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Abstract 

Tuberculosis (TB), an airborne disease and one of the top 10 causes of death globally, is caused 

by Mycobacterium tuberculosis (Mtb). Current standard therapy for TB treatment includes 

multiple drugs for a period of at least 6 months. The long therapy duration is to sterilize a small 

sub-population of drug-tolerant bacteria, a characteristic related to biofilm formation, which 

otherwise responsible for disease relapse. On the other hand, because of such a long treatment 

period, patient adherence to therapy becomes difficult, which results in the emergence of 

multidrug-resistant (MDR) or, in worst cases, extensively drug-resistant (XDR)-TB. TB is 

primarily a disease of lungs and alveolar macrophages are one of the first host cell types to 

encounter Mtb following aerosol transmission. A well-established role of macrophages in 

immune defense is phagocytosis, but recent studies also demonstrated that upon interaction 

with large aggregates of microbes or cord-forming mycobacterial species, macrophages could 

produce extracellular traps known as macrophage extracellular traps (METs). METs have a 

DNA backbone with embeds histones and could trap a wide range of microorganisms, but may 

or may not be able to kill them. Natural products are always a promising starting point for drug 

discovery because of their wide range of activity. A large number of world’s population is still 

using extracts from different parts of plants as the primary source of medicines against diseases 

including TB. Today much effort is being invested by academia in screening campaigns that 

allows for fast discovery of new active compounds. Thanks to the use of automated technology 

such as automated microscopy or automated image analysis (known as high content screening, 

HCS) phenotypic drug discovery has become easier to perform. Therefore, the identification 

of highly effective compounds to combat infectious diseases like TB can be facilitated by the 

use of host-pathogen assays at the early stages of drug screening studies.  

This thesis describes the characterization and antibiotic sensitivity of different 

phenotypes of Mtb namely planktonic, cord-forming and biofilm-producing phenotypes that 

arise due to different culture conditions. The culture of Mtb with a high percentage of a 

detergent (Tween-80) and standing condition promoted planktonic phenotype while a culture 

with a low amount of Tween-80 and more aeration due to shaking promoted cording and 

biofilm phenotypes. Primary human macrophages upon interaction with the shaken culture of 

wild-type Mtb died by releasing METs. Whereas, the shaken cultures of early secreted 

antigenic target-6 (ESAT-6), an important virulence factor of Mtb, deletion mutant strain could 

not induce MET formation showing that the cord formation is related to virulence. Moreover, 

the biofilm phenotype of Mtb is more tolerant to two first-line antibiotics isoniazid (INH) and 

rifampicin (RIF) as compared to cording and planktonic phenotypes which demand a search of 

more effective TB therapy. A screening campaign based on a whole-cell assay using different 

ethanolic crude extracts of many African plants lead to the discovery of a hit, i.e., a chloroform 

fraction of Khaya senegalensis bark, which showed non-significant inhibition of intracellular 

growth of a virulent strain of Mtb was selected for further purification and evaluation. Lastly, 

we have also developed and validated an HCS assay to explore new compounds against 

intracellular Mtb in human macrophages. INH and RIF, which were found most effective in 



 

2 
 

our system were used in a combination as a positive control to calculate a Z’ factor value, which 

confirmed our assay to be suitable for HCS.   

In conclusion, this thesis not only highlights the biology of TB infection, but also 

discusses the development of a pathophysiologically relevant assay that can be used in the 

identification of novel compound(s) that has either direct anti-mycobacterial activity 

(antibiotic), acts by stimulating the host cell immune mechanisms (immunomodulator) or acts 

by counteracting virulence factors (virulence blocker).  
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Populärvetenskaplig Sammanfattning 

Tuberkulos (TB) är en luftburen lungsjukdom som orsakas av Mycobacterium tuberculosis 

(Mtb), och är en av de 10 främsta dödsorsakerna i världen idag. Nuvarande behandling av TB 

innebär minst 6 månaders kur med flera olika antibiotikum. Det som försvårar behandlingen är 

speciella egenskaper hos Mtb, som att de växer långsamt, kan bilda biofilmer, samt kan växa i 

långa trådlika formationer. Men olika resistenta infektioner förekommer också, vilket 

ytterligare försvårar eller omöjliggör lyckad behandling. Immunceller i lungan, framförallt 

makrofager, tar upp Mtb när den kommer ner i lungan. En nyligen upptäckt funktion hos dessa 

makrofager är att de kan skicka ut nät som bland annat består av DNA. Dessa nät (som kallas 

METs) kan fånga upp bakterier som befinner sig utanför cellerna, men även döda bakterierna 

i vissa fall. När Mtb växer i trådlika formationer får makrofagerna svårare att ta upp bakterierna 

och istället kastar de ut METs för att försvara sig.  

Det finns ett stort behov av nya läkemedel och antibiotika för att effektivare kunna 

behandla TB. Naturprodukter har historiskt varit en källa för nya läkemedelsupptäckter, och 

med dagens teknologi kan automatiserade screening av extrakt från växter användas för att 

snabbt hitta aktiva substanser. Det finns olika screening teknologier och automatiserade 

bildanalyser, men oftast tar man inte hänsyn till substansernas effekt inne i humana celler. 

Eftersom Mtb är en bakterie som gärna gömmer sig inne i människans makrofager är det ytterst 

relevant att använda sig av metoder som även studerar bakterier inne i celler och hur cellernas 

funktion påverkas. 

I min avhandling har jag beskrivit olika fenotyper av Mtb, nämligen encelliga, trådlika 

och biofilmer. De olika fenotyperna beror på den miljö som bakteriekulturerna odlas i. Jag 

kunde visa att Mtb som växer i trådlika formationer påverkade de humana cellerna annorlunda 

och gjorde att de kastade ut METs som en försvarsmekanism. Jag visar också att de olika 

fenotyperna får en ändrad antibiotika-känslighet. Bakterierna som växer i biofilm visade sig 

vara mer toleranta mot de två primära antibiotikumen för behandling av TB, isoniazid (INH) 

och rifampicin (RIF), än de trådlika och encelliga. Jag genomförde en screening av olika 

växtextrakt från Sudan där jag studerade deras effekt att hämma tillväxt av Mtb i humana 

makrofager. Vi fann en kloroform-fraktion av barken från Khaya senegalensis som visade god 

effekt och som möjligtvis skulle kunna utvecklas till ett nytt TB läkemedel. Jag gick sedan 

vidare och utvecklade en metod för högkapacitets-screening som bygger på bildanalys för att 

screena en mängd olika substanser med hänsyn till deras effekt på att avdöda Mtb inne i humana 

celler. Denna metod är högst relevant för att kunna upptäcka nya substanser som kan användas 

i behandling av TB.  
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ManLAM mannose-capped LAM 

MDMs                  monocyte-derived macrophages  

MDR  multidrug-resistant  

METs  macrophage extracellular traps  

MOX moxifloxacin  



 

6 
 

MR  mannose receptor  
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vATPase  vacuolar H+-ATPase  

WHO  World Health Organization  

XDR  extensively drug-resistant 
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A Brief History 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb, has existed for millennia and 
remains one of the major causes of human suffering and death. TB which was long considered 
as an inherited disease was first revealed as an infection in 1882 by a German microbiologist 
Robert Koch, who isolated the causative agent by using methylene blue staining [1]. TB has 
plagued humankind throughout recorded and archaeological history, claiming more lives than 
any other infectious agent [2]. The age of Mtb has been estimated to be more than 150 million 
years old while the common ancestor of Mycobacterium tuberculosis complex (MTBC) 
occurred roughly 15,000 to 20,000 years ago [2]. Evidence for TB has been found in Egyptian 
mummies from the pre-dynastic era, as revealed by Pott’s lesions, skeletal changes in the spine, 
a typical characteristic associated with TB. Early Egyptian arts also carries witness of TB, but 
there is no written evidence of TB lesions in Egyptian papyri. Rather, the first description was 
found in India and China showing the migration of humans carrying the disease [2,3]. Historical 
texts also showed that this prevalent disease was recognized by different names in different 
times, such as “phthisis” or “consumption” by Hippocrates and “Scrofula” in the European in 
middle ages. The name “King’s Evil” in England and France refers to the idea that the disease 
can only be cured by a Royal touch [4]. As Mtb is an obligate pathogen with no environmental 
reservoir, its persistence is related to the density of human population. In the 18th century, TB 
had dramatically increased in North America and Europe because of poor socioeconomic 
conditions and industrial revolution and was known as “robber of youth” affecting mostly 
young adults and later by much-feared name “white plaque” as it was responsible for the death 
of one-fourth of all adults in Europe [5]. But then a major reversal occurred in the lifestyle of 
the European population, which shifted towards improved social conditions (housing, nutrition 
and income) and nature adaptation, also decreasing the TB-associated death tolls. Furthermore, 
isolation of TB patients in sanatoria, where the patients were treated with rest, healthy nutrition 
and exposure of sunlight, further decreased the number of TB cases in the 19th and 20th century 
[5]. The reduction in TB incidence became more rapid following the introduction of 
antimicrobial drugs such as Streptomycin (SM, the first antibiotic against TB discovered in 
1943), Isoniazid (INH, 1952) and rifampicin (RIF, 1963) [5]. With the advent of effective 
chemotherapy in the mid-1950s, the sanatoria began to close as hospital care no longer was 
required. A study performed in Madras showed no difference in clinical outcome among the 
patients who were sent to a sanatorium or took treatment at home [6]. Nowadays, TB is still a 
major health problem and one of the reasons is that Mtb  continues to evolve resistance to drugs 
and therefore a combined strategy is needed based on improving drug treatment, diagnostic 
instrument and prevention strategy in order to eradicate TB till 2030 as committed by World 
Health Organization (WHO) known as “the TB End Strategy” [7].  

Epidemiology 

TB is still today a global epidemic and one of the top ten causes of mortality worldwide. WHO 
estimated 1.3 million TB deaths globally in 2017 and an additional 0.5 million deaths among 
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people with TB/HIV (human immunodeficiency virus) coinfection [7]. TB epidemiology is 

heterogeneously distributed worldwide with great prevalence in the densely populated 

developing countries. Six countries were accounted for 60% of these new cases namely; India, 

Indonesia, China, Nigeria, Philippines, Pakistan and South Africa. TB is a poverty-related 

disease which disproportionately affects the poorest, the most vulnerable and marginalized 

population groups where it occurs. WHO also confirmed in their report that out of these new 

cases 2.7% occurred in the European region [7]. 

In 2014, WHO  introduced a new comprehensive approach to fight TB named “the TB 

End Strategy” where the global incidence rate of less than one per million of the population 

should be achieved by 2030 [7]. Although a declining trend in TB incidence, prevalence and 

mortality have been observed over the last decade, elimination of the disease at the global level 

is still out of reach due to several social, epidemiological and clinical factors. 

Treatment of this devastating disease requires administration of multiple drugs (known 

as first-line drugs) for a period of at least six months. The long treatment period challenges the 

patients’ compliance and consequently, limits the overall effectiveness of treatment regimen 

resulting in the emergence of multidrug-resistant (MDR) or, in the worst case, extensively 

drug-resistant (XDR)-TB [8]. MDR/XDR-TB, the major threat to global TB control, are treated 

with second and third-line antibiotics which have even longer treatment duration and at a higher 

cost. Moreover, they are associated with expanded mortality due to lower effectiveness and 

more side effects [9]. It is estimated that MDR-TB affects 480 000 people annually with only 

a fraction of these patients receiving appropriate treatment. Treatment of early-stage TB in high 

burden countries and latent TB infection (LTBI) in low TB-burden countries is highly required.  

The Bacillus 

Mycobacteria are facultative intracellular bacteria that reside within phagocytic cells, 

particularly macrophages. They are obligate aerobic, non-motile, non-sporulation, weakly 

Gram-positive, acid-fast bacilli that appear microscopically as straight or slightly curved rods. 

They are 1 to 4 µm long and 0.3 to 0.6 µm wide. The Mycobacterium species belong to the 

family of Mycobacteriaceae, in the Corynebacterinae sub-group of the actinomycetes line [10]. 

Most mycobacteria species are saprophytic soil occupants like Streptomyces, but Mtb meets 

the definition of human parasite as it spreads among people with no extra-human reservoir. 

Mycobacteria divide at a significantly slower rate (around 16 to 20 hours) compared to other 

bacteria, which usually divide within minutes. Classically, the Mycobacterium species can be 

divided into a group of fast-growers (colonies seen within a week) and slow-growers (colonies 

grow in 2-3 weeks). The group of fast-growers only has one critical human pathogen, M. 

abscessus, while the slow-growers include two highly successful pathogens apart from Mtb; 

M. leprae, the causative agent of leprosy and M. ulcerans, the agent of Buruli ulcer. Other 

opportunistic human pathogens belonging to slow-growers include M. avium, M. 

intracellulare, M. marinum and M. kansasii [11]. 

Mtb is part of a complex known as MTBC, a group of mycobacteria that shares ˃99% 

DNA sequence identity. However, they differ significantly in morphology, biochemistry, host 

tropism and pathogenicity. This group includes Mtb, M. africanum (exclusively human 

pathogens), M. microti (a rodent pathogen) M. capreae (causes TB in sheep and goats), M. 
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pinnipedii (sea lions) and M. bovis (broad host range). M. canettii, a very rare variant of the 

MTBC was first isolated from a TB patient in the 1960s. M. canettii strains show unusual 

smooth (S) colony morphology and are known as smooth tubercle bacilli [12]. The concept 

postulated a decade ago that TB was originated from animals and was transferred to humans 

during animal domestication, was rejected by genetic information [13] and instead, Mtb seems 

to be evolved from M. canettii [14]. 

Virulence Factors 

The virulence factors of Mtb can be divided into two groups: cell envelope components and 

secreted proteins.  

The Cell Envelope  

The composition and complexity of the mycobacterial cell envelope is the most distinctive 

feature of the Mycobacterium genus. The cell envelope of mycobacteria according to the most 

recent model is organized into three superposed compartments: a typical bilayer phospholipid 

plasma membrane, the cell wall core and the outermost layer, also called the capsule in 

pathogenic species [10,15]. 

In mycobacteria, 30% of the genome is devoted to synthesize and metabolize a 

fascinating diversity of lipids (30-60% of dry cell weight). The cell wall core consists of an 

inner phospholipid bilayer (typical for all bacteria) anchored with peptidoglycan (providing 

rigidity to cell envelope) covalently linked to arabinogalactan which is esterified with long 

chain mycolic acids of the outer lipid bilayer. In 1982, it was proposed that the cell wall core 

has a thick, asymmetrical, lipid-rich bilayer, other than the one which is found in the plasma 

membrane. This lipid bilayer is composed of an inner leaflet of mycolic acids and outer leaflet 

of free intercalating lipids and glycolipids. The nature and composition of these non-covalently 

bound lipids vary between mycobacterial species [16]. 

Specialized phagocytic receptors essentially mediate the entry of Mtb inside host 

phagocytic cells and many of mycobacterial cell wall glycolipids are the keys to the entry points 

(phagocytic receptors) of phagocytes [10]. Once inside the host cells, cell wall lipids also play 

the foremost part in the survival of mycobacteria [17]. Mycobacterial lipoarabinomannan 

(LAM) has been shown to block phagosome maturation [18] plus the high contents of a variety 

of lipids and carbohydrates provide a solid resistance sheet to antibiotics and disinfectants. 

Mycobacterial cell wall lipids can also modulate the innate and adaptive immunity in many 

ways [10]. Thus, anti-mycobacterial agents such as INH and ethambutol (EMB), which act by 

inhibiting biosynthesis or assembly of mycobacterial cell envelop components have proven 

useful in treating TB. These two drugs which are part of the first-line treatment regimen of TB 

inhibit mycolic acid synthesis and arabinogalactan, respectively [19]. 

The capsule is mainly composed of polysaccharides, proteins and small amounts of 

lipids (mostly present in the inner part of the capsule) and is considered to have a different 

molecular composition in pathogenic and non-pathogenic species [20]. The mycobacterial 

capsule can only be seen through a conventional electron microscope when the bacterial 

cultures have been grown in detergent-free medium without agitation [21]. Glucan is the most 

abundant polysaccharide present in the capsule, whereas the capsular proteins are a complex 
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mixture of polypeptides. They may be either secreted proteins being transported to the 

extracellular medium or may be cell envelope-associated or cytoplasmic proteins [21].  

The privileged position of the capsule, i.e., present at the interface between the bacilli 

and host cells show its essential role in the interaction with the host during phagocytosis. The 

secretory proteins act as virulence factors and are involved in bacterial translocation from the 

phagosome into the cytosol [22].  

Secretory Proteins 

A significant virulence factor of pathogenic bacteria is the protein export system. Mycobacteria 

like all other bacteria can export the cytoplasmic synthesized proteins to the external 

environment or the cell envelope. For this, Mtb possesses two highly conserved protein export 

systems, the general secretion (Sec) pathway and Twin-arginine translocase (Tat) export 

pathway that transport the majority of bacterial proteins. These two systems are omnipresent 

in the bacterial kingdom and transport proteins containing unique N-terminal sequences at the 

cytoplasmic membrane. Both of these systems export proteins that is essential for bacterial 

viability and virulence factors that contribute to pathogenesis [23].  

Another pathway is called type VII (T7SS)/ 6 kDa early secreted antigenic target 

(ESAT-6) secretion system (ESX) originally identified in MTBC. Although the ESX systems 

were first discovered in mycobacteria, they also exist in a small subset of Gram-positive 

bacteria like Staphylococcus aureus. These systems are responsible for the export of small, 

highly immunogenic proteins lacking the classical N-terminal signal sequences. The 

mycobacteria have five ESX pathways named ESX-1 through ESX-5. Each of the five EXS 

loci has a pair of genes encoding secreted ESX proteins and a set of genes encoding the 

secretory machinery [24]. The first identified and best-characterized ESX system is ESX-1. 

The EXS-1 locus has two genes called as esxA and esxB at its center which encodes ESAT-6 

and ESAT-6 like protein, CFP-10 (10 kDa culture filtrate protein). Both of the proteins are 

exported together in 1:1 complex and each protein depend on the other for its export [25]. ESX-

1 system is considered a significant virulence factor as the absence of this system is responsible 

for the attenuation of the live vaccine strain of M. bovis known as Bacille Calmette and Guerin 

(BCG). During prolonged in vitro growth, the genomic region of difference 1 (RD1) was 

deleted in this attenuated strain which lacks the major part of ESX-1 locus. The RD1 region is 

present in the genome of Mtb and M. bovis. ESAT-6 and CFP-10 also form the basis of 

immunological diagnosis of Mtb infection in the interferon-gamma (IFN-γ) release assays 

(IGRAs) [16].  

In order to establish a successful infection, mycobacteria also require iron acquisition 

and EXS-3 secretary system is involved in such an essential attribute of the bacteria [26]. Also, 

heme that is required to build iron is transported across the membrane through MmLp, a protein 

in the cell envelope [19]. 
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Figure 1. Schematic representation of the Mtb cell envelope. LAM = lipoarabinomannan, LM = lipomannan, 

PIM = phosphatidyl-myo-inositol mannoside. 

 

TB – an Infection Leading to a Disease 

The human is the only known natural reservoir of Mtb and to keep its existence in nature, Mtb 

should drive succeeding cycles of infection, disease and transformation to a new host.  Active 

pulmonary TB patients are highly contagious as they cough Mtb-carrying droplet nuclei 

(infectious droplet) into the atmosphere and this cough-induced aerosol generation is the 

principal mechanism through which TB spreads. The residues of the dried respiratory droplet 

are small in size (5 to 10 µm in diameter) and contain low TB dose (1-10 bacteria) [8]. TB is 

primarily a lung infection but can cause multi-systemic disease [27]. Arrival of Mtb into the 

lung can result in a few possible outcomes. First, host phagocytic cells could effectively 

eliminate the bacteria. Second, an immediate onset of an active disease called primary TB 

could take place. The third option, which is the most common, the bacteria and host coexist 

pacifically, a condition often referred to as latent TB infection or LTBI. Lastly, the onset of 

disease can occur many years after the latent infection called reactivation TB. Regardless of 
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this, TB has often been considered as a distinct binary state of infection (asymptomatic) or 

disease (symptomatic) [28]. The body’s ability to maintain an asymptomatic state of infection 

where the bacteria is dormant or persistence is dependent upon the integrity of the host’s 

immune system. During LTBI, which occurs in 90% of infected individuals, the immune cells 

accumulate at the site of infection to form granuloma or tubercle. On the one hand, this 

characteristic structure suppresses the bacteria replication and prevent its dissemination, but on 

the other hand, it also provides a protective shield to bacteria from immune cells. LTBI can be 

defined as a clinical condition referring to an organism persisting for many years within a host 

without evidence of clinically manifested active TB, but with evidence of infection such as 

positive tuberculin skin test (TST) or the Interferon-gamma release assay (IGRA) test. 

Moreover, people having LTBI cannot transmit the disease [29].  

The virulence factors of Mtb allow the bacteria to counter host-exerted harmful 

environment, interfere with host signaling pathways, evade immune clearance, survive and 

replicate in the host. Primary disease or reactivation is generally considered as the failure of 

the host’s immunity. It develops in a significant minority of individuals (almost 5 to 10% of 

the infected individuals) and can result in fatal outcomes if left untreated [30]. Many risk factors 

also contribute to active TB such as HIV, diabetes mellitus, malnutrition, transplantation, 

cigarette smoking, alcoholism, senescence, etc. A key event in the pathogenesis of active 

pulmonary TB is necrosis at the site of infection or cavitation. So, the presence of a lung cavity 

together with acid-fast positive bacilli in sputum and coughing reflects the degree of 

infectiousness. The liquefactive necrotic lesions are also an ideal environment for the growth 

of extracellular bacteria as macrophages cannot survive in necrotic lesions. These lesions burst 

into the surrounding blood vessel or airways, facilitating systematic dissemination and to the 

outside environment through coughing and thereby starting a new cycle [31].  

The classic symptom of active pulmonary TB includes a chronic cough associated with 

hemoptysis (due to blood vessels disruption), respiratory insufficiency, weight loss and night 

sweats. Many patients also experience fever, chest pain and weakness [30].  

The Granuloma 

Granulomas are a prominent histopathological feature of TB and thus TB is known as chronic 

granulomatous disease. A TB granuloma is a well-organized structure that has an innate 

immune microenvironment, formed primarily through the coalescence of recruited 

macrophages around Mtb-infected macrophages, but the involvement of adaptive immunity 

make it a more stable and dynamic structure [32]. Granuloma makes the boundary wall between 

protection and pathology and the stability of these structures are driven by the ratio of pro-

inflammatory and anti-inflammatory cytokines and chemokines along with cellular and 

molecular events. The TB granuloma has been classically thought of as a host protective device 

designed to wall-off the pathogen, but it also provides a niche for bacterial persistence to 

maximize its chances of transmission and where bacteria are more recalcitrant to TB treatment 

[33].  

Granulomas are heterogeneous structures that vary even within a single host. The 

mechanistic inside in the behavior of Mtb-containing granulomas mostly comes from animal 

models such as zebrafish, mice, rabbit, guinea pig and non-human primates [34]. The 
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bacterium-host interaction within the granulomatous tissue results in histologically different 

types of granulomas in human: solid granulomas are formed at the initial stage of infection 

and prevail during LTBI while necrotic granulomas are seen in the early stage of active TB 

and caseous granulomas are signs of severe TB [35]. Although the mouse is the most common 

animal model used to study TB, it does not develop the cavitating, necrotic granulomas as seen 

in other animals [36-38]. However, new mouse models have been shown to generate mature 

granulomas [39,40]. Infected alveolar macrophages through induction of pro-inflammatory 

cytokines recruit mononuclear phagocytes, the building block of granuloma, to form an 

inflammatory focus which matures into granuloma. Recruited Dendritic cells (DCs) exit the 

granuloma and enter the lymphatic nodes where they trigger the adaptive immunity. T-cells 

mediated immunity develops after two to three weeks of infection. A typical solid granuloma 

structure consists of a variety of infected and non-infected phagocytes including different 

macrophage subsets (differentiated foamy macrophages, epithelioid cells and large 

multinucleated giant cells) that are interspersed with recruited natural killer (NK) cells, DCs 

and neutrophils and are surrounded by lymphocytes, including T-cells and B-cells, in 

association with a fibrous cuff of collagen [41]. Once the bacteria are trapped into this structure, 

hypoxia, nutrient starvation and pressure from the adaptive immunity put the mycobacterial 

growth in check [35,42].  

Many studies challenge the host protective nature of granuloma. Granuloma formation 

is dependent on ESAT-6 as shown in an in vitro lung tissue model [43]. The RD1-deleted strain 

of M. marinum displays more delayed and small granuloma formation than wild-type bacteria 

[44]. Zebrafish models also show that mycobacteria use granuloma for its benefit and can 

escape engulfing macrophages using ESAT-6 [45]. 

Granuloma formation is a dynamic process where more and more cells move in the 

structure and grow in size [46]. As the disease progresses, small and solid granulomas will 

advance to form large, mature necrotic granulomas. Necrotic granulomas are non-cavitating 

closed granulomas that contain a central necrotic area that is acellular and have hypoxic 

environment. The central part shows a cheese-like appearance under the microscope. The 

entrapped bacteria in such granulomas start replicating and become metabolically active. 

Caseous granulomas are typical of TB where the central necrotic area becomes entirely 

acellular and liquefied. In the central lesion, high oxygen content is re-established, which 

promotes logarithmical growth of extracellular bacteria resulting in the characteristic cording 

phenotype [42,47]. Neutrophil may play a villain role here and not only contribute to the 

progression of the disease but may also trigger the initial necrosis. Granuloma necrosis and 

caseation give rise to lung cavity as the liquefied region subsequently spill out its necrotic 

debris which also releases the captive bacteria into nearby tissues or airways, promoting Mtb 

transmission [48,49].  
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Figure 2. Life cycle of Mtb. A schematic illustration of how Mtb transmits from individuals with active TB to 

naïve individuals. If successful, it passes through different stages of granuloma to eventually cause disruption of 

the caseous granuloma and spread to new individuals.  
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Diagnosis 

In low- and middle-income countries, active pulmonary TB is usually diagnosed by the 

patient’s appropriate history, clinical symptoms and/or microbiologic evaluation of Mtb by 

sputum-smear microscopy, culture techniques and chest X-ray. Sputum microscopy involves 

the examination of the Ziehl-Neelsen-stained specimen on a glass slide under a light 

microscope. Individuals harboring the largest numbers of acid-fast bacilli in their sputum are 

considered the most infectious. Although direct microscopy has the advantages of being a 

simple and inexpensive test, it lacks sensitivity, especially when the number of bacteria is low 

in the tested sputum, as is often the case in children and very debilitated individuals. Use of 

fluorescence microscopy can increase the sensitivity, but this, in turn, becomes expensive. 

Microbial culture also remains as an essential inexpensive traditional diagnostic test, but it also 

has some limitations such as of Biosafety laboratory 3, time-consuming and requires rapid 

transportation of sample to the laboratory [50]. In the absence of clinical disease, LTBI is 

indirectly diagnosed by the presence of a specific cellular immune response directed towards 

mycobacterial antigens such as with the tuberculin skin test (TST). TST was discovered in 

1907 and was an important contributor to the decline of TB in the Western World and still 

remains the most cost-effective test. This epidemiological surveillance method, currently 

disseminated throughout the world, is based upon the intradermal injection of purified protein 

derivative (PPD). The PPD solution contains different TB antigens. A patient who mounts the 

cell-mediated response to tuberculin antigen has a delayed-type hypersensitivity response 

usually within 48-72 hours, causing measurable induration at the injection site, due to the 

migration of mononuclear cells to the area as a result of an inflammatory process. The test 

should be performed by an experienced person, as a result depends upon exact intradermal 

injection and it is difficult to interpret. The response can be attributable to the infection of Mtb, 

exposure to nontuberculous mycobacteria, or receipt to BCG vaccine [51]. In 2011, the 

Interferon-gamma release assay (IGRA) was introduced. It is also an immunological test 

involving the detection of IFN-γ, a typical cytokine released by lymphocytes in response to 

three important mycobacterial proteins, i.e., ESAT-6, CFP-10 and TB7.7. Although IGRA is a 

widely used diagnostic method, it also suffers from some limitations like lack of data in 

children and immunocompromised patients [51]. The majority of new diagnostic technology 

in the pipeline are molecular tests. Since the global plan was introduced by WHO many new 

molecular diagnostic tests have emerged. These tests have the technical capacity to overcome 

the limitations of conventional laboratory techniques, discussed earlier. The majority of 

molecular tests have been aimed at the detection of Mtb specific nucleic acids, both in DNA 

and RNA, by using amplification techniques such as loop-associated isothermal amplification 

and simultaneous amplification testing. The major advantage of molecular detection modalities 

is the speed of detection, high sensitivity and ease of use. Xpert Mtb/RIF is also a highly 

specific and sensitive method involving the detection of gene mutations that are related with 

the resistance to rifampicin by sequencing and nucleic acid hybridization [52]. Overall, there 

is still a need of community-based, cost-effective, sensitive, user-friendly and rapid diagnostic 

tests.  
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Treatment 

Approximately 70 years ago there was no drug to treat TB and the drugs, which were 

discovered in the 1950s and 1960s are still used as first-line anti-TB drugs. Treatment of TB is 

a difficult task as it requires administration of multiple drugs over a long period of time. The 

standard chemotherapeutic regimen to treat TB consists of first-line drugs such as INH, RIF, 

pyrazinamide (PZA) and EMB for an initial two-month phase followed by a continuation phase 

with INH and RIF for four months. Resistance to anti-TB drugs is a phenomenon that occurs 

mainly due to poorly managed TB care and because of ineffective treatment, TB becomes a 

devastating disease throughout the world. Drug-resistant TB (DR-TB), essentially a man-made 

problem, is an emerging global health threat. The DR-TB is treated with second-line drugs 

which is a more complex, longer, expensive and poorly tolerated regimen than standard 

treatment. MDR-TB is defined as TB with resistance to, at least, the two most potent first-line 

drugs, INH and RIF, while XDR-TB is defined as MDR-TB plus additional resistance to 

second-line drugs, namely, at least, any of the fluoroquinolones and any of the three injectable 

drugs (amikacin (AMI), kanamycin (KAN) and capreomycin). The treatment of LTBI usually 

employs a single antibiotic while active TB disease is best treated using a combination of 

different antibiotics in order to reduce the risk of antibiotic resistance against the bacteria 

[53,54]. (TB treatment is discussed in detail later in a separate chapter). 

Vaccination 

So far, BCG is the only licensed TB vaccine for human use. The vaccine was prepared in the 

early 20th century by Calmette and Guerin consisting of a live attenuated strain of M. bovis 

which was passaged over 200 times. The vaccine was first administered orally in 1921. Since 

then the vaccine has been extensively studied in clinical trials to evaluate its efficacy for 

preventing TB. The studies showed that although it is effective in protecting disseminated TB 

in infants, children and TB meningitis, it shows variable effectiveness in protection against 

pulmonary TB in adults. A study also showed that revaccinating with BCG during adolescence 

in a population vaccinated with BCG at birth does not improve the protective efficacy [55]. 

This vaccine is also not suitable for HIV patients as it contains a live mycobacterium. 

Therefore, a more effective TB vaccine is required that has a significant effect on global TB 

control [56].  

 

 

 

 

 

 

 

 

 

 

 

 



 

17 
 

 

Human Lung Morphology 

The lung microenvironment is the primary site of TB infection and thus act as the initial 
“battlefield” between host and pathogen. The restraint of innate (and ultimately adaptive) 
immunity occurs throughout the entire body and thus in the lung as well. The human lung can 
be divided into two functionally distinct compartments: conducting airways and the lung 
parenchyma [57]. The conducting airways of the lung, consist of trachea, bronchi and 
terminal bronchioles, have ciliated epithelium and mucus secretion that contribute to 
biophysical host defense. Mucus, together with the coordinated beating of cilia, forms the 
mucociliary escalator, towards pharynx, for the particles having a diameter more than 10 µm 
where their removal is aided by coughing, sneezing and swallowing [36]. Multiple immune 
cell lineages are also present in the airway mucosa out of which the most abundant are DCs 
and macrophages. Lymphocytes can also be found either intercalated between airway epithelial 
cells or within the underlying lamina propria [58]. The parenchymal lung is composed of 
respiratory bronchioles that extend to alveolar ducts and further branched into blind-ended 
alveolar sacs containing a number of alveoli. The main three cell types in the alveolus are type 
I and II alveolar epithelial cells and alveolar macrophages. These cells are coated by alveolar 
fluid and surfactant produced by type II alveolar epithelial cells. Bronchoalveolar lavage (BAL) 
shows that in the steady-state conditions, alveolar macrophages are the most abundant cells 
(more than 90% of the total cell population) in the alveolar space, the remainder being mainly 
DCs and T cells [57]. 

Innate Immunity in the Lung 

Innate immunity is the most primitive system in multicellular organisms that provides early 
host defense against a wide variety of pathogens. The fundamental basis of this system is 
recognition of pathogenic biosensors known as pathogen-associated molecular patterns 
(PAMPs) by a series of secreted, cell surface and intracellular conserved structures named 
pattern recognition receptors (PRRs). This recognition is followed by the phagocytosis and 
killing of many microbes through activating cellular defense and early humoral mechanisms 
[36]. Here, we will discuss mostly the role of macrophages as an innate immunity component 
against the mycobacterial defense in human lungs.  

Innate Immune Cells 

Epithelial cells being first host cells encountering invaded pathogens, play an essential role in 
host defense, inflammation and regulate innate and adaptive immune responses [59]. Airway 
epithelial cells (AECs) mainly secrete surfactant phospholipid and proteins as well as 
lysozymes and antimicrobial peptides. Surfactant produced by type II AECs contains surfactant 
proteins (SPs) such as SP-A, SP-B, SP-C and SP-D. SP-A enhances macrophage phagocytosis 
of Mtb while SP-D agglutinates Mtb, which decreases macrophage phagocytosis [60]. These 
cells also secrete a lot of antimicrobial peptides out of which LL-37, β-defensin 2 and hepcidin 
play an important role in innate immunity against Mtb infection [61]. DCs are mostly present 
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in the conducting airways. DCs can phagocytose Mtb, but they cannot kill it. They can sense 

bacteria through multiple PRRs and following ligation they migrate to the lymph node for 

antigen processing and presentation [36]. Polymorphonuclear Neutrophils (PMNs) are 

professional phagocytes that are well-known key determinant of innate immune response to 

bacterial infection. In case of Mtb infection, PMNs are among the first innate immune cells to 

migrate from blood to lung at the early stage of infection, but there is no strong evidence of 

their direct anti-mycobacterial role in controlling Mtb infection in TB patients’ lungs  [62]. 

However, a study performed on TB contacts showed an inverse relation between risk of 

mycobacterial infection and neutrophil counts and that Mtb killing is mediated by antimicrobial 

peptides [63]. Different studies generated conflicting results about PMNs anti-mycobacterial 

activity [64,65]. Apart from their direct role, studies showed that Mtb-induced apoptotic 

neutrophils could cause the maturation of DCs and could also enhance the capacity of infected 

macrophages to control the infection [66,67]. Efferocytosis is the process of engulfment of 

apoptotic cells mainly by macrophages, resulting in the improved killing of mycobacteria, 

which could be mediated by engulfed neutrophil antimicrobial contents like α-defensin [68]. 

Clinical studies and animal models based on active TB disease have shown neutrophils as 

predominant cells not only in serum and BAL fluid but also within the inflammatory lung 

granulomas [69,70]. Furthermore, neutrophils can also capture mycobacteria in neutrophil 

extracellular traps (NETs) composed of DNA and antimicrobial peptides [71]. NK cells are 

granular innate lymphocytes that are known to produce cytokines, antimicrobial mediators and 

hold potent cytolytic capacity that can be suppressed by Mtb [72]. They are found in high 

number in the pleural fluid of TB patients [73]. They can recognize and lyse Mtb infected 

macrophages using NKp46 receptors [74]. They are an essential source of IFN-γ in BCG 

vaccinated infants and thus essential for driving the memory response associated with BCG 

vaccination. NK cells may also be involved in “trained immunity” in BCG vaccinated 

individuals. Activated NK cells produce IL-22 which promote phagolysosomal fusion in 

infected macrophages [75].  

The adaptive immune response to Mtb becomes detectable 3-8 weeks after infection, 

and CD4+ T cells play a critical role in the outcome of infection [76,77]. Many innate immune 

cells have shown their role in activating T cells, but DCs are critical and required for migration 

to the lymph node [78-81]. CD8+ T cells also play an important role in TB patients [82]. The 

central role of T helper 1 cells (Th1) in the defense against Mtb infection is the release of IFN-

γ, a primary mediator of macrophage activation (discussed later).  

Macrophages and their Phenotypes 

Macrophages are endowed with remarkable essential roles for homeostasis, development of 

tissue and host defense. Macrophages, developed from progenitors in the bone marrow, 

differentiated into mature monocytes in the periphery and further into macrophages when 

recruited to the tissue to maintain homeostasis or as a result of inflammation or infection. They 

are present in almost all tissues throughout the body but are more abundant in the 

gastrointestinal tract, spleen, liver, lungs and brain. These cells recognize, bind and internalize 

foreign particles through the cell surface receptors and in response mediate antimicrobial 

activity and can prime adaptive immunity through cytokine production [83]. The Alveolar 
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macrophages stand as guardians at the alveolar-blood interface and constitute the first 

phagocyte defense against particulates including Mtb. The fate of alveolar macrophages and 

Mtb interaction depends upon alveolar macrophages’ intrinsic capacity, inhaled Mtb strain’s 

pathogenic characteristic and the inflammatory microenvironment at the site of infection. 

Alveolar macrophages are enriched by a subset of surface PRRs to clear microbes without 

causing excessive inflammation. So, alveolar macrophages have high phagocytic and clearance 

properties, but reduced antimicrobial properties and poor antigen presentation capabilities and 

thus, Mtb take advantage of alveolar macrophages’ properties to reside and multiply within 

them [83]. 

Macrophages also express heterogenous phenotypes in response to altered 

microenvironmental cues which reflects their plasticity and adaption to different anatomical 

and immunological locations. Thus, the function of macrophages correlates with the 

microenvironment especially the type and concentration of cytokines [84]. Macrophages have 

been categorized into two major reversible phenotypes: the pro-inflammatory, “classically” 

activated M1 type macrophages (differentiated in in vitro culture by LPS, TLR ligand or 

IFN-γ) and the immunoregulatory, “alternatively” activated M2 type macrophages 

(differentiated in in vitro culture by T helper 2 (Th2), (interleukin) IL-4, IL-13 and 

glucocorticoids) [85]. M1 macrophages are associated with the high microbicidal activity, 

synthesis and release of pro-inflammatory cytokines, efficient antigen presentation, 

phagocytosis and cytotoxic activity against cancer cells. Murine M1 macrophages also mediate 

the synthesis of reactive oxygen species (ROS) and release of nitric oxide (NO). M2 

macrophages mediate Th2 type immune response. They produce a large amount of the anti-

inflammatory cytokine IL-10 and are associated with tissue repair. Macrophage heterogeneity 

has a direct impact on Mtb interactions in different tissue environments [84]. At the granuloma 

level, macrophages show a spectrum of functions and their polarization drive the formation, 

development and outcome of the granuloma [86]. A study based on a mouse model showed 

that the initial stage of granuloma formation contains a higher percentage of M1 macrophages 

characterized by increased expression of inducible nitric oxide synthase (iNOS) [19,87]. 

Mycobacteria have the potential to modulate macrophage polarization [88].  

Pattern Recognition Receptors (PRRs) 

Small particulates (<5 µM) can avoid the upper airway ciliary beat, the cough reflex and mucus 

clearance mechanism to travel down the trachea and bronchi to ultimately settle into the 

alveolus. Macrophages express an array of PRRs at the cholesterol-rich domain of the plasma 

membrane that play an important role in the recognition of mycobacteria. The best known 

among PRRs are Toll-like receptors (TLRs), nucleotide-binding oligomerization domain-like 

receptor (NLR), C-type lectins receptors (CLRs), scavenger (SRs) and complement receptors 

(CRs). 

Toll-like Receptors (TLRs) 

TLRs represent a structurally conserved family of transmembrane PRRs that are expressed by 

many pulmonary cells including alveolar macrophages, epithelial cells and DCs [36,89,90]. 

Out of 10 human TLRs, only TLR1, 2, 4, 6 (exposed on the surface) and 9 (expressed 

intracellularly) recognize mycobacterial components [91]. TLR2 alone is activated by 
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mycobacterial cell wall lipids like lipomannan (LM), LAM and phosphatidyl-myo-inositol 

mannoside (PIM) and a 19-kDa lipoprotein, while a heterodimer formation with TLR1 or TLR6 

is required to recognize diacylated or triacylated lipoproteins [92]. TLR4 is ligated with heat 

shock protein 65, secreted by different mycobacterial species and TLR9 recognizes 

mycobacterial CpG motifs [91,93]. Many of the TLRs’ downstream signal transduction is 

mediated by binding to the adaptor protein Myeloid differentiation factor 88 (MyD88) which 

induces the expression of NF-kB through a cascade of protein recruitment [94]. A study showed 

that MyD88-deficient mice are highly susceptible to mycobacterial infection [95]. TLR2 

stimulates the production of IL-1β, tumor necrosis factor-α (TNF-α) and IL-12 in macrophages 

while TLR4 induces autophagy that could enhance mycobacterial localization within the 

autophagosome [96,97]. Studies also showed impaired granuloma formation and defective 

control of chronic mycobacterial infection in TLR2-deficient mice [97]. On the side of 

mycobacterial benefit, mycobacteria use many strategies to inhibit pro-inflammatory cytokine 

production mediated through TLR2 [91]. ESAT-6 of mycobacteria can for example bind to 

TLR2 and inhibit IL-12 stimulation in RAW macrophages [98,99].  

Nucleotide-Binding Oligomerization Domain (NOD)-like Receptors (NLRs) 

Although Mtb is an intra-phagosomal pathogen, it can escape the phagosome and enter into the 

cytoplasm [100] where it can activate the intracellular PRRs. The NOD-like receptors (NLRs) 

are cytosolic sensors of the PRR family and so far more than 20 members of these receptors 

have been identified in humans [97]. NOD1 and NOD2 are the first identified NLRs and also 

the most studied ones as well. NOD2 activation by mycobacterial antigen results in high 

expression and activity of iNOS and NO production in human macrophages and this activity is 

mediated by NF-kB induction [101]. NOD2 is also involved in IL-1β production and 

macrophages and DCs derived from NOD2-deficient mice showed impaired production of pro-

inflammatory cytokines and NO upon pathogenic mycobacterial infection [102,103]. 

Mycobacterial growth in human alveolar macrophages can be restricted through pro-

inflammatory cytokine release following NOD1 stimulation [104].   

Another member of the NLR family that can sense mycobacterial antigen is NLRP3 

which is known to form a multi-protein complex structure called the inflammasome. Increased 

expression of IL-1β in human macrophages is mediated by activation of the NLRP3 

inflammasome and caspase-1 by ESAT-6 [105]. IL-1β is an important pro-inflammatory 

cytokine in the innate immunity against mycobacteria [92]. Our group has shown that genetic 

variation in macrophage’s NLRP3 inflammasome and its adaptor protein CARD8 results in 

better control of Mtb infection through increased IL-1β production [106]. Mycobacteria could 

inhibit inflammasome activation for its protection and thus decrease the production of IL-1β, 

by using a zinc metalloprotease (zmp1) [107]. 

Complement Receptors (CRs)  

CR1, CR3 and CR4, expressed on the surface of phagocytic cells, promote pathogenic 

mycobacterial ingestion both in an opsonized and non-opsonized way. For opsonized entry, 

CR3 is the main receptor involved, while non-opsonized entry is mediated through both CR1 

and CR3 receptors [108]. In case of non-opsonized phagocytosis, Mtb capsular polysaccharides 
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are used as ligands [109]. However, it is still unclear if this route of entry is critical for 

inhibition of mycobacterial growth by the host cell.  

C-type Lectin Receptors 

This is another family of cell surface receptors that recognize extracellular carbohydrate-based 

PAMPs on pathogens. The main receptors involved in mycobacterial infection are mannose 

receptors (MRs), dendritic cell-specific intracellular adhesion molecule-grabbing non-integrin 

(DC-SIGN) and dendritic cell-specific receptor-1 (Dectin-1).   

Dectin-1 is expressed on all phagocytic cells and a subset of T-cells. It recognizes Mtb 

through an uncharacterized ligand and ligation results in inhibition of growth of non-virulent 

strains of mycobacteria, but not virulent strains. In airway epithelial cells Dectin-1 and TLR2 

in conjugation promote cytokine production, in DCs its activation triggers the production of 

IL-12 and in human monocyte-derived macrophages (hMDMs) it promotes Th1/Th17 response 

and production of IL-1, IL23, TNF and IL-16 [110].  

DC-SIGN is mainly expressed on mature and immature DCs, but can also be found in 

a small set of macrophages. Its expression on macrophages can be upregulated by stimulation 

with IL-4 and IL-13 [111]. This receptor specifically recognizes the mannosylated residues of 

the mycobacterial cell wall, like mannose-capped LAM (ManLAM) and PIM. It also plays an 

important role in Mtb-DC interaction and also serves as an adhesion receptor in DC-T cells 

interaction. DC-SIGN has an immunosuppressive effect as it causes the release of the anti-

inflammatory cytokine IL-10 during mycobacterial infection [83].  

Mannose receptors (MRs), expressed on alveolar macrophages, monocyte-derived 

macrophages (MDMs) and DCs, are ligated with ManLAM and PIM. Like DC-SIGN they also 

activate the release of anti-inflammatory cytokines, for example, IL-4, IL-10, and IL-13 and 

inhibit the production of IL-12 in response to mycobacterial infection. They also delay the 

phagosome-lysosome fusion and thus promote mycobacterial infection [83]. 

Scavenger receptors (SRs) represent a broad family of cell surface receptors expressed 

on monocytes and macrophages and mediate binding of mycobacteria to hMDMs when CRs 

and MRs are being repressed [112]. FcγRs expressed on alveolar macrophages recognizes IgG-

opsonized bacteria, promote phagolysosome fusion, thus aiding in mycobacteria killing [83]. 

CD14 is highly expressed on monocytes and macrophages and causes the release of IL-18 by 

recognizing LAM of mycobacteria. This receptor works in combination with TLR2 and 4 to 

release inflammatory cytokines from human macrophages [112]. 
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Figure 3. Different PRRs of macrophages involve in Mtb infection. 

 

Cytokine Production 

Cytokines are soluble polypeptide cellular secretions that occur when the body’s homeostasis 

has been disrupted for example during infection. During Mtb infection, both pro-inflammatory 

and anti-inflammatory cytokines are released depending on the context. There are some 

cytokines that have both pro and anti-inflammatory effects.  

Tumour Necrosis Factor-α (TNF-α) has been known since long as a key player in 

mycobacterial infection as it is involved in the activation of macrophages and can trigger the 

maturation program in DCs and thereby induce activation of T-cells [113]. Phagocytic cells are 

the main source of this prototype pro-inflammatory cytokine that is found in abundant quantity 

in BAL and serum of patients with active pulmonary TB [114]. Mice deficient in TNF-α 

receptors or TNF-α production showed rapid susceptibility to Mtb growth although the specific 

reason behind this increased susceptibility is not completely understood [115]. TNF-/- mice also 

showed decreased reactive nitrogen intermediates production by macrophages [115], delay in 

chemokines expression, and defective granuloma biogenesis and integrity [116,117]. 

Interleukin-1 Family (IL-1) contains 11 mediators and regulators of inflammation out of 

which IL-1α, IL-1β and IL-18 have been studied with respect to innate immunity against Mtb 

infection [118]. Although IL-1α plays an important role in host defense against Mtb infection 

[119], IL-1β has a non-redundant function that cannot be compensated by other cytokines 

[120]. Monocytes/ macrophages and DCs are the sources of IL-1β, a matured form of pro-IL-

1β and this maturation is mediated by the enzyme Caspase-1 which in turn is activated by the 
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inflammasome (mentioned earlier) and as with TNF-α, it is also released in high quantity at the 

site of infection of active TB patients [97,121]. IL-18, originally identified as a Th1 

differentiating factor, is also released as a pro-cytokine and induces IFN-γ response in synergy 

with IL-12 [122]. However, its protective role in Mtb infection is controversial as in some 

instances, it showed a minor role in protective immunity against Mtb infection [123,124], but 

in another condition, it is documented as potent as MyD88 in controlling TB in mice [125]. 

IFNγ is a potential substitute marker of Mtb infection. As mentioned earlier, its production is 

regulated by IL-12 and IL-18. Although it is produced by many innate and humoral immune 

cells, CD4+ and CD8+ T cells are the primary sources of IFN-γ. Its classic function in host 

defense against Mtb infection is macrophage activation and induction of respiratory burst in 

infected macrophages [126]. IFN-γ synergizes with TNF-α in activating macrophages, as 

blocking of endogenously produced TNF-α reduced IFN-γ-mediated macrophage activation 

[127]. TB patients demonstrate a high plasma level of IFN-γ which decrease upon treatment 

[128]. Its contribution in Mtb killing is by promoting antigen-presentation and recruiting CD4+ 

T-lymphocytes and/or cytotoxic T lymphocytes [129]. On the other hand, Mtb could suppress 

IFN-γ production by peripheral blood mononuclear cells (PBMCs) in patients with active 

disease and also inhibit macrophages from responding adequately to IFN-γ [130,131]. 

Interleukin-12 (IL-12) produced by phagocytic cells upon Mtb phagocytosis is also detected 

in the lung infiltrates and granulomas of patients with active TB [132]. As described earlier it 

induces IFN-γ production together with IL-18. One of the earlier studies showed that IL-12 

supplementation to the Mtb-susceptible Balb/c mice doubled their survival time and delayed 

the lung pathology [133]. Interleukin-6 (IL-6) possesses both pro- and anti-inflammatory 

properties as in one study IL-6 deficient mice were shown to be highly susceptible to Mtb 

during early infection [134], but opposite to this, it was also shown to inhibit the production of 

TNF-α and IL-1β induced by LPS [135]. Interleukin-23 (IL-23) also secreted from innate 

immune cells works in synergy with IL-12 in protection against Mtb infection. The protective 

role of IL-23 is more prominent in the later stage of the disease. IL-12 and IL-23 are also 

connected with adaptive immunity by means of Th1 and Th17 cell activation and production. 

Th17 cells are critical in controlling TB as active TB patients showed a reduced number of 

these cells [129].  

The war between human immunity and Mtb has been going on for the duration of 

mankind’s existence. Mtb is a strong opponent which counteract human immunity in all 

possible ways. One of the ways is the induction of anti-inflammatory cytokines. Interleukin-

4 (IL-4) and Interleukin-10 (IL-10) are the two anti-inflammatory cytokines which Mtb uses 

in its favor against host defenses. IL-4 is involved in the deactivation of macrophages [136] 

and downregulation of IL- 2 receptors expression [137]. IL-4 can be considered as a potential 

marker of active TB as it is present in high quantity in active TB patients and also those with 

cavitary TB [138,139]. It could also downregulate TLR-2 and TNF and increase the production 

of IL-10 [129,140]. IL-10 causes a deleterious effect in TB infection by downregulating the 

macrophages MHC class II expression and thereby suppressing the T cell proliferation [141]. 

It can downregulate the production of IL-12 and TNF-α expression. It facilitates Mtb growth 

by inhibiting phagosome maturation. Elevated levels of IL-10 have been found in BAL and 

sputum of TB patients [142]. However, there is a study which shows an opposite picture of IL-
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10 with a protective role in chronic lung inflammation in mice infected with Mtb while another 

study shows a similar level of bacterial burden in mice deficient of IL-4 and IL-10 as compared 

to wild-type mice [143,144]. 

The Inside Battle of Macrophages with Mtb 

The binding and recognition of bacteria including mycobacteria by macrophages’ PRRs 

initiates an active mechanism and the resulting signaling cascade induces local remodeling of 

the actin cytoskeleton to form a phagocytosis cup which later encloses to form a large vacuole 

(approx. 0.5 µm) called “phagosome” with the sequential recruitment of Rab-GTPase proteins 

into the phagosome membrane showing progression from early to late stage of maturation. 

Once closed, the phagosome undergoes highly choreographic maturation progress through 

subsequent fusion and fission events with trans-Golgi transport vesicles, early endosomes, late 

endosomes and finally, with lysosomes to form a phagolysosome [145]. These interactions 

cause an acquisition and loss of different stage-specific markers. The newly formed phagosome 

displays a composition similar to that of the plasma membrane from where it originated, but it 

acquires the characteristic of early endosomes by recruitment of Rab5 and early endosomal 

antigen 1 (EEA1). Later as the maturation process continues the phagosome sheds all markers 

of the early endosome and acquire Rab7 and lysosome-associated membrane glycoproteins 

(LAMPs), late endosome proteins and finally, the phagosome develops lysosome traits by 

accumulating proton pump ATPase, MHC class II molecules and various hydrolases including 

several members of the cathepsin family [146]. MHC class II molecules shuttle the degraded 

antigenic fragments from the phagolysosome to the plasma membrane where they function in 

the activation of T cells in order to generate the adaptive immunity. Beside peptides, microbial 

lipids are also presented to the adaptive immunity. Vacuolar H+-ATPase (vATPase) is the main 

driving force for acidifying the phagosomal lumen (4.5 to 5 pH) during its biogenesis. The low 

pH is the prerequisite for the optimal enzymatic activity of most lysosomal digestive enzymes 

for intracellular bacteria clearance in the phagosome milieu [145]. 

The notorious success of Mtb as a highly adaptive human pathogen rest upon the 

modulation of macrophages’ phagosomes to make it a preferential niche as the mycobacterial 

phagosome does not fully acidify with an abnormally high pH of 6.3-6.5 since it does not fuse 

with pre-formed lysosomes [36]. Moreover, several reports show that mycobacterial 

phagosomes are characterized by the persistence of early endosome markers and little 

acquisition of late endosomal markers. Mycobacterial secreted protein tyrosine phosphatase 

(PtpA) have been shown to directly interact with the H subunit of V-ATPase resulting in 

blocking the assembly of protein pump and subsequent recruitment to the vacuole [147]. 

Mycobacteria continuously produce lipids during macrophage infection that contribute to 

mycobacterial pathogenicity. Mycobacterial surface lipid trehalose dimycolate (TDM), in its 

intact form, acts as a barrier for fusion between phagosome and lysosome [148]. Mycobacterial 

glycolipid ManLAM and secreted phosphatase SapM can inhibit phagosome maturation by 

inhibiting the calcium increase in the cytosol, causing a disruption in Ca/Calmodulin complex 

formation with phosphatidylinositol 3-kinase (PI3K). PI3K generates Phosphatidylinositol 3-

phosphate (PI3P) formation at the phagosomal membrane, which is used as a docking site for 

several proteins involved in phagosome maturation. The vacuole of immature phagosome also 
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cannot recruit PI3P binding protein EEA1 which is responsible for delivery of lysosomal 

hydrolases, cathepsins and vATPase [149].  Mycobacterial protein kinase G (PknG), a 

serine/threonine kinase, which has significant structural similarity with eukaryotic 

serine/threonine kinase, is present in the genome of all pathogenic mycobacteria and is required 

for the survival of mycobacteria inside the phagosome as PknG-deficient strains cannot resist 

lysosomal transfer and rapidly gets degraded [150]. A study showed that Mtb zmp1 also play 

an important role in its survival by interfering with the phagolysosome biogenesis [107]. 

Mycobacteria apart from producing virulent factor have also evolved mechanisms to utilize 

host molecules for its survival. Host cell plasma membrane cholesterol is essential for 

mycobacterial entry and the presence of cholesterol in the mycobacterial phagosome also 

interfere with phagosome-lysosome fusion. Thus, Mtb utilizes cholesterol to survive in the 

chronically infected macrophages [151,152]. The tryptophan aspartate containing coat protein 

(TACO) also known as coronin-1 is recruited and retained in the phagosomal membrane of 

viable mycobacteria, but not found in phagosomes enclosing dead bacteria [153,154]. Coronin-

1 causes an influx of calcium and activates calcium-calcineurin signaling to block phagosome-

lysosome fusion however this blockade can be overcome by calcineurin inhibitors [155]. In 

vitro studies by electron microscopy images have shown that Mtb can also translocate from the 

phagosome to the macrophage cytosol. M. marinum use an actin-based propulsion system for 

this escape while in case of Mtb, the ESX-1 system plays an important role [36,156]. 

Mycobacterial capacity to block their transfer to lysosome is operational in non-activated 

macrophages, but once macrophages become activated as by cytokines TNF-α and IFN-γ, 

mycobacteria are rapidly transferred to lysosomes where they are destroyed by antibacterial 

activities.  

In murine macrophages, the most powerful and important antimicrobial mechanism of 

action is iNOS and release of NO following activation of TLR by bacterial lipopeptides. 

However, TLR-induced anti-mycobacterial activity of hMDMs is not dependent upon iNOS 

activity nor could NO be detected in these cells, but one cannot completely exclude the role of 

NO in human macrophages. Stimulation of murine macrophages with IFN-γ results in 

autophagy, the cellular process by which a cell degrades its own intracellular compartments. 

Autophagy is discussed in more detail later.  

Rook in 1986 and Crowle in 1987 were the first to show the importance of active VitD3 

hormone (1,25D3) in reducing the mycobacterial load in infected human monocytes and 

macrophages in in vitro experiments in a concentration-dependent manner [157,158]. 

Activation of the VitD pathway is dependent upon TLR2/1 [159]. The activity is regulated by 

P13K and mediated through NADPH dependent phagocyte oxidase and downregulation of 

TACO. Several antimicrobial peptides released from macrophages also have a direct role in 

Mtb infection such as cathelicidin, DEFB4 and hepcidin. In humans, cathelicidin and DEFB4 

are regulated by VitD, but not hepcidin [160]. 
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Biofilm 

The old concept that some bacteria grow more preferably on surfaces in colonial form (biofilm 
form) than in free-floating form (called planktonic form) was first studied by Antonie van 
Leeuwenhoek as he used the word “animalcules” meaning aggregates after examining the 

human tooth plaque using a microscope of his design [161]. In a biofilm, a microbe could 
switch its lifestyle from single-cell planktonic form to sessile multicellular communities with 
different patterns of gene expression. This predominant lifestyle of microbes is formed in an 
extremely diverse environment in response to a variety of environmental triggers. Biofilm is 
defined as a sessile community of one or more microorganisms, enclosed in a self-generated 
exopolymer matrix that can settle and proliferate on the biotic or abiotic surfaces [162]. The 
exopolymer matrix is an insoluble and slimily secretion that is primarily composed of 
polysaccharides, protein and extracellular DNA and provides nutrition, structural stability and 
protects the internal cells from inhospitable conditions [162].  

These structured consortia constitute a protective mode of growth against 
environmental challenges, dehydration and antibiotics exposure. From a clinical perspective, a 
hallmark of a successful pathogen is to colonize the host for a long period of time against the 
continuous challenges of hostile environment and biofilm confers both resistance to 
antimicrobials and protection from host defense. The bacteria inside the biofilms are 
metabolically inactive, non-dividing and several orders of magnitude more recalcitrant to 
antibiotics named as persister cells by Joseph Bigger in 1944 [163,164]. Although the persisters 
are found in small numbers inside the biofilm they are capable of repopulating the biofilm 
following sub-effective antimicrobial treatment. So far there is no clinical drug in use that target 
explicitly biofilms [163]. The biofilms are well documented for Pseudomonas aeruginosa, 
Vibrio cholera, Escherichia coli, Staphylococcus aureus, Staphylococcus epidermidis, and 
Bacillus subtilis [165].  

Cording in Mycobacterial Biofilm 

Mtb also fulfills the same criteria of colonization in biofilms as by any other microbe. As early 
as 1882, Robert Koch first showed that mycobacteria grown in culture, aggregates to form a 
rope-like structure known as a serpentine cord. Later on, other studies also showed the ability 
of mycobacteria to form multicellular colonies on hydrophobic solid surfaces or floating as 
pellicle at the liquid-air interface in a growth medium that resembles biofilm [166]. Several 
mycobacterial species have been found to exist in multicellular communities in the 
environment as well as in the clinical setting. Like other organisms, the development of 
mycobacterial biofilm is highly dynamic and complex and follows the same strategy such as 
an initial step of surface adhesion or reversible attachment which is then followed by 
irreversible surface attachment, biofilm maturation  (includes sessile growth, matrix synthesis) 
and dispersion [167]. In previous studies on mycobacterial biofilm, the researchers agreed that 
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unlike other bacteria, the initial attachment of mycobacteria to the surface for biofilm formation 

does not favor by any proteinaceous filaments nor is the three-dimensional structure of 

mycobacterial biofilm enclosed in usual polysaccharides rather the cell wall components that 

are involved in biofilm formation, include glycopeptidolipid and mycolic acids [168]. Even 

though the mycobacteria are non-flagellated microorganisms, they showed a sliding movement 

on the solid medium surface and this movement is favored by glycopeptidolipid [169,170]. The 

characteristic architecture of mycobacterial biofilm is predominantly waxy meaning it is 

primarily composed of lipid which could be free mycolic acid, keto-mycolic acid, short chain 

fatty acid in mycobacterial mycolic acid or polyketide synthase1 generated unknown lipids 

[168,171]. However, in a recent paper, it has been shown that the extracellular material of in 

vitro Mtb biofilm formed as a result of intracellular thiol reductive stress is primarily composed 

of polysaccharides with cellulose being the main component [172]. The polysaccharides-rich 

mycobacterial capsule is also present in the detergent-free medium. Thus, the mycobacterial 

biofilm is an assemblage of various molecules where the subset of core component could be 

shared by many mycobacterial species [173].  

Observation of biofilms through confocal or scanning electron microscopy revealed 

that mycobacterial cell clusters grew as long rods or tight bundles aligned in parallels. The 

orientation of the long axis of each cell within the cord is parallel to the long axis of the cord 

[174,175]. Cord formation or biofilm-like pellicle growth of mycobacteria was initially 

associated with a surface glycolipid secreted by viable mycobacterial cells known as the cord 

factor [176] which was chemically identified as TDM in a later study [177]. TDM, the most 

prominent and abundant mycolic acid-containing compound, is highly toxic when used in an 

oily vehicle. It is critical for the intracellular survival of Mtb as removal of TDM from 

mycobacterial surface enhances the mycobacterial killing by murine macrophages [178]. 

Aggregation of TDM coated beads in structures resembling cords showed the strong correlation 

between TDM and cord formation [179]. It is also involved in a number of host-pathogen 

interactions such as prevention of calcium-mediated phagosome-lysosome fusion, induction of 

pro-inflammatory cytokines and granulomatous disease in mice [148,180,181]. Mycobacteria 

constantly produce TDM and the excessive amount is released in the surrounding environment. 

Different mycobacterial strains were isolated from pulmonary or extra-pulmonary TB patients 

and compared on the basis of TDM production. The bacteria isolated from lungs produced 

more TDM as compared to extra-pulmonary bacteria and also grew faster in the form of thin 

spreading pellicle resembling cords [182]. TDM also plays an important role in the 

development of caseating granulomas as administration of TDM in an oil emulsion 

with/without Mtb in the lungs of mice produced caseating granuloma with Mtb located in fat 

cells [183]. On the other hand, data showing that TDM is only toxic when present in the oily 

vehicle, and its presence in all mycobacteria and not only in virulent species questioned its role 

as a virulent factor of mycobacteria [175,184]. Therefore, even after numerous investigations, 

the precise role of TDM and clinical pathogenesis of mycobacteria has not been clearly 

established.  

Mycobacteria when cultured in liquid medium without detergent showed strong 

propensity to attach to each other to form a variety of microscopic or macroscopic pellicle. To 

overcome this pellicle formation and to get homogenous planktonic growth in in vitro cultures 
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of Mtb, Dubos and Middlebrook in 1947 introduced the use of a dispersing agent polysorbate-

80 (Tween-80) which is still used as a key medium ingredient to grow broth culture of M. 

tuberculosis and other mycobacterial species in the laboratory [173]. Later, studies showed that 

the use of Tween-80 has a direct influence on the physical and biological characteristics of the 

bacteria, especially at high concentration. Addition of Tween-80 in the growth medium of 

mycobacterial culture manipulate the cell wall’s lipid composition, adversely affects the 

virulence of bacteria, enhance susceptibility towards antibiotics and erosion of mycobacterial 

capsule, an important virulence factor of mycobacteria [185-187].   

Cord formation is the first phenotypic characteristic that is related to the virulence of 

the bacteria. Some mycobacterial species can generate interchangeable morphotypes on agar 

medium known as rough (R) and smooth (S) colonies, for example, M. abscessus a fast-

growing mycobacterial species, is responsible for pulmonary infections in patients with cystic 

fibrosis [175]. R colonies of M. abscessus form irregular dry surface with many wrinkles and 

crest on solid medium, spreading-climbing pellicle or veil on detergent free liquid medium and 

showed cording morphology under the microscope. Such morphotype is more pathogenic and 

has more survival time both in vitro and in vivo. [188,189]. In the 1930s, the mycobacterial 

strain H37 isolated from TB patients was dissociated into a virulent strain H37Rv and avirulent 

strain H37Ra by serial passaging on a different medium. In 1947, Middlebrook by establishing 

the correlation between morphological characteristic and virulence showed that H37Ra does 

not display cording morphology. Moreover, this strain of Mtb is infectious, but does not 

replicate in macrophages and is not virulent to animal models in comparison to BCG which is 

an attenuated strain of M. bovis, but retained the ability to replicate in human and mice and 

shows cording morphology [190,191].   

In vivo persistence of Mtb against antibiotics and the host immune cells are the 

characteristics that could be associated with biofilm formation. Mycobacteria promote diverse 

microenvironment in the same host. The necrotic lesions or cavities in active TB show hypoxic 

condition and contain extracellular bacteria that are tolerant to antibiotics and immune cells. 

The current treatment of tuberculosis involves daily administration of multiple antibiotics for 

six months despite the fact that the majority of bacteria dies in the first 2 weeks. Thus, the 

prolonged therapy is to eradicate a small sub-population of non-replicating or slow replicating 

variants occupying the bacteriostatic environment of the calcified lung lesions although the 

molecular mechanism underlying the mycobacterial persistence is not known [192]. These 

persisters can be identified in the negative culture smear of treated patients. An animal study 

showed that mycobacteria which survive the drug treatment colonize the microenvironment of 

necrotic lesions [193]. Other mycobacterial species have also been shown to form multicellular 

communities in animal models [194,195]. The tolerance of mycobacterial biofilm is believed 

to be the cumulative effect of the extrinsic factors such as biofilm matrix and intrinsic 

physiological adaption in the resident population. However, there are still lacking strong 

evidence that could show that Mtb in vivo lifestyle is biofilm and it contributes to the drug 

tolerance [167]. Finally, extracellular mycobacteria found in the caseum of granuloma showed 

cording phenotype 
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Figure 4. Different phenotypes of Mtb. Biofilm phenotype shows the presence of a small sub-population of 

persisters. 

 

Cell Death 

Cell death is the primitive and fundamental defense mechanism of the innate immune system 

against the invading pathogens. Mtb as a facultative intracellular pathogen must exit its infected 

host to enter and establish infection in a new host and for this, it uses the niche of mononuclear 

phagocytes. As TB pathogenesis is influenced by the death modality of Mtb-infected 

macrophages therefore, different cellular fates are very important. Macrophage defense 

mechanisms include apoptosis and autophagy, but mycobacteria try to manipulate it and lead 

the cells towards necrosis [196]. The sensing of the intracellular pathogen by macrophages at 

the initial stage of infection results in autophagy. Autophagy is a regulated homeostatic 

response conserved in all living cells degrading their own dysfunctional or unnecessary cellular 

components. In autophagy, the damaged organelles are sequestered into a double-membrane 

vesicle called autophagosome that is transported to lysosome to become autophagolysosome. 

Mtb is one of the first bacteria that recognize as the target of autophagic removal [196].  In 

vitro IFN-γ stimulation, Vitamin D3 treatment and TLR4 signaling induce autophagy-mediated 

intracellular killing of mycobacteria [197-199]. Mycobacteria as a successful human pathogen 

could impair autophagy at the step of autophagosome-lysosome fusion through an ESX-1 

mediated mechanism and use the intracellular environment as a replicating niche [200]. 

Apoptosis is an energy-dependent tightly regulated process for host cell defense to minimize 

inflammation. This process not only eliminates the replicating niche, but also expose the 

pathogen to humoral immunity. In apoptosis, the dying cells enclosed its fragmented nuclear 

and cytoplasmic contents into membrane-bounded apoptotic bodies. The apoptotic bodies 

released the “find me” and “eat me” signals that attract neighbouring phagocytic cells to clear 

them by a process called efferocytosis. The major players in apoptosis are caspases, adaptor 

proteins, TNF receptors and Bcl-2 family of proteins while phosphatidylserine plays an 
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important role in clearing of the apoptotic bodies. The attenuated strain H37Ra and BCG are 

strong inducers of apoptosis while the virulent strain H37Rv infection has retained various 

mechanisms to actively block macrophage apoptosis and undergo necrosis [195,201]. 

Apoptosis is related with reduced mycobacterial viability in vitro however, a study based on 

live imaging of zebra fish showed that mycobacteria-induced apoptosis through ESAT-6 is host 

detrimental and enable bacteria to proliferate during granuloma formation [202]. Necrosis, a 

result of pathological or physiological accidental events, is the loss of outer cell membrane 

integrity with the release of cytoplasmic and nuclear contents to the extracellular space and 

provokes inflammation. The cytotoxic activity of mycobacteria in heavily infected 

macrophages allow their dissemination and disease progression. The necrotic debris or caseum 

provides the ideal growth environment to the bacteria which grow massively and form 

serpentine cords [196].  

Etosis Leading to Extracellular Traps 

So far, fourteen novel cell death models have been unraveled and one of them is NETosis, 

reported by Brinkman group in 2004 [203] and named by Steinberg in 2007 [204]. In this 

programmed cell death, neutrophils are able to kill pathogens outside the cells by disgorging 

their chromatin into surrounding environment in the form of threads called neutrophil 

extracellular traps (NETs) [205]. Later on, researchers discovered that the release of 

chromatin in the form of extracellular traps (ETs) is a more general phenomenon shown by 

many other immune cells (eosinophil, mast cells and macrophages) through a variety of 

stimulants, microorganisms and their product and so the cell death was renamed by a more 

generalized term ETosis by Wartha et al. [206]. ETosis is a well-conserved cell death found in 

many animals other than humans such as ox, horse, fish, cat and mouse and even in a plant 

where it plays a key role in protection of roots tips against fungal infection. In contrast to 

apoptosis, the initial step in ETosis is the decondensation of DNA and the disintegration of the 

nuclear and granular membrane and they also do not display the “eat-me” signal to prevent 

their pre-emptive clearance by neighboring phagocytes, but the plasma membrane remains 

intact, similar to apoptosis. The process of ET formation has been extensively studied in 

neutrophil. The novel series of cellular events involve in NET formation includes ROS 

production followed by transport of elastase and myeloperoxidase from granules to the nucleus, 

histone modification, cytoplasmic membrane disruption and release of chromatin [207]. The 

unique ultra-structure of NETs composed of long chromatin filaments with 15-17 nm in 

diameter, decorated with 30 different proteins with a major percentage of histone. NETs are 

not only released in the form of long filaments but can also form a web-like structure. These 

network of clouds are formed by joining the ETs of more than one cells [208,209]. Another 

important step in ET formation is citrullination of histone. Citrullination or deamination is the 

conversion of arginine into citrulline catalyzed by peptidylarginine deiminases (PADs). In 

human five PADs enzymes are known, out of which Ca-dependent enzyme PAD4 catalyzes 

histone citrullination in neutrophils [210]. Inhibition of PAD4 prevent citrullination and 

significantly reduce NET release [211]. A study based on eosinophil showed that ETs can also 

release from viable cells without nuclear destruction. These ETs are composed of 

mitochondrial DNA, lack nuclear histones and possess antibacterial activity [212]. The 

physiological importance of ETosis is disclosed by many in vivo studies where ETs have been 
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found excessively at the site of inflammation caused by infection or non-infection [209]. ETs 

entrap microorganisms due to the electrostatic interaction between negatively charged 

chromatin fibrils and positively charged bacterial surface and can kill a variety of microbes 

[203,213]. However, there are some pathogens including Mtb that can be trapped by NETs but 

are able to escape the NETs-mediated killing [214]. Some staphylococcus and streptococcus 

species express endonucleases that can digest NET-DNA scaffold and release the microbes 

from NET-mediated killing [215,216]. NETs have also been found in the serum and blood 

circulation of active TB patients showing its role in cavitary TB [49,217,218]. Although NETs 

are believed to be an effective defense mechanism against pathogens, recent research showed 

that excessive NET formation has been implicated in several pathological conditions like 

sepsis, atherosclerosis and autoimmune diseases like systemic lupus erythematosus (SLE) and 

psoriasis suggesting that NET formation is related with exacerbated immune responses and 

tissue damage. Extracellular DNase I enzyme which plays a vital role in the clearance of 

necrotic cell’s DNA is also important for NETs clearance. In SLE, 30% of patients are unable 

to degrade NETs because of low activity of serum DNase I [207]. An in vitro study showed 

that hMDMs can remove NETs in a cytochalasin D-dependent manner and that this clearance 

is enhanced if NETs are pre-processed with DNase I [219]. 

Macrophage Extracellular Traps 

Macrophages have also been reported to use the alternative weapon of ETs to capture 

pathogens. Chow et al. first revealed that Statin, a drug used to regulate sterol synthesis 

pathway, potentially mediate the formation of ETs in murine macrophages and named them as 

macrophage extracellular traps (METs). These METs were capable of inhibiting the growth 

of entrapped Staphylococcus aureus [220]. Like Statin, diverse pathogens (including both fast 

and slow growing mycobacteria species) and chemical stimuli can also induce MET formation 

in many subsets and cell lines of macrophages, as described by other studies [221] . In addition 

to direct contact with microbes, bacterial virulence factor such as the ESX-1 system of Mtb in 

the presence of INF-γ and leukotoxin from Mannheimia hemolytic can induce MET formation 

in hMDMs and in bovine macrophages respectively [222,223]. METs share many properties 

with other ETs such as they are composed of histone-DNA backbone and contain different 

antimicrobial peptides, can or cannot be dependent upon NADPH oxidase, the DNA is derived 

from either nucleus or mitochondria, are found in tissues during disease conditions and the 

filaments can be degraded by DNase I and micrococcal nuclease. However, METs are released 

in much lesser extent as compared to NETs [224,225]. METs have shown potential 

microbicidal activity against a variety of microorganisms, but are still less effective as 

compared to the intracellular killing. On the other hand, M. massiliense, a fast-growing 

mycobacterial species, has been shown to enhance the bacterial growth potentially by providing 

a scaffold for bacterial aggregation [226]. Overall, the MET formation has not been as 

extensively studied as the NET formation and the differential response of MET formation is 

due to differences in experimental conditions or if some kind of macrophages is more prone to 

MET formation than other [221].  

A recent study showed that ETs from neutrophils are produced in response to large 

pathogens, such as Candida albicans hyphae and extracellular aggregates of M. bovis, but not 
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in response to small yeasts or single bacteria, suggesting that neutrophils can sense microbe 

size and selectively produce NETs [227]. Furthermore, it has been demonstrated that non-

sonicated bacteria induce more METs than sonicated bacteria, which indicates that 

mycobacterial clumps are more efficient at promoting extracellular traps [223]. Additionally, 

cord-forming M. abscessus induces the release of DNA meshwork by PBMCs, a phenomenon 

which is not observed with non-cording strains [228]. Therefore, the formation of ETs might 

be a defense mechanism against microbes that are too big to be ingested by innate immune 

cells.  

Figure 5. Macrophage extracellular traps. Mtb = Mycobacterium tuberculosis, AMPs = antimicrobial peptides 

[226]. 
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Following the identification of the antibacterial activity of penicillin, researchers started to 
evaluate the efficacy of natural and chemical compounds in animal models. An era of 
chemotherapy of TB began in 1943 when the antibiotic Streptomycin (SM), a natural 
substance isolated from Streptomyces griseus was introduced and showed its efficacy against 
Mtb, first in an animal model and then in human. The drug affects polypeptide synthesis. In 
1946, it was shown to reduce the TB mortality rate from 27% to 7% with 6 months of treatment 
[229]. SM was good, but far from perfect and just after 5 years, the drug did not remain effective 
anymore because of the development of antibiotic resistance. Four years later, after the 
discovery of SM, a new synthetic compound, para-aminosalicylic acid (PAS) was synthesized 
by a Swedish scientist showing anti-mycobacterial properties. Both drugs were moderately 
active, had large side effects and quickly developed resistance. By that time, the British medical 
research council by clinical trials showed that these drugs are more effective when used in 
combination than alone hence, the first combination of anti-TB drugs were started [5]. In 1951, 
Isoniazid (INH) was discovered by two different pharmaceutical industries at the same time. 
The drug was found to be vastly superior to all other anti-TB drugs used at that time and was 
unique as being less expensive, well-tolerated and safe. Initially, because of its properties, INH 
was also used alone for TB treatment, but soon it was found out that the drug got resistance 
and the disease could relapse. Hence in 1959, to prevent drug resistance the first successful, 
chemotherapeutic regimen based on the combination of INH, SM and PAS was used [230]. So, 
for almost 20 years, the standard chemotherapy was composed of all three drugs in combination 
for 2 to 3 months followed by administration of INH and PAS for additional 12 months [231]. 
Despite such prolonged treatment, there were around 10% of relapse cases after the 
discontinuation of treatment. In 1954, pyrazinamide (PZA) was discovered, but it was very 
toxic at the prescribed dosage while ethambutol (EMB) was discovered in 1961 by random 
screening of compounds against Mtb in vitro [232,233]. Animal studies showed the 
effectiveness of EMB for INH and SM resistant strains and was used in the retreatment 
regimen. Later, the drug was found to be more effective than PAS even in low doses and 
replaced it. Finally, Rifamycin was discovered in 1957 in Italy during the investigation of 
antibiotic properties of a soil bacterium, Nocardia mediterranei, but was not used until the late 
1960s when a modified compound rifampicin (RIF) was designed. In 1972, trial on regimens 
including RIF showed good result with the reduction of treatment time to 9 months. Finally, 
the rejuvenation of PZA at low doses allowed the development of “short-course” anti-TB 
chemotherapy for 6 months [230]. The chemotherapeutic regimen that rose up after numerous 
trials for the treatment of drug-susceptible pulmonary TB in both adults and children was 
named as first-line drugs (also known as short-course chemotherapy) and is consist of INH, 
RIF, PZA and EMB for initial 2 months (intensive phase), trailed by a continuous phase of 
INH and RIF for 4 months (continuous phase). This regimen is routinely practiced in many 
countries now [229]. Microbiology monitoring of the efficacy of the prescribed regimen is 
mandatory particularly at the end of the intensive and continuous phases of the treatment. The 
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development of chemotherapeutic regimen that can shorten the TB treatment further is the main 

goal of TB research.                                                                                                                        

Mechanism of Action and Resistance against First-Line Antibiotics 

INH, a synthetic drug, chemically known as an isonicotinic acid hydrazide, is the most 

clinically successful compound ever developed to treat TB. It has bactericidal effect against 

actively-dividing bacteria. In the first 2 days of treatment INH reduces almost 95% of bacterial 

load, but after this period it serves to limits the emergence of RIF’s resistance. It has also been 

used as a prophylactic drug for LTBI to prevent reactivation of the disease as the tubercle bacilli 

could revert from non-growing form to growing form and therefore, become susceptible to INH 

[234]. The drug has been the subject of intensive research since its discovery and shown to 

cause multiple effects on tubercle bacillus, but the major breakthrough in understanding its 

mechanism of action came from a study showing that it interferes with mycolic acid synthesis 

[235]; yet, the exact nature of activity leading to cell death is still unclear. It is a prodrug that 

enters the mycobacterial cell through passive diffusion through the cell wall. Inside the 

bacterium, it is activated by mycobacterial catalase-peroxidase KatG. The generated metabolite 

produces different ROS, out of which the isonicotinoyl radical inhibits the enzyme enoyl-ACP 

reductase InhA, involved in mycolic acid biosynthesis [234]. Mutation occurs either in the 

KatG gene or in the promoter region of inhA gene [236]. RIF is a semi-synthetic hydrazone 

derivative of rifamycin. This complex molecule is bactericidal and inhibits initiation of RNS 

synthesis through impairing the β subunit of bacterial RNA polymerase enzyme [237,238]. The 

drug kills both actively dividing bacteria and resting or persistent bacteria with a sporadic 

metabolic burst. RIF is also used in a regimen for treating LTBI [239]. Resistance is due to a 

mutation in rpoB gene [240]. PZA is the pyrazine analog of nicotinamide. Unlike other TB 

drugs, PZA is most effective against old non-growing bacteria, but it works only in acidic pH 

of 5.5 [241] and environment formed in active inflammation [242] and because of this fact 

PZA is shown to be most effective in mice [243], but lacks activity in in vitro culture [244]. 

The clinically used weak acids, aspirin and ibuprofen, could also enhance PZA activity in the 

mouse model [245]. PZA is a part of the first-line drugs against drug-sensitive TB, but are also 

frequently used for DR-TB. It is also a prodrug that enters the cells by both active and passive 

mechanism, activated with mycobacterial amidase enzyme called pyrazinamidase, encoded by 

gene pncA, to its active, pyrazinoic acid (POA) [246]. The POA is initially formed in the 

cytoplasmic compartment which has no bactericidal activity and then it is excreted out where 

a small part of POA is converted into uncharged protonated POA in an acidic environment 

which enters the cell again passively, accumulates and kills the bacterial cell [246,247]. It acts 

through many different pathways such as membrane transport disruption [248], synthesis of 

fatty acid synthetase [249] and inhibition of trans-translation of Mtb [181]. Mutation occurs in 

pncA gene that encodes for pyrazinamidase enzyme [250]. EMB is bacteriostatic in action and 

acts on extracellular bacteria. It is rapidly taken up by both replicating and non-replicating 

mycobacteria, but it is active only against replicating bacilli. Initial studies addressed the issue 

of interfering the drug with the role of polyamines and divalent cations in RNA synthesis [251], 

but later on, inhibition of arabinogalactan biosynthesis appeared as its main mechanism of 

action against mycobacteria [252]. It also inhibits the biosynthesis of arabinan core of LAM 

and can also impair glucose metabolism [253,254]. EMB acts through inhibiting the 
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arabinosyltransferases enzymes [253]. Its main role in first-line treatment is to prevent the 

emergence of resistance to RIF and PZA when unrecognized resistance to INH is already 

present. Resistance was found in the cluster of genes associated with arabinogalactan 

biosynthesis [255,256].  

 

Figure 6. Mechanism of action of first-line antibiotics against Mtb.  

Drug-Resistant TB 

The necessity of treating TB with a multi-drug regimen was driven from the fact that Mtb 

possesses several clinically important biological properties that make it a difficult target to 

treat. Mtb is a tough and resilient microorganism that acquires unique strategies to prolong its 

residence within the host. It is a slow-growing bacteria with approx. 12 to 18 hours generation 

time and it hampers antibacterial treatment since most antibiotics interfere with cell division 

processes. It has high lipids contents in its cell wall plus the low number of pores provide a 

solid resistance shield to many antibacterial compounds. Moreover, the cells are hydrophobic 

and tend to clump together [257]. TB may have a long latent period (vary from months, years 

and even decades) between infection and clinical illness. In cavitary TB, many different sub-

populations of bacteria are present along with drug-sensitive bacteria such as persisters, 

extracellular bacteria and a population that is found either inside the macrophages or inside the 
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solid caseous foci. [230]. The presence of so many sub-populations during infection represents 

a challenge in TB drug discovery. 

Drug resistance is a biological phenomenon that has been seen in Mtb since the advent 

of the first antibiotic and the cases of increased drug resistance have continued to occur as the 

TB chemotherapy has evolved. One of the key challenges in TB treatment is the long duration 

and complexity of the drug combinations and completion rates of long therapies are lower than 

expected. DR-TB may either result from the primary infection with drug-resistant bacteria 

(primary drug resistance) or may develop in the course of the patient’s treatment when non-

optimal treatment durations or regimens are used (acquired drug resistance) [258]. There is a 

high risk of acquired DR-TB in HIV co-infected patients because of the malabsorption of the 

TB drugs [259]. Given the length, complexity and adverse event profile of TB treatments, 

patient adherence can be difficult to maintain and misuse of drug treatment could result in the 

emergence of mutated strains with DR-TB. It is paradoxical that Mtb continues to evolve 

resistance especially in those settings that are least able to deal with it. The situation becomes 

particularly detrimental if resistance is not identified before the onset of therapy [260]. DR is 

connected with more costly and longer treatment and inappropriate treatment can have life-

threatening results [257]. DR strains of Mtb pose a serious obstacle to progress in global TB 

control. Therefore, every effort should be made to promote adherence to the therapy. WHO in 

1993 recommended a strategy of DOTS as a backbone of TB control and treatment throughout 

the world. DOTS implies the need of supervised chemotherapy of a standard treatment by a 

health care worker even in a resource-limited setting with the goal of increasing completion 

rate up to 85%. This is also to avoid all the problems associated with self-administration and 

allow rapid management of adverse events related to the drug intake [8]. This resulted in the 

decline of TB cases over the past few decades, but despite progress, major gaps exist such as 

in immune-compromised people (due to AIDS, cancer chemotherapy and organ 

transplantation), there is increased prevalence of DR-TB [261]. A study based on clinical trials 

found no improvement in the results between close supervision and other ways of 

chemotherapy means that it is only the medicine that could improve the TB cases [262]. INH 

resistance is the most commonly encountered form of anti-TB drugs resistance, whether in 

isolation and in combination with other drugs. By definition, MDR-TB is resistant to most 

effective first-line anti-TB drugs: INH and RIF. Based on WHO suggestion four effective drugs 

should be prescribed in MDR-TB. All regimens should include one first-line drugs (in most 

cases it is PZA), one of the injectable second-line drugs (AMI, capreomycin or KAN), a 

fluoroquinolone and other oral second-line drugs such as ethionamide, and cycloserine. The 

duration of the first phase should depend upon culture conversion, but it should last at least 8 

months whereas the duration of the second phase should be longer than 20 months [232,263]. 

Such prolonged and complicated therapy is not only expensive and possess limited sterilizing 

capacity, but also cause adverse, toxic side effects, challenging patient compliance to treatment 

[263]. These dire limitations emphasize the need for new treatment and management strategies 

for both drug-sensitive and drug-resistant TB. Misuse and mismanagement of second-line 

drugs may lead to the emergence of XDR- strains. In 2006, XDR-TB was introduced and was 

characterized as Mtb resistant to either INH or RIF among the first-line antibiotics, any 
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fluoroquinolone and at least one of three injectable second-line antibiotics (AMI, capreomycin, 

and KAN). XDR-TB now possess a more serious threat [258].    

Second-Line Drugs 

Globally, the cure rate of DR-TB is lower because the second-line drugs used to treat DR-TB 

are mostly weak, toxic and used for long duration of 18 to 24 months. The treatment regimen 

for DR-TB generally include at least four drugs based on drug sensitivity testing of infecting 

strain plus the patient’s treatment history. The synthetic compounds Fluoroquinolones are 

very key components of the regimen used for MDR-TB. These bactericidal drugs inhibit DNA 

gyrase causing failure of bacterial DNA supercoiling, inhibiting  DNA replication leading to 

bacterial death [264]. The two most active fluoroquinolones against Mtb are moxifloxacin 

(MOX) and levofloxacin (LEV) [265,266]. MOX has shown same bactericidal activity as INH 

against replicating bacteria both in murine models of TB [267,268] and in the human [269]. 

MOX improved the culture conversion when it was used to replace EMB in the intensive phase 

of therapy [270]. 90% of fluoroquinolone resistance is conferred by point mutations in the gyrA 

gene and therefore susceptibility to fluoroquinolones of clinical isolates should be confirmed 

if the drug of this class is to be used for TB treatment [264]. Aminoglycosides inhibit protein 

synthesis by acting on a 30S subunit of the ribosome. Other than SM, this class also includes 

anti-TB drugs like amikacin (AMI) and kanamycin (KAN). They are often referred to as 

second-line injectable drugs in the context of treatment of DR-TB. AMI is a semi-synthetic 

product of KAN which in turn is derived from Streptomyces kanamycetus, a soil bacteria [271].  

Linezolid (LIN) belongs to oxazolidinones that inhibits protein synthesis by blocking 

translation, is used to treat XDR-TB. Its major limitation is a high frequency of hematological 

side effects which increase with dose and duration of treatment [272]. Clofazimine (CLOF) 

was first synthesized in 1954 and was highly effective against Mtb in in vitro and mice models, 

but not effective in the guinea pig and monkey model owing to its poor absorption in later 

animals, which discouraged its use in TB treatment and instead it was used as an anti-leprosy 

agent [273]. The drug undergoes enzymatic reduction by mycobacterial type 2 NADH 

dehydrogenase enzyme and upon subsequent oxidation, leads to the formation of ROS [274]. 

The drug has now been reused in the treatment of MDR-TB. This drug has very low-frequency 

of resistance development and at sub-inhibitory concentration, it also inhibits the emergence 

of resistance to INH in Mtb [273]. CLOF has also been shown to be effective against 

mycobacterial persisters [275].  

New Drugs in the Pipeline 

The Global Alliance for TB drug development showed that new drugs should be developed 

with an aim to shorten the current treatment, be effective against susceptible and resistant 

strains, be compatible with antiretroviral therapies for HIV/TB co-infected patients and 

improve treatment of latent infection. Due to the subsequent rise of DR-Mtb strains coupled 

with the twinning of TB with HIV/AIDS, the demand to create novel, better medications and 

regimens for the treatment has been raised. TB treatment regimen has been decreased from 2 

years to 6 months, but still very far from ideal. One of the key difficulties in the field of TB 

medication advancement is that the remedial unit is a mixed regimen, not a solitary medication. 

Moreover, finding a new drug that is effective against persisters is critically important to 
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achieve the goal of completely eradicating TB and potentially shortening the therapy. The best 

example, in this case, is PZA that is primarily active against persisters and its inclusion in the 

regimen shorten the TB therapy to 6 months. Pharmaceutical industries showed little potential 

in TB drug discovery, so the major research investment seen over the past few years in the field 

of TB drug development has been done by academia but still the progress is slow [276] as the 

new drugs with potent activity against Mtb has faced the chronic under-funding for TB research 

as well as insufficient capacity for clinical trials. Delamanid (OPC-67683) is a nitro-dihydro-

imidazooxazole derivative and a pro-drug that requires reduction of its nitro group by Mtb 

[277]. It disrupts the metabolism of the cell wall by inhibiting the synthesis of mycolic acid 

[278]. A regimen containing delamanid, RIF and PZA eradicate bacteria faster than the 

standard regimen in a murine model [278]. It is effective against both replicating and non-

replicating bacilli [279]. It could upgrade treatment alternative for patients with MDR-TB 

[277]. It is well-tolerated and also shows good early bactericidal activity in patients with newly 

diagnosed smear-positive pulmonary TB [280]. Bedaquiline (TMC 207) is a diarylquinoline 

that kills Mtb by inhibiting membrane-bound ATPase synthesis, resulting in depletion of 

cellular ATP levels [281,282]. Its early bactericidal activity is similar in magnitude to INH and 

RIF [283]. It is highly active against many mycobacterial species and also exhibits potent in 

vitro activity against both drug-susceptible and drug-resistant Mtb strains [281,282]. The drug 

is a promising new anti-TB drug for MDR-TB as its addition into the standard regimen for 

MDR-TB reduces the time to culture conversion [284] and prevent the emergence of further 

resistance to the drugs included in the backbone regimens. However, one study showed more 

death in the bedaquiline group than the placebo group [285]. Pretonamide (PA-824) is a 

derivative of metronidazole and is also a pro-drug [286]. It acts on ketomycolate, a fundamental 

part of the Mtb cell wall and causes respiratory poisoning through the intracellular release of 

nitric oxide [287]. The drug showed bactericidal activity in both active TB [288] and LTBI 

[289] in a murine model. It is in combination with MOX and PZA more effective than standard 

therapy in TB patients [290].  

Drug Screening 

Drug discovery is an interdisciplinary, complex, time consuming and expensive process. The 

introduction of new therapeutic solutions can take more than a decade. Drug discovery projects 

are fuelled by high throughput screening (HTS) in both academia and pharmaceutical industries 

and involve automation of standardization of biological and biochemical assays. Traditional 

HTS can be divided into the target-based and phenotypic screening. Advances in molecular 

biology and genomics initiated the era of target-based screening in the 1980s and it became a 

dominant approach to drug discovery in pharmaceutical industries. In target-based screening, 

the starting point is a defined target (typically a protein) that is identified in basic research and 

is hypothesized to have an important role in the disease. G protein-coupled receptors, ion 

channels and enzymes are the most common and successful molecular targets in the drug 

discovery [291]. This approach had worked well in communicable and non-communicable 

diseases, but it has had no substantive success against bacterial infectious diseases, including 

TB. Hits identified by target-based screening mostly failed in late-stage drug development 

because of multiple factors. A study showed that during 1999 – 2008 from food and drug 

administration (FDA) approved drugs were mostly discovered from phenotypic screening 
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approach as compared to target-based screening [292]. From 2011, the historical drug 

discovery approach, i.e., phenotypic screening again gain acceptance over the target-based 

screening. Phenotypic screening explores compounds that ameliorate the disease phenotype 

in predictive host settings. Consequently, the majority of current screening modalities are 

utilizing whole-cell determinations of compound potency for bactericidal activities on 

pathogenic and non-pathogenic mycobacteria [293]. Advances in computational techniques 

and hardware have enabled virtual screening that is an effective alternative strategy for 

accelerating and economizing the drug discovery and developmental process. It is more 

applicable where the structure information is available such as protein structure for structure-

based virtual screening or set of known actives in case of ligand-based virtual screening. 

The first is based on docking a large number of compounds against the 3D structure of the 

target, while the later based on similarity procedure which states that similar compounds cause 

similar biological effects [294].  

Screening Approaches in TB 

With the sequencing of Mtb genome in 1998, efforts have continued to identify and interrogate 

specific and vital TB biochemical targets. The underlying problem with the target-based 

approach in case of TB remains the same as other infectious diseases that is the translation of 

potent, selective in vitro biochemical activity into the whole-cell, anti-mycobacterial activity. 

Even though several HTS screening campaigns have been performed against carefully selected 

targets both in vitro and in silico [295], but none of the highly significant inhibitor caught 

against the Mtb enzyme shows same effectiveness against the whole bacteria [296,297]. 

Despite numerous biochemical target-based screening campaigns, success in identifying TB 

drug candidates has been limited. As a result, there is a pronounced trend toward returning to 

the phenotypic screening strategy and it is also important to recognize that all current TB drugs 

were either identified by or derived from Mtb whole-cell screening “hits”. Mtb is found in 

various growth conditions in its host and the most challenging approach in case of phenotypic 

screening is to replicate such conditions in the screening assay. Screening of chemical 

compounds has been performed in several mycobacterial models. The main model used is the 

whole bacterial cell either virulent or a virulent. For primary screening, BCG is a common 

surrogate to Mtb because of 99% identical genome and safer handling. M. smegmatis and M. 

marinum, fast growers are used as a substitute for slow-growing Mtb. Bedaquiline, a newly 

discovered anti-TB drug mentioned earlier, is derived by chemical optimization of a lead 

compound originally identified from screening campaign against M. smegmatis model [298]. 

Although technically convenient, the use of Mtb surrogates could lead to the identification of 

compounds ineffective against Mtb and studies suggested that compounds active against Mtb 

are best identified in screening against Mtb itself and not by a model organism [299]. Moreover, 

as Mtb likely exist in different physiological states during infection, there is also an increase 

trend to target Mtb inside its host cell such as macrophage model since macrophages are the 

primary target of Mtb [300]. Although being more complex, the testing of drugs in the host-

pathogen model has more advantages as it highlights the physiologically relevant phenotype of 

the pathogen. In case of TB, primary human macrophages are the natural host of Mtb, but 

human or murine cell lines have been used in phenotypic screening assays as they provide an 

unlimited number of relatively homogenous cells with consistent phenotype. As TB is treated 
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by multiple drugs, another approach is to identify host-directed compounds that augment 

immunity against Mtb infection and could be used alongside anti-mycobacterial drugs [301]. 

The drugs that have proven successful in curing other infections are also tested for anti-

mycobacterial activity to be included in the current regimen to shorten the duration of 

treatment. The most common example is MOX which is highly effective in rapidly reducing 

the bacterial load in a murine mouse model, but did not show any improvement in reducing the 

duration of treatment in Phase III trials [266,302]. 

High Content Screening 

High content screening (HCS) is the application of high content analysis (HCA) to screening 

of chemical libraries. Previously HCA was defined as an analytical technology which combines 

the automated fluorescence microscopy with quantitative image analysis. However, in recent 

years other cell-based analysis techniques have also been used such as flow cytometry, etc. and 

therefore, now it is defined more broadly as any technique used to analyze intact cells or 

cellular compartments by high multiplexing. The fluorescence imaging-based HCA is now 

known as high content imaging (HCI). Automated microscopy and automated image analysis 

are being applied to all stages of drug discovery and development pipeline. HCI enables 

measuring complex phenotypic outcomes that are more closely linked to disease state while 

also providing the preliminary, cell-level assessment of certain aspects of absorption, 

distribution, metabolism, excretion and toxicity (ADMET) in primary screening. The power of 

HCI resides in its ability to assess different endpoints simultaneously at the level of individual 

protein, organelle, whole cell, cell populations, or even an entire organism [303].  

Assay Development 

Assay development is critical for successful HTS and establishing a reliable and reproducible 

assay might involve months to years of optimization for developing protocols best suited for 

desired screening. In case of cell-based HTS, the selection of an appropriate biological system 

is followed by optimization, to best address the biological question of interest such as titration 

of cell density and culture conditions, titration of the reagents used, addition of the change 

agent and determination of its optimal concentration, the incubation time and the detection of 

induced changes. The assay must also be adapted to a robust multi-well set-up, scaled for 

automated sample handling and should have a minimum number of experimental steps. There 

is no general rule defining the features of a cell type that render it suitable for cell-based assay, 

but cell morphology is a critical feature to consider such as the ideal morphology of cells is flat 

with minimal tendency to form clusters. A review paper based on literature published for HCS 

assays reported that cell lines represent 85% of total cells used in HCS assays, whereas only 

15% are based on primary cells. The identification of an appropriate positive control, 

representing strong inhibition of the assay readout, is another critical step in assay 

development. The positive control should also be titrated to provide diagnostic information for 

each experiment. Sensitivity to compound solvent (especially dimethyl sulfoxide, DMSO) 

should also be determined. Assay reproducibility from well-to-well, plate-to-plate and day-to-

day should be evaluated using both positive and solvent controls [304]. The most widely 

accepted measurement of assay quality and readiness is the Z’ factor. The Z’ factor is calculated 

at the assay optimization stage using the positive and negative controls and is based on the 
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means and standard deviations of positive and negative controls. A meaningful Z’ value is 

computed by using multiple repeats. Z’ value ≥ 0.5 indicates excellent assay while an assay 

with Z’ value between 0 and 0.5 is considered marginal.  Once the assay has achieved an 

acceptable Z’ value, a pilot screen can be performed with a small number of chemical 

compounds to validate the assay before use in HTS. Other critical issues to be considered are 

the analysis, interpretation and data mining of the assay data. Appropriate strategies for data 

analysis and interpretation should be considered [305].  

Along with several other aspects, the choice of compound libraries is also critical for 

the success of the screening. Novartis revealed that natural products have significantly higher 

hit rates as compared to synthetic compounds in HTS screening campaigns [306]. The need to 

develop less toxic and more potent compounds against TB has also led to the involvement of 

natural products in the discovery. For as long as man can remember, nature has been used as a 

source of medicinal products and all possible sources of nature, plants have been viewed as an 

important source of new drugs in the last 20 years, nearly 50% of the drugs approved by FDA 

in the United States of America have been derivatives of natural products. Moreover, about 

75% of all the approved drugs are derived from medicinal plants [307]. In the case of TB, 

natural remedies, especially those derived from ethnobotanically-selected plants, are still being 

used worldwide [308]. Nature’s biosynthetic engine produces innumerate bioactive secondary 

metabolites that have been shown to act on myriads of the target with very different potential 

and activity pattern. There have been several efforts to screen and isolate novel anti-TB 

compounds from natural products. There is also an increasing optimism that novel anti-TB 

agents may be sourced from endophytes, microorganisms that form a symbiotic relationship 

with their host plants and marine organisms [309,310]. The problems that hinder the use of 

natural products in drug discovery are the low availability of compounds and high relative 

structure complexity. Another obstacle is that the isolated active product in most cases needs 

follow-up improvement to be more potent and as most of the natural product-based research is 

performed in an academic environment, therefore, follow-up studies are usually lacking. 

Hit Identification and Beyond 

In primary screening, several different potential hits might be discovered, but typically not all 

of them would have equally desirable qualities. The definition of “hit” can vary, but in general, 

a hit is a chemical compound that showed desired activity in the primary screening. Successive 

hits will be processed through a funnel of hit optimization where it is provided with successive 

series of chemical modification and a series of assays. Primary screening is usually performed 

with single concentrations whereas the next step is to generate a dose-response curve of the 

obtained hit(s). The dose-response curve provides the half maximal inhibitory concentration 

(IC50) which is used to compare the potencies of the hits. The next step is to examine the 

surviving hits in another assay (usually called secondary assay) that has detection technology 

distinct from the primary screening assay. It is also important as it removes the false positives, 

compounds interfered with assay detection methodologies and selected as hits in the primary 

assay. The hit optimization phase also involves continuous chemical examination of the hits. 

During all these steps chemical compounds with structure similarities (analogs) are clustered 

together in groups. The chemical compounds within each cluster are examined for their 
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structure-activity relationship to identify the essential elements in the structure associated with 

the activity. The target here is to determine some common chemical core that can be modified 

with different chemical groups to improve the potency, efficacy and selectivity of the 

compound. That is why it is preferable to start the screening with small and simple molecule 

as often the chemical modification lead to increase molecular weight which can affect the safety 

and tolerability of the compound. Therefore, chemical compounds libraries mostly contain 

“drug-like” compounds that have a small molecular weight. The compounds acquired or 

synthesized during the modification process are again tested in in vitro assay to determine the 

ADMET properties. Moreover, physiochemical and pharmacokinetic measurements need to be 

determined before formulation for in vivo studies [311]. The metabolic stability of a compound 

is another key factor that can be checked by in vitro assay. The compound solubility profile is 

also set up. In case of infectious diseases the compound should also be tested for its specificity 

against the desired pathogen and evaluate against the multi-drug resistant strains, the strain to 

be used in in vivo animal models and clinical strains [312]. The hit optimization program results 

in the identification of new analog with improved potency and high efficacy. The final lead 

scaffold may bear little resemblance to the original hit identified through screening chemical 

libraries.  

The hit molecule(s) obtained from the optimization process is then processed in the hit-

to-lead phase with a target to make a more potent and selective compound known as “lead”. 

The lead compound is further optimized to maintain favorable properties of the compound 

while further removing the deficiencies of the molecule. This whole process is known as “lead 

optimization phase” and it provides information to prepare the candidate drug to begin the 

preclinical trials [311].  
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Aims 

 

Paper 1 

The study aimed to investigate the cording phenotype of Mycobacterium tuberculosis and it’s 

interaction with primary human macrophages. 

Paper 2 

The study was performed to observe the drug sensitivity of different phenotypes of 

Mycobacterium tuberculosis against isoniazid and rifampicin. 

Paper 3 

In this study, we searched for novel anti-mycobacterial agents from crude extracts of African 

plants selected on the basis of ethnobotanical knowledge.  

Paper 4 

We aimed at developing a high content screening assay to explore new active compounds 

against intracellular Mycobacterium tuberculosis using primary human macrophages.   
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Results and Discussion 

 

TB, primarily a respiratory infection caused by Mtb, remains one of the greatest threats to 

human health. It is well-established now that TB comprises of different stages of infection with 

continuous struggle of survival between the bacterium and the host. In case of healthy 

individuals, after inhalation of the bacteria, the primary outcome of the infection is the 

development of LTBI as the host immune system succeeded in the struggle to some extent. 

However, Mtb has evolved many strategies to circumvent host defense mechanisms and such 

individuals can later develop active disease if the immune system is compromised by any mean. 

This battle between Mtb and host immune system has become more complicated with the 

development of DR-Mtb strains which emphasizes the urgency of new TB control measures.  

Since the discovery of Mtb, the formation of serpentine cords or pellicles, a biofilm-

like structure, at the liquid-air interface in a variety of in vitro media has been known as a 

characteristic sign of these bacteria. In cords, bacilli grow in a coiled structure along their long 

axes. This intrinsic property of Mtb has also been shown in material isolated from TB patients. 

Alveolar macrophages isolated from resected lungs of pulmonary TB patients were 

demonstrated to carry cord-forming Mtb [313]. The cord formation in in vitro cultures depends 

upon the culture conditions [171]. Our lab routinely cultures Mtb with Tween-80 in the broth 

in standing cultures for a week, which promotes the planktonic phenotype of Mtb (Paper 1, 

Figure 1A and E). Therefore, in order to promote cord formation, we reduced the 

concentration of Tween-80 along with increased aeration of the culture medium by shaking the 

culture tube (Paper 1, Figure 1D). As the ability to form cords is related to biofilm formation, 

we in a subsequent study observed the growth of bacteria harvested from both cultures over a 

period of time through live cell imaging (Paper 2, Figure 1 D-F). Here, we used area cut-offs 

to define three different phenotypes: small, dispersed aggregates harvested from standing 

culture as the planktonic phenotype; organized aggregates harvested from shaken cultures as 

cords; and finally, large sheets also harvested from shaken culture were named as biofilm 

phenotype (Paper 2, Figure 1 A-C). Development of a cavity in active TB represents a 

transition from a predominantly intracellular infection to extracellular life of the bacilli. This 

transition also contributes to the complexity of host microenvironment that contributes to the 

excessive growth of extracellular bacteria [184]. In this regard, a study showed that Mtb 

isolated from the sputum of pulmonary TB patients containing cavities grew faster in form of 

cords in contrast to Mtb isolated from extra pulmonary sites that grew as discrete patches. We 

also observed a rapid growth of bacteria that coincided with the formation of aggregates after 

infection of human macrophages (Paper 1, Figure 6).  

During the last decades, evidence has accumulated that phagocytic cells also release 

extracellular traps, beside their primary function of phagocytosis, upon interaction with diverse 

pathogens ranging from yeast to bacteria [208]. The monocyte/macrophage lineage plays an 

important role in eliminating mycobacterial infections. Several recent studies also showed this 

phenomenon in macrophages in response to microbes, including mycobacteria, named as 

METs [225,228,314]. Although the primary function of METs has been attributed to their 

antimicrobial effect [220], this is not always the case. A study performed using M. massiliense 



 

45 
 

revealed that METs were used as an interaction path by the bacteria with cells where the 

bacteria can grow to form aggregates [226]. Another concept is that phagocytes release ETs 

only when the size of the microbe is too big to phagocytose. This concept is further 

corroborated with our finding that the cording phenotype of Mtb significantly induces the 

release of more METs at the same MOI in hMDMs as compared to planktonic phenotype after 

24 h of infection (Paper 1, Figure 2). Our finding is also consistent with another study showing 

M. abscessus that do not form cords were readily phagocytosed, while cord-forming M. 

abscessus were surrounded by a meshwork containing DNA and histones [228]. METs from 

hMDMs were released both in the form of long filaments and a web-like structure formed by 

joining the METs of more than one cells (Paper 1, Figure 3). METs formed in our system 

shares many properties with METs described in other studies [223,225]. The structures were 

stained green with a non-cell-permeable dye specific for dsDNA named picogreen. DNase I 

treatment efficiently removed the formed structures as determined by fluorescence microscopy, 

which confirmed that these extracellular traps were composed of DNA. These structures could 

also be stained with an antibody specific for histone, a key component of METs (Paper 1, 

Figure 4). ROS production by NADPH oxidase is an essential signal leading to the release of 

ETs by neutrophil [71,315]. However, the dependency of ROS for the production of METs 

varies between the types of macrophage used [222,225]. We found that METs released by 

primary human macrophages by cording mycobacteria was not dependent on ROS production. 

Moreover, DPI (a NADPH-oxidase-dependent ROS production inhibitor) also did not show an 

inhibiting effect on METs (Paper 1, Figure 5).  

By the mid-20th century, virulence of Mtb was correlated with the cording phenotype 

and was studied in a variety of models [190], but it remains unknown if the physical 

aggregation of Mtb enhances virulence or the aggregation merely indicates the presence of a 

specific virulence factor. However, many studies relate cording with the lipid composition of 

the mycobacterial cell wall [179,316]. Mice infected with BCG to developed a LTBI model 

demonstrated that the mice that could not control the infection showed bacteria growing as 

cords within macrophages and dendritic cells of granuloma [317]. ESX-1 secretion system is a 

significant virulence factor in mycobacterial infection and a study showed that ESAT-6, one of 

the two key substrates of ESX-1, is responsible for METs induction by hMDMs [223]. In order 

to evaluate the role of ESAT-6 of our cording phenotype in inducing METs from hMDMs, we 

utilized an ESAT-6 mutant strain and treated in the same way as wild-type Mtb to induce 

cording phenotype. Although the bacteria from ESAT-6 mutant strain formed organized 

aggregates resembling cords of wild-type but they could not trigger the release of METs from 

primary human macrophages (Paper 1, Figure 7). Finally, five clinical strains that have been 

proven epidemiologically to be at the two extremes of the transmission spectrum (i.e., grade of 

infectivity) were investigated with respect to their ability to induce MET formation in hMDMs. 

Irrespective of transmission ability, all clinical strains were equally capable to induce METs 

(Paper 1, Figure 8). 

The goal of WHO to eradicate the disease by 2030 requires an urgent need of the 

development of an anti-TB regimen that can efficiently sterilize both drug-sensitive and drug-

resistant strains of Mtb. This also requires the understanding of various factors involve in TB 

pathophysiology such as the presence of drug-tolerant phenotype of Mtb. Biofilm development 



 

46 
 

is an important factor in antibiotic tolerance. With mycobacteria, the biofilm phenotype showed 

tolerance to antibiotics both in vitro and in vivo studies [5]. We observed the cultures with all 

three phenotypes of Mtb over time through live cell imaging in the presence of several 

concentrations of the two first-line antibiotics, i.e. INH and RIF. The dose-response curves 

were plotted and IC50 values were calculated. The IC50 values revealed that the biofilm 

phenotype was more tolerant to the antibiotic used, as shown by a previous study where the in 

vitro mycobacterial biofilm display more resistance to INH and RIF as compared to planktonic 

cultures with more than 10% of bacteria surviving at the highest concentration of INH used 

[171]. Moreover, both drugs in combination effectively inhibited the growth of all three 

phenotypes but were not able to completely eradicate the bacteria (Paper 2, Figure 2).  

In summary, different culture conditions promote different phenotypes of Mtb that are 

distinct in case of growth, virulence and sensitivity towards antibiotics. The unique 

characteristics of Mtb infection in the lungs and various intracellular lifestyles of Mtb in the 

TB lesions of the same host necessitates the discovery of new drugs that are effective against 

all phenotypes and can eradicate the bacteria within a short duration of time.  

Drug discovery is a time-consuming and complicated process that requires tremendous 

capital investment and still associated with low success rate. Now-a-days, academia is 

contributing more to discovering new anti-TB drugs than pharmaceutical industries. In 

phenotypic, whole-cell approaches (i.e., bacterial culture-based) of phenotypic screening, 

compounds are screened for their ability to inhibit bacterial growth and tested against the 

organism’s entire set of potential targets at once. Three new anti-TB drugs namely: bedaquilin, 

delamanid and pretonamanid were discovered by the phenotypic whole-cell-screening 

approach [278,286,298]. Natural products, especially from plants, have been widely exploited 

as a valuable source for drug development as they are extremely rich in chemical diversity and 

have privileged antimicrobial activities.  In the case of TB, natural remedies are still being used 

worldwide. As TB is more prevalent in developing countries, therefore, the conversion of 

natural products into potent anti-TB drugs could aid in decreasing the catastrophic expenses 

due to TB on low-income families. 

African plants are a well-known source of compounds having anti-mycobacterial 

activity [307]. In this study, 46 Sudanese medicinal plants were collected based on 

ethnobotanical knowledge and 50 crude extracts were prepared from different parts of the 

plants using ethanol. In the initial screening, the 50 ethanolic crude extracts were evaluated for 

their anti-mycobacterial activity against an avirulent strain of Mtb (H37Ra) in broth by using 

a luminometry-based method. INH was used as a positive control. Three compounds that 

effectively inhibited the growth of Mtb at a low concentration of 6.25 µg/ml were selected as 

hits; Khaya senegalensis (bark and leaves) and Rosmarinus officinalis (leaves) (Paper 3, 

Figure S1B and C). These extracts were then subjected to fractionation with various solvents 

from high to low polarity. The use of a variety of solvents for fractionation is a critical step in 

screening using plant extracts, as it separates biologically active compounds from cytotoxic 

ones which have also been observed in further testing in this study. The second screening, 

performed on the fractions, lead to the identification of five fractions that significantly inhibited 
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the bacterial growth at the same concentration (Paper 3, Figure 1). It was expected that some 

of the fractions would lose their activity during the fractionation procedure [318].  

In order to rule out cytotoxicity, the active fractions were then tested for their effect on 

macrophage viability. The cell viability assay was based on calcein measurement inside the 

cells and resulted in the selection of two fractions (chloroform and ethyl acetate fractions of 

Khaya senegalensis bark) at the concentration of 0.1 mg/ml (Paper 3, Figure 2). The IC50 

values calculated by dose-response curves using 10 different concentrations of the two 

fractions further revealed their high potency against the H37Ra strain in broth culture (Paper 

3, Figure 3) [307].  

Finally, the intracellular activity of two fractions (chloroform and ethyl acetate of 

Khaya senegalensis bark) were evaluated by treating the H37Rv-infected hMDMs with 0.1 

mg/ml concentration. Only the chloroform fraction slightly and non-significantly reduced the 

intracellular bacterial growth of a virulent Mtb strain (Paper 3, Figure 4). This could be due 

to the fraction still being a mixture of many compounds, which need further purification in 

order to get the pure biologically active compound.  

Both academia and pharmaceutical industries now utilize HTS, to identify new 

compounds because of the automation of standardize biological and biochemical assays. In 

case of cell-based HTS, the choice of a model system for primary screening is the most critical 

point in assay development reflecting host-pathogen interaction, therefore, many screening 

assays that target Mtb inside its host cell utilize macrophages as a host cell model. In this study, 

we developed a phenotypic HCS assay using primary human macrophages and a virulent strain 

of Mtb that represents the most relevant host-pathogen interaction model, as the intracellular 

lifestyle of M. tuberculosis varies within the host cell [300].  

The steps followed involve assay optimization, validation, and automation. HTS 

demands that the assay should be robust and reproducible. To validate the assay, a number of 

quality control experiments should be performed to check the variability within and between 

the plates. A statistical measure of the quality of an assay is the Z-factor. A Z- factor value ˃ 

0.5 shows good separation between positive and negative controls.  

In the assay optimization step, we tested a wide range of MOIs along with different 

incubation times. The read-out of intracellular bacteria number and cell viability, obtained from 

automated image analysis performed on captured images of fixed cells, showed that MOI1 at 

day 6 best addresses our biological question of interest (Paper 4, Figure 1). Finally, the 

information obtained through image analysis software revealed that the Mtb-expressing 

mCherry-infected hMDMs were used in future experiments (Paper 4, Figure 2).    

Positive control selection is another critical step in assay development. To achieve this 

goal, a dose-response experiment was performed using different selected first- and second-line 

antibiotics and IC50 values were calculated. As expected RIF and INH were found most 

effective in inhibiting intracellular growth of Mtb alone (Paper 4, Figure 3) or in combination 

tested by a checker board approach (Paper 4, Figure 4). Thus, the most effective concentration 

to be used in combination were 0.1µg/ml each to be used as a positive control in the further 

experiment.  
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In the next step, two assay plates using two different donors were prepared with 

mCherry-infected macrophages and treated with either DMSO (negative control) or a 

combination of INH+RIF (positive control) and analyzed using different read-outs. In order to 

determine the quality of the assay, the Z’ factor was also calculated for different read-outs. The 

repetitive assay analysis using image analysis software showed that bacteria integrated 

intensity was a parameter for assay read out gave us an acceptable Z’ factor value (Paper 4, 

Figure 5).  

Further, we validated our assay with a set of known anti-TB drugs (Paper 4, Figure 6). 

Four of the antibiotics namely INH, RIF, MOX and LEV were identified as hits in our system. 

This result is supported by another study performed using a human macrophage cell line [319]. 

Both MOX and LEV have early bactericidal activity in pulmonary patients. However, LEV is 

required in a high dose as compared to MOX [265]. The reason why other antibiotics could not 

be identified as hits in the system is unclear. One reason could be that a special environment is 

needed for action as in case of  PZA, which has been shown to require a low pH for action 

[241]. Another reason could be that the drug is effective only against extracellular bacteria as 

in the case of AMI [320]. Finally, the drugs may not be very potent against Mtb as in case of  

EMB [321] and CLOF [322]. 
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Concluding Remarks 

This thesis covers two important areas of TB research, i.e., mycobacterial virulence and drug 

discovery. 

Our data reveal that Mtb growth in specific culture conditions can induce different 

phenotypes of Mtb. Furthermore, the cording phenotype triggers the formation of extracellular 

traps from primary human macrophages in an ESAT-6 dependent manner that links cording 

with virulence. Subsequently, we also show that the biofilm phenotype is less sensitive to 

known anti-TB drugs as compared to cording and planktonic phenotypes. This data also 

contributes to the understanding of the long duration of TB treatment.  

The work done under the topic of drug discovery provided us a hit as a chloroform 

fraction of Khaya senegalensis bark showed anti-mycobacterial efficacy. The hit was obtained 

from the whole-cell screening of crude extracts from different parts of African plants and 

contains an active compound that after further fractionation and purification will be an 

important addition to the TB drug development pipeline. Finally, we have also developed a 

simple and robust HCS screening assay to identify novel compounds against the intracellular 

growth of Mtb. The assay was developed using a virulent strain of Mtb and primary human 

macrophages. It represents the most relevant pathophysiological condition of Mtb infection and 

will provide additional aid in identifying the compounds that can target different pathways of 

host-pathogen interactions. 

The overall conclusion is that different phenotypes of Mtb are distinct in many aspects, 

such as their sensitivity toward antibiotics. Therefore, there is an urgent need of new agents to 

improve treatment success and combat the disease. By screening for active compounds against 

Mtb infection using human cells we can find potential drug candidates that target different 

aspects of mycobacterial survival during infection.  
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Figure 7. A schematic representation of the research work discussed in this thesis. 
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