissues as well as tissues such as the lungs, liver, spleen, brain (Baijnath et
al., 2015) and bone marrow, but serum concentrations are low (Baik and Rosania, 2012; Srikanth
et al., 2014; Swanson et al., 2015). Its accumulation in macrophages leads to elimination of
intracellular bacteria such as Mtb and Mycobacterium leprae by forming crystal-like drug
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inclusions (CLDIs) in the cytoplasm, while it results in discoloration of internal organs and the
skin (Yoon et al., 2015; Cholo et al., 2017; Pai, 2019).

Clofazimine does not cross the blood-brain barrier and the placenta, however it is excreted
in breast milk (Arbiser and Moschella, 2014; Cholo et al., 2017; Novartis, 2017).

The drug has a long half-life of about 70 days (Nazarov and Lider, 1996; Cholo et al.,
2017) and is excreted slowly from the body in bile, and only minimally in the urine, sputum, sebum
and sweat (Arbiser and Moschella, 1995; Novartis, 2017), taking an average of 6 to 12 months
(Pai, 2019). Three metabolites of CFZ have been identified, but their pharmacological roles have
not been determined (Baik and Rosania, 2012; McGuffin et al., 2017).

Several analogues of CFZ with improved pharmacokinetic properties, which include
shorter half-lives, potentially reducing tissue accumulation, have been synthesized and are under
investigation (Lu et al., 2014; McGuffin et al., 2017).

2.6. Clinical presentations and adverse effects of clofazimine
As mentioned above, tissue accumulation of CFZ leads to discolouration of the skin, hair, cornea
and secretions such as the breast milk, feaces, sweat and urine (McGuffin et al., 2017). The
discolouration resembles reddish to brownish-black to even orange pink (Winthrop et al., 2010;
McGuffin et al., 2017). However, this pigmentation is reversible upon discontinuation of the
antibiotic, although it may take a prolonged time to resolve (Gopal et al., 2013; Cholo et al., 2017).
Other common adverse reactions, which are manageable, have been reported in >10% of
patients and include gastrointestinal (GI) disorders (nausea, vomiting, abdominal pain, diarrhea),
ichthyosis and dry skin (Hwang et al., 2014; Cholo et al., 2017; Novartis, 2017). Decreased visual
acuity, eye irritation/dryness, rash or pruritus and weight loss occur in 1 - 10% of patients
(McGuffin et al., 2017). These adverse effects have not been considered severe enough to
discontinue the use of CFZ (Gopal et al., 2013; Arbiser et al., 2014; Tang et al., 2015; Cholo et
al., 2017; WHO, 2017). Less common, but more serious adverse effects that are potentially fatal,
due to prolonged use of high doses of CFZ for more than four months, include enteropathy,
potentially complicated by intestinal obstruction, gastro intestinal bleeding and splenic infarction
(Cholo et al., 2012; Arbiser et al., 2014; Tang et al., 2015; McGuffin et al., 2017; Ammerman et
al., 2017; Cholo et al., 2017; Novartis, 2017).In addition, long term use in leprosy often leads to
oedema of the lower legs (Pai, 2019).
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Mortality rates due to the use of CFZ vary substantially, ranging from 1 to 63%. In the case
of pregnancy, CFZ has a low teratogenic effect, while no CFZ-associated deaths in infants
receiving breast milk from treated mothers have been reported (Gopal, 2013; McGuffin et al.,
2017; Ozturk and Tatliparmak, 2017).
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CHAPTER THREE: GENERAL AIM AND OBJECTIVES

3.1. Background

During infection of the host, different populations of Mtb are found and include AR, SR

or NR. The AR are predominantly found intracellularly in macrophages, where they are exposed
to sufficient oxygen concentrations, in nutrient-rich conditions and elevated pH levels, whereas
the SR and NR are mostly found in granuloma in nutrient-limiting and hypoxic environments
(Dalton et al., 2016).

The AR and SR/NR microbial populations have been isolated in vitro in planktonic and
biofilm cultures respectively. These cultures have been used previously to evaluate the
antimycobacterial activity of antibiotics in vitro (Ojha et al., 2008; Mothiba et al., 2015; Dalton et
al., 2016; lacobino et al., 2017).

In the current study, the anti-mycobacterial activity of CFZ as well as the primary anti-TB
agents, which include RMP, INH and EMB, against Mtb, were evaluated using planktonic and
biofilm-forming cultures.

The current study consists of two phases, which include the evaluation of the activities of

the antibiotics in either planktonic or biofilm-forming cultures, and these are discussed

separately in Chapters Four and Five respectively.

3.2. Aim
The aim of this study was to determine the antimicrobial potency of CFZ alone and in combination

with primary anti-TB chemotherapeutic agents against Mtb planktonic and biofilm cultures.

3.3. Objectives

To determine the inhibitory and bactericidal activities of the antibiotics individually and in
combination by determining their MIC/ fractional inhibitory concentration index (FICI) and MBC/
fractional bactericidal concentration index (FBCI) values respectively against the above-

mentioned cultures.
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CHAPTER FOUR: ANTIMICROBIAL ACTIVITY OF CLOFAZIMINE ALONE AND IN
COMBINATION WITH PRIMARY ANTI-TUBERCULOSIS AGENTS AGAINST
PLANKTONIC MYCOBACTERIUM TUBERCULOSIS CULTURES

4.1. Background

Planktonic cultures consist predominantly of AR Mtb, which are grown in nutrient-rich broth
medium at near-neutral pH of 6.7 - 6.8, in the presence of a detergent under aerobic conditions as
isolated cells. During infection, these bacteria are found in macrophages, where they replicate and
are associated with active TB disease (Cholo et al., 2015).

The antimicrobial activity of CFZ and the three primary anti-TB agents against Mtb have
been demonstrated previously individually in planktonic cultures, demonstrating high inhibitory
and bactericidal activities (Bhirud et al., 2017). Furthermore, the interactions of the primary anti-
TB drugs in combination against these bacteria have also been reported, demonstrating high
synergistic effects (Montelongo-Peralta et al., 2019).

The primary drugs are used mainly in the chemotherapy of DS-TB patients with beneficial
effects on the elimination of AR bacteria. However, this treatment schedule is administered over
six to nine months, leading to noncompliance in patients, which contributes to emergence of drug
resistance in isolates. It is noteworthy that, these primary anti-TB antibiotics have high levels of
drug resistance (~ 10 and 10 cfu/mL for INH and RMP respectively). However, in the case of
CFZ, the drug resistance rate remains low (~ 10°2° cfu/mL) (Cholo et al., 2017).

Despite high antimicrobial activity against planktonic organisms, CFZ is not routinely used
in the treatment of DS-TB patients but is used for the treatment of DR-TB patients due to limited
availability of effective anti-TB drugs against these bacteria. Its activity in combination with
primary anti-TB drugs has been determined in vivo in mouse model of experimental TB resulting
in a shorter treatment schedule from six to four months (Tyagi et al., 2015). However, its
interactive effects with the primary anti-TB drugs on the bacteria have not been determined. In the
current study, the effects of CFZ, in combination with the primary drugs, on planktonic cultures

of AR bacteria were evaluated.
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4.2. Aim and objectives

4.2.1. Aim

As the focus of the current study is on planktonic bacteria, the aim is as follows:

To determine the antimycobacterial activity of CFZ, alone and in combination with primary anti-

TB agents against planktonic Mtb cultures.

4.2.2. Objectives

e To prepare Mtb planktonic cultures using 7H9 broth medium.

e To determine:

4.3. Materials

the inhibitory activities of CFZ and primary anti-TB drugs individually
against planktonic Mtb cultures by measuring their MIC values using
microtitre Alamar blue assay (MABA) procedure.

the inhibitory activities of CFZ in combination with primary anti-TB drugs
against planktonic Mtb cultures by determining their FICI values using the
MABA procedure.

the bactericidal activities of CFZ and primary anti-TB drugs individually
against planktonic Mtb cultures by measuring their MBC values using
colony-counting procedure.

The bactericidal activities of CFZ in combination with primary anti-TB
drugs against planktonic Mtb cultures by determining their FBCI values

using colony-counting procedure.

I. Strain of Mycobacterium tuberculosis: Mtb H37Rv laboratory strain, ATCC 25618, was

used.

ii.  Chemicals and reagents: Unless otherwise stated, all other chemicals were purchased
from Sigma-Aldrich Chemicals (Merck KGaA, Darmstadt, Germany).

iii.  Growth media: Middlebrook 7H9 broth (Difco, Michigan, USA) and 7H10 agar (Difco),
supplemented with 10% (v/v) oleic acid, dextrose, catalase (OADC) (Becton Dickinson,

New Jersey,

USA), 0.2/0.5% (v/v) glycerol with/without Tween 80 (preparation in

appendix) were used for preparation of planktonic cultures and plate cultures respectively.
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iv. Antibiotics: The antimycobacterial agents, purchased from Sigma-Aldrich, were CFZ
and the primary anti-TB agents, viz. INH, RMP and EMB. CFZ and RMP were prepared
in 100% dimethyl sulphoxide (DMSO) to stock concentrations of 2 mg/mL each, while
INH and EMB were dissolved in sterile distilled water to stock concentrations of 10
mg/mL each. The water-soluble antibiotics were filter-sterilised using 0.22 um Millex-
GP filters (Merck KGaA, Darmstadt, Germany) and the antibiotic solutions were stored
at -20 °C until use. The final working concentration ranges for each antibiotic, prepared
by two-fold serial dilutions with appropriate solvents are as shown in Table 1. The final

DMSO concentration used in all the assays was 1% (v/v).

Table 4.1: Concentration ranges for individual antibiotics used in planktonic culture experiments.

Antibiotic Stock concentration (mg/mL)  Concentration ranges in cultures
(Hg/L)
CFz 2 0.002 - 40
INH 10 0.00009 - 1
RMP 2 0.00003 - 1
EMB 10 0.003 - 40
4.4. Methods

4.4.1. Inoculum preparation

The Mtb culture used for inoculum was prepared by inoculating 500 pL of frozen stock cells into
50 mL 7H9 broth. The culture was incubated at 37 °C under stirring conditions until bacterial
growth reached mid-logarithmic phase (optical density (OD)) of 0.6 to 1 at 540 nm (ODs4gnm = 0.6
- 1), measured spectrophotometrically using a Spectronic Helios UV-Vis spectrophotometer
(Merck, New Jersey, USA)). The bacterial cells were pelleted by centrifugation at 3500 x g for
15 min, at 4 °C followed by washing of the pellet twice with equal volumes of phosphate-buffered
saline (PBS: pH 7.4). The pellet was resuspended in PBS and an ODssnm 0f 0.6 (yielding
approximately 107 colony-forming units (cfu)/mL) was determined spectrophotometrically. The

suspension was stored at -20 °C and used as inoculum.
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4.4.2. Preparation of planktonic cultures

Planktonic cultures were prepared in 7H9 broth in 96-well micro-tissue culture plates to final
volumes of 200 pL. An inoculum of 10° cfu/mL bacterial cells was added to the growth medium
in each well and plates incubated at 37 °C in 5% CO2 for seven days with frequent mixing to
promote bacterial growth. Bacterial growth was determined using the MABA method, which uses
the colorimetric indicator Alamar (resazurin), which remains blue in the absence of growth and
turns pink during growth (Luna-Herrera et al., 2007; Mendoza-Aguilar et al., 2012; Khalifa et al.,
2013; Torrey et al., 2016).

4.4.3. Inhibitory activities

Minimum inhibitory concentration determinations using single drugs

The inhibitory activity of each antibiotic was evaluated against the planktonic cultures by
determining their MIC values. Bacterial cultures were prepared as described above (Section
4.3.2.1). For each antibiotic, an appropriate drug-free, solvent control systems was included (Table
4.1). The contents of each well were mixed, and the cultures incubated at 37 °C for seven days in
5% CO for bacterial growth. The growth of the bacteria was determined by the MABA method.
On day 6 (D6) 10% (v/v) Alamar blue reagent (blue) was added to the wells, followed by a further
incubation for 24 hours for colorimetric detection of bacterial growth as described above (Section
4.3.2.1). The MIC of each antibiotic was taken as the lowest concentration of the antibiotic where

no growth was detected.

Fractional inhibitory concentration determinations using drug combinations

The inhibitory interactions of combinations of the antibiotics were evaluated by determining their
inhibitory interaction indices as a fractional inhibitory concentration index (FICI). The antibiotic
mixtures consisting of ratios of 1/2, 1/3, and 1/4 MIC values of each antibiotic in a combination
and their two-fold dilutions for two-, three- and four-drug combinations, respectively were added
to the bacterial cultures. The cultures were incubated, and bacterial growth was determined by the
MABA method (Section 4.3.2.2.1.1). The lowest concentration demonstrating inhibition was used
for FICI determinations. The FICI was determined as the sum of the fractional inhibitory
concentrations (FICs) of the individual antibiotics as described in the following formula: e.g. for

a two-drug combination.
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e FICI =FIC of drug A + FIC of drug B

MIC of the drug in combination

e FIC=
c MIC of the drug alone

The inhibitory interaction of the antibiotics is interpreted as being synergistic, additive, indifferent
or antagonistic when the FICI values are < 0.5, 0.5 - 1.0, 1.0 - 4.0 or > 4.0 respectively
(Naghmouchi et al., 2011; Andrejak et al., 2012; Draper et al., 2013; Kitazaki et al., 2017).

4.4.4. Bactericidal activities

Minimum bactericidal concentration determinations using single drugs

The bactericidal activity of each antibiotic was evaluated by determining their MBC values.
Bacterial cultures exposed to antibiotics (Table 1) were prepared and incubated as described above
(Section 4.3.2.2.1.1). The contents of each well were sampled and 10x serial dilutions were made,
followed by plating of the dilutions (100 pL volumes) onto 7H10 agar medium. The plates were
incubated at 37 °C in 5% CO. for three weeks for the development of colonies. The number of
colonies per plate were counted and the numbers of bacteria were determined using the dilution

theory as described previously (Mothiba et al., 2015):

e Number of bacteria (cfu/mL) per well = number of colonies on a plate x inverse of dilution

plated x 10 (as 100 uL instead of 1 mL was plated).

The number of bacteria was determined at the initial and final time points, which were Day 0 (DO)
and Day 7 (D7) respectively. The bactericidal activity of an antibiotic was determined by
comparing the number of bacteria in the antibiotic-treated cultures at D7 to those of the DO control.
The lowest concentration of an antibiotic yielding at least a 2-log reduction in bacterial number in
comparison to that of DO was taken as the MBC of that antibiotic.

Fractional bactericidal concentration determinations using drug combinations

The bactericidal interaction of antibiotics in a combination was evaluated by determining the
bactericidal interaction indices of antibiotics as the fractional bactericidal concentration index
(FBCI). The cultures were prepared, and the numbers of bacteria determined as described above
(Section 4.3.2.3.1.1). The lowest antibiotic combination that yielded a 2-log reduction in number

of bacteria relative to that of the DO control was used for FBCI determination as described above
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(Section 4.3.2.2.2.1) (Naghmouchi et al., 2011; Andrejak et al., 2012; Draper et al., 2013; Kitazaki
etal., 2017).

4.4.5. Statistical analysis

Statistical analyses were performed on all data using the GraphPad Instat 3 Programme and the
results are expressed as the mean values + standard deviations (SDs). The inhibitory and
bactericidal activities of the antibiotics individually and in combinations against planktonic
cultures were determined by using dose-response plots. Comparisons between drug-free controls
and drug-treated systems were performed using the unpaired t test/ Mann Whitney U-test. Each
assay was repeated three times, with triplicate determinations for each assay. Statistical

significances for the effect of antibiotics on bacterial cultures were taken as a p-value < 0.05.
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4.5. Results

4.5.1. Inhibitory activities

Minimum inhibitory concentration determinations

The inhibitory activity of the antibiotic was regarded as high or low when the MIC of the antibiotic
was lower or higher than 1 pg/mL. CFZ and the primary drugs, RMP and INH, showed high
inhibitory activities. However, the inhibitory activities of these primary drugs were significantly
greater than those of CFZ (Table 4.2 and Figure 4.1). EMB demonstrated the least inhibitory
activity.

Table 4.2: The minimum inhibitory concentration values of the individual antibiotics for
planktonic Mycobacterium tuberculosis.

Antibiotics MIC
Concentration (ug/mL)

CFZ 0.15

RMP 0.002

INH 0.006

EMB 2.4
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Figure 4.1: The minimum inhibitory concentration values of the individual antibiotics against
planktonic Mycobacterium tuberculosis bacteria using the MABA technique. The symbols C, R, |
and E represent clofazimine, rifampicin, isoniazid and ethambutol respectively. The drug
concentrations are as described in Table 4.1 ranging from 0.3 - 0.002, 0.016 - 0.00012, 0.2 - 0.0016
and 4.8 - 0.04 pg/mL for CFZ, RMP, INH and EMB respectively, with the lowest concentrations
being from right to left. The drug-free control wells (C) and the MIC values are illustrated with

red and yellow respectively.

Fractional inhibitory concentration determinations
Combinations of two, three and four antibiotics resulted in six, four and one set of combinations
respectively. Three of the two- and all three-drug combinations, as well the four-drug combination

contained CFZ. The results are as shown in Table 4.3 and Figure 4.2.

Two-drug combinations

CFZ exhibited synergistic anti-mycobacterial effects in combination with RMP and INH and

achieved an additive effect in combination with EMB.
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However, for the primary anti-TB agents, growth inhibitory synergistic activities were
achieved with combinations of RMP with either INH or EMB. These combinations were more

inhibitory than those involving CFZ. The combination of EMB and INH were additive.

Three-drug combinations

All three-drug combinations demonstrated synergistic inhibitory activities in the growth of the

planktonic bacteria. For the CFZ-containing sets, the greatest synergistic activity was observed in

combination with RMP and INH.

However, the combination of the three primary drugs also exhibited high synergistic

inhibition of mycobacterial growth, which was comparable to that of CFZ with RMP and INH.

Four drug combinations

The combination of all four antibiotics also resulted in synergistic inhibition of mycobacterial

growth with FIC index of 0.0625, which was comparable to that observed with combinations of
CFZ or EMB with RMP and INH.

For all the inhibitory combinations investigated, the lowest interactive effect, which was additive,

was achieved in two-drug combinations between EMB and either INH or CFZ.

Table 4.3: The fractional inhibitory concentration index values of antibiotics against planktonic growth

Mycobacterium tuberculosis.

Antibiotics Antibiotic ratio FIC (ug/mL) FICI Interaction
CONTROL N/A N/A N/A N/A

CFZ + INH 1/4 + 1/4 0.03 +0.001 0.5 Synergistic
CFZ + RMP 1/8 + 1/8 0.01 + 0.0002 0.25 Synergistic
CFZ + EMB 1/2+1/2 0.07+1.2 1.0 Additive
EMB + INH 1/2+1/2 1.2 +0.003 1.0 Additive
RMP + EMB 1/16 + 1/16 0.0001 +0.15 0.125 Synergistic
RMP + INH 1/32 +1/32 0.00006 + 0.0002 0.0625 Synergistic
CFZ + INH + EMB 1/24 + 1/24 + 1/24 0.006 +0.0003 + 0.1 0.125 Synergistic
CFZ + RMP + EMB 1/12 + 1/12 + 1/12 0.01 +0.0001+0.2 0.25 Synergistic
CFZ + RMP + INH 1/48 + 1/48 + 1/48 0.003 + 0.00004 + 0.0001 0.0625 Synergistic
RMP + INH + EMB 1/48 + 1/48 + 1/48 0.00004 + 0.0001 + 0.05 0.0625 Synergistic
CFZ + RMP + INH + EMB 1/64 + 1/64 + 1/64 + 1/64 0.002 + 0.00003 + 0.00009 +  0.0625 Synergistic

0.003

N/A. Not applicable
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Figure 4.2: Inhibitory interactions of clofazimine in combination with the primary anti-
tuberculosis drugs on the growth of planktonic Mycobacterium tuberculosis using the fractional
inhibitory concentration indices. Synergistic inhibitory effect representing FICI value < 0.5 is

shown by an asterisk (*).
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Figure 4.3: Inhibitory interactions of the test antibiotics against planktonic Mycobacterium
tuberculosis in two-, three- and four-antibiotic combinations. The lowest concentrations of the
combinations are plated from top to bottom (shown with arrows). The symbols C, R, | and E in
black represent clofazimine, rifampicin, isoniazid and ethambutol respectively. The symbol C in
red represents the antibiotic-free control. The antibiotic concentrations are as described in Table
5.2 ranging from one concentration above their minimum inhibitory concentrations (MICs) for all
the antibiotics. The antibiotic-free, control wells and the MIC values are illustrated in red and

yellow respectively.
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4.5.2. Bactericidal activities

Minimum bactericidal concentration determinations

The planktonic bacteria grew rapidly increasing from 2.9 x 10* + 1.01 x 10* t0 6.5 x 107 + 1.5 x
107 cfu/mL. Similar to the inhibitory activity determinations, the bactericidal activities of the test
antibiotics against planktonic bacteria were regarded as low or high when the MBC value of an
antibiotic was higher or lower than 1 pg/mL respectively.

CFZ exhibited low bactericidal activity against planktonic bacteria. The MBC value was
30-fold higher than its MIC value. These results confirm those previously reported by Mothiba et
al., (2015). In the case of the three primary drugs, RMP and INH exhibited the highest bactericidal
activities, while the activity of EMB was low (Table 4.4, Figure 4.3). Furthermore, the MBC values
of these antibiotics were 2-fold higher than their MICs against Mtb.

Table 4.4: The minimum bactericidal concentration values of the individual antibiotics for

planktonic Mycobacterium tuberculosis.

Antibiotics Concentration (ug/mL) MBC

cfu/mL + SD (Day0) cfu/mL £ SD (Day7)
CONTROL N/A 4.8 x 10* + 1.6 x 10* 9.6 x 10+ 1.3 x 10/
CFz 5 47x10*+1.6x10* 3.2x10%+19 x 10°
INH 0.0125 48x10*+1.7x10*  2.99 x 10? + 58 x 10°
RMP 0.004 48 x10°+1.6x10*  1.17 x 10% +1.01 x 10?
EMB 4.8 47x10*+16x10* 83x10°+5.9x10°

N/A, Not applicable.
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Figure 4.4: Minimum bactericidal concentrations of clofazimine and the primary anti-tuberculosis
agents against planktonic Mycobacterium tuberculosis. The results, shown as log10 graph, are for
two separate experiments performed in triplicates for each concentration of clofazimine and are

presented as the mean + standard deviation (SD). The MBC values are shown with an asterisk (*).
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Fractional bactericidal concentration determinations

The results are as shown in Table 4.5 and Figures 4.5 for the two-, three- and four-antibiotic
combinations. In all of the antibiotic combinations tested, CFZ was used at a fixed, final
concentration of 0.2 pL.

Two-drug combinations

Synergistic bactericidal activity was only observed in one of the three combination sets containing
CFZ, viz., CFZ + RMP and in another consisting of the primary agents, RMP + INH. Both

combinations exhibited comparable levels of synergy with similar FICI values (Figure 4.6i).

Three-drug combinations

None of the three CFZ-containing antibiotic combinations demonstrated synergistic inhibitory
effects on bacterial growth. However, synergistic inhibition of growth was observed with the

combination consisting of the three primary drugs (Figure 4.6ii).

Four-drug combinations

Interaction of CFZ with the three primary drugs in a four-drug combination achieved an additive

inhibitory effect on bacterial growth (Figure 4.6iii).

For all the antibiotic combination sets investigated for synergistic bactericidal activity, the lowest
bactericidal interactions were observed in the two EMB-containing combinations with CFZ and
INH, with EMB being indifferent in combination with RMP and antagonistic with INH or CFZ.
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Table 4.5: The fractional bactericidal concentration index values of the test antibiotic combinations for

planktonic Mycobacterium tuberculosis.

Antibiotics cfumL+SD  cfu/mL £SD (Day7) Antibiotic ratio FBC (ug/mL) FBCI Interaction
(Day0)
+ CONTROL 56x10*+25 26x10%+42x10° N/A N/A N/A N/A
x 10*
CFZ + INH 56x10*+25 100 1/2 +1/2 2.5+ 0.006 1 Additive
CFZ + RMP x 104 1.95x%x 1027 1/4 +1/4 1.25 + 0.001 0.5 Synergistic
CFZ + EMB 35x10*+39x10° NA NA NA NA
EMB + INH 6.1x10*+15x10* NA NA NA NA
EMB + RMP 17x10%+18x10%2 1+1 2.4 +0.006 2 Indifferent
RMP + INH 13+5 1/4 + 1/4 0.001 + 0.003 0.5 Synergistic
CFZ + INH + 41x10°+24 3.4x10°+8 1/3+1/3+1/3 1.6 +0.004 + 1.2 1 Additive
EMB x 103
CFZ + RMP + 72+70 1/3+1/3+1/3 1.6 +0.001+1.2 1 Additive
EMB
CFZ + RMP + INH 33+0 1/3+1/3+1/3 0.1 +0.001 + 0.004 1 Synergistic
RMP + INH + EMB 29x102+21x102 1/12+1/12+1/12 0.0004 + 0.001+ 0.5 0.25 Synergistic
CFZ + RMP + INH 6.0+8.0 1/4+1/4 + 1/4 + 1.25+0.001 +0.003 1.0 Additive
+ EMB 1/4 +1.2

NA. Not achieved; N/A. Not applicable
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Figure 4.5: Bactericidal interactions of clofazimine with the primary antibiotics against planktonic
Mycobacterium tuberculosis using the fractional inhibitory concentration indices. Synergistic

bactericidal effect representing FBCI value < 0.5 is shown by an asterisk (*).
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Figure 4.6: Fractional bactericidal concentrations of antibiotics against planktonic Mycobacterium
tuberculosis bacteria at two-, three- and four-drug combinations shown at panel (i), (ii) and (iii)
respectively. The results, represented as log10 graph, are for two separate experiments performed

in triplicates, presented as mean + standard deviation (SD). The asterisk (*) denotes FBCI values

< 0.5 for each combination set.
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4.6. Discussion

During infection of the host, the TB lesion consists of heterogenous microbial populations with
AR organisms found intracellularly in macrophages, while the SR and NR are located
extracellularly in the granuloma (Raviglione and Sulis, 2016).

Treatment of TB is administered for six to nine months consisting of intensive and
continuation phases. During the intensive phase patients are treated with the four primary drugs
RMP, INH, EMB and PZA which target the AR bacteria. This phase of chemotherapy is usually
effective, resulting in elimination of approximately 99% of the AR bacteria, which based on the
rapid growth rates, the bacteria are mostly killed within weeks and effectively eliminated within
two months (Ojha et al., 2008; Basaraba and Ojha, 2017). However, during the continuation phase
of antimicrobial chemotherapy, patients are treated with RMP and INH for four to seven months,
targeting the SR and NR bacilli.

This treatment schedule is long, often leading to treatment non-compliance, which is a risk
factor for the development of drug resistance. In some instances, patients experience relapse
despite completion of therapy. In addition, anti-TB agents such as EMB, have high levels of
toxicity, presenting with side effects such as peripheral neuropathy and optic neuritis (Schubert et
al., 2017). There is therefore a need for development of a shorter chemotherapy regimen for TB
that will promote compliance in patients.

In vitro, the AR are produced in the planktonic cultures, provided with a sufficient supply
of nutrients and high levels of oxygen at near-neutral pH (Ojha et al., 2008; Cholo et al., 2015;
Mothiba et al., 2015). CFZ has demonstrated inhibitory activity on bacterial growth, but low
bactericidal activity against the AR bacteria in planktonic cultures and as shown in the current
study, its activity against these bacteria was lower than that of the primary drugs RMP and INH.
These findings are in agreement with previous studies evaluating the activities of these drugs
against planktonic bacteria individually (Mothiba et al., 2015; Dalton et al., 2016).

In the current study, the effects of CFZ on the activity of the primary anti-TB drugs against
Mtb were investigated by determining its inhibitory and bactericidal interaction effects with three
primary antibiotics, RMP, INH and EMB, in various combinations, which included two-, three-
and four-drug combination sets.

The inclusion of CFZ in combinations with the primary agents resulted, in some cases, in

synergistic inhibition of growth of the planktonic bacteria. However, the growth inhibitory
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activities of CFZ-containing combinations were less than those achieved by some combinations of
the primary agents in the absence of CFZ. In this context, CFZ achieved synergistic inhibition of
bacterial growth in two-drug combinations with either RMP or INH, which was lower, however,
than that observed with the RMP/INH combination. In the various three-drug combination sets, no
CFZ-containing combination achieved higher growth inhibitory activity than that observed with
the combination of the three primary drugs. Similar effects were observed when CFZ was used in
a four-drug combination.

These results demonstrate that combining CFZ with primary anti-TB agents in the setting
of planktonic bacterial growth does not potentiate the antimicrobial activity of the combination of
the primary antibiotics, RMP and INH.

Inclusion of CFZ in a four-drug regimen resulted in comparable activity to the three-drug
combinations with RMP and INH present. Despite these comparable effects, the inclusion of CFZ
in a four-drug combination with the primary drugs may be beneficial in addressing drug dose-
related toxicity in patients due to lower concentrations used.

The results of the current study also highlighted RMP and INH as the most effective
drugs against the AR bacteria when used alone and in combinations together. However, on the
other hand, EMB was shown as the least active drug with low inhibitory and bactericidal activities
against these bacteria. Furthermore, in combinations, it demonstrated poor interactive effects with
both primary drugs, RMP and INH as well as CFZ.
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CHAPTER FIVE: ANTIMICROBIAL ACTIVITY OF CLOFAZIMINE ALONE AND IN
COMBINATION WITH PRIMARY ANTI-TUBERCULOSIS AGENTS AGAINST
BIOFILM-FORMING MYCOBACTERIUM TUBERCULOSIS CULTURES

5.1. Background

Biofilms are a cluster of heterogenous population of bacteria composed of few AR bacilli and
predominantly SR and NR organisms, which are insulated mostly in biofilm-forming and
preformed cultures in vitro respectively. The Mtb biofilm cultures develop in hypoxic and nutrient-
limiting conditions in detergent-free medium to promote cellular clustering in a high glycerol
concentration as a carbon source in stationary cultures, preferably in high pH conditions of 7.0 -
8.0, forming a layer or pellicle on the surface of the medium (Ojha et al., 2008; Brennan, 2017).

During TB infection, the SR and NR are found predominantly in granuloma lesions with
the AR in the macrophages that form a rim of these structures. During treatment, these bacteria are
targeted at the continuation phase by administration of RMP and INH only. Due to low activity of
these antibiotics on these bacteria, treatment is given over four to seven months (Ojha et al., 2008;
Brennan, 2017). Despite the prolong treatment schedule, these microbial populations have poor
response to the primary anti-TB agents, resulting in dormancy development in bacteria. Upon
reactivation, these organisms may lead to relapse in patients.

CFZ has demonstrated a high anti-mycobacterial activity on both bacterial populations in
vitro. However, the effects of CFZ in combination with RMP and INH on these bacteria have not
been evaluated.

In the current study, the effects of CFZ on the activities of three primary anti-TB agents
(RMP, INH, EMB) against biofilm-forming cultures of SR Mtb have been evaluated.
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5.2. Aim and objectives

5.2.1. Aim

As the focus of the current study is on biofilm-forming bacteria, the aim is as follows:

To determine the antimycobacterial activity of CFZ, alone and in combination with primary anti-

TB agents against biofilm forming Mtb cultures.

5.2.2. Objectives

e To prepare Mtb biofilm-forming cultures using Sauton synthetic broth medium.

e To determine:

the inhibitory activities of CFZ and primary anti-TB drugs individually
against biofilm forming Mtb cultures by determining their MIC values by
means of visual examination.

the inhibitory activities of CFZ in combination with primary anti-TB drugs
against biofilm forming Mtb cultures by determining FICI values by means
of visual examination.

the effects of CFZ and primary anti-TB agents individually and in
combination on Mtb biofilm production using the crystal violet procedure.

the bactericidal activities of CFZ and primary anti-TB drugs individually
against biofilm-forming Mtb cultures by measuring their MBC values using
colony-counting procedure.

the bactericidal activities of CFZ in combinations with primary anti-TB
drugs against biofilm-forming Mtb cultures by determining their FBCI

values using colony-counting procedure.
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5.3. Materials

Strain of Mycobacterium tuberculosis: Bacterial strain as described in Section 4.3.1.1.

Chemicals and reagents: Unless otherwise stated, all other chemicals were purchased
from Sigma-Aldrich Chemicals (St. Louis, Missouri, United States).

Growth media: The growth media used included Sauton broth medium (preparation in
Appendix 1) for biofilm culture preparation and Middlebrook 7H10 agar for colony
development.

Antibiotics: The same antibiotics as for planktonic cultures (Chapter Four) were used at

concentration ranges as shown in Table 5.1.

Table 5.1: Concentration ranges for individual antibiotics in biofilm-forming cultures.

Antibiotic Stock concentration (mg/mL) Final concentration range in assays
(Hg/mL)
CFz 2 0.009 - 1.25
INH 10 0.0007 - 1
RMP 2 0.009 -1
EMB 10 0.06 - 16
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5.4. Methods
5.4.1. Inoculum preparation

The bacterial inoculum preparation was as described in Section 4.4.1.

5.4.2. Preparation of biofilm-forming cultures

Biofilm cultures were prepared in Sauton broth medium in 24-well micro-tissue culture plates to
final volumes of 2000 pL. An inoculum 10° cfu/mL cells from the inoculum was added to Sauton
broth and the contents of the wells were thoroughly mixed. The plates were wrapped in three layers
of parafilm, followed by incubation at 37 °C in 5% CO- in the dark for five weeks with no shaking.
Biofilm growth was evaluated by biofilm development, characterised by formation of a dense
white irregular layer on the surface of Sauton broth medium (Ojha et al., 2008; 2010; Mothiba et
al., 2015).

5.4.3. Inhibitory activities
The inhibitory activities of antibiotics were evaluated by determination of the amount of biofilm
formed in the biofilm-forming cultures using visual examination and objective quantification using

the crystal violet procedure.

Minimum inhibitory concentration determinations using single drugs

Similar to planktonic cultures, the inhibitory activities of the individual antibiotics were
determined by measurement of the MIC values. Bacterial cultures prepared as described (Section
5.4.1) were mixed with various concentrations of antibiotics (Table 5.1) followed by incubation
for biofilm development. Antibiotic activity was determined by visual examination of biofilm
formation. The MIC of each antibiotic on biofilm formation was regarded as the lowest
concentration of an antibiotic resulting in the absence of formation of biofilm by visual

examination.

Fractional inhibitory concentration determinations using drug combinations
The inhibitory drug interactions were determined by FICI determination as described for

planktonic cultures in Section 4.4.3.
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Biofilm quantification
The effects of antibiotics on biofilm formation were also determined by biofilm quantification
using crystal violet procedure as described (Mothiba et al., 2015). Supernatants from biofilm-
forming cultures were removed by aspirating with pipette and the residual biofilm biomass was
washed twice with 1 mL distilled water and air-dried. Thereafter 1 mL of 1% (v/v) of crystal violet
was added to each well and incubated for 30 min at room temperature. The wells were washed
three times with distilled water to remove the unbound dye followed by air drying. The air-dried
crystal violet-bound biofilm residues were extracted with 70% (v/v) ethanol, followed by
determination of biofilm quantities by OD measurements of the samples at 570 nm using a UV
spectrophotometer (Bio-Tek instruments).

The quantities of biofilm were determined at the end of week 5 (W5). The effects of the
antibiotics on biofilm formation were determined by comparing the amount of biofilm in the drug-
treated system with those of the drug-free controls. Bacteriostatic activity of each antibiotic was

determined by significant reduction in biofilm to OD of < 0.5 in drug-treated systems.

5.4.4. Bactericidal activities

Minimum bactericidal concentration determinations using single drugs

The bactericidal activities of antibiotics against biofilm-forming Mtb cultures were determined
using the colony-counting procedure. Biofilm-forming cultures were prepared as described
(Section 5.2.2). Prior to plating, sterile Tween 80 (0.05% (v/v) final concentration) was added to
each well and the cultures were incubated for six hours at 37 °C with frequent shaking to dissolve
the biofilm matrix, releasing the bacteria into the culture medium forming bacterial suspension.
Similar to planktonic cultures, the bacterial suspensions in the wells were plated and the numbers
of bacteria were determined. The bacterial numbers were determined at initial and final time points
which were Week 0 (WO0) and W5 respectively. The lowest concentration of each drug that resulted
in at least a 2-log reduction in bacterial cells compared to that of WO was taken as the MBC of that

antibiotic.
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Fractional bactericidal concentration determinations using drug combinations
Bactericidal effects of the antibiotic combinations on biofilm were determined using the FBCI

procedure as described for planktonic cultures in section 4.4.2.2.1.

5.4.5. Statistical analysis
Statistical analyses were performed on all data as described for planktonic cultures in Section 4.4.5.
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5.5. Results

5.5.1. Inhibitory activities

Minimum inhibitory concentration determinations

Similar to planktonic cultures, the inhibitory activity of an antibiotic was considered as being high
or low when the MIC value was less than, or higher than 1 pg/mL respectively. CFZ demonstrated
high inhibitory activity against biofilm-forming cultures (Figure 5.1 and Table 5.2). However, the
MIC value was similar to that observed for planktonic bacteria.

In the case of the primary drugs, RMP and INH also exhibited high inhibitory activity
against biofilm-forming bacteria, while the activity of EMB was low. However, the MIC values
of these antibiotics were higher than those for planktonic bacteria increasing by 100-, 20- and two-
fold for RMP, INH and EMB respectively.

Table 5.2: The minimum inhibitory concentration values of the individual antibiotics for biofilm-

forming Mycobacterium tuberculosis.

Antibiotics MIC

Concentration (ug/mL) OD 570 nm + SD
CONTROL W5 2.8 £0.05
INH 0.03 0.052 £+ 0.001
RMP 0.125 0.03 £ 0.004
EMB 4.00 0.007 £ 0.002
CFz 0.15 0.026 +0
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ii.
Figure 5.1: Measurement of the minimum inhibitory concentration values of clofazimine and the
primary anti-TB drugs against biofilm-forming Mycobacterium tuberculosis cultures using (i)
visual examination and the MIC values are indicated in yellow. The amounts of biofilm were also
determined by (ii) the crystal violet procedure. The results are for three separate experiments
performed in duplicate, presented as the mean * standard deviation (SD). The (*) denotes the MIC

value of each agent.
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Fractional inhibitory concentration determination using drug combinations
Similar to studies using planktonic cultures, the growth inhibitory activities of combinations of the
various test antibiotics against biofilm-forming organisms were determined using the same sets of

two-, three- and four-drug combinations. The results are as shown in Table 5.2 and Figure 5.2.

Two-drug combinations

The three CFZ-containing combinations demonstrated synergistic inhibitory effects on the growth
of biofilm-forming Mtb, with the combination with INH or EMB being least effective (Table 5.3
and Figure 5.2 and 5.3i). In the case of the primary antibiotics, synergistic activity was observed
with combinations of RMP with INH or EMB. The combinations of EMB and INH achieved

additive effect.

Three-drug combinations

All three-drug combinations showed synergistic effects (Table 5.3, Figure 5.3ii), with two of the
three CFZ-containing combinations being most effective. The synergistic inhibitory effect on the
growth of biofilm-forming Mtb observed with the combination of the three primary drugs r was

comparable to that the least effective CFZ-containing combination.

Four-drug combination

Addition of CFZ to the primary antibiotics in a four-drug combination resulted in synergistic
inhibitory activity, which demonstrated the highest inhibitory effect of all the combinations tested
(Table 5.3 and Figure 5.4).
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Table 5.3: The fractional inhibitory concentration index values of antibiotic combinations against biofilm-

forming Mycobacterium tuberculosis.

Antibiotics Concentrations ratio FIC (ug/mL) FICI Interaction ODs7 nm +
SD
CONTROL W5 N/A N/A N/A 2.990 + 0.002
CFZ + INH 1/4 + 1/4 0.03 +0.01 0.5 Synergistic  0.332 £ 0.021
CFZ + RMP 1/8 +1/8 0.015 + 0.015 0.25 Synergistic ~ 0.306 + 0.003
CFZ + EMB 1/4 +1/4 0.03+1 0.5 Synergistic ~ 0.028 + 0.003
RMP + EMB 1/4 +1/4 0.03+1 0.5 Synergistic ~ 0.341 + 0.009
INH + EMB 1/2+1/2 0.015+2 1 Additive 0.0.321 £0.01
RMP + INH 1/4+1/4 0.03 +0.015 0.5 Synergistic  0.324 £ 0.032
CFZ + RMP + EMB 1/12 +1/12 + 1/12 0.01+0.01+0.3 0.25 Synergistic ~ 0.355 + 0.003
CFZ + RMP + INH 1/24 + 1/24 + 1/24 0.006 + 0.005 + 0.001 0.125 Synergistic ~ 0.186 + 0.016
CFZ + INH + EMB 1/6 + 1/6 + 1/6 0.02 +0.005 + 0.66 0.5 Synergistic ~ 0.056 + 0.006
RMP + INH + EMB 1/6 + 1/6 + 1/6 0.02 +0.05+ 0.6 0.5 Synergistic ~ 0.057 + 0.005
CFZ+RMP+INH+EMB 1/64 +1/64 + 1/64 + 1/64  0.002 + 0.001 + 0.0004 + 0.06  0.0625  Synergistic ~ 0.365 * 0.003

N/A. Not applicable

1.5

FICI

Drug combinations

Figure 5.2: Inhibitory interactions of clofazimine in combination with the primary drugs on the

growth of biofilm-forming Mycobacterium tuberculosis using the fractional

inhibitory

concentration index. Synergistic inhibitory effect representing FICI value < 0.5 is shown by an

asterisk (*).
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iii.
Figure 5.3: Inhibitory interactions of the test antibiotics against biofilm-forming Mycobacterium
tuberculosis in two-, three- and four-antibiotic combinations determined by (i) visual biofilm
development examination, and (ii) quantitated using the crystal violet procedure. The results are
for three separate experiments performed in duplicate, presented as the mean + standard deviation

(SD). Synergistic inhibitory effects representing as FICI values < 0.5 is shown by (*).
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5.5.2. Bactericidal activities

Minimum bactericidal concentration determinations

The results of the MBC determination of the antibiotics against biofilm-forming bacteria are as
shown in Table 5.3 and Figure 5.5. The biofilm-forming bacteria grew slowly, increasing from 6.9
x 10° + 6.3 x 10° at WO to 2.8 x 107 + 4.6 x 10’ cfu/mL at W5. CFZ showed high bactericidal
activity against the biofilm-forming bacteria, with an MBC value similar to that of its MIC value
against these organisms.

In the case of the primary drugs, RMP and INH demonstrated higher bactericidal activity
with MBC values lower than that observed for CFZ. In the case of the primary antibiotics, the
primary antibiotics, the MBC values were two-fold higher than the MIC values for INH and EMB,
while the MBC and MIC values of RMP were similar.

Table 5.4: The minimum bactericidal concentration values of the individual antibiotics for

biofilm-forming Mycobacterium tuberculosis.

Antibiotics MBC

Concentration (ug/mL) cfu/mL (W0) £ SD cfu/mL (W5) £ SD
CONTROL 0.00 2.8x10"+4.6 x 107
CFz 0.15 4.6 x 102 +2 x 10
RMP 0.125 6.9 x 10° + 6.3 x 10° 1.1x10°+1.1 x 10°
INH 0.06 3.1x10%+34
EMB 8.0 1.2 x 10°+ 5.1 x 10?
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Figure 5.4: Determination of the minimum bactericidal concentrations of clofazimine and the
primary anti-tuberculosis agents against biofilm-forming Mycobacterium tuberculosis organisms.
The results, represented as log10 graph, are for three separate experiments performed in duplicate
for each concentration of each agent and are presented as the mean + standard deviation (SD). The
MBC values are shown with asterisks (*)
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Fractional bactericidal concentration determinations
These results are as shown in Table 5.5 and Figures 5.6 - 5.8 for the two-, three- and four-antibiotic

combinations.

Two-drug combinations

All the three CFZ-containing two-drug combinations showed synergistic bactericidal effects with
the highest synergistic activity shown in combination with RMP. For the primary drugs, synergistic
bactericidal activity was exhibited by the combination of RMP and INH (Table 5.5 and figure
5.8i).

Three-drug combinations

All of the four three-antibiotic combinations demonstrated synergistic bactericidal effects against
biofilm-forming Mtb bacteria. Two of the three CFZ-containing and the three primary antibiotic
combination demonstrated the highest, albeit comparable synergistic activities (Table 5.5 and
Figure 5.8ii).

Four-drug combination

The combination of CFZ with the three primary drugs resulted in synergistic bactericidal activity
against biofilm-forming bacteria. This combination was the most potent of all the combinations
tested (Table 5.5, Figure 5.8).
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Table 5.5: The fractional bactericidal concentration index values of the antibiotic combinations for biofilm-

forming Mycobacterium tuberculosis.

Antibiotics FBC
cfu/mL (W0) £ SD  cfu/mL (W5) +SD Concentratio FBC (ug/mL) FBCI Interaction

n ratio

CONTROL 1.4x10°+15x 1.17 x 107 £ 1.6 x NA NA NA NA

103 108

CFZ + INH 32+4 1/4 + 1/4 0.03 +0.01 0.5 Synergistic

CFZ + RMP 1.4 x 10 + 58 1/8 +1/8 0.03 +0.03 0.25 Synergistic

CFZ + EMB 54x102+54x10> 1/4+1/4 0.03+2.0 0.5 Synergistic

INH + EMB 45+8 1/2+1/2 0.03+4.0 1.0 Additive

RMP + EMB 3.3x102%0 12 +1/2 0.06 +4 1.0 Additive

RMP + INH 1.1x10%+6 1/4 +1/4 0.03 +0.015 0.5 Synergistic

CFZ+INH+EMB 1.7x10*+95x 5x 102+ 1.7 x 102 1/6+1/6+1/6 0.02+0.003+1.3 05 Synergistic

CFZ+RMP+EMB  10? 330 1/12+1/12+  0.01+0.01+0.6 0.25  Synergistic
1/12

CFZ + RMP + INH 32+15 1/12 + 1/12 + 0.01 +0.01 +0.005 0.25 Synergistic
1/12

RMP + INH + EMB 1+0 1/12 + 1/12 + 0.01+0.006 +0.6  0.25 Synergistic
1/12

CFZ + RMP + INH 1+£0 1/32 + 1/32 + 0.004 + 0.003 + 0.125  Synergistic

+ EMB 1/32 +1/32 0.001 +0.25

NA. Not Achievable, Not Applicable.
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Figure 5.5: Inhibitory interactions of clofazimine with the primary antibiotics against biofilm-
forming bacteria using the fractional bactericidal concentration indices. Synergistic effect showing

FBCI values < 0.5 is represented by an asterisk (*).
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Figure 5.6: Fractional bactericidal concentrations of antibiotics against biofilm-forming
Mycobacterium tuberculosis bacteria with the activities of the two-, three- and four-drug
combinations shown in panels (i), (ii) and (iii) respectively. The results, represented as log10
graph, are of two separate experiments performed in triplicate and are presented as the mean £
standard deviation (SD). The asterisk (*) represents the achieved FBC of each antibiotic

combination.
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5.6. Discussion

Biofilms are important pathogenic mechanisms of bacteria, including mycobacteria (Brennan,
2017; Esteban and Garcia-Coca, 2018). In the case of Mtb, biofilm formation plays an important
role in the process of caseous and necrotic granuloma formation during infection (Ojha et al., 2008;
2010; Mothiba et al., 2015). These granuloma lesions harbour predominantly persistent, SR and
dormant, NR organisms (Esteban and Garcia-Coca, 2018).

During TB treatment, the SR and NR organisms are targeted during the continuation phase
with RMP and INH for prolonged periods of four to seven months, due to slow responsiveness to
antibiotic therapy. Despite extended treatment, eradication of these organisms is not always
achieved, with a number of patients who have completed their therapy relapsing, indicating
reactivation of surviving organisms during chemotherapy (Veatch and Kaushal, 2017)

To date, the number of antibiotics that is effective against Mtb biofilms is limited (Xu et
al., 2018). CFZ, as reported in the current study, is one of the antibiotics that possess anti-
mycobacterial activity. Importantly, the findings of this study have demonstrated that CFZ, in
addition to suppressing the growth of planktonic organisms, also possesses both inhibitory and
bactericidal activities against biofilm forming Mtb, achieving these effects at concentrations
equivalent to those effective against planktonic bacteria. Although the primary anti-TB drugs,
RMP and INH, also demonstrated high inhibitory and bactericidal activities against biofilm
forming Mtb, these effects were only evident at concentrations considerably than those that
inhibited the growth of planktonic organisms.

An important additional aim of this study was to evaluate the effects of CFZ on the
activities of the primary anti-mycobacterial agents, RMP, INH and EMB against the SR organisms
of biofilm-forming cultures. In contrast to the moderate synergistic inhibition of the growth of
planktonic organisms when CFZ was used in combination with the primary anti-TB agents, CFZ-
containing anti-TB drug combinations were considerably more effective against slow-growing,
biofilm-forming organisms. In this context, combining CFZ with the primary anti-TB agents
achieved higher levels of growth inhibitory synergism than any of the CFZ-free combinations of
the primary anti-TB agents.

Despite high in vitro activity, the activity of these antibiotics in vivo in granuloma lesions,
may be affected by various pharmacokinetic properties such as drug distribution,

microenvironmental conditions of the TB lesion and the half-lives of the antibiotic. In the case of
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CFZ, this anti-mycobacterial agent has a high level of accumulation in the cellular rim consisting
of macrophages. RMP accumulates in high concentrations in necrotic foci and cellular
compartments, while INH has poor accumulation in granuloma lesion due to rapid clearance
(Prideaux et al., 2015; Strydom et al., 2019). These differences in drug distribution, suggest that
the addition of CFZ to RMP- and INH-containing anti-TB drug regimens may augment therapeutic
efficacy Although speculative, it is possible that the high accumulation of CFZ in macrophages
will lead to disruption of granuloma membrane, which consists mainly of infected macrophages
allowing access of the hydrophilic agent INH to the aqueous central necrotic foci. INH will then

act synergistically in combination with RMP.
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CHAPTER SIX: GENERAL DISCUSION
The findings of this study have revealed that combining CFZ with primary anti-TB drugs,
especially RMP, results in synergistic suppression of the growth of AR bacteria, albeit less so than
that observed with CFZ-free combinations of the primary drugs, specifically RMP and INH.
However, CFZ effectively substituted for EMB in drug combinations evaluated for synergistic
inhibition of growth of AR Mtb organisms. Based on these findings, CFZ may indeed be useful
during the initial phase of chemotherapy by replacing EMB.
Of potential importance, CFZ, on the other hand, demonstrated significant augmentative
interactions with RMP and INH against SR, organisms. Indeed, combinations of CFZ these
primary anti-TB agents resulted in synergistic suppression of both the growth and survival of these
slow-growing, biofilm-forming organisms. In this setting, the concentrations of RMP and INH
required to target SR bacteria were higher than those which inhibited the growth of planktonic
organisms, while the concentrations of CFZ were similar to those active against planktonic
bacteria. In the case of RMP and INH these are potentially important findings as both these primary
drugs are used during the continuation phase of TB chemotherapy during which they appear to
have limited effects on this microbial population, with many patients developing relapse due to
reactivation of the disease on completion of treatment. Addition of CFZ, with both high inhibitory
and bactericidal activities for the SR Mtb population, to this primary two-drug regimen, may
enable more effective elimination of these organisms.

This contention is supported by findings originating from a murine model of experimental
TB chemotherapy, in which the inclusion of CFZ in the primary-drug regimen, resulted in delayed
bacterial regrowth following treatment (Swanson et al., 2016).

In conclusion, the findings of the current study are novel and have demonstrated the
potential benefit of addition of CFZ to standard anti-TB chemotherapy, possibly shortening

treatment and/or preventing disease relapse.
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CHAPTER SEVEN: LIMITATIONS OF THE STUDY AND FUTURE STUDIES

7.1. Limitations of the study

During TB treatment DS-TB patients are treated with four primary drugs including three agents
tested in the current study used in combination with PZA during the intensive phase, targeting the
AR bacteria. However, in the current study, interaction of PZA with CFZ was not investigated due
to absence of an acidic growth medium, which is required for the optimum antimicrobial activity

of this agent.

Additionally, during infection, the TB lesions are populated with heterogenous microbial
populations which include the AR, SR and NR. In the current study, the antimicrobial activities of
CFZ in combinations with primary anti-TB drugs were determined only on the AR and the SR

organisms.

7.2. Future studies

The anti-mycobacterial activities of CFZ in combination with PZA on different microbial
organisms in the absence and presence of the three tested primary anti-TB drugs in vitro is
required. This information will be valuable in the design of future effective anti-TB treatment

regimens.
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APPENDICES

Appendix one: Preparation of media

Middlebrook 7H9 broth and 7H10 agar

Media purchased from Beckton Dickinson (USA) were prepared following the manufacturer’s
instructions. A litre of 7H9 broth medium was prepared by dissolving 4.7 g of 7H9 broth base
powder in distilled water, supplemented with 0.2% glycerol and 0.05% Tween 80 while 7H10 agar
medium was prepared by dissolving 19 g of agar base powder in water supplemented with 0.5%
glycerol. The mixtures were autoclaved at 121°C for 10 minutes (min), and cooled to 55°C,
followed by addition of (Beckton Dickinson).

Sauton broth preparation

A litre of Sauton broth was prepared by dissolving mineral solution mixture consisting of 4 g L-
asparagine (CsHsN203), 0.5 g magnesium sulphate (MgSOs), 0.5 g potassium dihydrogen
phosphate (KH2PO.), 0.05 g ferric ammonium nitrate (FeHsNs012), 2 g citric acid (CsHsOy7), in
distilled water (dH20), followed by the addition of 0.1 ml of 1% zinc sulphate solution (ZnS04)
and 50 mL glycerol. The pH was adjusted to 7.2 with 10 M sodium hydroxide (NaOH), and the
final volume was adjusted to 1L with distilled water. The medium was autoclaved at 121°C for 10

min.
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