
 
 
 
 
 

Shifts in the microbiome during anti-
tuberculosis therapy in an animal model 

 
C Wepener 

orcid.org/ 0000-0002-1384-6641 
 

 
Dissertation submitted in fulfilment of the requirements for the 
degree Magister Scientiae in Pharmaceutical Sciences at the 

North-West University 
 

 
 
Supervisor:    Prof A F Grobler 
Co-Supervisor:   Dr J J Bezuidenhout 
Ass-Supervisor:   Mr B C Mann 

 
 
Graduation:    August 2021 

 

 



 

i 

Preface and declaration 

This dissertation is written in article format. Findings are presented in two separate chapters; of 

which Chapter 3 consist of a manuscript submitted for publication. Additional findings, that were 

not included in the manuscript, can be found at the end of the chapter. The manuscript was 

compiled by Mr B C Mann (PhD candidate) and reviewed by the rest of the authors before 

submission. Within the manuscript, experimental work and writing of findings regarding the 

sputum microbiome were conducted by Mr B C Mann and the representing gastro-intestinal 

microbiome by me. The manuscript is presented in both this dissertation and Mr Mann’s thesis. 

The study was carried out in accordance with the NWU code of conduct for researchers with 

ethics number NWU-00584-19-A5. The animal study, which included animal handling, treatment 

and organ harvesting, was previously conducted by Ms D van der Merwe. Caecum samples were 

stored for the present study. 

All experimental work leading to amplicon sequencing was done by me with assistance from Mr 

B C Mann (assistant-supervisor). Amplicon sequencing of the gastro-intestinal microbiome DNA 

in Chapter 3 was done by the Agricultural Research Council (ARC) Biotechnology Platform, 

Onderstepoort, South Africa. Raw sequence data was analysed and interpreted by myself with 

assistance from my supervisors.  

Preparation, amplicon sequencing and bioinformatics analysis of DNA samples presented in 

Chapter 4 were done by PHENOMIN-ICS, Strasbourg, France. Raw data and an operational 

taxonomic unit (OTU) output were sent back to me where the data was statistically analyzed by 

me with assistance from my supervisors. The OTU table received from PHENOMIN-ICS was 

converted with assistance from Dr J J Bezuidenhout prior to microbial and statistical analysis. 

I, Cara Wepener, hereby declare that the dissertation titled “Shifts in the microbiome during anti-

tuberculosis therapy in an animal model” is my own work and that all resources used were 

acknowledged and referenced after each chapter. I declare that this research has not been 

submitted before for examination at any other university. 

Cara Wepener         Date: 

        17-03-2021 

  



 

ii 

Dedication 

 

 
 
  

This dissertation is dedicated to my father, Professor Victor Wepener. He is an 

astonishing researcher and the motivation behind my decision to pursue this 

academic milestone. 

 

 



 

iii 

Acknowledgements 

I would like to express my thanks and appreciation to the following. The completion of the 

dissertation would not have been possible without you: 

Firstly, to my Heavenly Father for making this opportunity part of His plan for me and giving me 

the strength and motivation to successfully complete this degree. 

Thank you to my parents, Victor and Leanda Wepener, for always believing in me and my ability 

to pursue the degree; and my brother, Victor, for always showing interest in my progress towards 

completion.  

I would like to thank my fiancé, Taetse Vorster, for all his motivational words, love and support 

from day one. You are my rock and I appreciate every little thing you have done for me these past 

few years. 

To my supervisor, Prof Anne Grobler, for incorporating her expertise of the Pharmaceutical field 

into this study and for overseeing this project as main supervisor. 

Thank you to Dr Jaco Bezuidenhout, my co-supervisor, for his input with regards to statistical 

analysis and the writing of this dissertation. 

To Brendon, my assistant supervisor, who assisted me every step of the way; for always being 

available to discuss results, give advice and for reviewing every piece of work before it was 

submitted for review to the other supervisors. 

This work is based on the research supported in part by the National Research Foundation of 

South Africa (Grant Number: 117255). I hereby acknowledge and thank the NRF for the financial 

support throughout the study period. Opinions, findings and conclusions are those of the authors 

and are not necessarily contributed to the NRF. 

Thank you to Dr Guillaume Pavlovic and Loïc Linder at PHENOMIN for taking on the project as 

collaborators.  

Lastly, I would like to thank my colleagues and fellow students Charl, Brunhildé, Nico, Shingai 

and Bisrat, at the PCDDP for showing interest in the process of the project and for always being 

there to discuss challenges and celebrate victories. 

  



 

iv 

Abstract 

Tuberculosis (TB) is a worldwide pandemic caused by the bacterial agent Mycobacterium 

tuberculosis (Mtb). The first-line treatment of the disease is invasive and consists of a combination 

of four antimicrobials to be administered for a period of at least six months. Antimicrobial 

administration is known to affect the diversity and structure of the gastro-intestinal microbiome by 

rapidly decreasing bacterial taxa present. Recently, the effect of TB and TB treatment on the 

gastro-intestinal microbiome has gained attention, since it is suggested that the microbiome plays 

a role in host immunity. In this study, the impact of different TB treatments on the gastro-intestinal 

microbiome of Kramnik mice was evaluated. To achieve this, an effective method for DNA 

extraction of the gastro-intestinal microbiome is necessary to successfully identify all bacteria 

present. To effectively extract DNA from the representative gastro-intestinal microbiome, 

commercially available kits namely QIAamp DNA microbiome kit (Qiagen, Germany) and the 

GenElute™ Stool DNA isolation kit (Sigma, USA) were compared to the NWU lysis method with 

and without purification steps. Based on these results, DNA from the gastro-intestinal environment 

was extracted using a similar commercial kit to determine microbiome composition from samples 

treated with TB therapies. TB therapies included standard TB therapy, Pheroid®-based TB 

therapy, and the Pheroid® formulation excluding active pharmaceutical ingredients (APIs). All 

DNA from the microbiome were analyzed with 16S amplicon sequencing using the Illumina Miseq 

platform. DNA data was analyzed using bioinformatics and community profiling was achieved by 

using MicrobiomeAnalyst. The various extraction methods did not indicate any significant 

differences in microbiome composition or structure of the gastro-intestinal environment. 

Therefore, extraction methods with similar lysis steps are suggested to be an effective approach 

for successful DNA isolation from the gastro-intestinal microbiome. However, inter-individual 

differences were observed between mice under the same environmental conditions. Exposure to 

all selected therapies had a significant impact on the microbiome diversity compared to Mtb 

infected mice, by decreasing the overall diversity of the microbiome. Members of the phylum 

Bacteroidota were significantly decreased and Firmicutes significantly increased. The effect of 

Pheroid®-based TB therapy on the microbiome did not differ significantly from standard TB 

therapy. However, the presence of members of the family Saccharimonadaceae was significantly 

more abundant in the microbiome of mice recovering from Pheroid®-based TB therapy, which is 

positively correlated with the immune response. Mice treated with the Pheroid® carriers 

(formulation excluding APIs) had a significantly higher abundance of Lactobacillus in their 

microbiome, which is associated with lipid metabolism. Mice treated with the latter did not indicate 

a significant reduction of Mtb in the lungs, but survived longer than the infected animals. It is 

suggested that the Pheroid® formulation has a possible immune support function. The proliferation 
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of commensal bacteria Parasutterella was observed in the microbiome of mice recovering from 

the Pheroid® carriers, indicating normalization of the microbiome after exposure. Therefore, the 

use of Pheroid® as an alternative for TB drug delivery does not necessarily improve the state of 

the microbiome during treatment, but might have the potential to stabilize the gastro-intestinal 

environment after treatment has ceased. 

Key words: microbiome, gastro-intestinal, caecum, dysbiosis, tuberculosis, Pheroid®-based 

treatment, treatment outcome, 16S rRNA 
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Chapter 1 General introduction and problem statement 

1.1 Background and problem statement 

1.1.1 Tuberculosis, TB therapy and the gastro-intestinal microbiome 

Tuberculosis (TB) was declared a worldwide health emergency by the World Health 

Organization (WHO) in April 1993 (WHO, 1994). Since then, total TB related deaths decreased 

from 3 million in 1993 to approximately 1.2 million in 2019 (WHO, 1994; WHO, 2020). Over 

the decades tremendous progress has been made, with around 60 million individuals being 

treated and cured of the disease since 2000 (WHO, 2020). The tubercle agent, namely 

Mycobacterium tuberculosis (Mtb), which causes the disease, was first isolated by Robert 

Koch in 1882 (Blevins & Bronze, 2010). Initial treatment of the disease dates back to 1950, 

when patients were treated with the antimicrobial streptomycin and para-amino salt derived 

from salicylic acid (Medical Research Council, 1950).  

The gastro-intestinal microbiome habitats a wide variety of micro-organisms responsible for 

metabolism and host immunity (Cahenzli et al., 2013). When a change in the microbiome, 

known as dysbiosis, occurs, it impacts the immune response negatively and may lead to 

pathogens colonizing within the host. The development of inflammation is in turn also affected 

by the composition of the gastro-intestinal microbiome (Dudek-Wicher et al., 2018; Tarashi et 

al., 2018) The administration of combinations of antibiotics is increasing as a method used in 

disease studies to deplete the gastro-intestinal microbiome in murine mouse models. 

Subsequently the effect of the microbiome organisms in the gut on disease progression has 

been and is still being studied (Tirelle et al., 2020). First-line TB drugs comprise of a cocktail 

of broad and narrow spectrum antibiotics. Furthermore, when resistance to first-line drugs 

develops, second-line TB drugs are administered, that comprise of many more antibiotics. 

Several studies in humans and animals have indicated that TB-therapy induces a bacterial 

dysbiosis in the gut and examined the consequences of the changes in the bacterial diversities 

(Luo et al., 2017; Namasivayam et al., 2017; Wipperman et al. 2017; Maji et al., 2018; Khan 

et al., 2019). This raises concern, since there is a proposed interaction between the gastro-

intestinal microbiome and TB disease (Namasivayam et al., 2018). Furthermore, the human 

gastro-intestinal microbiome consists of microorganisms that carry a large number of antibiotic 

resistant genes, which can easily be transferred to possibly proliferated pathogens within the 

gut (O’Toole & Gautam, 2018).  
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Alternative drug delivery systems, based on nanoparticles (NPs) as carriers, for TB treatment 

have shown potential treatment outcome in light of increased bioavailability, decreased 

degradation, and enhanced solubility and pharmacokinetic profiles (Aminu et al., 2020). An 

example of such is the use of Pheroid® technology to aid in the delivery of active 

pharmaceutical ingredients (APIs). Pheroid® formulations are based on colloidal emulsions 

that deliver pharmaceutical compounds to sites of absorption (Grobler, 2013). Pheroid® 

consists of an oil, water and gas phase, which is known as the standard Pheroid® form. Pro-

Pheroid® excludes the water phase, resulting in an oily substance. Once in contact with water, 

nano- and microparticles form, packing APIs in vesicles to be delivered to absorption sites in 

the gastro-intestinal tract in the case of oral administration (Grobler, 2013).  

The impact of TB therapy delivered by carriers such as NPs in the Pheroid® delivery system 

on the microbiome has yet to be determined. Since administration of current drugs are known 

to cause microbial dysbiosis in the gut, it is of interest to determine whether alternative delivery 

of the same drugs cause less disturbance of the microbiome; and whether the Pheroid® may 

have a protective effect on the microbiome. 

1.1.2 Mouse gut microbiome translating to humans 

Several animal models have been used to examine TB disease, its progression and drug 

susceptibility (Singh & Gupta, 2018). Animals used for these types of studies include mice, 

rabbits, guinea pigs, non-human primates and other vertebrates such as zebrafish. Mice are 

however considered the preferential animal model to study TB, due to available immunological 

data, variety of genetically modified strains and ease of housing mice in a laboratory setting 

(Fonseca et al., 2017). Different mouse strains specifically used in TB research is the C57BL/6 

strain, Balb/c and C3HeB/FeJ (Kramnik mouse model) (Zhan et al., 2017). However, the 

Kramnik mouse model is considered to mimic the human disease to better, since necrotic 

lesions in granulomas are formed as result of Mtb infection (Lanoix et al., 2015).  

Mouse models are frequently used to examine microbiota-host interactions related to various 

diseases (Nguyen et al., 2015). However, several differences between mouse and human 

anatomy, physiology, dietary patterns and metabolism should be considered (Hugenholtz & 

de Vos, 2018). A major limitation of comparing the mouse and human microbiome is the low 

percentage of bacterial genes that are identical. In addition, the differences in the compositions 

of microbial communities between different mouse strains are significant, and several 

environmental factors influence the composition of the microbiome (Hugenholtz & de Vos, 

2018). Although, despite limitations, the use of a mouse model is most suitable for microbiome 
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studies, taken into account the amount of research and knowledge there is of the model’s 

gastroenterology, immunology and genetics compared to other models (Nguyen et al., 2015). 

Additionally, these models are easily available in an experimental set-up and are cost effective 

(Dharmadhikari & Nardell, 2008). 

Dysbiosis of the gastro-intestinal microbiome as result of TB therapies has mainly been 

examined in variants of C57BL/6 mice, which is a frequently used to model TB infections in 

vivo (Namasivayam et al., 2017; Khan et al., 2019). Interestingly, companion studies on the 

long-term effect of anti-TB therapy on the microbiome showed similar results in the mouse 

and humans (Namasivayam et al., 2017; Wipperman et al., 2017). In this study the Kramnik 

mouse model is introduced to examine the effect of TB therapies on the gastro-intestinal 

microbiome. 

1.1.3 Microbial quantification 

In the past, culturing methods were utilized to quantify diversity of the gastro-intestinal 

microbiome. However, the majority of microorganisms are unculturable, or require unknown 

growth conditions to be cultured in a laboratory environment (Fraher et al., 2012). Identification 

of bacteria present in the microbiome has evolved and genetic characterization has been used 

to eliminate the limitations of culturing methods. Techniques based on 16S ribosomal RNA 

(rRNA) sequencing are the most commonly used (Rajendhran & Gunasekaran, 2011). In 

addition, the correct DNA extraction method is required to accurately reflect the microbial 

community in the gastro-intestinal tract, hence extracting all DNA from the bacterial species 

in the community. The extracted DNA is used to generate a profile for the gastro-intestinal 

microbiome (Lim et al., 2018). To obtain this DNA, commercial extraction kits are available, 

however, the lysis method (e.g. mechanical, chemical, heat, and enzymatic) and DNA isolation 

method (e.g. spin-column based and magnetic beads) in these commercial kits differ. The 

lysis step is crucial in obtaining not only Gram-negative (easy to lyse because of its thin cell 

wall), but also Gram-positive bacteria, which has a thick cell wall. DNA extraction kits are 

constantly advancing, and it is important to these newly developed kits to consider lysis and 

DNA binding as part of the protocol (Lim et al., 2018). Commercial extraction methods for 

gastro-intestinal microbial DNA are mainly based on bead beating cell lysis and DNA binding 

on spin columns (Wagner Makenzie et al., 2015; Wu et al., 2019). However, commercial kits 

consist of many consumables and reagents and can be quite costly depending on sample 

sizes. Therefore, additional ways for DNA extraction have been developed and explored (Peng 

et al., 2013). An example of an alternative method for downstream microbial quantification is 

the NWU cell lysis method, primarily developed for molecular diagnostic purposes. 
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1.1.4 Research questions 

Based on literature and gaps identified, the following research questions were addressed: (i) 

Does the NWU cell lysis method extract microbial DNA efficiently for downstream microbiome 

analysis? (ii) Does the Pheroid®-formulation have similar outcomes in dysbiosis of the Kramnik 

mouse gastro-intestinal microbiome when compared to a standard regimen during TB 

treatment? (iii) Does the Pheroid®-based treatment have an impact on potential treatment 

outcomes when comparing changes in the microbiome? 

1.2 Aims of the study 

The study aimed to examine the changes in the gastro-intestinal microbiome from caecum 

samples during Pheroid®-based TB therapy in the Kramnik (C3HeB/FeJ) mouse model; and 

to evaluate the potential role of Pheroid®-based TB therapy for improved treatment outcome.  

1.3 Study objectives 

Specific objectives that were set out to be accomplished to achieve the aims of the study were 

(i) to evaluate the NWU cell lysis method as preferential tool for downstream gut microbiome 

analysis; (ii) to evaluate changes in the gastro-intestinal microbiome of C3HeB/FeJ mice 

infected with the H37Rv Mtb strain during courses of both standard and Pheroid®-based TB 

therapies with 16S amplicon sequencing; (iii) to compare the changes during treatment with 

already available colony forming units (CFUs) data; and finally (iv) to determine whether the 

microbiome plays a role in improved treatment outcome. 

1.4 Dissertation layout 

This dissertation was submitted in fulfilment with the requirements of a Magister Scientiae in 

Pharmaceutical Sciences at the North-West University, Potchefstroom Campus, South Africa. 

The study was designed according to results obtained in a previous study done at the 

DSI/NWU Preclinical Drug Development Platform (PCDDP). Financial support was given by 

the National Research Foundation of South Africa (NRF) (UID: 117255) and the North-West 

University (NWU); and the study was financially supported by the Department of Science and 

Innovation (DSI) – forming part of the International Mouse Phenotyping Consortium (IMPC) 

project. Study design, data collection and interpretation of results are those of the author and 

are not attributed to the funders. The study was approved by the AnimCARE ethics committee 

of the NWU, Annexure A (NWU-00584-19-A5). 
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Each chapter was written to address specific objectives. The present chapter (chapter one) 

introduces the rationale of the study with its specific aims and objectives. Chapter two 

addressed a review of literature relevant to the study is based; chapter three addressed the 

first objective that forms part of a manuscript submitted to the journal Molecular Biology 

Reports. Chapter four addressed the aims and objectives ii to iv of the study regarding TB 

therapies and the gastro-intestinal microbiome. Chapter five provides the summary and 

recommendations of the study. Each chapter includes references related to literature in the 

specific chapter. 
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Chapter 2 Literature review: Tuberculosis and the gastro-
intestinal microbiome 

2.1 Tuberculosis 

2.1.1 Mycobacterium tuberculosis  

Tuberculosis (TB) has plagued the human race for centuries; however, the causative agent, 

namely Mycobacterium tuberculosis (Mtb), was only discovered in 1882 by German 

microbiologist, Robert Koch (Daniel, 2006; Fogel, 2015). This agent is described as a 

pathogenic, slow-growing, obligate aerobic microorganism, and is classified as acid-fast by 

Ziehl-Neelsen staining (Trifiro et al., 1990; Forrellad et al., 2013; Koch & Mizrahi, 2018). 

Infection amongst people occurs by the spread of the microorganism through aerosol nuclei 

droplets that remain in the air for minutes to hours after expectoration from an active TB person 

(Cadmus et al., 2010; Namasivayam et al., 2018). The Mycobacterium tuberculosis complex 

(MTBC) comprises of several organisms of which Mtb forms part of. Members of the MTBC 

are known to cause TB disease associated with animals and/or humans. Other members of 

the MTBC include Mycobacterium bovis, M. africanum, M. caprae, M. canettii, M. microti, M. 

pinnipedii, M. sunicattae, Oryx Bacillus, Dassie Bacillus and most recently discovered M. 

mungi (Huard et al., 2006; Alexander et al., 2010). Of all these TB-causing organisms, Mtb 

and M. africanum are the main causative agents in the development of human TB disease. 

Apart from the various members of the MTBC, several lineages have been identified over 

years of research and is characterised by genetic differences in the organisms. Seven 

lineages that evolved from Mtb and M. africanum have been discovered and identified in 

different regions of the world (Senghore et al., 2020). Furthermore, a sister lineage (eighth 

lineage) of the MTBC has recently been discovered in multi-drug resistant patients in Tanzania 

(Ngabonziza et al., 2020).  

When inhaled, Mtb travels to the alveoli of the human host; and is phagocytized by alveolar 

macrophages in the lungs where it then proceeds to grow slowly, replicating every 24 hours. 

The macrophages carry the Mtb from the lower respiratory tract to deeper tissues within the 

lung (Pagán & Ramakrishnan, 2015). Granuloma formation occurs as an innate immune 

response to Mtb infection and is a distinctive characteristic of the pathogenicity of Mtb.  

The granuloma is a spherical structure of immune cells, walling off the bacteria from the 

extracellular environment. The feature was first described in 1679, 200 years prior to the 

discovery of Mtb, and was initially thought to be the cause of TB disease. For Mtb, the 
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surrounding immune cells provide a microenvironment to initiate latency (inactive state). 

(Sasindran & Torrelles, 2011; Ramakrishnan, 2012). The core of the granuloma comprises of 

infected macrophages and epithelioid cells, which subsequently provide Mtb with nutritional 

support for survival. Immune cells including neutrophils, B and T cells, natural killer cells, 

dendritic cells and fibroblasts also contribute to the formation of granulomas and activate 

inflammation mediators. Replication of Mtb in macrophages in the granuloma causes 

inflammation and subsequently causes necrosis by killing the host macrophages once 

activated. Progression of the necrotic lesions leads to the disruption of the granuloma and 

spread of free Mtb to other tissue/ areas of the lungs.  

Out of all the members of the MTBC, the strain most widely used in TB research is the Mtb 

H37Rv strain, which has remained pathogenic since it was first isolated in 1905 (Camus et al., 

2002). The whole genome of the strain was sequenced and consists of 4,411,529 base pairs 

containing roughly 4000 genes. It has a high guanine/ cytosine (GC) content of 65.6% which 

is equally spread throughout the whole genome (Phillipp et al., 1996; Cole et al., 1998). An 

early study done by Cole et al. (1998) deciphered the complete genome of the Mtb H37Rv 

strain and found that Mtb produces a large array of lipophilic molecules. These molecules 

range from simple fatty acids to long-chain, complex molecules such as mycolic acids (MAs). 

Mtb shows a shift in metabolism when inside the host as opposed to the behaviour observed 

during in vitro studies, changing from carbohydrate metabolism to using fatty acids when 

growing within the host (Smith, 2003). This phenomenon is explained by the presence of as 

many as 250 enzymes, all involved in the metabolism of fatty acids (Cole et al., 1998).  

Many genes encode and contribute to the virulence and pathogenicity of the MTBC. However, 

the Mtb genome does not encode classical virulence factors like toxins produced by other 

pathogenic bacteria (Smith, 2003). The ability of Mtb to protect itself from destruction against 

the first-line of defence and multiply within macrophages in the host is one of its most intriguing 

properties regarding its pathogenicity. This self-defence is achieved by rearranging host cell 

functions during the immune response to the microorganism entering the respiratory system. 

In this event, Mtb infection causes immune cells to react to the mycobacteria present in the 

lungs and subsequently leads to the formation of granulomas, shifting the microorganism to 

an inactive state (latent/dormant). In this state, the bacteria can wait for an immune response 

shift or any other adverse event and subsequently emerge to cause active TB. The ability to 

avoid elimination in the host is what makes Mtb such a successful intracellular pathogen and 

the role of the granuloma raises challenges in prevention and treatment of TB (Parrish et al., 

1998; Tufariello et al., 2003; Ramakrishnan, 2012).  
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In previous studies it has been observed that a change in the lipid metabolism of Mtb occurs 

between its dormancy (latent TB infection) and reactivation (active TB) phases 

(Raghunandanan et al., 2019). These changes result in a depletion of MAs – the main 

components in the cell wall of Mtb - in the dormancy phase and a reversed phenomenon in 

the reactivation phase. This allows Mtb to maintain cell energetics. When Mtb shifts to its 

reactivation phase, growth in the human host is associated with lung damage due to the 

widespread lesions that may lead to death due to insufficient oxygen levels. In addition to this, 

other forms of Mtb infection such as tubercular meningitis and tuberculomas in the brain may 

also lead to death due to inflammation in and around the brain (Smith, 2003; Cardona 2015). 

2.1.2 Prevalence of tuberculosis worldwide 

According to the World Health Organization (WHO, 2019), TB is not only one of the top 10 

causes of deaths worldwide, but it is also the leading cause of mortality by any single infectious 

agent since 2007. Approximately 10 million people are infected annually. This figure has 

remained relatively stable in recent years, with a mortality rate of up to 20%. Globally, the 

disease caused 1.7 million deaths in 2016 alone, where 22% of the deaths were in patients 

co-infected with the human immunodeficiency virus (HIV). Furthermore, approximately 5% of 

the 10.4 million individuals infected with the disease in 2016 were resistant to at least two of 

the first-line TB drugs (Koch & Mizrahi, 2018; Namasivayam et al., 2018). Mortality rates 

decreased a fraction in 2017, with an estimate of 1.6 million deaths. Approximately 18.75% of 

these was HIV-positive (WHO, 2018). In 2018, a further reduction in the mortality rate was 

recorded and approximately 1.45 million individuals were deceased: a 27% reduction from the 

year 2000. From these mortalities 1.2 million deaths were amongst HIV-negative individuals 

and 251 000 (17.3%) amongst HIV-positive, reducing the mortality rates with 27% and 60% 

respectively since 2002. Given the WHO’s (2020) End TB strategy to reduce TB mortalities 

and incidences with 95% and 90% respectively by the year 2035, a steep decrease in both 

mortality rates and TB incidences is required. To date, a global decrease of 14% (target: 35%) 

and 9% (target: 20%) reductions in TB deaths and TB incidences, respectively, were reported 

between 2015 and 2019. 

Through the years, the WHO monitored TB infection and the effects thereof worldwide. Thirty 

countries have been identified as high TB burden countries. In 2019, these 30 high TB burden 

countries accounted for nearly 90% of the estimated TB incidence worldwide (WHO, 2020) 

and eight out of the 30 accounted for two thirds of the global incidence. These countries 

included India (2 640 000 estimated incidence), Indonesia (845 000 estimated incidence), 

China (833 000 estimated incidence), the Philippines (599 000 estimated incidence), Pakistan 
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(570 000 estimated incidence), Nigeria (440 000 estimated incidence), Bangladesh (361 000 

estimated incidence) and South Africa (360 000 estimated incidence).  

Not only does the intensity of TB incidence and mortality differ in various parts of the world, 

but also the different strains of Mtb present. Numerous studies have indicated that the genomic 

differences in the MTBC vary worldwide. According to Mekonnen et al. (2019), the east-west 

pole of Africa is the focal point of different lineages of Mtb. Umpeleva et al. (2020) found that 

the Beijing genotype of Mtb was predominant in an enclosed area of Russia. In Thailand, two 

strains were found to be predominant amongst the people, namely the Indo-Oceanic lineage 

and East-Asian lineage (mainly Beijing strains). Even though the East-Asian lineage is known 

to be highly virulent, the Indo-Oceanic lineage resulted in a higher mortality (Smittipat et al., 

2019). 

2.1.3 Prevalence in South Africa 

According to the latest Global TB report (WHO, 2020), South Africa is identified as one of the 

top high TB burden countries, accounting for an estimated 3.6% of global TB incidence in 

2018. An estimated 360 000 cases of TB were recorded in South Africa in 2019, of which 

approximately 16.7% of total cases led to mortality. Furthermore, 58% of the total TB cases 

were amongst individuals co-infected with HIV and mortality amongst these co-infected 

individuals accounted for 62% of the total mortality caused by TB. Figure 2-1 indicates a 

reduction of TB incidences and mortalities in South Africa over the last decade. With a 

population increase of almost 8.5 million people in the country (WHO, 2011; WHO, 2020), a 

decrease is observed in total TB incidence, TB incidence in HIV-positive patients, total TB 

related mortalities, and mortalities amongst HIV-positive individuals. Despite the total 

decrease in TB incidence, cases have emerged in the year 2019, which is worrying 

considering the urge to end the TB pandemic. On the contrary, mortality rates associated with 

TB lowered. Positively, notifications of TB diagnosis between January and June 2020, reduced 

significantly in South Africa, compared to 13 other high burden countries able to submit data 

to the WHO (2020) in the reporting months. 
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Figure 2-1 Best estimates of TB incidence and mortality amongst patients co-infected with HIV and TB only in the 

past 10 years. Numbers have decreased for all parameters, except total and HIV positive incidence in the last year. 

No data is available of HIV positive mortalities from 2009 until 2011. Data generated from WHO (2011-2020). 

2.1.4 Co-infection of TB and HIV 

Sub-Saharan Africa was identified as the region with the most HIV-associated TB incidence 

by the WHO, accounting for 70% of worldwide co-infection in 2000 (Maher et al., 2005). In 

recent years, co-infection in particularly South Africa, accounts for approximately 25% of 

worldwide co-infected incidence (WHO, 2020). This raises concern, since South Africa only 

accounts for 0.76% of the global population. HIV co-infection increases the rate of TB 

progression and may lead to an increase in transmission of the disease. Furthermore, it may 

lead to the amplification and dissemination of drug-resistant TB. TB reinfection is also often 

related to co-infection with HIV. The two diseases thus combined present very unique 

programmatic and treatment challenges (Khan et al., 2019b; Peters et al., 2019; Luo et al., 

2017). 

HIV infection is involved in the progression of latent TB infection (LTBI) to active TB infection 

(Singhvi et al., 2019). Granulomas caused by infections generally consist of the immunological 

CD4+ T cells, CD8+ T cells, macrophages, and to a lesser extent B cells. HIV infection causes 

a disruption of granulomas by infecting the CD4+ T cells and subsequently lowers the cell 
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counts in HIV-positive individuals and compromises their immunity. This immunosuppression, 

accompanied by the disruption of granulomas, causes the reactivation of LTBI and 

susceptibility to newly acquired TB infection. TB infection additionally also has an effect on 

HIV viral load by stimulating its replication. The virus infects CD4+ T cells that have been 

recruited by Mtb formed granulomas, resulting in a high viral load in the broncho-alveolar 

lavage (Jadhav et al., 2019). TB is the main cause of death amongst HIV-positive individuals; 

it is estimated that a 40% reduction of HIV-positive related TB deaths will occur when and if 

HIV-positive patients receive pre-TB-treatment to prevent infection (UNAIDS, 2019).  

2.1.5 Co-infection of TB and emerging viruses 

In December 2019, a cluster of pneumonia-related infections were observed in Wuhan, China 

relating to a novel viral infection namely the severe acute respiratory coronavirus 2 (SARS-

CoV-2) (Rabi et al., 2020). Since then, extensive research has been done globally to develop 

a vaccine to stop the spread of the virus. It was previously found that mortality is higher in TB-

influenza co-infections (Walaza et al., 2019). Cainelli et al. (2020) suggests that secondary 

lung damage due to TB may play a role in coronavirus infection outcomes. A preliminary study 

done by Pathak et al. (2020), indicated that infection with a coronavirus reactivates dormant 

TB in the lungs. However, it activates the altruistic stem cell defence mechanism, decreasing 

the viral load in the lungs. Although the results demonstrated the potential for developing 

vaccines, it predicts an increase in TB incidence (Pathak et al., 2020). 

2.2 Treatment of tuberculosis 

When diagnosed with TB, the treatment regimen requires the continuous administration of 

several antimicrobials for a very long period. Verrall et al. (2020) found that the early 

elimination of Mtb is associated with an innate immune response, by examining cytokine 

response to Mtb exposure in individuals that did not convert to active TB disease. These 

responses are similar to those activated during vaccinations. Revaccination of adolescents in 

South Africa with Bacille Calmette–Guérin (BCG) resulted in a decrease in Mtb infection in 

high burden settings (Nemes et al., 2018). Therefore, it is suggested that the innate immune 

system can be boosted through revaccination with BCG to help prevent Mtb infections and 

subsequently decrease TB transmission (Verrall et al., 2020). However, the prevention of the 

disease is limited and when active TB infection occurs, treatment measures should be put into 

place. 

Active TB infection needs to be treated as soon as possible to both cure the patient and 

prevent the spread of the disease. Disease progression and spread can be prevented when 
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treatment is rapid and effective; hence the correct drug regimen is essential for positive 

treatment outcomes. Treatment of Mtb is difficult due to resistance factors inherent to the 

organism (intrinsic drug resistance). These factors include: the cell envelope’s unique wax-

like composition is hydrophobic, making it resistant to several antibiotics; secondly the 

organism comprises of enzymes (beta-lactamase) responsible for breakdown of beta-lactam 

antibiotics; and third the bacteria have efflux mechanisms that contributes to resistance of 

antibiotics in the classes tetracyclines and aminoglycosides (Kolyva & Karakousis, 2012).  

Pulmonary TB is described as the disease when infection of Mtb affects the lungs. However, 

Mtb infection can occur in other parts of the human body, causing extrapulmonary TB. 

Nevertheless, the former and latter are both treated with similar drug regimens (WHO, 2017). 

Upon diagnosis with drug susceptible pulmonary TB, first-line treatment is given to the patient. 

A standard course consists of four antimicrobials namely rifampicin, isoniazid, pyrazinamide 

and ethambutol, administered for two months. After this initial intensive phase, the 

continuation phase follows, where rifampicin and isoniazid are administered for a remaining 

four months (Health, 2008; Health, 2014; Hiruy et al. 2015). Given the administration of 

multiple antibiotics for such a long period, fixed-dose combinations (FDCs) have been 

implemented as opposed to the administration of single drug formulations. FDCs are 

advantageous in the event of patient compliance, reducing the number of tablets to be 

consumed daily from as many as 16 tablets to three or four tablets. Subsequently it was 

suggested that the use of FDCs will reduce the presence of multi drug-resistant (MDR-) and 

extensively drug-resistant (XDR-) TB (Blomberg et al., 2001). Each first-line TB drug in the 

combination has its own mechanism of action when administered. Each individual drug 

interacts differently with Mtb in order to stop it from multiplying in the human host. 

2.2.1 Rifampicin 

Rifampicin (RIF) is a broad-spectrum antimicrobial targeting Gram-positive and some Gram-

negative bacteria, including mycobacteria (Beauduy & Winston, 2018). It was discovered in 

1963, making it the most frequently used first-line TB drug (TB Alliance, 2020a). The drug 

penetrates phagocytic cells in most tissues. Furthermore, it kills organisms that are not easily 

accessible to other drugs, such as organisms entrapped intracellularly, in abscesses and the 

lungs (Beauduy & Winston, 2018). However, the use of RIF alone is not effective in the 

treatment of many bacterial infections (CLSI, 2017) and it is therefore used in combination 

with other anti-mycobacterials for the treatment of TB. 
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The mode of action of RIF is bactericidal, causing bacteria to die as result of administration of 

the drug and is therefore very effective during the continuation phase of therapy (Pankey & 

Sabath, 2004; Health, 2008; CSLI, 2017; Wipperman et al., 2017). RIF acts by inhibiting RNA 

synthesis in the bacteria causing the infection (Carballeira, 2007). The drug inhibits RNA 

polymerase activity by blocking the beta-subunit of the enzyme. This results in closing of the 

RNA/DNA channel, blocking the growth of the RNA chain, and thus inhibiting protein synthesis 

(TB Alliance, 2020a).  

The challenge occurs when treating TB patients co-infected with HIV, because of the 

pharmacokinetic feature of RIF that results in the induction of certain cytochrome P450s during 

metabolism in the liver (Seung et al., 2015; TB Alliance, 2020a). Co-administration of RIF with 

the anti-retroviral drug Efavirenz reduce blood plasma concentrations of the latter, due to 

induced cytochrome P450 3A4 (Gong et al., 2019). RIF is not known to cause severe side 

effects, but common side effects include discoloured body secretions, accumulation of 

transaminase in the liver for a short period of time, hepatitis and gastro-intestinal discomfort 

(Seung et al., 2015). Chronic exposure to the drug may result in nausea, vomiting and 

unconsciousness (TB Alliance, 2020a). In certain instances, and when using the drug with 

pre-existing conditions, hepatotoxicity may worsen; however, this is a very rare occurrence.  

2.2.2 Isoniazid 

The mode of action of Isoniazid (INH), first discovered in 1952 is also bactericidal (Health, 

2008; TB Alliance, 2020b). A combination of RIF and INH is very effective in treating Mtb 

infection and will cure as much as 95% of TB cases after 9 months of administration. The 

bactericidal activity of INH is rapid, killing actively growing bacteria within two weeks of 

treatment initiation. INH penetrates infected macrophages and is active against intra- and 

extracellular organisms. This drug is a pro-drug, meaning that it is activated in the presence 

of bacterial enzymes. In the case of INH, the presence of the mycobacterial catalase-

peroxidase, KatG, activates the drug. INH is also suggested to be used for the treatment of 

LTBI, administering a fixed dose of 300 mg per day for a period of nine months (Beauduy & 

Winston, 2018; TB Alliance, 2020b). 

INH’s bactericidal activity is most effective in dividing cells, blocking MA synthesis in 

mycobacteria cell walls (Carballeira, 2007; Seung et al., 2015). This is achieved by the 

activated form of the drug forming a complex with acyl and beta-ketoacyl carrier proteins, 

causing an inhibition of the function of a NADH (nicotinamide adenine dinucleotide)-specific 
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enoyl acyl carrier protein reductase involved in synthesis of fatty acids (Beauduy & Winston, 

2018; TB Alliance, 2020b).  

INH is absorbed in the gastro-intestinal tract and metabolised in the liver, where small amounts 

of the drug and its metabolites are excreted in urine (Seung et al., 2015; Beauduy & Winston, 

2018). General immunological reactions caused by INH include fever and rashes (Beauduy & 

Winston, 2018). Furthermore, INH causes hepatitis, especially amongst older individuals and 

in individuals that consume large amounts of alcohol. Another side effect of INH is peripheral 

neuropathy, which is dose-related and often seen in patients who is malnourished, diabetic 

and abuses alcohol. Less common side effects include gynecomastia (swelling of breast tissue 

in males), rash, psychosis and seizures (Seung et al., 2015; TB Alliance, 2020b). 

2.2.3 Ethambutol 

Ethambutol (EMB) was first discovered in 1961 and has a bacteriostatic mode of action, 

preventing the growth of bacteria by keeping it in the stationary phase (Pankey & Sabath, 

2004; Health, 2008; TB Alliance, 2020c). EMB acts by inhibiting the enzyme activity of 

arabinosyl transferases in mycobacteria. This enzyme is responsible for polymerization of 

arabinoglycan, an essential structural component of the cell wall of mycobacteria. The 

presence of EMB therefore results in inhibition of lipid and cell-wall biosynthesis. The growth 

of Mtb and other mycobacterial strains that are susceptible to EMB, is inhibited at a dose of 

between one and five µg/mL in vitro (Beauduy & Winston, 2018; TB Alliance, 2020c). 

The drug is well absorbed in the gastro-intestinal tract and is excreted in urine (20%) and 

faeces (50%). EMB is generally well tolerated, although a common side effect reported in 

patients is blindness that is normally reversable; however certain instances where the 

phenomenon is irreversible have been reported. Other side effects include hepatotoxicity, 

itching, arthritis/arthralgia, gastro-intestinal discomfort, headaches, mental confusion, 

dizziness, malaise, disorientations and possible hallucinations (Seung et al., 2015; Beauduy 

& Winston, 2018; TB Alliance, 2020c).  

2.2.4 Pyrazinamide 

Pyrazinamide (PZA) is a bactericidal drug that is used for the treatment of only TB. Though its 

bactericidal effect is less potent than that of RIF and INH, it has a potent sterilizing activity, 

targeting Mtb in their inactive phase (Kolyva & Karakousis, 2012). The drug remains inactive 

at a neutral pH but becomes active when the environment is slightly acidic, subsequently 

inhibiting the growth of tubercular bacilli by disrupting its membrane potential and interfering 
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with energy production. The latter is crucial for survival of Mtb in the acidic environment of the 

lungs (Health, 2008; Pham et al., 2015; Beauduy & Winston, 2018). PZA penetrates 

macrophages and acts on Mtb in the acidic environment of lysosomes. PZA is not sufficiently 

potent to cure TB by itself but acts as an additive in combination with RIF and INH to clear 

residual intracellular organisms and so to avoid relapse at a later stage. Furthermore, the 

addition of the drug to the TB treatment regimen shortens the therapeutic period from nine to 

six months (Beauduy & Winston, 2018; TB Alliance, 2020d).  

Mycobacterial pyrazinamidase converts PZA to its active form, namely pyrazinoic acid, which 

then disrupts metabolism and transport functions of the cell membrane of Mtb (Beauduy & 

Winston, 2018). The drug is easily absorbed in the gastro-intestinal tract and distributed to 

many body tissues. PZA is metabolized in the liver and metabolites of the drug are excreted 

renally. The side effects of PZA include hepatotoxicity, arthritis/arthralgia, hyperuricemia and 

gastro-intestinal distress (nausea, vomiting and anorexia). Patients with severe liver damage 

or acute gout should be cautions when using PZA (Seung et al., 2015; Beauduy & Winston, 

2018; TB Alliance, 2020d).  

2.3 Drug resistant tuberculosis 

The TB crisis is worsening due to the emergence of drug resistant Mtb strains. A Mtb strain is 

classified as MDR-TB when the strain is resistant to at least two of the first-line TB drugs, 

namely RIF and INH. Resistance occurs mainly due to mutations in genes encoding enzymes 

that are inhibited during treatment with first-line drugs (Beauduy & Winston, 2018). In 2018, 

half a million new RIF-resistant TB cases were reported, of which 78% were reported as MDR 

(WHO, 2019). Drug resistance occurs when treatment is used inadequately, mainly by the use 

of antimicrobials that are ineffective and termination of antimicrobial usage before the 

treatment course is complete. Spontaneous mutations, due to suboptimal treatment, in Mtb 

chromosomes can occur and subsequently cause the organism to be resistant to first-line TB 

drugs (Gygli et al., 2017). Furthermore, drug resistant pathogens can be transmitted from one 

individual to another in a community and as nosocomial infections. In the events of MDR-TB 

infection, the use of second-line treatment is required with increased treatment duration of 18-

24 months (Seung et al., 2015). Second-line treatment includes administration of a 

combination of several antimicrobials. These drugs include injectables (kanamycin, amikacin, 

capreomycin & streptomycin), fluoroquinolones and other drugs administered orally i.e., 

aminoglycosides, cycloserine, ethionamide, amino alicyclic acid, clofazimine and linezolid 

amongst others. However, these drugs are not as effective and are more toxic when compared 

to the first-line TB drugs (Ramachandran & Swaminathan, 2015).  
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Progression to XDR-TB occurs when the Mtb strain is resistant to first-line and most of the 

second-line TB drugs (Health, 2008; Birhanu et al., 2019). When Mtb develops resistance to 

first and second-line TB drugs, it becomes problematic because treatment will become nearly 

impossible due to the limitation of the gastro-intestinal, renal and/or neurological toxicities of 

newer drugs. The aforementioned contributes to the disease being “untreatable”, making it a 

serious public health threat (Carballeira, 2007).  

The need for new Mtb targeting drugs and delivery systems is becoming ever more necessary 

to meet the long-term TB eradication goal set out by the WHO, due to the increase in MDR- 

and XDR-TB cases. A novel therapeutic approach to TB treatment includes the use of 

nanotechnology to fight against resistant pathogens including MDR- and XDR-TB 

(Ramachandran & Swaminathan, 2015; Costa-Gouveia et al., 2017; see section 2.4 below). 

2.4 Alternative drug delivery systems for treatment of TB 

According to WHO, the bioavailability of RIF in FDC treatments as opposed to single drug 

dose treatments is of concern (Blomberg et al., 2001). This suggests that other forms of drug 

delivery should be considered when treating TB with FDC drugs. Nanotechnology is an 

emerging field of research to develop drug delivery systems by identifying excipients that might 

aid as carriers for active pharmaceutical ingredients (APIs) specifically for bacterial infections 

(Jadhav et al., 2019). The use of nanoparticles (NPs) as carriers in a delivery system is 

emerging as a tool to enhance the bioavailability of drugs. Furthermore, incorporation in NPs 

provides protection against immediate degradation, thus extending the time during which the 

drug is present for absorption in the gastro-intestinal tract (GIT). It has been shown to control 

drug release at the absorption site; enhance solubility; and improve the pharmacokinetics 

profile (Aminu et al., 2020). Not only has NPs been identified as a promising mode of delivery, 

but other nanomedicine have also been researched as drug delivery systems. These include 

nanotubes, nanogels, liposomes and micelles for especially cancer treatment, amongst other 

diseases and infections (Liu et al., 2008; Mahmoodzadeh et al., 2019; Ashjari et al., 2020; 

Askari et al., 2020). 

2.4.1 Pheroid® technology as a tool for improved drug delivery 

Pheroid® technology might aid in the effective absorption and delivery of the standard 

antimicrobials (Grobler, 2013). Pheroid® technology is based on colloidal emulsion systems 

developed to entrap and deliver pharmaceutical compounds. Amongst others, Pheroid®-based 

studies have shown the use of the technology to have several unique advantages: for 
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instance, its biodegradable content is regarded as safe and may even show therapeutic effect 

(Grobler, 2013). Furthermore, the materials are cost-effective with simple manufacturing 

steps. In addition, the manufacturing of Pheroid® does not require harsh chemicals or 

contaminates water, thus making it environmentally friendly. Where Pheroid® consists of an 

oil, water and gas phase, pro-Pheroid® contains no water phase and physically looks like an 

oil. Upon interaction with a water phase, micro- and NPs form spontaneously and APIs that 

are present are packed into vesicles, microsponges and/or lipid aggregates. Despite the poor 

bioavailability of RIF in FDCs, it is also unstable in the presence of moisture. Pro-Pheroid® is 

thus an important form of delivery to accommodate for the nature of the drug when combined 

with the remaining first-line TB-drugs (Grobler, 2013). 

Studies have shown that the use of Pheroid® resulted in an increase in bioavailability and 

stability of antimalarial compounds (Slabbert et al., 2011; Steyn et al., 2011). The use of 

Pheroid® in combination with TB treatment APIs has shown promising results in vitro and in 

vivo (Matthee, 2007; Nieuwoudt, 2009). Decrease in bacterial load at a lower concentration 

than free form drugs were observed in in vitro studies. Furthermore, effect of Pheroid®-based 

TB drugs on resistant strains has also been observed in vitro (Nieuwoudt, 2009). Increased 

concentrations of drugs were observed in blood plasma of animals and humans when 

delivered with Pheroid® (Nieuwoudt, 2009; Grobler, 2009). This delivery system may thus lead 

to improved treatment outcomes when combined with standard TB therapy in conjunction with 

additional compounds such as eicosapentaenoic acid (EPA) for its mycobactericidal 

mechanism of action (please see section 2.4.3.1 below) and mycolic acids (MA) as the 

targeting ligand for Mtb in the formulation (please see section 2.4.2.1 below).  

2.4.2 Nanoparticles as targeting ligands 

Numerous studies have examined the properties of NPs as drug carriers in targeting Mtb 

infected macrophages (Machelart et al., 2019; Upadhyay et al., 2019; Pi et al., 2020). Various 

NPs serving as carriers for TB drugs are continuously being evaluated to enhance treatment 

efficacy and simultaneously reduce dosage frequency and shorten duration of treatment 

(Pandey et al., 2003; Ahmad et al., 2006; Pandey et al., 2009; Grobler et al., 2016; Hakkimane 

et al., 2018; Pi et al., 2019). Furthermore, the use of drug carriers administered by various 

routes has also shown enhanced effects. For instance, in a recent study the administration 

NPs carrying TB-drugs indicated that RIF and INH can be successfully co-encapsulated by 

using crude soybean lecithin prepared liposomes to ensure macrophage-targeting actions 

when delivered by inhalation. (Nkanga et al., 2019). Additionally, Kisich et al. (2007) 

demonstrated the enhanced efficacy of the antimicrobial fluoroquinolone, moxifloxacin when 
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encapsulated in NPs in vitro and suggested that the drug accumulates in macrophages when 

administered intravenously.  

2.4.2.1 Mycolic acids 

MAs are long chain fatty acids that are high in molecular weight (Lee et al., 1997). Fatty acids 

form part of solid lipid NPs and are used as propitious drug carriers for delivery (Banyal et al., 

2013). As one of the main components of Mtb’s cell wall, MA has been shown to contribute to 

the organism’s pathogenicity (Ghazaei, 2018). Despite the pathogenetic properties of MA, it 

also has biological effects, such as induction of immune responses like the formation of foam 

cells and urging towards pro-inflammatory responses (Korf et al., 2005; Korf et al., 2006). 

According to Lemmer et al. (2015) MA derived from Mycobacteria can act as a targeting ligand 

in TB treatment. The incorporated MA carries NPs to Mtb infected macrophages, inducing 

phagocytic uptake of the drug (Lemmer et al., 2015).  

2.4.3 Anti-mycobacterial actions of nanoparticles 

The use of NPs with anti-mycobacterial activity further enhances the therapeutic effect of a 

drug. For instance, poly-β-cyclodextrins are successful drug carriers with inherent anti-

mycobacterial properties by depleting cholesterol, which prevents Mtb uptake in macrophages 

(Machelart et al., 2019). As mentioned previously, fatty acids form part of solid lipid NPs that 

serve as carriers in drug delivery (Banyal et al, 2013). The use of carrier molecules with anti-

mycobacterial effect is therefore of interest when developing new ways to fight against Mtb 

infection. Mtb displays mechanisms for the synthesis of fatty acids precursors of the MAs 

situated in the outer layer of pathogenic mycobacteria. These precursors can bind to 

cholesterol, the presence of which is considered to be one of the major virulence factors of 

mycobacteria (Carballeira, 2007; Lemmer et al., 2015). Chemical intervention in enzymes 

responsible for fatty acid synthesis is an attractive target in developing new anti-mycobacterial 

fatty acids (Carballeira, 2007). 

2.4.3.1 Eicosapentaenoic acid 

EPA is a long chain, omega-3 fatty acid found mainly in fish oils (Webster, 2019). In a study 

conducted in vitro, it has shown that EPA has anti-mycobacterial effects on various 

Mycobacterium strains in the minimum inhibitory concentration range (Saito et al., 1984). 

Recently, it was found that the supplementation of EPA and docosahexaenoic acid (DHA) in 

TB infected mice (C3HeB/FeJ mice) reduced the bacteria load, which is suggested to be 
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because of enhanced phagocytic activity of immune cells as response to the infection 

(Nienaber et al., 2020). 

2.5 Kramnik mouse model for TB infection studies 

The ideal animal models for TB infectious studies are those that best mimic human TB 

infection. The use of an appropriate model is of importance to enable valid scientific 

conclusions with regards to humans to be drawn. Various animal models have been 

implemented to examine TB disease in vivo, be it disease progression or drug susceptibility 

(Singh & Gupta, 2018). These animal models include larger mammals such as rabbits, guinea 

pigs and non-human primates, along with smaller mammals such as mice. Mouse models are 

considered the most practical animal model to study TB (Fonseca et al., 2017). Different 

mouse strains specifically used in TB research is the C57BL/6 strain, Balb/c and most recently 

C3HeB/FeJ (Kramnik mouse model) (Zhan et al., 2017).  

Pulmonary TB in humans is characterized by various lesions that differ in cellular organization, 

composition, the degree of caseous necrosis and the extent of encapsulation (Canetti, 1955; 

Dartois, 2014). Of all the mouse models, the Kramnik model is thought to mimic human TB 

infection, since the mice develop well-defined hypoxic granulomas that display caseous 

necrotic lesions in the lungs with large quantities of bacteria present, both intracellularly and 

extracellularly after infection (Irwin et al., 2015). As discovered by the developers of the mouse 

model, three types of lesions form in the mice after Mtb infection. The first type of lesion is 

similar to those found in humans - solid necrotic caseous lesions. The second type of lesion 

is composed mainly of neutrophils and resemble granulocytic pneumonia (Irwin et al., 2015). 

The latter resembles polymorphonuclear alveolitis that can be seen in human TB (Canetti, 

1955). A third type of lesion found in the Kramnik mouse model resembles similar lesions 

found in Bab/c mice post aerosol infection. However, cavitary lesions occur in Kramnik mice, 

which can be compared with human TB, since it contains bacteria resilient and/or resistant to 

immunological response and TB treatments.  

2.6 The gastro-intestinal microbiome in health and disease 

The gastro-intestinal microbiome can be seen as an additional organ in the human body 

(O’Hara & Shanahan, 2006). Microbiota and their metabolites within this “organ” play an 

essential role in the human physiology and have been shown to play a role in the state of 

immunity and metabolism of the healthy human as individual. A healthy microbiome is 

essential from early life to develop a normal immunoregulatory network for later in life 

(Cahenzli et al., 2013). Furthermore, the presence and also diversity of microbes in the gastro-
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intestinal tract prevent colonisation of pathogens by competing for nutrients and binding sites 

and by the production of antimicrobial proteins. 

The gastro-intestinal microbiome is suggested to play an important role in human health and 

disease through several mechanisms. Firstly, the microbiome increases the extraction of 

energy from food, it increases the absorption of nutrients and alters signalling of appetite. 

Secondly, the microbiome provides the human host with specific biochemical pathways and 

enzymes. Thirdly, the microbiome also serves as a physical barrier by protecting the host from 

pathogens through competition for nutrients and production of antimicrobial substances. 

Lastly, the microbiome forms part of the intestinal mucosa and the host’s immune system 

(Wang et al., 2017). 

An interaction between the gastro-intestinal microbiome and the brain, lungs and liver exists. 

This interaction is thought to regulate between the healthy and diseased states of individuals 

(Mayer, 2011; Enaud et al., 2020; Albillos et al., 2020). The gut-brain axis has been intensively 

studied, and research results indicate that the gastro-intestinal microbiome plays an essential 

role in behaviour, brain function, stress regulation, human development and mental diseases 

(Ross, 2019; Ezra-Nevo et al., 2020; Zhu et al., 2020). Furthermore, it is suggested that the 

microbiome can modulate endocrine, nervous and immune communication (Collins et al., 

2012). Metabolites produced such as short chain fatty acids also affect gut-brain signalling 

(Mohajeri et al., 2018). Recently it has been suggested that a healthy gastro-intestinal 

microbiota has an impact on depression and that the maintenance or restoration of a healthy 

gut is positively correlated with prevention and/or treatment of undiagnosed mental disorders 

(Liang et al., 2018).  

A healthy gastro-intestinal microbiome is also linked to the liver and liver disease. A large 

volume of blood flows through the liver, carrying metabolites produced by the microbes of the 

microbiome. Microbial dysbiosis has been associated with the progression of chronic hepatitis, 

alcoholic liver disease, non-alcoholic fatty liver disease, cirrhosis and hepatocellular 

carcinoma (Jiang et al., 2019).  

Recently, the gut and its interaction with the lungs and respiratory illnesses has also started 

gaining an increasing amount of attention. Dysbiosis of microbes in the gastro-intestinal 

microbiome along with the lung microbiome is associated with asthma, chronic obstructive 

pulmonary disease (COPD) and cystic fibrosis. The dysbiosis in both microbiomes either 

contributes to the severity of the condition or the condition causes the disruption of the 

microbial communities (Enaud et al., 2020; Hufnagl et al., 2020).  
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2.6.1 The microbiome and tuberculosis 

Recent studies have indicated that the gut and lung microbiome are associated with TB 

infection and disease (Adami & Cervantes, 2015; Namasivayam et al., 2018; Gupta et al., 

2018). Namasivayam et al. (2018) pointed out that mechanisms within the microbiome may 

potentially influence the Mtb biology by 

(i) influencing the susceptibility or response to therapy in the GIT;  

(ii) affecting drug absorption in the GIT during TB treatment; and/or 

(iii) producing metabolites that activate antimicrobial or immune activities and therefore 

directly influence Mtb growth.  

When dysbiosis occurs among the normal microbiota, it has a negative impact on the immune 

responses and can lead to the colonization of pathogens. Furthermore, immune responses 

and inflammation development in turn are affected by the intestinal and respiratory microbiome 

(Dudek-Wicher et al., 2018; Tarashi et al., 2018). A change in the gastro-intestinal microbiome 

has an effect on the development of diseases, and because Mtb is regarded as one of the 

most important pathogens that rapidly colonize when a change in microbial composition 

occurs, it is of importance to maintain a stable microbiome. Furthermore, when an individual 

is infected with Mtb, its progression and chronicity are hypothesized to contribute to more 

dysbiosis (Adami & Cervantes, 2015; Tarashi et al., 2018). 

In recent times it has been suggested that Mtb infection and TB disease progression may be 

related to the microbial composition and function (Namasivayam et al., 2018). The healthy 

gastro-intestinal microbiome consists of thousands of organisms, including bacteria, fungi, 

archaea, viruses and protozoans. The different genera of microorganisms present in the 

microbiome stretches far. Members of the bacterial phyla Firmicutes and Bacteroidetes 

feature in the highest abundance; Actinobacteria, Proteobacteria and Verrucomicrobia 

members are also quite abundant, but to a lesser extent. Finally, small abundance of 

Fusobacteria and the archaea Euryarchaeota are present in the microbiome. These 

organisms generally remain constant in the intestines of individuals (Becattini et al., 2016; 

Dudek-Wicher et al., 2018). 

2.6.2 Effect of tuberculosis on the microbiome 

Several studies have been conducted relating to the gastro-intestinal microbiome, however, 

many of which have been in mouse models (Becattini, 2016). Even though some genera 

abundance differs between the mouse and human microbiome, the mouse model is a valuable 
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tool in studying and predetermining the impact on the human microbiome. The results of a 

murine study performed in parallel with a clinical trial have for instance shown that TB therapy 

induced dysbiosis of the microbiome, which persisted for a long time after treatment 

(Namasivayam et al., 2017 & Wipperman et al., 2017). The relevance of comparisons of 

murine studies with human studies is enhanced by the reconstitution of germfree (GM) mice 

with other species’ including human microbial communities.  

A study done by Namasivayam et al. (2017) indicated that only minor changes appear in the 

gastro-intestinal microbiota in a variant of C57BL/6 mice when infected with TB. It was 

indicated that there was a slight decrease in diversity 12 weeks into the experiment, where a 

differential abundance in members of Firmicutes, Bacteroidetes and Tenericutes was noticed 

when compared to non-infected samples. However, Winglee et al. (2014) followed the 

progression of Mtb infection from pre-infection until death and the effect thereof on the gastro-

intestinal microbiome in Balb/c mice. It was observed that a rapid loss in diversity occurs in 

mice infected with two separate Mtb strains (CDC1551 & H37Rv) in respective study groups. 

An initial loss in diversity was shown as early as six days post-infection. Microbiome recovery 

occurred during infection; however, it resulted in a different composition of microbes. The 

drastic decrease in members of Clostridiales and Bacteroidales are suggested to have 

interplay between the microbiome and the host immune system (Winglee et al., 2014). 

Wipperman et al. (2017) observed the effect of Mtb infection on the microbiome of patients in 

Haiti. Even though the effect of active TB infection on the human microbiome was not studied, 

it was observed that patients with LTBI and uninfected individuals did not show any 

microbiomic differences. In a later study, Maji et al. (2018) observed the shifts in the 

microbiome with TB infected patients at day zero of treatment. An abundance increase in 

microorganisms involved in butyrate and propionate metabolism (Faecalibacterium, 

Coprococcus, Phascolarctobacterium and Psuedobutyrivibrio) and Bacteroides were 

observed, with a decrease in in Bifidobacterium and Prevotella. This phenomenon may be 

explained due to diet limitations where Prevotella spp. is better equipped at consuming 

carbohydrates, which is derived from plants; the absence of fibre may allow Bacteroides to 

colonise in the gastro-intestinal environment, resulting in a decline in abundance of Prevotella 

(Koropatkin, 2012). The loss in appetite amongst TB patients may suggest the selection of 

Bacteroides, which is capable of using host mucus glycans more efficiently (Maji et al., 2019; 

Koropatkin, 2012). Hu et al. (2019) observed differences in increased abundancies between 

TB patients and healthy controls in China. It was found that there was a significant increase 

of 23 species in healthy controls of which nine were short-chain fatty acid (SCFA) producers 

(five butyrate producers; two lactose and acetate producers; two acetate and propionate 

producers). Furthermore, five SCFA fermentation associated metabolic pathways were 
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decreased in TB patients, explaining the decreased abundancy of SCFA producers in TB 

patients. Two species were significantly increased among TB patients, namely an unclassified 

Coprobacillus and Clostridium bolteae. A similar increase in C. bolteae have been observed 

in patients with autism and type two diabetes, which has subsequently been connected with 

abnormalities in the immune system (Hu et al., 2019). 

The presence of Mtb in stool is not surprising since the GIT is exposed to pathogens invading 

the respiratory tract. However, the presence of the infectious agent in stool of members of the 

same household was also observed (Maji, 2019). This may suggest that members of the same 

household are LTBI and does not develop active TB infection. An increase in pathogens in a 

dysbiotic gastro-intestinal microbiome is also observed, with an increase in Shigella sonnei, 

Escherichia coli, Streptococcus vestibularis and Streptococcus pneumonia (Maji, 2019). 

2.6.3 Microbiome dysbiosis due to antimicrobial therapy and its implications 

When infected with a bacterial infectious agent, a course of antimicrobials is typically 

administered to treat the disease. The main effect of the antimicrobial is to target the infectious 

agent and cure the individual of the disease. However, it can be expected that the use of 

antimicrobials will also affect the general microbiome when consumed. Several studies have 

been conducted to examine the effect of certain antimicrobials on the microbiome. For 

instance, penicillin, cephalosporins, carbapenems and fluoroquinolones cause a decrease in 

bacteria such as Enterobacteriacaea, lactobacilli, bifidobacteria, Escherichia coli, Bacteroides 

and clostridia in the gastro-intestinal microbiome (Bhalodi et al., 2019). Gastro-intestinal 

dysbiosis as a result of antimicrobial therapy reflects in multiple conditions in new-borns and 

premature infants. Conditions include allergies, asthma, obesity, neurodevelopmental 

outcomes and eczema (Kelly et al., 2020). Furthermore, antimicrobial induced dysbiosis of the 

gastro-intestinal microbiome has also proven to impair the immune response against influenza 

virus and increase susceptibility to E-coli-pneumonia. Interestingly, fibre rich diets increased 

survival rate in mice, confirming the importance of diet in recovery of disease (Ichinohe et al., 

2011; Tsay et al., 2011; Trompette et al, 2018).  

Dysbiosis of the gastro-intestinal microbiome depends on the class, duration and dose of 

antimicrobials (Iizumi, 2017). Certain classes of antimicrobials cause a rapid effect on the 

microbiome, such as the fluroquinolones and β-lactams, which significantly decrease the 

microbial composition of the gut microbiome over a short period of time (seven-day treatment). 

A decrease in certain bacterial species that are susceptible to administered antimicrobials 

provides space for resistant strains to overgrow and dominate the niche (Panda et al., 2014). 

In the long term, antimicrobial clindamycin has shown a negative impact on the intestinal 
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microbiome by reduced resistance to colonization by pathogens (Jernberg et al., 2010). The 

treatment of infections with cefoperazone alters the microbial community within the GIT, 

causing a decrease in colonization susceptibility to Clostridium difficile – the cause of 

inflammation in the GIT (Theriot, 2013). Luo et al. (2017) observed an increase of Escherichia 

coli and other pathogens in the phyla Proteobacteria in patients re-infected with TB. It is 

hypothesised that the use of novel delivery systems may decrease gastro-intestinal dysbiosis 

by avoiding direct contact with the microbial communities within the environment and 

subsequently a decrease in the emergence of antimicrobial resistant microbes (Kelly et al., 

2020). 

Given Mtb’s intrinsic resistance to a large array of antibiotics, treatment is very specific. 

Treatment consists of a combination of anti-mycobacterials of which RIF is a broad-spectrum 

antimicrobial belonging to the non-β-lactam class Annamycin, targeting infections of Gram-

positive and Gram-negative bacteria (CLSI, 2017; see section 2.2.1). Gastro-intestinal 

microbiome changes induced by RIF, in combination with PZA are closely related to changes 

in the microbiome induced by an antimicrobial cocktail containing vancomycin, ampicillin, 

neomycin and metronidazole (VANM) (Namasivayam et al., 2017). This suggests that 

alterations in the microbiome is largely due to treatment with RIF and PZA However, the effect 

of the remaining anti-mycobacterials targeting Mycobacteria spp. in the treatment of TB is not 

clear. Table 2-1 summarizes the changes in the microbiome observed in recent studies as 

results of different TB treatment regimes in murine mouse models and in clinical settings.  
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Table 2-1 Most recent studies indicating dysbiosis of gastro-intestinal microbial communities in murine models and clinical studies where TB therapy was 
administered. 

Drug 
Regime 

Drug administration and 
sample collection of subjects  

Sample 
type  

Dysbiosis Effects of dysbiosis Resource  

Murine model 

HRZ+HR Oral gavage in a C57BL/6 mouse 
model. Samples were collected 
from one week post infection 
(four weeks infected), during four 
months of treatment and three 
months after treatment was 
terminated in weekly intervals. 

Stool Significant decrease in diversity (mainly class 
Clostridia in phyla Firmicutes) of microbiome within 
a short time period with persistent, fluctuating 
shifts in its composition throughout the remainder 
of treatment. Dysbiosis occurred mainly because 
of antimicrobial treatment and not infection of Mtb. 
The main driver for dysbiosis was RIF. 

Long term effect – Dysbiosis maintained for 
months after TB-therapy was complete. RIF 
altered the microbiome to the same extend as 
other broad-spectrum antimicrobials compared to 
INH and PZA. 

Namasivayam 
et al. (2017) 

RIF  Pre-treatment and treatment 
during Mtb infection through 
drinking water in a C57BL/6 
mouse model. RIF was 
solubilized in DMSO (dimethyl 
sulphoxide) prior to adding it in 
the water. Mice were pre-treated 
for two months and stopped two 
days before infection with Mtb.  

Stool RIF pre-treatment resulted in significant changes 
of operational taxonomic units (OTUs) in both 
alpha and beta diversity. An increase in 
Bacteroidetes and Verrucomicrobia (family level 
Bacteroides and Verrucomicrobiaceae) was 
observed with a decrease in Firmicutes (family 
level Lachnospiraceae). Significant changes at 
genus-level were also observed. 

Changes in the gastro-intestinal microbiome did 
not affect the T-cell response to Mtb infection. 
Although there was a drastic dysbiosis, no effect 
on the immune response against Mtb infection was 
observed. 

Khan et al. 
(2019a) 

INH&PZA Pre-treatment with INH & PZA resulted in only 
moderate changes of alpha and beta diversity 
OTUs. An increase of the phyla Bacteroidetes 
(family level Clostridiaceae) was observed. Faecal 
transplant largely restored gut microbiota when 
observing changes in Clostridium XIV bacteria.  

Host resistance to Mtb infection was compromised 
through pre-treatment. Mtb-specific T cell 
responses were not affected. Macrophage 
bactericidal activity (innate immune response) in 
the lungs was defected due to INH & PZA 
dependent dysbiosis of the gastro-intestinal 
microbiome. 



 

30 
 

Table 2-1 (continued) 

Human studies 

HRZE+HR Treatment of TB patients 
from Haiti. Samples of non-
infected, LTBI, TB patients 
undergoing treatment and 
cured TB patients were 
collected. 

Stool Patients were on average 3.4 months (halfway) into 
treatment. Little effect on diversity of the 
microbiome was observed; however, there was a 
depletion of bacteria with immunological functions 
(Lactobacillus, Coprococus, Ruminococcus of the 
phyla Firmicutes and Bifidobacterium of the phyla 
Actinobacteria) in treated patients. Changes in 
biochemical pathways further confirmed that 
treatment disturbs the functional and taxonomic 
structure in the microbiome. 

Long term effect of microbiome dysbiosis 
lasting at least 1.2 years. 

Wipperman 
et al. (2017) 

HRZE+HR Treatment of TB patients 
from China. Samples were 
collected from patients newly 
(NTB) diagnosed (one week 
into HRZE treatment), Re-
infected (RTB) patients and 
healthy controls (HC) were 
collected. 

Stool Six RTB patients, where MDR Mtb infection was 
suggested to cause an increase in gastro-intestinal 
microbiota. A greater difference in microbial 
communities was observed between RTB and HC 
than new cases and HC. Phylum Bacteroidetes 
decreased in NTB and RTB patients compared to 
controls; Firmicutes decreased in RTB and 
Proteobacteria (phylum of many pathogens) 
increased two-fold in NTB and four-fold in RTB. 
Prevotella, Lachnospira and Roseburia (SCFA 
producers) were decreased in NTB and Prevotella 
and Lachnospira in RTB.  

A positive correlation of microbiota composition 
and CD4+ lymphocytes were observed in 
patients with TB. CD4+ T cells were associated 
with the response to infections in adaptive 
immunity. Pretovella (from oral origin) and 
Lachnospira (from gut origin) were positively 
correlated with the CD4+ T cell count in 
patients newly diagnosed with TB and a 
reversed phenomenon with patients re-infected 
with TB. 

Luo et al. 
(2017) 
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Table 2-1 (continued) 

HRZE Treatment of TB patients in 
India. Samples were 
collected before treatment, 
after treatment for a week 
and after treatment for a 
month. 

Stool Changes in phylogenetic and functional level of the 
gastro-intestinal microbiome were observed in TB 
subjects before and during treatment as compared 
to household controls. An increased Firmicutes to 
Bacteroidetes ratio was observed. Mtb identified in 
stool samples were reduced over the period of 
treatment of the TB patients. 

Ratio increase affected SCFA, gastro-intestinal-
derived metabolites, viz. acetate, propionate 
and butyrate. Butyrate and propionate 
metabolism increased in TB patients, 
implicating the role of the gastro-intestinal 
microbiome in TB pathophysiology. 

Maji et al. 
(2018). 

 

HRZ= isoniazid-rifampicin-pyrazinamide; HR= isoniazid-rifampicin; RIF= rifampicin; INH= isoniazid; PZA= pyrazinamide; HRZE= isoniazid-rifampicin-pyrazinamide-

ethambutol; DMSO= dimethyl sulphoxide; OTU= operational taxonomic unit 
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2.7 Methodology for identification of microbial bacteria 

For many years, traditional culturing methods were used to determine bacteria present in health 

and disease in clinical settings. These techniques include the isolation and culturing of bacteria 

in appropriate media to determine phenotypic characteristics and subsequently identifying 

bacteria, not only to species level, but in some cases to the specific strain (Gupta et al., 2019). 

However, the use of molecular techniques has emerged in microbiome studies.  

2.7.1 Molecular techniques and technologies 

Sequencing of bacterial genomes for identification have been used for over two decades and 

improved with the years. During the first revolution of DNA sequencing in the early 1990s, whole-

genome shotgun sequencing was initiated. By using this approach, the whole bacterial genome 

is randomly segmented and sequenced by Sanger sequencing. These sequences are then 

assembled into a larger sequence using computer technologies. For this approach, colony 

culturing, picking and plasmid preparation are required to identify a single organism (Loman & 

Pallen, 2015).  

In the mid-2000s, the second revolution of DNA sequencing occurred. During this time high 

throughput sequencing, also known as next generation sequencing (NGS) was introduced to the 

world, where short reads of various bacterial genomes within an environment are produced within 

one sample (Loman & Pallen, 2015). Short-read sequencing methods generate sequences of up 

to 600 base pairs (Amarasinghe et al., 2020). Several sequencers are available for the 

aforementioned. Roche’s 454 pyrosequencing platform was the first instrument available for NGS 

and is based on pyrosequencing on beads (van Dijk et al., 2014). Thereafter, several NGS 

technologies have been introduced, including MiSeq, HiSeq, NovaSeq and NextSeq from Illumina 

(Caporaso et al., 2012; van Dijk et al., 2014; Senabouth et al., 2020); SOLiD from then Applied 

Bioscience, now Life Technologies (van Dijk et al., 2014; Cao et al., 2017); MGISEQ and BGISEQ 

from the Beijing Genomics Institute (BGI) (Fang et al., 2018; Senabouth et al., 2020); and Ion 

Torrent from Thermo Fisher (Rose et al., 2017). Despite generating short-reads, NGS is highly 

accurate and has a low error percentage (Loman & Pallen, 2015). A limitation in NGS and Sanger 

sequencing is the production of amplicons prior to synthesizing sequences. This is obtained with 

the use of an in vitro technique called polymerase chain reaction (PCR). During this process, 

copies of a desired gene within the organism are produced by cycling through various 

temperatures (Garibyan & Avashia, 2013). 
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Single molecule, long read sequencing was introduced during the third sequencing revolution 

(Loman & Pallen, 2015). Long read sequencing methods are used to retrieve long reads of 

genome sequences of most organisms, ranging from 10,000 to 100,000 base pairs per read. This 

approach was developed to eliminate the limiting step of PCR in first- and second-generation 

sequencing. Hereby in this approach single DNA molecules are sequenced directly, thus avoiding 

bias associated with amplification (Cao et al., 2017). However, this technology produces low 

accuracy reads. The most used technologies currently are single molecule real-time (SMRT) from 

Pacific Biosciences and nanopore sequencing from Oxford Nanopore Technologies (Loman & 

Pallen, 2015; Johnson & Raza, 2018; Amarasinghe et al., 2020).  

2.7.2 Sequencing approaches 

Two of the approaches for NGS sequencing most compared are shotgun sequencing (sequencing 

of random segments of an entire genome) and 16S barcode sequencing (sequencing all 16S 

ribosomal RNA [rRNA] gene amplicons present). All bacteria carry the 16S rRNA gene and this 

fact is used for designing gene specific primers to identify bacteria present in a clinical or 

environmental sample (Cao et al., 2017). In a study where sequencing of environmental samples 

was compared, 16S amplicon sequencing delivered more promising results, detecting double the 

number of phyla present in samples recovered during shotgun sequencing. Furthermore, 

approximately 30% fewer taxon abundancies were observed at family level in samples identified 

with shotgun sequencing (Tessler et al., 2017).  

2.7.3 Methods used for microbiome studies 

With Sanger sequencing, that forms part of the first sequencing technologies, only small 

proportions of amplicons are sequenced, resulting in a lower abundance of microbial community 

than expected. Therefore, 16S rRNA sequencing has been included in NGS platforms to identify 

more members of a microbial community at a low cost as compared to Sanger sequencing (Cao 

et al., 2017). To date, 16S rRNA sequencing is the most commonly used technique to identify 

members of microbiomes associated with the gastro-intestinal tract (Khan et al., 2019a; Maji et 

al., 2018; Mas-Lloret et al., 2020) in murine models and clinical studies, lungs (Xiong et al., 2020;) 

and sputum (Haldar et al., 2020) amongst other sites. Furthermore, 16S rRNA sequencing has 

been performed to cover microbial communities in/on sites of healthy humans as part of the 

Human Microbiome Project. These sites include amongst others, the gut, skin, oral cavity and 

airways (Faust & Raes, 2012). A large advantage when using 16S rRNA gene sequencing is the 

bioinformatic pipelines and tools freely available for data analysis. Quantitive Insights Into 
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Microbial Ecology (QIIME) (Caporaso et al., 2010), mothur (Schloss et al., 2009) and ultra-fast 

sequence analysis (USEARCH) (Edgar, 2010) are commonly used for 16S rRNA gene analysis 

(Cao et al., 2017). Furthermore, the Illumina platform is the most widely used NGS system. 

Illumina also accommodates most protocols for library preparation. Producing sequencing reads 

of up to 300 base pairs, Illumina has the highest throughput of all NGS platforms at a relatively 

low cost (van Dijk et al., 2014). Therefore, the use of 16S rRNA gene sequencing on the Illumina 

platform for NGS is a sufficient and affordable approach for microbiome studies. 

2.8 Role of the microbiome in treatment outcome 

A healthy gastro-intestinal microbiome remains relatively stable in the absence of antimicrobial 

exposure (Moya & Ferrer, 2016). As previously mentioned, the short- and/or long-term use of 

antimicrobials can cause severe dysbiosis of the human gastro-intestinal microbiome. 

Furthermore, the administration of TB treatment reduces the abundance of microbes in the GIT 

that are associated with immune responses of the host (Luo et al., 2017). As previously described 

(see section 2.6), there has been substantial evidence that the gastro-intestinal environment 

functions as an additional organ in prevention or treatment of various diseases associated with 

the lungs, brain, liver and vice versa. Studies done indicated that performing faecal microbiome 

transplantation (FMT) restores the microbial community of the gastro-intestinal environment and 

subsequently improves the condition of a disease, mainly Clostridium difficile infection (He et al., 

2017; Borody et al., 2019; Park et al., 2019). Evidence is emerging that the microbiome plays a 

role in cancer treatment outcomes by significantly increasing the effect of chemotherapy (Heshiki 

et al., 2020).  

Luo et al. (2017) evaluated the link between the gastro-intestinal microbiome during TB infection 

and its clinical relevance and suggested that homeostasis of the gastro-intestinal microbiome may 

benefit in host recovery and prevention of reinfection with Mtb. However, the role of the 

microbiome in the outcomes of TB treatment has not yet been established. With the use of 

available molecular techniques for microbiome studies, it is thus important to continue to evaluate 

the microbiome’s response to TB infection and treatment, and to simultaneously evaluate the 

impact of new approaches for drug delivery, such as Pheroid® technology, on the microbiome and 

its potential role in treatment outcomes. 
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Chapter 3 Evaluating an effective approach to isolate the 
microbial community from mouse caecum for microbiome 
analysis 

Findings in this chapter feature in both a full-length article that has been submitted to the journal 

Molecular Biology Reports and additional findings in the last section of the chapter; please see  

Additional findings below. The author guidelines for submission are available in Annexure B. In 

this manuscript, microbiome data represented by a gastro-intestinal component were analyzed 

along with the microbiome representing clinical sputum samples from a parallel study. Tables and 

figures are inserted as they will appear in the article. Supplementary figures associated with the 

manuscript are available in Annexure C. The chapter deals with the first objective of the study, 

namely the evaluation of the NWU lysis method as preferential tool for downstream gastro-

intestinal microbiome analysis. A novel application of the method was compared to commercially 

available DNA isolation kits, to assess efficacy of the former in isolating microbial bacteria present 

in an impure lysate with short and long read next generation sequencing (NGS) techniques. 

Additional findings that did not form part of the article can be found following the manuscript. 

Figures presented in the additional findings are numbered according to the chapter’s layout and 

do not follow the numbering of figures in the manuscript. 
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3.2 Additional findings 

3.2.1 Background 

The microbial composition of the gastro-intestinal microbiome in mice has been examined in 

various murine mouse models. However, the mouse microbiome and Mycobacterium tuberculosis 

(Mtb) infection has been examined in Balb/c and C57BL/6 mice in particular (Winglee et al., 2014; 

Dumas et al., 2018; Nadeem et al., 2020). The work described in the present chapter is the first 

such study on Mtb infected C3HeB/FeJ mice (Kramnik mouse model). Various factors influence 

the gastro-intestinal composition in different strains of mice, including genetic and environmental 

factors (Hildebrand et al., 2013). Hildebrand et al. (2013) found that there are two major 

enterotypes present in the microbiomes of common laboratory mouse strains. Different taxa 

dominate the microbial composition of the gastro-intestinal microbiota between various 

enterotypes. The authors further suggest that the formation of enterotypes is caused by or 

contributes to inflammation. The microbiome of some mouse strains is more similar to one 

another, though may completely differ from others (Laukens et al., 2016). It was also previously 

found that abundance of genera Akkermansia, Alistipes, Prevotella, Ruminococcus and 

Lactobacillus differ significantly between commonly used strains namely C57BL/6, Balb/c and 

non-obese diabetic (NOD) mice (Hugenholtz & de Vos, 2018; Horne et al., 2019). Increased 

abundance of Prevotella in C57BL/6 mice is of particular interest, since it is associated with the 

human enterotype (Horne et al., 2019).  

The use of different mouse models, for tuberculosis (TB) studies in particular, are suggested to 

have an impact on study results. It was previously found that Mtb infection in Balb/c mice alters 

the gastro-intestinal microbiome significantly; whereas no significant alterations in the gastro-

intestinal microbiome in C57BL/6J-CD45a(Ly5a) mice were found following infection (Winglee et 

al., 2014; Namasivayam et al., 2017). Microbiome compositions of Balb/c mice, whether under 

normal conditions or infected with Mtb, predominantly consist of the phylum Firmicutes. However, 

the abundance of Bacteroidetes in the mouse model was much lower in the microbiome of 

uninfected mice. This is unexpected, because the microbiome normally constitutes both 

Firmicutes and Bacteroidetes in the highest abundance (Winglee et al., 2014; Huazano-García et 

al., 2017). Microbiome compositions of C57BL/6J mice consist of predominantly Firmicutes and 

Bacteroidetes, followed by members that belong to phylum Proteobacteria (Dumas et al., 2018).  

Animal models are essential in safety and efficacy testing of newly developed drugs during pre-

clinical studies. For instance, the biology of non-human primates resembles that of the human the 

best and are considered ideal for non-human safety testing of medicine. However, certain studies 
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have found that efficacy studies of new drugs in non-human primates did not add significant value 

to its pre-clinical evaluation (Ferreira et al., 2019). A major limitation that has recently received 

increasing attention, is the lack of a “natural” microbiome amongst laboratory mice frequently 

used for pre-clinical evaluation of several drugs. Rosshart et al. (2019) demonstrated that the 

microbiome composition of laboratory mice differs from that of wild-type mice. These differences 

resulted in insufficient results about the immune response to drugs pre-clinically, subsequently 

resulting in an opposite effect in clinical trials. It was further shown that wild-type mice portray 

immune responses closer to the human response. These findings accentuate the importance of 

the gastro-intestinal microbiome during pre-clinical testing of newly discovered drugs, whether it 

is for efficacy or safety testing.  

In this study, the representative gastro-intestinal content was derived from a mouse model. 

Furthermore, caecum samples were utilized as supposed to faeces, which is more commonly 

used in gastro-intestinal microbiome studies in mice (Abdo et al., 2019; Song et al., 2019; Moretó 

et al., 2020). The use of the caecum content to evaluate the gastro-intestinal microbiome has 

been described recently (Jenior et al., 2018; Zhou et al., 2020; Vrbanac et al., 2020). The organ 

is a component of the intestine and hosts a high level of bacterial counts ranging from 1011 colony 

forming units per mL (CFU/mL), making it a promising component and representative of an 

“undisturbed” sample to study the gut microbial composition; and is suggested to portray microbes 

with active bacterial metabolism (Jenior et al., 2018; Stumpff et al., 2019). Additionally, the mouse 

caecum hosts a number of microbes responsible for short-chain fatty acid (SCFA) synthesis, a 

key feature in energy homeostasis of a healthy gastro-intestinal tract (Holota et al., 2019).  

3.2.2 Methods 

In addition to the result analyses presented above, relative abundances of microbiota present in 

caecum samples were illustrated using MicrobiomeAnalyst. Furthermore, principal coordinate 

analysis (PCoA), using Bray-Curtis distances, was used to calculate differences between selected 

mouse caecums. Filtering and normalization in MicrobiomeAnalyst were performed as described 

in the article (see section on statistical analysis on page 58 in article above).  
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3.2.3 Results 

In addition to the results demonstrated in the article above, the composition of the same 

representative gastro-intestinal microbiome in Mtb infected C3Heb/FeJ mice was evaluated. 

Recent studies demonstrated the composition of the gastro-intestinal microbiome of different 

mouse strains infected with Mtb. Figure 3-1 illustrates the relative percentage abundance of phyla 

present in the microbiome of three different mice. Each caecum sample was extracted using a 

different extraction method (see section on sample and DNA preparation on page 53 in the article 

above). Nevertheless, similar abundance of genera remains present in the microbiome of each 

mouse. A more in-depth illustration of taxa present in the microbiome was evaluated on family 

(Figure 3-2) and genus (Figure 3-3) levels of classification. As seen in Figure 3-1, it is illustrated 

in Figure 3-2 and Figure 3-3 that the composition of all samples is similar to one another. 

In Figure 3-1, percentage of relative abundance of phyla is illustrated. The gastro-intestinal 

microbiome of infected C3HeB/FeJ mice consists of a steady ratio of members belonging to 

Firmicutes and Bacteroidetes (Figure 3-1). In addition to this, a relatively high abundance of 

Proteobacteria was also present amongst all caecum samples. However, a small abundance of 

β-Proteobacteria was classified amongst these samples (Figure 3-2). Families that harbor the 

majority of the C3HeB/FeJ microbiome were Porphyromonadacea, Lachnospirceae, 

Ruminococcaceae, Prevotellaceae, Bacteroidaceae and Rikenellaceae. Remaining families that 

were present to a less extent is illustrated in Figure 3-2. In Figure 3-3, genera that were present 

in the gastro-intestinal microbiome are illustrated. Classified genera that were predominantly 

abundant in the microbiome were Prevotella, Bacteroides, Alistipes and Oscillibacter (Figure 3-3).  
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Figure 3-1 Relative percentage abundance of phyla present in the gastro-intestinal microbiome of Mtb infected 

C3HeB/FeJ mice. The microbiome primarily consists of the phyla Bacteroidetes (green) and Firmicutes (yellow), 

followed by Proteobacteria (purple). Members from the phyla Candidatus Saccharibacteria (red) and Actinobacteria 

(blue) were present in smaller amounts. Unclassified bacteria are presented in orange. 
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Figure 3-2 Percentage of relative abundant Families present in the caecum microbiome of C3HeB/FeJ mice that are 

infected with Mtb. Taxa present on family level are presented in the legend below the figure. Each colour represents a 

different family member. 
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Figure 3-3 Taxonomic composition on genus level of C3HeB/FeJ microbiome. Relative percentage abundance is 

presented in the figure. Description of genera illustrated in the figure is presented in the legend, each colour 

representing a specific taxon. 
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It is evident in Figure 3-1, Figure 3-2 and Figure 3-3 that there were slight differences in microbial 

composition between the three mice. Upon analysis of beta diversity with principal coordinate 

analysis (PCoA), significant differences between individual mice were determined, regardless of 

the method used for DNA extraction (Figure 3-4). It is suggested that inter-individual variation 

needs to be taken into account between each mouse. The R-value (R=1) also indicated that there 

was significant dissimilarity between each mouse, therefore clustering samples derived from the 

same mouse is observed. 

 
Figure 3-4 PCoA based on the Bray-Curtis index grouped according to subjects. Samples located closer to one another 

indicate similarity. Different mice had significant differences in similarity as tested by ANOSIM (R = 1; p = 0.002). 

 

3.2.4 Discussion 

With regards to other mouse models, Winglee et al. (2018) found that the Mtb infected gastro-

intestinal microbiomes of female Balb/c mice predominately consist of members that belong to 

the phylum Firmicutes, in particular Lactobacillus. Furthermore, an almost complete depletion of 

Bacteroidetes was the result of an infected microbiome in Balb/c mice. The microbiome of 

C3HeB/FeJ mice, presented in the present study, is shown to be more similar to C57BL/6 mice 

(Dumas et al., 2018). Slightly younger C57BL/6 mice’s infected microbiota harbors mainly 

Firmicutes and Bacteroidetes, followed by members of β-Proteobacteria (Dumas et al., 2018). 
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Also, as is the case with the microbiota of C57BL/6 mice, those of C3HeB/FeJ consist of β-

Proteobacteria, though in very low abundance. Bacteroides, members that belong to the phylum 

Bacteroidetes, were found to decrease significantly in C57BL/6 mice due to Mtb infection (Khan 

et al., 2016). Higher levels of Bacteroides were, however, present in the microbiome of 

C3HeB/FeJ mice. In addition, Lactobacillus abundance in samples derived from C3HeB/FeJ mice 

differs from abundance in C57BL/6 mice, where abundance in the latter is higher than in the 

former (Khan et al., 2016). 

At the time of writing, evaluation of the gastro-intestinal microbiome in C3HeB/FeJ mice has not 

been studied intensively and limited literature is available. It has only recently been suggested 

that there is a crosstalk between TB and the gastro-intestinal microbiome (Namasivayam et al., 

2018), by evaluating microbiome changes in other mouse models (please refer to section 2.6.2 

and 2.6.3). Arias et al. (2019) examined abundance of bacteria in the microbiome of this mouse 

model and found that the microbiota predominantly consists of Bacteroidetes and Firmicutes, 

followed by Proteobacteria. This was in animals that consume a normal diet. These results are 

similar to those found by Dumas et al. (2018) in C57BL/6 mice. Our results correspond to the 

findings of Arias et al. (2019) on the phylum level of classification. Results in the present study on 

family level also correlate with results found by Arias et al. (2019). Family Porphyromonadacea 

(members of the phylum Bacteroidetes) dominate the gastro-intestinal environment of 

C3HeB/FeJ mice, contributing to approximately 45 % of the bacteria of the microbiome. On the 

genus level of classification, our results indicate that Clostridium abundance are low in Mtb 

infected mice, as does Arias et al. (2019). Contrary to Arias et al. (2019) though, was the low 

abundance of Barnsiella, members of Bacteroidetes in infected mice.  

Significant differences in the microbiome were observed amongst individual mice. These 

differences could not be contributed to the various extraction methods that were implemented to 

isolate microbial DNA (see results section on gut sample on page 62 in the article above). There 

are several factors that may have caused this phenomenon. Primary factors that influence the 

murine mouse microbiome composition in the gut include diet, species-independent enterotypes 

associated with inflammation, housing, genotypes and inter-individual variation (Tumbaugh et al., 

2009; Hildebrand et al., 2013). Additionally, it is well known that age and gender influence the gut 

microbial community in humans, resulting in microbial variation in the gut (Mariat et al., 2009; 

Haro et al., 2016). As in humans, age and gender in mice should also be considered, as it is 

suggested that these factors have a critical impact on the microbial community (Kozik et al., 2017). 

Given that the mice were from the same species, genetics do not play a role in the dissimilarities 

of beta-diversity that was observed. All mice were female and aged between eight- and ten-weeks 
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prior to infection with Mtb. Small differences of age between mice might contribute to the inter-

individual differences, though the duration of infection were the same and age of mice did not 

differ much. Furthermore, differences observed cannot be attributed to environmental factors, 

since the mice were kept under similar housing conditions and given the same diet, as per 

protocol (van der Merwe, 2019). In short, the mice were housed in a Bio-safety level III unit in 

enriched individually ventilated cages (IVC) on a rack isolator system. Temperature (21 ± 2 °C) 

and humidity (55 ± 10 %) were controlled; and 20 air changes per hour in maintained positive 

pressure were retained. A 12-hour day-night cycle was upheld firmly; and food and water were 

provided ad libitum. Sterile, dust-free corncob chips that contribute to reducing toxic gasses, were 

used as bedding to provide a safe environment for the animals. The different mice might have 

been housed in separate cages, resulting in a slightly different environment. However, it has been 

found that mice living in the same housing conditions do have similar gut microbial communities 

(Schmidt et al., 2019). The level of infection between each mouse was considered to be similar, 

since samples utilized were dissected at the same timepoint. Mtb colony forming units (CFUs) 

determined previously confirmed the similarity of infection at this timepoint (log 10 CFUs 6.40 ± 

0.08) (van der Merwe, 2019; Annexure D). The small deviation of CFU counts from the mice at 

this specific timepoint of infection, indicated that infection between individual mice were not 

identical, but close. This deviation might contribute to the differences observed between each 

mouse. Comparison between uninfected mice of the same age and under the same 

environmental conditions are crucial to determine whether infection does have an effect in 

differences observed between individual mice (please refer to section 5.3 I). However, the 

differences in beta-diversity observed between mice can most probably be ascribed to inter-

individual variation. According to Kostic et al. (2013), inter-individual variation is strain specific, 

where the extent of variation is dependent on the specific strain. Therefore, an observation of 

differences in the microbial composition of mice of the same strain is normal. The results of the 

study described here, do however illustrate that there is no difference in species diversity amongst 

the different mice, but differences correlate with the abundance of the diversity organisms. In 

addition to selecting an effective DNA extraction method for successful microbial downstream 

analysis, various factors that contribute to variation amongst microbial data should also be 

considered. This is important when compiling a study design to ensure consistency and reliable 

results in investigating the microbiome of all animal models.  



 

85 
 

3.2.5 Conclusion 

In the present study, it was indicated that the gastro-intestinal microbiome of different mouse 

models used in TB studies differ in diversity and abundance. It was found that the gastro-intestinal 

microbiome of Mtb infected C3HeB/JeF mice (Kramnik mouse model) are more similar to that of 

C57BL/6 mice, rather than Balb/c mice. Furthermore, it was demonstrated that inter-individual 

variation does occur between the microbiome of infected mice, regardless of variables that were 

considered to be identical for all mice. Observably, inter-individual differences were not correlated 

with the diversity present within each sample, but with the distribution of bacterial abundance. 

Richness of specific taxa in the microbiome has been shown to have different immune responses 

to selected drugs in a pre-clinical study (Rosshart et al., 2019). Despite similar abundance of 

phyla in the microbiome, different taxa within the phylum differ in the microbiomes of particularly 

mouse and human. This is relevant to the distribution of bacterial species in the phylum 

Firmicutes, which correlates with immunity (Chung et al. 2012). These findings imply that 

microbial composition of selected animal models for pre-clinical testing are of utmost importance 

to take into account when compiling a study design.  
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Chapter 4 Changes of microbial communities in the gut during 
treatment with Pheroid®- based tuberculosis therapy in the 
Kramnik mouse model 

4.1 Introduction 

Tuberculosis (TB), caused by the bacterial agent Mycobacterium tuberculosis (Mtb), is a 

worldwide pandemic, affecting approximately 10 million people per year (WHO, 2019). The drug 

regimen for treatment of susceptible TB is quite intensive, comprising a cocktail of first-line 

antibiotics administered for at least six months. Furthermore, drug-resistant TB requires a more 

demanding treatment regimen, sometimes continuing for up to two years. These treatments 

necessitate strict patient compliance to prevent relapse and treatment failure (WHO, 2019). First-

line TB treatment includes the broad spectrum antibiotic rifampicin (RIF), together with narrow 

spectrum anti-mycobacterials isoniazid (INH), pyrazinamide (PZA), and ethambutol (EMB) 

(Beauduy & Winston, 2018). RIF targets Gram-positive and some Gram-negative bacteria, 

including mycobacteria, whereas the remaining anti-mycobacterials are known for their targeted 

effect primarily on Mycobacterial species (Beauduy & Winston, 2018). It was however, recently 

suggested that some of the narrow spectrum drugs in the regimen do not necessarily target only 

mycobacteria, but may also have an effect on other microbes (Namasivayam et al., 2017). Drug 

resistant TB is one of the major concerns when it comes to treatment. Acquired drug resistance 

to the first-line drugs used to treat Mtb infection develop by spontaneous mutations in in several 

identified genes (Johnson et al., 2006; Kolyva & Karakousis, 2012). These genes include the loci 

rpoB for resistance to RIF; katG, inhA, aphC, kasA and ndh for resistance to INH; pncA for PZA 

resistance; and embB for resistance against EMB. Acquired resistance may be caused by 

suboptimal drug administration or poor patient compliance because of long treatment durations. 

To address the growing concern of TB drug resistance, more effective and quicker treatments are 

being explored. 

Alternative delivery systems for antimicrobial administration to improve efficacy of treatment of 

infections at lower doses are emerging. Pheroid® vesicles, based on Pheroid® technology, are 

used as one such delivery system. Pheroid® mainly consists of three phases namely an oil, a 

water and a gas (nitrous oxide). Pro-Pheroid® consists only of the oil phase and is mainly 

composed of esters of unsaturated fatty acids. The latter is based on self-micro- and nano-

emulsifying delivery systems (SMEDS & SNEDS), aiming to self-emulsify poorly soluble 

compounds that is administered orally. Once entering the gastro-intestinal environment, Pheroid® 
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vesicles form immediately. In addition to the self-emulsifying action of the pro-Pheroid®, adding 

nitrous oxide gas to the formulation also results in micro and nano vesicles with the entrapment 

of the desired active pharmaceutical ingredients (APIs) (Grobler, 2009; Grobler, 2013; van Zyl et 

al.,2016). Studies involving TB treatment APIs incorporated in Pheroid® formulations have 

previously been conducted and showed promising results in vitro, in vivo and in a clinical setting, 

as mentioned in section 2.4 in Chapter 2. In these previous studies, it was indicated that a reduced 

dose of antimicrobial APIs in Pheroid® resulted in an increase of bacterial clearance in vitro, 

compared to free drugs. Additionally, resistant strains were more susceptible to Pheroid®-based 

TB drugs than free drugs in vitro. Furthermore, TB treatment APIs entrapped in Pheroid® vesicles 

enhance bioavailability compared to standard Rifafour®-e275 treatment, in animal and human 

studies, by increasing the area under the curve (AUC) and maximum concentrations in blood 

plasma (Cmax). Pheroid®-based TB therapy also appears to be more effective than the free drug 

in vivo (Grobler, 2009; Nieuwoudt, 2009).  

The gastro-intestinal environment of mammals consists of millions of microbes, including bacteria, 

protozoans, fungi, archaea and protozoans. Amongst all the micro-organisms present, bacteria 

play an essential role in metabolism and immunity of an individual. As described in Chapter 2 

(see section 2.6.3), the impact of TB therapy on the gastro-intestinal microbiome has previously 

been examined in both human and animal models (Namasivayam et al., 2017; Wipperman et al., 

2017; Khan et al., 2019). In studies of the effects of TB therapy on the gastro-intestinal 

microbiome, a decrease in diversity within the microbiome were detected and species after did 

not recolonize or rebounded back to normal homeostatic structure after initiation of TB treatment. 

Such changes in microbiome composition are known as dysbiosis. Dysbiosis caused by 

antibiotics in TB infected cases results in perturbed immune responses in animals and humans 

(Dumas et al., 2018; Maji et al., 2018). Therefore, it is important to reduce dysbiosis of gastro-

intestinal microbiota, possibly with alternative treatment approaches. The effect of an alternative 

treatment approach, such as Pheroid®-based TB therapies, on the gastro-intestinal microbiome 

has not been determined to date. 

Several animal models have been used to study TB (Singh & Gupta, 2018). No animal model fully 

replicates the TB disease pathology as found in humans; however, mice have previously been 

used as model for TB immunology, drug and vaccination evaluation, and determination of relapse 

and latency of the disease. Additionally, mice are convenient models because it does not require 

much laboratory space and the costs are significantly lower. Mouse strains mainly used in TB 

studies are C57BL/6, Balb/c and C3HeB/FeJ (Zhan et al., 2017). The latter is considered 

humanized, due to its ability to develop hypoxic lesions in lungs after Mtb infection, a key feature 
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in human TB (Harper et al., 2012). TB, TB therapy and the gastro-intestinal microbiome has 

gained a lot of attention regarding health and the state of disease in humans (see section 2.6 in 

Chapter 2). Furthermore, the effect of TB treatment on the microbiome in the Kramnik model 

(C3HeB/FeJ) is of interest, since it is regarded as a humanized mouse model and has not been 

evaluated at the time of writing. In this chapter, a study aimed at studying the changes in structural 

microbial composition of Kramnik mouse caecum samples is described. The microbial 

composition was determined at various timepoints for different TB treatment regimens. Shifts in 

the microbial structure during standard and Pheroid®-based TB therapy was compared and 

analysed over time. The effect of the therapies on the recovering microbiome after treatment 

ceased was also evaluated in the present study. Additionally, shifts in microbial composition as a 

result of the administration of a carrier formulation, were simultaneously determined and 

compared to infected mice that did not receive any treatment (infected reference group). It was 

hypothesized that the different TB treatment regimens have different effects on the microbiome 

of this animal model; and that microbiome recovery was achieved after treatment with an 

alternative delivery approach. 

4.2 Materials and methods 

4.2.1 Study design  

The infection with Mtb, the treatment of mice with different drug regimens, as well as the sample 

collection were executed in a previous study by van der Merwe (2019). Figure 4-1 illustrates a 

copy of the original study design. The study was carried out on eight to ten (8-10) week-old female 

Kramnik mice, also known as the C3HeB/FeJ mouse strain. Mice were provided by the 

internationally (American Association for Accreditation of Laboratory Animal Care [AAALAC], and 

locally accredited South African National Accreditation Service [SANAS]) Vivarium of the North-

West University. The animals were infected with the H37Rv Mycobacterium tuberculosis strain, 

intranasally. A 1 mL aliquot of 6.8 x 107 CFU of the strain was diluted with phosphate buffered 

saline (PBS) 100-fold. Prior to infection, mice were anesthetized in a 1 L chamber with a 2.5 % 

isoflurane/O2 exposure at a rate of 2 L/min. During the procedure, the mice were monitored for 

signs of distress. Each unconscious mouse was infected intranasally with an estimate of 3.4 x 104 

CFU Mtb by gradually releasing the dilution into the nostrils with a sterile gauge feeding needle. 

As extracted from van der Merwe (2019), “The rate of release was adjusted so as to allow the 

mouse to inhale the inoculum, the formation of bubbles helps to aerosolise the inoculum and aids 

in the infection.” Thereafter, mice were treated with three different TB therapies for 12 weeks (van 



 

93 
 

der Merwe, 2019). After treatment, animals were monitored for a three-month period post 

treatment. 

 

Figure 4-1 Copy of the original illustrated design of the study executed by van der Merwe (2019). Reprinted with the 

permission from the author. 

On the basis of the original study design (Figure 4-1); a study design was compiled for the 

evaluation of the microbiome from samples derived from the original study (Figure 4-2). Groups 

1-4 were renamed as follow:  

Group 1 (positive control- Figure 4-1) was renamed to standard TB therapy;  

Group 2 (carrier control- Figure 4-1) was renamed to Pheroid® carrier control;  

Group 3 (test formulation- Figure 4-1) to Pheroid®-based TB therapy; and  
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Group 4 (negative control- Figure 4-1) to infected reference group (Figure 4-2).  

The reference group comprised of caecum samples derived from infected, but not treated mice. 

The Pheroid® carrier control group were treated with a formulation of carrier compounds, 

excluding the APIs used for the conventional treatment of TB. Animals that underwent standard 

TB therapy were treated with standard Rifafour-e275®-based treatment; whereas animals that 

underwent Pheroid®-based TB therapy were treated with standard Rifafour®-e275 APIs 

incorporated in the carrier Pheroid®-formulation. The follow-up phase presented in the original 

study design (Figure 4-1) was renamed to the microbiome recovery phase, since no 

administration of any treatments were given during this time and the microbiome had time to 

normalize. Two biological replicates (n=2) from each timepoint were utilized for microbiome 

studies. DNA from selected caecum samples (see section 4.2.2 below), representing the gastro-

intestinal microbiome, was isolated and the 16S ribosomal RNA (rRNA) was analyzed with 

amplicon sequencing. Sequence data were filtered, and bioinformatics analysis was performed 

to identify bacterial taxa in each sample; after which microbiome community analysis was 

performed (Figure 4-2). 

 

Figure 4-2 Schematic representation of the study design following the original design presented in Figure 4-1 above. 

Groups of mice undergoing treatment and without treatment were renamed before collection of caecum samples for 

microbial analysis, as well as the different timepoints for sample collections (Van der Merwe, 2019) as shown in this 

figure. Caecum samples were also obtained from Kramnik mice prior to the initiation of the presented study. 

4.2.2 Sampling 

Caecum samples were collected during the treatment phase as well as during the microbiome 

recovery (follow-up) phase after termination of treatment. Mice were euthanized weekly and 
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caecum samples were dissected, snap frozen and stored at -80 °C until further analysis. Figure 

4-2 above illustrates the different treatments the mice were subjected to, and the various time 

periods at which samples were collected. A total of 60 caecum samples were harvested and 

examined to determine the shifts in the bacterial microbiome structure within the samples as a 

result of different regimens of TB therapy. Infected reference samples (n=6) were only collected 

at early stages (weeks 1, 4, 6 and 8) due to the low survival rate of the TB infected mice. Caecum 

samples from mice that underwent different treatments (n=54) were collected at week one, two, 

three, four, eight and 12; and during the microbiome recovery phase at weeks 16, 20 and 24. No 

samples were collected for week 24 in the Pheroid® carrier control group, due to mice becoming 

moribund at this time, and had to be euthanized per the study’s protocol (van der Merwe, 2019).  

4.2.3 DNA extraction 

As determined in the study described in Chapter 3, microbiome DNA from the caecum as 

representative of the gastro-intestinal tract, can easily be extracted using commercial DNA 

extraction kits, provided that the kit consists of mechanical and chemical lysis steps. Therefore, 

caecum samples were digested with 20 µL Proteinase K (20 mg/mL) (Macherey-Nagel, Germany) 

and lysed in the supplied buffer from the extraction kit (ST1) at 56 °C for two hours. DNA extraction 

continued with further cell lysis in bead lysis tubes using the NucleoSpin® DNA Stool kit 

(Macherey-Nagel, Germany) according to the manufacturer’s protocol. Due to supply difficulties, 

DNA from week one of the infected reference group (Figure 4-2) was extracted using an 

alternative extraction method. The alternative extraction method selected is similar to the one 

used for the rest of the samples and included chemical (lysis buffer) and mechanical (bead 

beating) lysis of cells; and binding of DNA using spin columns. Previous studies have 

demonstrated that the inclusion of a mechanical cell lysis step by bead beating yields sufficient 

amounts of DNA for microbiome profiling (Yuan et al., 2012; Lim et al., 2018; Ducarmon et al., 

2020). The quality and quantity of the eluted DNA were determined with a NanoDrop One 

Spectrophotometer (Thermo Fisher Scientific, US) and stored at -20 °C for further analysis. 

4.2.4 16S Sequencing 

Extracted DNA samples were transported to a collaborator – PHENOMIN-ICS, Strasbourg, 

France - to be sequenced. A polymerase chain reaction (PCR) of isolated DNA was performed 

for each sample by amplifying the V3-V4 region of the 16S rRNA gene. Primer sequences used 

for amplification of the region were:  forward primer 5’- TCGTCGGCAGCGTCAGATG 

TGTATAAGAGACAGCCTACGGGNGGCWGCAG -3’ and reverse primer 5’- GTCTCGTGGG 
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CTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’, as described by 

Klindworth et al. (2013). Thereafter, amplified DNA was sequenced using the Illumina MiSeq 

platform at France Genomique. 

4.2.5 Data filtering and bioinformatics analysis 

Amplicon sequences generated by Illumina MiSeq were normalized and filtered using a Galaxy-

supported pipeline, namely FROGS (Find, Rapidly, OTUs [operational taxonomic units] with 

Galaxy Solution) as described by Escudié et al. (2018). After normalization and filtration of data 

within FROGS, OTUs of relative abundance were generated (Escudié et al., 2018) and exported 

to the tab separated values (.tsv) format for statistical and advanced microbial community 

analysis.  

4.2.6 Microbial community analysis 

Using the FROGS bioinformatics pipeline, tables of relative abundance were generated, which 

were edited to the appropriate format for import into the web-based analyses server: 

MicrobiomeAnalyst (Chong, et al., 2020), where Marker Data Profiling (MDP) was performed for 

the data set. MicrobiomeAnalyst is a phyloseq R packaged program and was used for 

representation of microbial communities of the samples from the different treatment groups over 

time. The program was also used for community profiling and visual examination of the relative 

abundance bacteria present in the microbiome. No further data filtering and normalization were 

performed for MDP, unless specified otherwise in the result sections. Community profiling 

included an investigation of differences in alpha and beta diversity amongst samples from the 

various groups (Figure 4-2). Rarefaction curves were generated for each of the groups to examine 

species richness amongst samples over time. Additionally, hierarchical clustering using Bray-

Curtis distancing of samples was performed in Primer 7 software (Clarke & Warwick, 1994). Prior 

to clustering analysis, abundance data were transformed to Log (X+1). Stacked bar graphs were 

generated to illustrate actual microbial abundance in various groups over time at the phylum, 

family and genus classification levels. 

4.2.6.1 Alpha diversity  

Alpha diversity using the Chao1, Observed and Shannon indices were determined for the infected 

reference and treatment groups. The results determined the changes in microbial composition in 

each group over time. Graphs illustrating alpha diversity were generated with GraphPad Prism 
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version 8. All graphs were generated to represent phyla, family and genus level of microbial 

communities. Due to the small sample size at each individual timepoint, selected treatment 

timepoints were combined for a statistical significance testing. In the treatment phase of the 

different therapies, weeks one and two were merged, as were weeks three and four, and weeks 

eight and 12. Weeks 16, 20 and 24 (for standard and Pheroid®-based TB therapy groups) of the 

microbiome recovery phase were combined. Significant differences were determined on family 

and genus levels. 

4.2.6.2 Beta diversity  

Beta diversity was measured for the infected reference and various treatment groups to determine 

the differences in microbial composition of the microbiome as a result of the various treatments. 

Differences in beta diversity between the treatment groups were determined by means of Principal 

Coordinate Analysis (PCoA) using Bray-Curtis distancing. Significance was regarded as p ≤ 0.05. 

An R value closer to one, indicated dissimilarity between groups, whereas a value near zero 

indicated no significant differences between groups. Significant differences between individual 

groups were also performed to ascertain which treatment groups differed significantly from each 

other.  

4.2.7 Statistical analysis 

Prior to significance testing, normal distribution of data sets was tested with the D’Agostino & 

Pearson omnibus. Normality of alpha diversity indices was tested with the Shapiro-Wilk test. If 

data sets were normally distributed, statistically significant differences between samples from 

different treatment groups were measured with parametric one-way analysis of variance 

(ANOVA), using Tukey’s multiple comparisons test. Contrarily, when data sets did not pass 

normality tests, statistical significance was tested with non-parametric Kruskal-Wallis tests, using 

Dunn’s multiple comparisons test. Significance was regarded as p ≤ 0.05. Normality and 

significance tests were conducted with GraphPad Prism version 8 (GraphPad Software Inc, USA). 

Significance is indicated in text and on associated figures. 

Linear discriminant analysis (LEfSe) algorithm was used to determine differentially abundant 

phyla, families and genera between different groups (infected reference, Pheroid® carrier control, 

standard TB therapy, and Pheroid®-based TB therapy). For LEfSe tests, data were rarefied to 

minimum library size and total sum scaling was performed. Kruskal-Wallis rank sums tests were 
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used to determine differences. Features were regarded as significantly different with the linear 

discriminant analysis (LDA) effect size < 2.0 and p-value < 0.05.  

4.3 Results 

4.3.1 Sequencing data  

Extracted DNA from caecum samples were of good quality and absorbance values at different 

wavelengths indicated that the quality of DNA was in the accepted range amongst all samples 

(Matlock, 2015). After 16S rRNA PCR of the extracted DNA; 16S sequencing; and data filtering 

through bioinformatics analysis, a total of 505 135 read counts were obtained from 60 extracted 

caecal microbiome DNA samples, averaging 8 862 counts per sample. The abundance table 

contained a total of 381 operational taxonomic units (OTUs) from the sequence reads. However, 

only 380 OTUs had reads above two counts and therefore these were the OTUs used for further 

microbial analysis. 

4.3.2 Diversity varies in each group over time 

To address the primary question, the effects of TB therapy administered by standard delivery and 

Pheroid® delivery on the microbiome of Mtb infected mice were compared. Additionally, the impact 

of the Pheroid® carrier control – the formulation excluding TB treatment APIs - on the gastro-

intestinal microbiome was evaluated. Data from all timepoints within each group were pooled 

together to determine whether TB therapy had an effect on diversity. Standard and Pheroid®- 

based TB therapy had a significant impact on diversity in the gastro-intestinal microbiome of Mtb 

infected mice (Figure 4-3). The Pheroid® carrier control had a significant impact on the 

microbiome's alpha diversity of the infected mice on the family level of classification when 

measured with the Observed index. Differences between healthy, uninfected mice and the 

infected reference groups were not determined in the present study, since caecum samples from 

healthy mice were not collected in the previous study (Figure 4-1; van der Merwe, 2019).  



 

99 
 

 
Figure 4-3 Alpha diversity box plots of caecum microbiome diversities during infection (IC) and treatments with Pheroid® 

carrier control (PCC), Pheroid® based TB treatment (PT) and standard TB treatment (ST) tested with Kruskal-Wallis. 

Alpha diversity is presented on (A) phylum, (B) family and (C) genus level of classification and were tested with Chao1, 

Observed and Shannon indices. Statistical significance between groups on each level is presented on the figure with 

various symbols (*, ! and @). 
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4.3.2.1 Rarefaction of samples 

Since the two TB therapies had a significant effect on the microbiome, OTUs per timepoint were 

critically evaluated for trends in alpha diversity. Firstly, rarefaction plots demonstrated that 

sufficient sampling depth was achieved to capture within species richness of each sample (Figure 

4-4). This is represented by the “plateau” effect of each sample, indicating that more sequences 

would not attribute to novel OTUs in each sample. Additionally, it can be observed with the 

rarefaction of samples that species richness varied amongst samples from the different groups. 

Changes between timepoints and between different treatment groups were further evaluated 

using alpha and beta diversity metrics (please refer to sections 4.3.2.2 and 4.3.3 below).  
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Figure 4-4 Rarefaction analysis between the sequence sample size and the number of OTUs in each sample (species richness). As the sequence sample size increased, the number 

of OTUs reaches saturation. 

 

Infected reference group Pheroid® carrier control 

Pheroid®-based TB therapy Standard based TB therapy 
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4.3.2.2 Longitudinal changes in alpha diversity  

With fluctuations in OTUs observed temporally (Figure 4-4), alpha diversity measures were 

calculated to examine the changes in diversity in each sample from the treatment phases as 

well as during microbiome recovery phase. Species richness and evenness of phyla, families 

and genera within each group were measured over a period of time. Figure 4-5, Figure 4-6 

and Figure 4-7 illustrate the measured changes in alpha diversity using Chao1, Observed and 

Shannon indices, respectively. No statistical analysis was performed for the infected reference 

group, due to small sample size. However, trends were examined for changes over time. 

i. Phylum 

There were no significant trends of changes observed over time in the infected reference, 

Pheroid® carrier control and standard TB therapy using both Chao1 and Observed species 

indices (Figure 4-5 A & B). However, the Pheroid® carrier control had an increase in alpha 

diversity during the third week, indicating that members from another phylum emerged at this 

point of treatment. There was a similar increase during the last week of treatment (Week 12) 

with a decrease again during microbiome recovery (Weeks 16, 20 & 24). A similar trend was 

noticed during the last week of treatment with standard TB therapy. An increase was also 

noticed over time between samples treated with Pheroid®-based TB therapy (Figure 4-5 A & 

B). There was an initial decrease in species richness at onset of treatment. Thereafter, 

diversity increased between weeks one and two and remained stable for four weeks. Another 

increase was observed during the last week of treatment (Week 12). The alpha diversity 

remained high throughout the microbiome recovery phases (Weeks 16, 20 & 24).  

According to Figure 4-5 C, alpha diversity, measured with the Shannon index, between 

samples fluctuated in all groups. Samples from the infected reference group remained 

relatively stable throughout the timepoints. Standard TB therapy and the Pheroid® carrier 

control had similar occurrences where there was a decrease early on in treatment. An increase 

occurred between weeks three and four and a slight decrease was observed during 

microbiome recovery (weeks 16, 20 & 24). An intriguing trend that was observed was that 

between standard and Pheroid®-based TB therapies, where there was an increase in diversity 

later on in treatment for samples treated with the latter (Figure 4-5 C). 
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Figure 4-5 Changes in alpha diversity on phylum level using (A) Chao1, (B) Observed and (C) Shannon indices. 

Each group is represented by a different colour. Blue represents the infected reference group; red the Pheroid® 

carrier control; green the changes that occurred during standard TB treatment and purple those of the Pheroid®-

based TB treatment group. 
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ii. Family 

As opposed to the phylum level, more changes in alpha diversity were observed on the family 

level of classification. The results are illustrated in Figure 4-6. The infected reference group 

indicated little to no changes in diversity over time when measured with Chao1 and Observed 

species indices (Figure 4-6 A & B). However, although the diversity of the microbiome in the 

infected reference group did not differ significantly over the period of infection, the effect of 

infection on the microbiome is unknown since no healthy mice were evaluated. Nevertheless, 

diversity measures amongst the microbiome of the infected reference group were higher than 

in the treatment groups. According to the Shannon index, a slight increase in diversity was 

observed for the infected reference group (Figure 4-6 C). Even though an upward trend was 

noticed more so than on phylum level, diversity remained relatively stable from week to week 

on family level of classification (Figure 4-6 A & B). 

A drastic decrease in diversity was the result of both TB therapies at onset of treatment. 

Furthermore, diversity was slightly reduced at onset of treatment with the carrier formulation. 

Generally, diversity increased over time in all treatment groups as the microbiome attempted 

to normalize after being exposed to foreign substances (Figure 4-6 A & B). According to the 

Chao1 and Observed indices, a significant increase of alpha diversity was observed during 

Pheroid®-based treatment and microbiome recovery (FChao1 = 9.778, pChao1=0.001; FObserved = 

0.7.682, pObserved = 0.003). According to the Shannon index, a more drastic fluctuation in 

diversity occurred when animals were treated with standard TB therapy than Pheroid®-based 

TB therapy (Figure 4-6 C). For standard TB therapy, diversity decreased during week three of 

treatment, and increased again at week four. Thereafter it remained relatively stable during 

the rest of the treatment phase. Nevertheless, diversity changes between timepoints were not 

significantly different (p>0.05). 
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Figure 4-6 Alpha diversity changes measured using (A) Chao1, (B) Observed and (C) Shannon indices on family 

level of classification. Chao1 and Observed species indices measures species richness between samples, whereas 

the Shannon index measures distribution of diversity over time. Lowercase alphabetical letters indicate statistical 

significance between treatment phases and the microbiome recovery (p≤0.05). 

a b a b 

a b a b 
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iii. Genus 

The genus level of classification indicated wider and more noticeable trends of fluctuations in 

alpha diversity over time. Figures representing the alpha diversity changes on genus level 

include linear regression lines to illustrate the general effect of treatments on the microbiome 

during the treatment and recovery respectively (Figure 4-7). According to Figure 4-7 A and 

Figure 4-7 B, the infected reference group did not indicate any significant trends of diversity 

changes over eight weeks in general. However, changes that might have occurred at the onset 

of infection is unknown. Overall, the infected reference group’s alpha diversity remained high 

during infection. During exposure to the Pheroid® carrier control, alpha diversity remained 

relatively stable in general, with slight fluctuations at each timepoint (Figure 4-7). The total 

species richness decreased slightly compared to the infected references, though not 

significantly (Figure 4-3) A decrease in diversity was noticed during the microbiome recovery, 

though not significant (p>0.05). Similar trends in alpha diversity changes, according to the 

Chao1 and Observed index, were observed for both the infected reference group and the 

Pheroid® carrier control during treatment (Figure 4-7 A & B). There were no significant 

changes in diversity over eight weeks for both groups. However, a decrease in diversity was 

noted during the last week of exposure to the Pheroid® carrier control.  

An initial reduction in microbial diversity was observed with both TB therapies at onset of 

treatment. Thereafter, both modes of TB therapies (standard and Pheroid®-based) indicated 

an increase in diversity over time when measured with Chao1 and Observed species indices 

(Figure 4-7 A & B). A more rapid increase in diversity was noticed the second week into 

standard TB therapy as supposed to the Pheroid®-based treatment. A slow increase in 

diversity was observed during the rest of the treatment phases (Figure 4-7 A & B). Standard 

TB therapy caused a statistically significant increase in diversity between treatment initiation 

(weeks 1 & 2) and the microbiome recovery, measured with Chao1 index (p = 0.031). As for 

Pheroid®- based TB therapy, diversity significantly increased from initiation up to the end of 

the treatment phase and further during microbiome recovery (FChao1= 25.95, pChao1< 0.0001; 

FObserved = 34.86, pObserved < 0.0001; Kruskal-Wallis statisticObserved = 11.55, pObserved= 0.009) 

(Figure 4-7 A & B). Trend lines indicate rebound of microbial diversity during both standard 

and Pheroid®-based TB therapies using the Chao1 and Observed indices (Figure 4-7 A & B). 

However, when measured with the Chao1 index, there was a significant increase in diversity 

during microbiome recovery for animals treated with Pheroid®-based therapy; as opposed to 

a relatively stationary phase during recovery from standard therapy (Figure 4-7 A). 

Interestingly, the Pheroid® carrier control and the Pheroid®-based TB therapy had a similar 

effect on diversity when measured with the Shannon index, generally decreasing the alpha 
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diversity during the course of treatment with the respective formulations (Figure 4-7 C).  

According to the Shannon index (Figure 4-7 C), the alpha diversity decreased once again 

during the microbiome recovery in samples treated with standard TB therapy. The reduction 

is probably due to disease progression, since the animals were not fully cured of TB, as shown 

by the presence of colony forming units (CFUs) in the lungs of the mice for all groups (van der 

Merwe, 2019; Annexure D). A decrease in microbiome diversity because of disease 

progression in animals is directly correlated with the human gastro-intestinal microbiome 

response to disease (see section 2.5.1 in Chapter 2). Furthermore, this may suggest that 

infection does in fact have an impact on the microbiome structure.  
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Figure 4-7 Levels of diversity of genera in samples measured over time using (A) Chao1 and (B) Observed indices 

along with measurements of diversity and evenness using the (C) Shannon index. Lowercase alphabetical letters 

indicate statistical significance between treatment phases and microbiome recovery (p ≤ 0.05). Linear regression 

lines during treatment and microbiome recovery are represented respectively 

a a  a a a  

a b a  b c a c 
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4.3.3 Overall community structure between groups 

Next, the overall composition and community structure of bacteria between groups were 

determined. It can be demonstrated that the hierarchical clustering of samples from the 

infected reference animals were similar in structure and composition by their clustering (Figure 

4-8). Furthermore, decreased diversity during the first weeks of treatment with both TB 

therapies (standard and Pheroid®-based), were confirmed with clustering of samples from 

both these treatment groups during the first few weeks of infection. In addition, when taking 

overall similarity into account, all samples shared 50 % or more similarity with each other 

(Figure 4-8). The infected reference group along with the Pheroid® carrier control were more 

similar to one another compared to the treatment groups. 
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Figure 4-8 Hierarchical clustering of samples based on genera abundancies using Bray-Curtis distancing. The blue 

triangles represent the infected reference group; red circles represent standard TB therapy samples; green squares 

represent the Pheroid® carrier control samples; and orange squares represents samples derived from mice treated 

with Pheroid®-based TB therapy. 
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Principal coordinate analysis (PCoA) confirmed significant clustering of samples from various 

groups with beta diversity analyses. According to Figure 4-9, Figure 4-11 and Figure 4-13, 

there was significant clustering of samples from respective groups (infected reference group 

and various treatment groups). Statistically, there was an overall significant difference 

between the groups on phylum level of classification (R=0.132, p=0.002) (Figure 4-9). When 

comparing groups individually, significant differences were observed between the infected 

reference and standard TB therapy (standard treatment) (R=0.371, p=0.003), the Pheroid® 

carrier control (carrier control) (R=0.462, p=0.001) and Pheroid®-based TB therapy groups 

(Pheroid®-based treatment) (R=0.543, p=0.001) respectively (Figure 4-10).  

As illustrated in 

Figure 4-10, samples from the infected reference were clustered closer together, indicating 

that the samples are similar to one another. With regards to Mtb infection of the samples, this 

indicates that the mice had similar responses to the infection. Small differences in diversity 

can be expected, since the gastro-intestinal microbiome differs inter-individually (see section 

0 in Chapter 3). Moreover, beta-diversity between samples treated with the Pheroid® carrier 

control had a similar clustering of samples closer together. This indicates that the changes in 

microbial diversity induced by treatment with the carrier control, did not change the 

composition over time as much as the two TB therapies; but rather had a similar response to 

the exposure at any given timepoint. 

Similar to the results observed on phylum level, there was an overall statistical difference in 

diversity between the various groups on family level (R=0.138, p=0.001) (Figure 10). As on 

phylum level, differences exist between the infected reference group and standard TB therapy 

(R=0.386, p=0.004,), Pheroid® carrier control (R=0.286, p=0.012) and Pheroid®-based TB 

therapy (G3) (R=0.538, p=0.001), respectively (Figure 4-11).  

Clustering of the infected reference and Pheroid® carrier control on family level (Figure 4-12) 

were similar to clustering observed on phylum level of classification ( 

Figure 4-10). This indicates that family members present in the microbiome proliferated or 

decreased similarly between individual mice in response to infection and treatment, as 

previously described. Family members in the carrier control did however not cluster as close 

together as on phylum level, whereas the infected reference clustered closer together at this 

level of classification (Figure 4-12 A-C). This indicates that the taxa within a specific phyla of 

the microbiome had a different response to the carrier control over time (Figure 4-12 B, D & 

F). Interestingly, effects of the Pheroid® carriers and the incorporation of APIs in the 
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formulation on the microbiome, resulted in similar clustering, compared to standard TB therapy 

(Figure 4-12 D & F). 

Figure 4-13 illustrates differences in beta diversity between groups on genus level. As with the 

higher classification levels presented, a significant difference in beta diversity between groups 

was measured (R=0.162, p=0.001). Similar to phylum and family levels, differences occurred 

only between the infected reference group and the treatment groups (R=0.443, p=0.002; 

R=0.364, p=0.006; R=0.612, p=0.001) (Figure 4-14).  

In Figure 4-14, the infected reference clustered together closely, indicating once again that 

the mice’s response towards infection was similar when not treated for the infection. As at 

phylum and family level, this occurrence can also be observed at genus level of classification. 

However, the carrier control and the different TB treatment groups did indicate less similarity 

at genus level. 

 

 
Figure 4-9 PCoA of beta diversity measures between all groups to indicate differences between the infected 

reference group and various treatment groups. Groups had significant differences in similarity tested with ANOSIM 

on phylum level (p = 0.002). 
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Pheroid® carrier control 

Pheroid®-based TB therapy 

Standard TB therapy 
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Figure 4-10 PCoA based on the Bray-Curtis Index for samples from the infected reference and various treatment 

groups (Standard and Pheroid®- based TB therapies and the Pheroid® carrier control) plotted individually on phylum 

level of classification. Data points clustering closer together indicate similarity. The infected reference group 

showed significant differences between (A) standard TB treatment (p=0.003); (B) the Pheroid® carrier control 

(p=0.001); and (C) Pheroid® based TB treatment (p=0.001). (D-F) The different treatment groups had no significant 

differences between each other. 
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Figure 4-11 Differences in beta diversity measured with PCoA between all groups of interest. On family level of 

classification, there were significant differences overall (p = 0.001). 
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Figure 4-12 PCoA based on the Bray-Curtis Index for samples from the infected reference group and various 

treatment groups plotted individually on family level of classification. Data points clustered closer together indicates 

similarity. The infected reference showed significant differences between (A) standard TB treatment (p=0.003); (B) 

the Pheroid® carrier control (p=0.001); and (C) Pheroid® based TB treatment (p=0.001). (D-F) Groups had no 

significant differences between each other. 
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Figure 4-13 PCoA based on the Bray-Curtis Index for samples from the infected references and various treatment 

groups on genus level of classification. There was a significant difference between groups (p = 0.001). 
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Figure 4-14 PCoA based on the Bray-Curtis Index for samples from the infected references and various groups 

treated with various therapies/compounds on genus level. Data points clustered closer together indicates similarity. 

The infected reference had significant differences between (A) standard TB treatment (p=0.003); (B) the Pheroid® 

carrier control (p=0.001); and (C) Pheroid® based TB-treatment (p=0.001). (D-F) There were no significant 

differences between various treatment groups. 
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It was previously determined in section 4.3.3 that there is a difference between the infected 

reference and various treatments when comparing the overall community structure of the 

respective groups. However, differences between each group at the various timepoint were 

not analysed when comparing the overall community structure. Beta diversity analysis 

between experimental groups at each timepoint were evaluated on genus level of 

classification (Figure 4-15). The beta diversity changes between the infected reference group 

and respective treatment groups were compared during weeks one, four and eight. There 

were no statistically significant differences between experimental groups at week one (Figure 

4-15 A; p=0,06) and eight (Figure 4-15 C; p=0.06) of infection. At week four, a statistically 

significant difference between groups occurred (Figure 4-15 B; p<0.05). However, no 

statistical significance was observed when replicate samples at each timepoint were 

compared individually (p>0.05). Trends in Figure 4-15 does however indicate differences in 

alpha diversity between the treatment groups and the infected reference group. At week one 

of infection, beta diversity between the infected reference and the Pheroid® carrier control was 

more similar than later on in treatment. The small sample size per timepoint (n=2) limits 

conclusions to be made from the observations (please refer to section 5.2). A larger sample 

size per timepoint should therefore be considered in future studies. 
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Figure 4-15 PCoA of beta diversity measures between experimental groups at (A) week one, (B) week two and (C) week eight of infection. Analysis at the specific timepoints were analysed 
to accommodate for differences between various treatments and the infected reference group. A statistically significant difference between groups were observed at week four (B) 
(p<0.05) of infection as tested with ANOSIM. 
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4.3.4 Relative abundance of bacteria in the caecum microbiome 

Relative abundance of microbes present were analysed within each group over time to 

determine which of the members decreased or increased during the course of TB therapies 

with standard and Pheroid®-based deliveries. Microbial abundancies were determined 

according to OTUs assigned to specific sequences and are illustrated in Figure 4-16, Figure 

4-17 and Figure 4-19.  

4.3.4.1 Phylum 

A total of six phyla were identified between all groups. These phyla included Firmicutes and 

Bacteroidota in the highest abundance, followed by Desulphobacterota and Actinobacteriota. 

Furthermore, Proteobacteria were present in all samples. A sixth phylum, namely the 

commensals Patescibacteria were present in the microbiome recovery phase of mice treated 

with Pheroid®-based TB therapy. Figure 4-16 illustrates the relative abundance of phyla 

present in all samples. It was observed that samples from the infected reference group all had 

a higher abundance of Bacteriodota than Firmicutes. In contrast, all groups that were exposed 

to either therapy or Pheroid® compounds (standard and Pheroid®-based TB therapies and the 

Pheroid® carrier control) had a higher abundance Firmicutes throughout the exposure period 

and during microbiome recovery.  

The infected reference group, compared to the Pheroid® carrier controls, had a contrasting 

Firmicutes: Bacteroidota ratio, which remained relatively stable throughout infection, but 

fluctuated during exposure to the carrier control. A single sample at week four of infection from 

the infected reference group varied amongst the remaining samples within the group. It is 

possible that the sample did undergo contamination during collection or handling of the 

individual mouse. There were however no sufficient time or environment for such a 

contaminant to grow to detectable levels after collection. Interestingly, members of the phyla 

Proteobacteria emerged in this sample (Figure 4-16). In both the infected reference and 

Pheroid® carrier control, Desulfobacterota and Proteobacteria were present amongst all 

samples over time. However, Proteobacteria abundance remained relatively low throughout 

the exposure period with the carrier control. Actinobacteriota however increased over time of 

treatment and were noticeably high in abundance two months post treatment. Regardless of 

the trend observed in Figure 4-16, significant features were present among the untreated 

infected reference and the carrier control groups. During treatment with the carrier control 

(Weeks 1, 2, 3, 4, 8 & 12), the phylum Firmicutes was a significant feature (p=0.001). In 

contrast, Bacteroidota was significant to the untreated reference group throughout infection 
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(p=0.002). Furthermore, assuming the infected reference’s abundancies remained stable for 

weeks following infection, similar trends were observed between the infected reference and 

carrier control groups during the microbiome recovery. A significantly high abundance of 

Firmicutes (p=0.011) remained present during recovery of the microbiome treated with the 

Pheroid®-based carrier control (Weeks 16 & 20).  

Similar to exposure with the Pheroid® carrier control, treatment with both standard and 

Pheroid®-based TB therapies decreased the Bacteroidota: Firmicutes ratio, favouring the 

growth of members in the Firmicutes phylum. A significant feature of standard TB therapy on 

phylum level was the high abundance of Desulfobacteria, compared to Pheroid®-based 

treatment (p=0.036). During the microbiome recovery phases of the treatments, a significantly 

higher abundance of Patescibacteria were present in the caecum microbiome of mice treated 

with Pheroid®-based treatment (p=0.022). Higher abundance of Actinobacteriota was 

observed later in treatment with standard TB therapy. This high abundance of the phylum 

remained in the microbiome recovery phases. Furthermore, there was a decrease in 

abundance of members of Proteobacteria over time. Desulfobacterota had fluctuations in 

abundance throughout the standard treatment phase, however there was a noticeable 

decrease in the phylum during week three of treatment. An observable increase in 

Actinobacteriota at the end of the treatment phase (week 12) with Pheroid®-based therapy 

was noted, as opposed to earlier on with standard treatment. Lower abundance of 

Bacteroidota and higher abundance of Actinobacteriota were noticed in the microbiome 

recovery phases of the Pheroid®-based TB therapy compared to the standard treatment. 

Furthermore, as mentioned previously, abundance of Patescibacteria arose during 

microbiome recovery in samples of mice treated with Pheroid®-based TB therapy. 
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Figure 4-16 Microorganisms present in the caecum microbiome of each group (infected reference, Pheroid® carrier control, standard TB therapy and Pheroid®-based TB therapy) 

over time. Actual abundancies are presented on phylum level for each sample. The microbiome recovery phases of each treatment group are presented in blue boxes. No data is 

shown for week 24 (recovery phase) of the carrier control group due to mice becoming moribund during treatments. 

 

Infected reference Pheroid® carrier control Standard TB therapy Pheroid®-based TB therapy 
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4.3.4.2 Family 

A more in depth look at the abundancies of the caecum microbiome were examined on family 

level of classification. A total of 30 families have been identified amongst the infected reference 

and various treatment groups (Figure 4-17). A significant trend of change was observed 

between the infected reference group and the Pheroid® carrier control group (Figure 4-17). In 

contrast, no striking difference in abundance was observed between standard and Pheroid®-

based TB therapies over time.  

A significantly higher abundance of members from Lactobacillaceae were present in the 

Pheroid® carrier control compared to infected mice (p=0.019) (Figure 4-18 A). However, 

abundance within the group varied over time. Higher abundance of Lactobacillaceae were 

present during early stages of treatment (Week 2 & 3) and during microbiome recovery 

(Weeks 16 & 20). As for the infected reference group, Lactobacillaceae abundance remained 

low throughout infection of untreated mice. Furthermore, Oscillospiraceae (p=0.049); 

Streptococcaceae (p=0.029); and Monoglobaceae (p=0.011) were significantly higher in 

abundance in samples derived from mice treated with the Pheroid® carrier control (Figure 4-18 

A). Similar features were present during the microbiome recovery phases of samples from 

mice treated with the carrier control compared to the untreated mice. However, instead of the 

significant feature Oscillospiraceae during treatment, Sutterellaceae (p=0.019) were 

significantly abundant in samples recovering from treatment with the carrier control (Figure 

4-18 B). As previously described (see section 4.3.2.1), a decrease in diversity was found in a 

single sample from the infected reference animals. These low diversities proliferated the 

growth of some underlying members belonging to the Enterobacteriaceae (phylum: 

Proteobacteria); Erysipelatoclostridiaceae (phylum: Firmicutes); Tannerellaceae (phylum: 

Bacteriodota); and members of the Eubacterium coprostanoligenes group (phylum: 

Firmicutes). Furthermore, a complete depletion of Anaerovoracaceae (phylum: Firmicutes); 

and decrease in Lachnospiraceae (phylum: Firmicutes) was observed in this sample 

compared to the remaining samples within the group (Figure 4-17). Decreased diversity may 

contribute to the emergence of potential pathogens, hence the increase of 

Enterobacteriaceae. 

Similar to the changes in alpha diversity, Figure 4-17 also indicates that there is a diversity 

decrease in samples treated with Pheroid® carrier control, compared to untreated infected 

mice. During infection of the untreated mice, abundancies of Families Peptococcaecea 

(p<0.001); Christensenellaceae (p<0.001); Eubacterium coprostanoligenes group (p=0.036); 

Rikenellaceae (p=0.001); Prevotellacaea (p=0.001); and unknown families (p=0.007) were 
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significant features of the microbiomes (Figure 4-18 A). Unknown families’ highest form of 

classification was from the order Clostridia. As for significantly abundant families during the 

recovery phase, the significant features remained similar to those of the treatment phase 

(Figure 4-18 B). Differences were that Ruminococcaceae (p=0.033) and Tannerellaceae 

(p=0.019) were significantly higher in samples derived from the untreated, infected reference 

group (Figure 4-18 B). 

From the 30 families identified, only a few significant features are constant in samples derived 

from mice treated with standard TB therapy compared to Pheroid®-based TB therapy. The 

presence of Oscillospiracea and Desulfovivrionaceae were significant features during the 

treatment phase of standard TB therapy, where lower abundancies of members belonging to 

these families were present during Pheroid®-based treatment (p=0.043 & p=0.036, 

respectively). During microbiome recovery of the treatments, a significant feature for samples 

derived from mice treated with Pheroid®-based treatment, were members belonging to the 

family Saccharimonadaceae (p=0.022). 
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Figure 4-17 Microorganisms present in the caecum microbiome at the family level of classification. The microbiome recovery phase of each treatment is presented in a blue box. 

Actual abundance of each family is presented. 

 

Infected referencel Standard TB therapy Pheroid® carrier control Pheroid®-based TB therapy 
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Figure 4-18 LEfSe analysis between samples derived from the infected reference and Pheroid® carrier control, 

showing the differentially abundant families (A) during treatment with the carrier control and (B) during the recovery 

from exposure after treatment ceased. Taxa significantly more in either the infected reference or carrier controls 

are represented with blue or red bars, respectively. 
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4.3.4.3 Genus 

A total of 65 distinctive genera were identified from all groups (infected reference, Pheroid® 

carrier control, standard TB therapy & Pheroid®-based TB therapy). The different genera’s 

abundancies varied between all groups and over time as a result of the different treatment 

regimens (Figure 4-19).  

During treatment with the carrier control, significant features became obvious when comparing 

the treatment groups with the untreated infected group (Figure 4-20 A). A total of six significant 

features were present in samples derived from treated mice, whereas eight were significantly 

more abundant in infected references.  

i. Significant features in the treatment phase of the carrier controls were the genera 

Lactobacillus (p=0.019), A2 (Lachnospiraceae bacterium) (p=0.001), Colidextribacter 

(p=0.015), Lachnospiraceae UCG 006 (p=0.001), Streptococcus (p=0.030), and 

Monoglobus (p=0.007).  

ii. In contrast, higher abundancies of the family XIII AD3011 group (Anaerovoraceae) 

(p=0.008), Christensenellaceae R7 group (p<0.001), Sellimonas (p=0.040), ASF356 

(Lachnospiraceae) (p=0.004), Ruminococcus (p=0.043), Eubacterium fissicatena 

group (p=0.013), Alistipes (p<0.001) and Alloprevotella (p=0.001) were present in the 

infected references that did not undergo any treatment. Furthermore, the sample that 

was an outlier from the clustered infected reference group (C-C-W4-1 in Figure 4-8, 

section 4.3.3) had high abundance of the Escherichia/Shingella taxa (phylum 

Proteobacteria).  

iii. During recovery of the microbiome from the carrier control treatment, significant 

features remained similar to those during treatment. Colidextribacter and 

Lachnospiraceae UCG 006 did not have significantly different abundant features 

between the untreated, infected references and the microbiome recovery phase of the 

carrier control treated samples. However, significant features of Parasutterella arose 

during microbiome recovery (p=0.019) Figure 4-20 B). Furthermore, Bilophila 

(p=0.023) and Parabacteroides (p=0.019) were significant features between samples 

in the infected, untreated reference samples compared to recovering samples (Figure 

4-20 B).  

During the treatment phases of standard versus Pheroid®-based TB therapy, Faecalitalea 

(p=0.05) and Colidextribacter (p=0.036) were significant features in samples treated with 

standard treatment. More significant features were present during microbiome recovery 

phases of the respective treatments. A higher abundance of genera labelled A2 
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(Lachnospiraceae bacterium) and Candidatus-Saccharimonas (p=0.037 & p=0.022) were 

present in samples recovering from Pheroid®-based treatment. However, a larger diversity 

was significantly featured in samples recovering from standard treatment. These genera 

included NK4A214 group (Lachnospiraceae) (p=0.022), Bilophila (p=0.037), Rikenellaceae 

RC9 gut group (p=0.030) and Alistipes (p=0.037) (Figure 4-21). 

 



 

129 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-19 Relative abundance of microorganisms present in the caecum of each sample on the genus level of classification. The microbiome recovery phases of each treatment 

group are presented in blue boxes.

Infected reference Standard TB therapy Pheroid® carrier control Pheroid®-based TB therapy 
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Figure 4-20 LEfSe comparisons illustrating genera that are significantly different between the infected references and 

Pheroid® carrier controls during (A) treatment with the carrier control (Weeks 1-12) and (B) during the microbiome 

recovery phases after exposure with the carrier control is ceased (Weeks 16 & 20).  

A 

B 

Infected reference 
Pheroid® carrier control 

 

Infected reference 
Pheroid® carrier control 
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Figure 4-21 Analysis with LEfSe comparing genera that are significantly different between samples recovering from TB 

therapies. Comparisons were between samples derived from mice treated with standard treatment versus Pheroid®-

based treatment (Weeks 1-12). 

 

4.4 Discussion 

In the study, distinctive differences in microbial structure was observed between infected 

reference samples and samples that were treated with the Pheroid® carrier control, and standard 

and Pheroid®-based TB treatments. Since no healthy controls were available for microbial 

analysis, composition of the microbiome from infected references was used as a reference point 

to determine the impact the treatments have on the microbiome structure. Namasivayam et al. 

(2017) and Hu et al. (2019) found that infection only caused minor changes in microbiome 

structure. Additionally, longitudinal changes in the murine mouse model were significantly 

different only at week 12 of infection (Namasivayam et al., 2017). In the present study, similar 

findings were observed where there were no significant differences in diversity within each sample 

of the infected references over time.  

There are several limitations in determining an appropriate model for TB research. A limiting factor 

in mice is their inter-individual variations, affecting results in repetitive methods (Zhan et al., 2017). 

We found that there were trends of diversity differences between two samples collected at the 

same timepoint, in the same group. Inter-individual differences in microbial composition from the 

same mouse strain is regarded as a normal occurrence (Kostic et al., 2013). This was particularly 

remarkable in the infected reference group, where a drastic difference in OTU counts were 

Pheroid®-based TB therapy 
Standard TB therapy 
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noticed. A much lower diversity was present in one replicate, compared to the other at the same 

period of infection. A decrease in microbial diversity favours the growth of potential pathogens in 

the microbiome, mainly represented by members of Enterobacteriaceae (Ribeiro et al., 2020). We 

found that particularly taxa of Escherichia/Shigella emerged during this point of treatment within 

the replicate. The aforementioned taxa are well known enteric pathogens that cause gastro-

intestinal infection (Castaño-Rodríguez et al., 2018). Tirelle et al. (2020) found that exposure to a 

mixture of potent antibiotics caused a proliferation of specific usually less abundant taxa. 

However, proliferation due to decreased diversity is suggested to be caused by another external 

factor, since the infected references did not undergo any sort of treatment or exposure to 

compounds. Inter-individual variation and different responses to disease progression, including 

loss of appetite and stress, are expected to influence variance of diversity richness and 

distribution of the microbiome within each sample (Lanoix et al., 2015; Zhan et al., 2017; Ribeiro 

et al., 2020). Therefore, this finding may suggest that TB infection does play a role in microbial 

alterations in the gut in this particular mouse model.  

It was previously demonstrated that administration of antibiotics causes dysbiosis of the gastro-

intestinal microbiome in humans and in mouse models (Sullivan et al., 2001; Jin et al., 2016; Liu 

et al., 2020). The effect of TB and subsequently administered TB therapy on the gastro-intestinal 

microbiome are gaining a growing level of attention, and have been studied in both animal models 

and in clinical settings (Namasivayam et al., 2017; Wipperman et al., 2017; Maji et al., 2018; Hu 

et al., 2019; Khan et al., 2019). At the time of writing, there have been a few similar studies 

evaluating the impact of TB therapy in an animal model for comparison to previous studies. 

Furthermore, no study has been conducted in which the effect of first-line TB drugs administered 

using alternative delivery systems, such as the Pheroid® technology, has been explored. In one 

previous study, the administration of encapsulated drugs with a nano-drug carrier does seem alter 

the composition of the microbiome (Song et al., 2015). However, similar findings were noted with 

the free form chemotherapeutic drugs, indicating that the mode of delivery were not particularly 

the cause of dysbiosis, but the therapy itself. Further, the impact of Pheroid® carriers on the 

microbiome has not been examined previously. Evaluating the impact of Pheroid® carriers on the 

microbiome in an animal model is of importance to give an indication of potential effect on the 

human microbiome structure. Previously, efficacy of both therapies showed no significant 

difference in reduction of CFU counts in the lungs when comparing standard and Pheroid®-based 

TB therapies (van der Merwe, 2019; Annexure D) during the initial phase of treatment. Similarly, 

our results showed no significant difference in diversity abundance of the gastro-intestinal 

microbiome between mice treated with standard and the novel formulation (Pheroid®-based TB 
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therapy). Furthermore, the CFUs of Mtb determined were not null after either course of treatment 

(van der Merwe, 2019; Annexure D). In the carrier control, taxa decreased compared to the 

infected references; however, members from mainly Clostridia were significantly higher in 

samples during treatment with the carrier control. Additionally, Bacillus taxa were in high 

abundance as well. High levels of Firmicutes abundance are mainly associated with consumption 

of a fatty diet that subsequently led to obesity in humans and mice (Sun et al.,2020). Prevalence 

of these taxa remained high during microbiome recovery, though Parasutterella emerged during 

this phase, indicating recolonization of commensal microbiota when the treatment with the 

alternative approach ceased (Ju et al., 2019). It was recently suggested that the gastro-intestinal 

bacterial composition plays a crucial role in the homeostasis of various metabolisms, including 

lipid metabolism (Matey-Hernandez et al., 2017). The presence of short chain fatty acid (SCFA) 

and conjugated linoleic acid (CLA) producers, and bile acids in the gastro-intestinal tract aid in 

the homeostasis of lipid levels. CLA producers include Lactobacillus, a significantly proliferated 

genus amongst mice treated with the Pheroid® carrier control, which act on omega-3 

polysaturated fatty acids (PUFAs). Furthermore, CLAs may promote higher levels of SCFA 

producers and play a beneficial role in lipid metabolism. 

In the present study, there were, however, significant differences of microbiome composition 

between the infected reference and the treatments. Similar to studies conducted by 

Namasivayam et al. (2017) and Khan et al. (2019), our results showed a rapid decrease in 

microbial diversity at onset of treatment, which rebounds, but does not recover, with fluctuations 

in diversity during weeks following treatment. Furthermore, we found that the effect of TB 

therapies on the microbiome persists at least three months after treatment was terminated. Similar 

trends were found by Namasivayam et al. (2017) in mice and Wipperman et al. (2017) in humans 

where dysbiosis lasted for three months in mice, but up to over a year in humans. A striking 

difference between recovery phases from the treatments were the significantly increased 

abundance of unique taxa in Pheroid®-based treated samples (i.e. members of the phyla 

Patescibacteria). An opposite occurrence was found by Wang et al., (2020) where Patescibacteria 

were present during treatment of MDR-TB patients and declined after treatment was terminated. 

The role of the Patescibacteria in the mouse gut is unclear. However, Feng et al., (2020) found 

that co-administration of a digestive supplement, sheng-ling-bai-zhu-san (SLBZS), with 

pneumonia treatment increased abundancies of Patescibacteria, but decreased after treatment. 

The authors further concluded that the treatment decreases inflammation caused by 

Streptococcus pneumoniae induced pneumonia. Additionally, increased abundance of 

Saccharimonadaceae, a significant feature in microbiome abundance recovering from the novel 
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treatment, was related to elevated immune function in a study conducted by Zhao et al. (2020). 

Our results may thus suggest a possible positive treatment outcome after administration of 

Pheroid®-based TB therapy, favouring growth of immunomodulators after treatment with Mtb still 

present in the lungs (Annexure D).  

By linking results obtained in the companion study by van der Merwe (2019), it was noted that the 

Pheroid® carrier control did not result in a reduction of Mtb CFUs in the lung samples of mice. 

However, the survival rate of the mice were higher than that of the infected references that did 

not undergo treatment (please see Sampling in section 4.2). Interestingly, there was no increase 

in CFU counts of samples from the carrier control, but a relatively stable count throughout 

treatment and during the microbiome recovery (van der Merwe, 2019; Annexure D). According to 

Winglee et al. (2014) infected Balb/c mice survived for at least 89 days post infection, whereas 

the Kramnik mice in the companion study survived up until week 8 (day 56) of infection. These 

observations indicate a lower survival rate of Kramnik mice compared to Balb/c mice. Balb/c mice 

as model for TB studies are therefore not considered to be ideal, since the mice do not form 

granulomas as result to infection and haven’t endured the disease.  

To address the survival of TB infected mice treated with the Pheroid® carrier control, the 

composition of the formulation should be considered. The oil in the Pheroid® formulation may be 

seen as a fatty component in diet, especially since treatment was administered daily. With this in 

mind, Arias et al. (2019) found that high fat diets in Kramnik mice provoke an inflammatory 

response, causing a more rapid progression towards TB disease prior to treatment. A reduced 

Firmicutes/Bacteroidota ratio within the microbiome was suggested to be the cause of disease 

progression (Arias et al., 2019). According to Liu et al. (2012), omega-3 PUFAs reduce the 

proportion of Bacteriodota present in the microbiome, though not to the extent saturated fatty 

acids do. Similar to these findings, reductions in Bacteroidota were noticed amongst samples 

treated with the Pheroid® carrier control, compared to the infected reference. Despite the 

progression of the TB disease when consuming a fatty diet before treatment is administered, an 

increase in survival rate was noted in Kramnik mice which developed natural immunity after TB 

therapy was terminated (Arias et al., 2019). Contrarily, mice that were on a normal diet, had a 

lower survival rate after being infected again and natural immunity was developed post treatment. 

Our results may suggest that the administration of selective Pheroid® carriers, such as mycolic 

acid and increased eicosapentaenoic acid, had a positive impact on the survival rate of mice and 

not necessarily the clearance of Mtb, despite its fatty composition. Inhibition of Mtb in the lungs 

are known to be associated with the secretion of tumour necrosis factor alpha (TNF- α), however 

it was previously shown that the administration of eicosapentaenoic acid (EPA) decreases 
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secretion of the cytokine, which is known to play a role in defence against intracellular pathogens 

(Flesch et al., 1994; Jordoa et al., 2008; Nienaber et al., 2020). Nienaber et al. (2020) suggest 

that the supplementation with long chain polyunsaturated fatty acids EPA combined with 

docosahexaenoic acid (DHA) may have a supporting effect on the resolution of inflammation in 

the lungs without influencing host immunity. The presence of Mtb in the lungs of these mice after 

exposure to the carrier control may possibly be the cause of morbidity due to disease progression 

of mice after the second month of recovery, given the persistent dysbiosis of the microbiome after 

treatment is ceased. Some microbial taxa are positively or negatively associated with immune 

responses (Zhao et al., 2020). Though some significantly featured taxa in the infected reference 

are positively correlated to immune response, more so were present in the Pheroid® carrier control 

during treatment and recovery. 

4.5 Conclusion 

This study was the first to examine the impact of TB therapy on the microbiome using an 

alternative drug delivery system. By employing a mouse model frequently used in TB research, 

environmental factors that may influence microbial variation between samples were controlled to 

best extent. Furthermore, findings suggest that dysbiosis caused by the novel TB therapy 

formulation does not differ from that of standard TB-treatment in terms of changes in alpha and 

beta diversity overall and over time. However, the alternative drug delivery approach did result in 

proliferation of immunomodulating taxa post treatment, compared to standard treatment. Finally, 

Pheroid®-based treatment does not have any adverse effects on alpha and beta diversity changes 

in the microbiome, compared to standard therapy. Findings suggest that even though Pheroid® 

technology does not improve the state of the microbiome during the course of treatment, 

promising trends in proliferation of immunomodulating bacteria during microbiome recovery arise.  

4.6 Data availability 

Amplicon sequencing was performed with Illumina MiSeq platform (Illumina, US). Paired reads 

were combined into single reads and data has been uploaded onto the database of the National 

Centre for Biotechnology Information (NCBI) Sequence Read Archive (SRA). Data can be found 

under accession number PRJNA677846. 
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Chapter 5 Summary and recommendations 

5.1 Introduction 

In order to end the global tuberculosis (TB) pandemic, cases of active and latent TB have to be 

treated and cured to prevent further spread of the disease. However, the use of TB therapy has 

a well-known effect on the gastro-intestinal microbiome. Administration of these drugs cause 

severe dysbiosis of the gastro-intestinal microbiome. Dysbiosis is proven to proceed in the gastro-

intestinal environment long after treatment ceased. An altered gastro-intestinal microbiome paves 

the way for other diseases and proliferation of potential pathogens that exist in the gastro-

intestinal environment. Therefore, the possibility of using an alternative targeted drug delivery 

system raises the question of whether dysbiosis may occur to a lesser extent than when applying 

standard drug regimens. In addition to this, new methods to study the effect of TB and TB 

treatment on the microbiome are needed to successfully characterize the microbiome. New 

methods for microbiome analysis include the selection of an appropriate DNA extraction method 

to quantify all bacterial species present within the particular environment.  

The general aims of the study were to examine the shifts in the gastro-intestinal microbiome from 

caecum samples during standard and Pheroid®-based TB therapy in the Kramnik (C3HeB/FeJ) 

mouse model; and to evaluate the potential role of Pheroid®-based TB therapy for improved 

treatment outcome. 

The objectives of this study were as follows: 

i. To evaluate the NWU cell lysis method as preferential tool for downstream gut 

microbiome analysis;  

ii. to evaluate changes in the gastro-intestinal microbiome of C3HeB/FeJ mice infected 

with the H37Rv Mycobacterium tuberculosis (Mtb) strain during treatment with courses 

of both standard and Pheroid®-based TB therapies, using 16S amplicon sequencing;  

iii. to compare the changes during treatment with already available colony forming unit 

(CFU) data; and 

iv. to determine whether the microbiome plays a role in improved treatment outcome. 
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5.2 Summary of study design, execution and results 

Even though the study design was not ideal in terms of sample size, some solid conclusions were 

drawn based on data obtained from available samples. In view of the limited published literature 

available, the present study was an investigative pilot study only with a limited sample size and 

suitable for an MSc degree. The extent of the study was also determined by the samples 

available. Furthermore, samples were selected to best compare timepoints from the previously 

study (van der Merwe, 2019) from where the samples originated. Additionally, cytokines were not 

tested to evaluate immunological response, since only caecum samples were available to for 

present study.  

5.2.1 Objective i 

The first objective was addressed and is outlined in chapter 3, where different DNA extraction 

protocols were evaluated with subsequent investigation of the NWU cell lysis method. It was found 

that extraction methods consisting of a bead beating and chemical lysis step, and a spin column 

DNA binding step successfully extracted microbial DNA from caecum samples. Furthermore, no 

significant difference was found between commercial extraction kits and the NWU cell lysis 

method, indicating that the method is a possible tool for downstream microbial analysis with short-

read sequencing techniques, such as 16S amplicon sequencing. However, inter-individual 

variation between similar samples was present, raising possible limitations for future studies. 

5.2.2 Objective ii 

To address objective number ii, microbial analysis of mouse caecum samples was performed 

over time and results are outlined in chapter 4. The study aimed to determine changes in the 

microbiome during Pheroid®-based TB therapy and whether it had an impact on treatment 

outcome. Results indicated that there were no statistically significant differences in alpha and beta 

diversity measurements between standard and Pheroid®-based TB therapies. However, during 

the microbiome recovery phase, there was a proliferation of the phylum Patescibacteria, which 

was previously found to be associated with a decrease in inflammation caused by pneumonia. 

Despite non-significant changes between therapies with active pharmaceutical compounds 

(APIs), There was an interesting difference between samples from the infected reference group 

that acted as baseline and the Pheroid® carrier control group (Pheroid® compounds without APIs). 

These differences were the result of a small, though not significant, decrease in diversity amongst 

samples treated with the carrier control. Some taxa proliferated during treatment with the carrier 

control, despite decreased diversity. The Firmicutes: Bacteroidota ratio in the microbiome of mice 
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treated with the carrier control were significantly increased compared to the infected reference. 

More particularly a high abundance of Lactobacillus, known to play a role in lipid metabolism, was 

present in the microbiomes of mice treated with the carrier control. 

5.2.3 Objective iii 

Objective iii was addressed by comparing results obtained by achieving objective ii with already 

available CFU data (van der Merwe, 2019; Annexure D). Results are also outlined in chapter 4. 

CFU data of Mtb in the lungs between mice that were treated with either standard or Pheroid®-

based TB therapy showed no significant differences after treatment (van der Merwe, 2019). This 

data supports the results obtained where there were no significant differences found in 

microbiome diversity between the treatment groups. Furthermore, decreased diversity in the 

microbiome amongst mice treated with the Pheroid® carrier control made way for proliferation of 

underlying bacteria that was suggested to increase the survival rate of the mice, since there was 

no decrease in CFUs of Mtb in the lungs. 

5.2.4 Objective iv 

To address the last objective, analysis of significantly abundant taxa between experimental 

groups indicated that taxa in the microbiome of samples treated with Pheroid®-based TB therapy 

were positively correlated to immune response and may serve as immunomodulators in the 

gastro-intestinal environment (please refer to section 4.3.4.3 and 4.4). This may suggest that 

Pheroid®-based treatments do not necessarily improve the state of the microbiome during 

treatment, but it may have potential to modulate immune responses to Mtb still present in the 

lungs, since the mice were not cured from TB after treatment was ceased. 

In addition, the present study introduced the effect of TB therapy on the microbiome of a specific 

mouse strain – C3HeB/FeJ (Kramnik). Similar results were obtained in terms of decreases in 

decreases during treatment compared to studies done in C57BL/6 mouse strains (Namasivayam 

et al., 2017; Kahn et al., 2019). Diversity changes between healthy and infected mice were 

disregarded due to evidence in a previous mouse study, where only minor changes in diversity 

were caused by TB infection (Namasivayam et al., 2017). The inter-individual differences 

associated with different response during the disease in the present study suggested that Mtb 

infection does have an impact on microbiome composition and structure in the Kramnik mouse 

model. Therefore, the Mtb infected mice served as a reference baseline. Similarly, Winglee et al. 

(2014) found that infection did however cause differences in diversity in another mouse strain – 
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Balb/c. Given the humanized properties of C3HeB/FeJ, it is suggested that there may be changes 

in microbial diversity between healthy mice and infected mice. Moreover, evidence of inter-

individual differences amongst samples in the mouse model were present. Beta diversity analysis 

did however indicate that infected mice were clustered closer together, which suggests that the 

mice have similar responses to infection. The survival rates of infected mice raise a limitation for 

the use of the model in TB studies, due to the mice becoming moribund early on with infection. 

5.3 Study limitations and recommendations 

During completion of the study, various study limitations and recommendations to rectify the 

limitations in future studies were identified. Limitations included: 

I. Sample size 

Sample size is crucial when comparing results statistically. It is recommended that the sample 

size should include at least five mice per timepoint. By increasing sample size, beta diversity 

changes between groups at specific timepoints will be made clear. Additionally, inter-individual 

differences between mice were evident throughout the study, e.g., a difference in the microbial 

composition from two mice sacrificed from the same groups at the same time. The availability of 

only one sample of caecum per animal limits confidence due to inter-individual variability of mice. 

It is therefore recommended that a larger cohort of samples that will allow an averaged outcome 

should be investigated to overcome variability.  

II. Exclusion of an uninfected group 

The difference in microbiome structure between healthy and Mtb infected C3HeB/FeJ mice 

remains unknown. The microbiome structure of infected mice has been studied in the present 

study; however, it could not be compared to healthy mice of the same strain. It is therefore 

recommended that diversity in the microbiomes of both healthy and infected mice under the same 

environmental conditions should be determined in future studies, to prove whether infection does 

indeed affect microbial composition of the specific strain. The inclusion of an uninfected group 

might also aid in understanding inter-individual variation and whether it is subjected to disease 

response. 

5.4 Future prospects 

Results generated from the present study paves the way for future studies. It is therefore 

recommended that the following should be investigated: 
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I. Possible immune support function of Pheroid®-based TB therapy in the host and whether 

it is linked to the gastro-intestinal microbiome. 

Though there were no statistically significant differences in microbiome diversity (alpha and beta 

diversity changes) between standard and Pheroid®-based treatments, animals that were exposed 

to the Pheroid® carrier control survived longer than the infected mice, despite the presence of Mtb 

CFUs in the lungs (van der Merwe, 2019; Annexure D). The reason for the increased survival rate 

is unknown, though it is suggested that it is due to the possible immune support function of the 

Pheroid® compounds. In order to investigate this potential function and the immune response 

during treatment, it may be of interest to determine whether the formulation has a possible effect. 

This can be achieved by measuring the production of immune-related cytokines in the blood, as 

described by Zhao et al. (2020), and comparing it to taxa associated with immunity in the gastro-

intestinal microbiome. 

The use of an alternative animal model to determine efficacy of TB treatment and the effect 

thereof on the gastro-intestinal microbiome. Similar formulations to that used in the present study 

should be evaluated in different models. Since the Kramnik mice were not cured after treatment 

ceased, it would be of interest to examine the efficacy of treatment on another animal model. A 

frequently used mouse model for TB infection, treatment and the microbiome is C57BL/6 mice 

(Namasivayam et al., 2017; Khan et al., 2019). Mouse models are convenient models, but the 

use of these models is not the most appropriate since frequently used models such as C57BL/6 

mice do not mimic the pathology of the human disease. Animal models such as guinea pigs and 

non-human primates are particularly useful in TB research, where the disease in non-human 

primates have most in common with that found in humans, although ethical approval for studies 

in non-human primates may be difficult to obtain (Dharmadhikari & Nardell, et al., 2008). The 

efficacy of the TB treatments in these models will therefore give a more accurate representation 

to that in humans. The animals should be exposed to treatment for a longer period and reflect the 

drug regimen as in humans (intensive phase for two months and continuation phase for a further 

four months). Furthermore, the follow up phase after treatment is ceased should continue for at 

least six months. In addition to efficacy studies in alternative animal models, the examination of 

changes in the microbiome in these models raises questions. This includes whether it has the 

same effect on microbiome diversity, whether the variability between individual mice is lesser in 

extent than in Kramnik mice, whether the microbiome rebounds after treatment is stopped and 

whether microbiome recovery is complete and how long does it take for complete recovery. There 

was a significant increase in diversity from animals over the period of treatment, and from animals 

in the recovery phase. Apart from alternative animal models, it is recommended that monitoring 
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of the Kramnik mice after three months in recovery should be included to determine whether the 

microbiome recovers fully. 

II. Clinical trial with increased treatment period of the various TB treatments. 

Aside from animal models that portray the human response to TB therapy, a clinical trial in 

humans, by employing similar formulations of TB therapy used in the present study, can be 

considered as a future prospective for microbiome research. Although mice in the present study 

were not cured of the disease, the CFU counts did decrease during the course of therapy (van 

der Merwe; Annexure D). Currently, standard first-line TB treatment does require a course of 

drugs over a long period of time, where treatment of the prospective study only consisted of 

treatment for 12 weeks (three months). However, all four of the first-line drugs were administered 

for the entire period in a fixed dose combination in the animal model. In humans, the standard TB 

treatment regimen consists of an intensive and continuation phase. The initial intensive phase is 

the administration of all four drugs for two months where rifampin and isoniazid are administered 

for a following four months in the continuation phase. With an extended treatment period and 

incorporating the standard regimen in humans, a clinical trial would benefit in understanding the 

effects of TB and these treatments on the human gastro-intestinal microbiome, together with the 

immunological response of the human gut. 
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Annexure C Supplementary figures associated with manuscript (Chapter 3) 

 

Supplementary figure 1: Principal coordinates analysis based on Bray–Curtis distances of samples extracted by various methods for selected clinical sputum sample (A) and 

representative gut sample (B). Samples that are more similar to one another are ordinated closer together. 
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Supplementary figure 2: Lyses micro tube (LMT). 

 

Supplementary figure 3: NWU automated lyser device. 
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Annexure D Colony forming units (CFUs) of Mycobacterium 
tuberculosis (Mtb) in the lungs of C3HeB/FeJ mice during and 
after TB therapies (van der Merwe, 2019) 

 

Figure 1 Extracted from van der Merwe (2019), the average lung CFU/gram sample (log10) at different timepoints 

during the treatment phase. The positive control (blue) was renamed to standard TB therapy; carrier control (red) was 

renamed to Pheroid® carrier control; test formulation (green) was renamed to Pheroid® based TB therapy; and the 

negative control (purple) was renamed to infected reference. Images were extracted with permission from the author. 
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Figure 2 Extracted from van der Merwe (2019), the average lung CFU/gram sample (log10) at different timepoints 

during the follow up phase, renamed to microbiome recovery phase. The positive control (blue) was renamed to 

standard TB therapy; carrier control (red) was renamed to Pheroid® carrier control; test formulation (green) was 

renamed to Pheroid® based TB therapy; and the negative control (purple) was renamed to infected reference. Images 

were extracted with permission from the author 
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