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Abstract 

Mycobacterium tuberculosis (Mtb) is principally a pulmonary pathogen infecting one-third 
of the world's population and causing two million deaths annually. The only 
approved tuberculosis vaccine today is the Mycobacterium bovis bacilli Calmette-Guérin 
(BCG). BCG vaccine is used as a benchmark to compare the immunogenicity of new 
vaccines, but not much is known about its mechanisms to induce protection. We 
investigated the initial events of mycobacterial activation of airway epithelial cells 
(AECs) through the signalling pathways of toll like receptors (TLRs) and the G- 
protein coupled receptors (GPCR; CXCR1, CXCR2). Our data indicate that 
mycobacteria attenuate epithelial pro-inflammatory production by supressing NF-κB 
activation, thereby supporting the production of the anti-inflammatory cytokines IL-
22 and IL-10. BCG infection of AECs also resulted in epithelial actin redistribution 
that involved the MAPK signalling pathway. This study demonstrated that BCG 
infection of AECs manipulated the GPCRs to suppress epithelial signalling pathways. 
Future vaccine strategies could thus be improved by targeting GPCRs. 
 
In a second part of the thesis, we investigated the expression and function of GPCRs 
in a simple whole blood model from patients with pulmonary TB and in subjects with 
latent TB infection (LTBI). We found variations in GPCRs as pulmonary TB patients 
had significantly increased CXCR1 expression on blood cells compared to LTBI 
subjects and controls. These variations in receptor expression were linked to disease 
progression and affected the immune response against Mycobacterium tuberculosis (Mtb). 
As an airborne infection, tuberculosis (TB) has no boundaries and easily spreads by 
migration from one region to another. In this study, 93 patient Mtb-isolates, 
previously genotypically analysed by standard techniques, were re-analysed by whole 
genome sequencing (WGS). Compared to the standard genotyping, WGS had an 
overall high match in identifying cluster transmissions in this patient population. 
When comparing the different techniques individually, WGS and epidemiological 
data had the highest cluster similarity, while MIRU-VNTR had less cluster resolution. 
We can conclude that WGS is well suited for identifying transmission clusters in 
settings with low TB incidence. 
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General Background 

Historical overview 
Tuberculosis (TB) has plagued humankind worldwide for thousands of years [1]. It 
has been called by numerous names including “consumption” (because of the severe 
weight loss and the way the disease appeared to “consume” the patient), “phthisis 
pulmonaris” and also “the white plague” (because of the extreme pallor seen among 
those infected) [2]. An English writer narrated tuberculosis as “The captain among 
these men of death” at a time when tuberculosis case rates in London reached 1000 
per 100 000 population each year [3]. During the 1800s, TB was the major endemic 
disease in Sweden and in major parts of Europe and 25% of all deaths were due to 
tuberculosis [4]. At this time, a majority of the Swedish population lived under poor 
housing conditions where different generations lived together with limited living 
space available.  
 
Tuberculosis resulted not only in disease and death but also in social and economic 
challenges. TB patients suffered from stigma, social branding and were treated as 
outcasts while the economic situation of the core family deteriorated as the key 
provider was no longer able to earn money. It was not until the 19th century, with the 
help of Villemin’s experiments, the founder of germ theory for tuberculosis disease, 
that the medical community began to accept that tuberculosis was indeed a 
contagious disease, transmitted by an etiological agent. In 1882, the Prussian 
physician Robert Koch utilized a new staining method and applied it to the sputum 
of tuberculosis patients, and by that discovering the causal agent of the disease: 
Mycobacterium tuberculosis, or Koch's bacillus [5]. In 1895, Wilhelm Roentgen 
discovered the X-ray, which allowed physicians to diagnose and track the progression 
of the TB disease. The modern TB history started with the powerful and optimistic 
speech of Robert Koch in a Nobel lecture on December 12, 1905: 
 

 “The struggle [against tuberculosis] has caught hold along the whole line and enthusiasm for 
the lofty aim runs so high that a slackening is no longer to be feared. If the work goes on in 

this powerful way, then the victory must be won.”  

 
The first genuine successful tuberculosis immunization was developed from 
attenuated bovine-strain tuberculosis by Albert Calmette and Camille Guérin in 1906. 
It was called Bacille Calmette Guérin (BCG) and generated high hopes for TB 
prevention. However, the first administration was only after World War I [6]. Later 
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the same century, sanatoriums (containment) became favourable and the first 
effective antibiotic therapy was introduced in the form of an oral streptomycin as 
mycobactericidal drug [7]. 
 
Today, it is often said that TB is an ancient disease, but not a disease of the past. With 
timely diagnosis and correct treatment, most people who develop TB disease can be 
cured. However, in the context of war, catastrophes around the world, the 
HIV/AIDS pandemic, the new migration patterns, not to mention the rise of drug-
resistant TB, TB this disease has revealed new challenges for the international 
community in the form of huge disease burden in developing countries [8]. 
Moreover, it is also re-emerging in several industrialized countries [9]. In 2015, WHO 
revealed that the global TB burden is higher than previously estimated. Global 
progress depends on major advances in TB prevention and care, and the world needs 
to move much faster to prevent, detect and treat TB to achieve “End TB Strategy” 
target goals in the next 15 years [10]. 
 

Tuberculosis Epidemiology (Local and global)  
Tuberculosis is a major public health concern. About one third of the world’s 
population is infected with tuberculosis (TB) bacteria (TB Latency). TB constitutes a 
major problem in high-income nations as well [11]. In Sweden, the estimate for TB 
incidence and mortality rate were 9.2 (7.9–11) and 0.32 (0.23–0.42) per 100 000 
population (respectively) in 2015 [10]. However, only a small proportion of those 
infected will become sick with TB. People with weakened immune systems have a 
much greater risk of falling ill from TB [12]. 
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Figure 1. Globally, nearly 10.4  million new TB cases and approximately 1.4 million TB-related deaths were reprted in 
2015. Incidence varies, in Sweden, the annual incidence is 7.9–11 per 100,000 population, but in some countries in 
sub-Saharan Africa and Asia, the incidence rate is several hundred per 100,000. Reprinted from : WHO Global 
Tuberculosis report 2016, with persmission. 

 
Despite the fact that much of the burden is concentrated in high-burden countries, in 
2015 (Fig. 1), an estimated 10.4 million new TB cases were seen worldwide, of which 
5.9 million (56%) were men, 3.5 million (34%) women and 1.0 million (10%) 
children. HIV infected patients accounted for 1.2 million (11%) of all new TB cases. 
TB resulted in approximately 1.4 million TB deaths in 2015, and an additional 0.4 
million deaths among people living with HIV. Furthermore, the crisis of TB drug 
resistance detection and treatment continues. In 2015, only 125 000 (20%) of an 
estimated 580 000 TB infected patients, newly eligible for Multidrug-resistant (MDR), 
or extensively drug resistance (XDR) TB treatment, were enrolled [10]. The number 
of TB deaths decreased by 22% between 2000 and 2015, but once again TB remains a 
leading cause of infectious disease morbidity and mortality worldwide [13]. Even 
though the rate of decline in TB incidence was 1.5% from 2014 to 2015, a further 4–
5% annual decline by 2020 is needed to reach the first milestones of the End TB 
Strategy. Global progress will depend on major advances in TB prevention and care 
especially in high burden settings [10]. 
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Etiology 
The genus Mycobacterium is mainly known for its two major pathogenic species, M. 
tuberculosis and M. leprae. These are the causative agents of two of the world's oldest 
diseases; tuberculosis and leprosy.  
 
Domain: Bacteria; Phylum: Actinobacteria; Class: Actinobacteria; Order: 
Actinomycetales; family: Mycobacteriaceae; Genus: Mycobacterium 
 
Tuberculosis is a communicable infectious disease and is caused by Mycobacterium 
tuberculosis complex (MTC), a genetically related group of Mycobacterium species that 
can cause tuberculosis in humans or other living things. It includes M. tuberculosis 
(Mtb), Mycobacterium africanum, Mycobacterium bovis, Mycobacterium microti, Mycobacterium 
caprae, Mycobacterium pinnipedii, Mycobacterium suricatte, Mycobacterium mungi, Mycobacterium 
dassie, Mycobacterium oryx and Mycobacterium canetti  [14,15] . 
 
M. bovis was responsible for about 6% of all human tuberculosis deaths in Europe 
before the introduction of milk pasteurisation. Subsequent attenuation of a laboratory 
strain of M. bovis led to the development of the BCG vaccine in 1921 [6]. 
 
Species: The Mycobacterium tuberculosis complex (MTC) consists of Mycobacterium 
africanum, Mycobacterium bovis, Mycobacterium canettii, Mycobacterium microti, 
Mycobacterium tuberculosis (Mtb). 
 
M. tuberculosis, a pathogen of the human respiratory system, is the most well-known 
member of the Mycobacterium species. Mtb is a slow-growing, obligate aerobe, 
facultative intracellular bacterium, with a non–spore-forming, non-motile, curved 
intracellular rod measuring 0.2-0.5 micrometer by 2-4 micrometer. Compared with 
the cell walls of other bacteria, its lipid-rich cell wall is relatively impermeable to basic 
dyes unless combined with phenol. Thus, M. tuberculosis is neither gram positive nor 
gram negative. It also retains red basic fuchsin dye after acid rinsing (acid-fast stain) 
[14,16,17].  
 
M. tuberculosis divides every 18–24 h which is extremely slow compared with other 
bacteria, e.g. Escherichia coli divides every 20 minutes [16]. The slow replication rate 
together with its ability to persist in a latent state is the reason why M. tuberculosis 
infection require long duration drug therapy.  
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Figure 2. High-power micrograph of acid-fast bacilli in the sputum of a patient with tuberculosis, shown by Ziehl-
Neelsen staining (×1000).   

 

The cell envelope of mycobacteria  
The cell wall structure of M. tuberculosis deserves special attention due to its 
uniqueness among prokaryotes, as well as being a major determinant of virulence for 
the bacterium. The mycobacterial cell wall is a complex structure that is required for 
cell growth, resistance to antibiotics and virulence [18,19]. It consists of an inner layer 
and an outer layer that surrounds the plasma membrane. The inner compartment is 
composed of three distinct macromolecules — peptidoglycans (PG), arabinogalactans 
(AG) and mycolic acids (MA) — covalently linked together to form a complex 
known as the MA-AG-PG complex. The MA-AG-PG complex extends from the 
plasma membrane outward in layers, starting with PG and ending with MAs which 
are surrounded by the non-covalently linked outer layer, the capsule, of proteins 
polysaccharides and associated lipids. The peptidoglycan layer surrounds the plasma 
membrane and comprises long polymers of the repeating disaccharide N-acetyl 
glucosamine–N-acetyl muramic acid (NAG–NAM) that are linked via peptide bridges 
[20,21] (Fig. 3). Most of the arabinan is ligated with long-carbon-chain mycolic acids, 
which form the characteristic thick waxy lipid coat of mycobacteria and are major 
contributors to the impermeability of the cell wall and to virulence. Mycolic acids can 
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be found in the cell walls of Mycobacterium spp. and Corynebacterium spp. and make up 
50% of the dry weight of the mycobacterial cell envelope. They are composed of 
unique alpha-branched lipids where these strong hydrophobic molecules affect the 
permeability properties at the cell surface. The mycolic acids are thought to be a 
significant determinant of virulence in Mtb. It is thought that they prevent attack of 
the mycobacteria by cationic proteins, lysozymes, and oxygen radicals in the 
phagocytic granule. They also protect extracellular mycobacteria from complement 
deposition in serum. These mycolic acids are esterified to glycerol and trehalose 
where trehalose can contain one or two molecules of mycolic acids forming trehalose 
dimycolates (TDM) (Cord Factor) and trehalose monomycolates (TMM). Both 
compounds are present in the cell wall envelope and interact with other complex 
lipids and lipoglycans [21,22].  
 

 

 

Figure 3. Mycobacterium tuberculosis cell wall : It is cosisted of three apperent macromolecules - peptidoglycan, 
arabinogalactan and mycolic acids- which are surrounded by a an outer capsule of proteins and polysaccharides. 
Moreover, mycobacterial peptidoglycan is heavily crosslinked. Reprinted from “How sisters grow apart: mycobacterial 
growth and division”, Karen J. Kieser et al 2014, Nature Reviews Microbiology, with permission .  
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The outer compartment on the other hand consists of both lipids and proteins (Fig. 
3). The lipid-linked polysaccharides associated with the outer cell wall consists of 
lipoarabinomannan (LAM), lipomannan, phthiocerol-containing lipids such as 
phthiocerol dimycocerosate, dimycolyl trehalose (cord factor), sulfolipids specific to 
M. tuberculosis, and the phosphatidylinositol mannosides [23].  
 
The virulence determinants are divided into the several categories based on their 
function, molecular features and cellular localization [24]: 
 
• Lipid and fatty acid metabolism  
• Cell envelope proteins: including cell wall proteins, lipoproteins and secretion 

systems including the type seven secretion system (T7SS). The M. tuberculosis 
contains a total of five T7SS, also called ESX, that show similarity in gene 
content and gene order. Two members of T7SS; ESX-1 and ESX-5, have been 
shown to be involved in virulence. ESAT6 and CFP10 are located in a segment 
called Region of Difference 1 (RD1) and are absent in M. microtti and in the 
BCG vaccine IGRA [25].  

• Proteins inhibiting antimicrobial effectors of the host, including those involved 
in responses to oxidative and nitrosative stresses, phagosome arresting and 
inhibition of apoptosis. 

• Protein kinases, proteases, including metalloproteases.   
• Metal-transporter proteins, divided into importer and exporters. 
• Gene expression regulators, including two component systems, sigma factors 

and other transcriptional regulators.  
• Proteins of unknown function, including the Pro-Glu (PE) or Pro-Pro-Glu 

(PPE) families [26].  
 
The proliferation of bacterial cells can be divided into two stages: elongation of the 
mother cell and division of the elongated mother cell into two daughter cells. 
However, mycobacteria do not adhere to the ‘one size fits all’ rule, instead, they grow 
and divide in an asymmetric manner, which produces daughter cells of unequal sizes. 
This trait might have been selected for, as cells of different sizes might have distinct 
survival advantages in the highly variable host environment [21]. 

Genome structure 
The M. tuberculosis consist of one circular chromosome where the genome comprises 
of 4,411,529 base pairs and contains around 4,000 genes. It has a very high guanine 
and cytosine content that is reflected in the biased amino-acid content of the 
proteins. M. tuberculosis differs radically from other bacteria in that a very large portion 
of its coding capacity is devoted to the production of enzymes involved in 
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lipogenesis, lipolysis and to two new families of glycine-rich proteins. These proteins 
contain a repetitive structure that may represent a source of antigenic variation [27], 
several of which carry highly repetitive motifs, polymorphic GC-rich repetitive 
sequences (PGRS) and major polymorphic tandem repeats (MPTR) [24]. 

Pathogenesis 
Clinical TB disease is complex and shaped by the host–pathogen relationship. 
Intracellular Mtb bacilli are known to reside within phagosomal compartments [28] in 
a broad range of human cell types, especially those of the myeloid lineage such as 
macrophages and dendritic cell [1,29]. 
 
Pulmonary TB is by far the most common form of tuberculosis where the M. 
tuberculosis (viable bacilli) is typically inhaled into the body through the mouth or nose, 
passes through the airways and reaches the alveolar space in the lungs. Innate 
immune responses involving epithelia cells, alveolar macrophages, Natural killer (NK) 
cells and granulocytes begin to combat the infection; in some persons, the bacilli are 
cleared, whereas in others, infection is established [30-32]. Infected macrophages 
recruit additional macrophages, other immune cells from neighbouring blood vessels 
and adaptive immune response is initiated by being engaged through antigen-
presenting cells (i.e. by poly-functional T cells, TH1-type response, non-classical T 
cells, balanced activating and regulatory T cell responses and Mtb specific antibodies 
from B cells) [33,34]. The infection may also be cleared at this stage. However most 
exposed individuals will enter the latency phase, which may persist for life. In this 
phase, the bacteria are contained inside a dynamic and organized structures called 
granulomas [30], which are a pathological hallmark of TB. Mycobacteria use 
granuloma cells to expand, disseminate and colonize nascent granulomas and regional 
lymph nodes (Gohn’s complex) which leads to both lymphatic and haematogenous 
dissemination [35], with seeding of multiple organs, which may eventually give rise to 
extra-pulmonary disease or dissemination. Pulmonary lesions evolve from cellular 
granulomas which are composed of lymphocytes, macrophages, foamy macrophages 
and neutrophils to necrotizing granulomas. The necrotic core, which is also known as 
the caseum, owing to its cheese-like appearance, is the result of host cell and bacterial 
lysis [36].  
 
As the granuloma matures, it often develops several layers of fibroblasts (known as a 
fibrous cuff), which function to wall off the infection allowing the bacterium to 
remain in a clinically inactive state. However, the bacteria may ultimately start 
replicating and escape the immune control, resulting in clinically active tuberculosis 
[37]. Nevertheless, the stage of infection is determined by the ability of the host 
innate and adaptive immune systems to eradicate or control M. tuberculosis [33]. 
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Therefore, latent and active tuberculosis do not represent two separate and distinct 
states, but exists as a continuum of host–pathogen interactions [38]. 

Clinical aspects 

Transmission 
TB is considered an airborne infectious disease although M. tuberculosis complex 
organisms can be spread through unpasteurised milk, direct inoculation and other 
means. The airborne transmission is succeeded through aerosolisation of M. 
tuberculosis. Transmission rate is faster during coughing, speech and singing, all 
considered effective aerosol-generating activities that are inhaled into the alveoli of a 
new host [39].  
 
The underlying pathophysiology of TB is the “10/3/1 formula”, i.e. 10 people 
exposed yields 3 people with latent TB (LTBI) and 1 person with active disease [40]. 
In other words, although the majority has been exposed to TB, through innate or 
adaptive immune function, they are able to clear the invading bacilli and withhold a 
sterilising immunity [41]. 

Diagnosis 
TB is also considered a multi-systemic disease with several presentations and 
manifestations and is one of the top 10 causes of death worldwide [10]. M. tuberculosis 
usually attack the lungs, yielding pulmonary TB, but as TB bacteria can attack any 
part of the body such as the kidney, spine, and brain it may also yield extra-
pulmonary TB. As previously mentioned, not everyone infected with TB bacteria 
becomes ill. Consequently, two TB-related conditions exist; latent TB infection 
(LTBI) and TB disease [30]. If not treated properly, TB disease can be fatal. People 
who have latent TB infection do not feel sick, do not have any symptoms, and cannot 
spread TB to others [30].  

History 
TB risk groups comprises young adults (more frequently males), people in developing 
countries, health care workers, and patients with impaired immune systems, such as 
HIV patients or regular smokers. Classic clinical features associated with active 
pulmonary TB are coughing, weight loss/anorexia, fever, night sweats, haemoptysis 
(coughing blood), dyspnea (chest pain) and malaise/fatigue. Furthermore, symptoms 
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of TB disease may vary and arise in other parts of the body depending on the area 
affected [37]. 

Physical Examination 
As earlier mentioned, physical examination findings associated with TB depend on 
the organs involved. Patients with pulmonary TB experience abnormal breath 
sounds, especially over the upper lobes or involved areas. Crepitation, rales or 
bronchial breath signs may be noted, indicating lung consolidation. Clinical 
symptoms, chest radiography, and sputum smear examination are the mainstays of 
rapid diagnosis [3]. Ultimate diagnosis rests on identification of M. tuberculosis in 
culture or demonstration of a definite clinical response to therapy. In most reported 
series, sputum smear examination is positive in 50-75% of patients with tuberculosis 
[42]. Smears are more often positive in patients with cavitary disease and less often 
positive in patients with HIV infection. Co-infected HIV and TB patients often 
rather present manifestations of primary tuberculosis. Mtb may cause symptoms and 
signs of disease (TB disease), but may also results in no clinical evidence of the 
disease, i.e. LTBI.  

Imaging & Laboratory Investigations 
Imaging 
Chest X-ray (CXR), Ultra-Sonography USG, Computed tomography (CT) chest - 
Multi-detector CT (MDCT), MRI, Positron emission tomography-CT (PET) are 
among other various imaging modalities that can be used for TB diagnosis [43], for 
treatment evaluation- response and to control residual activity. This technique can 
also be used for detection of disease complications/sequelae. However, the majority 
of pulmonary tuberculosis infections are clinically and radiographically unapparent 
[44]. 
 

Smear microscopy  
Three specimens from each patient with suspected TB should be examined 
microscopically for Acid Fast Bacilli AFB (classically Ziehl-Neelsen) or mycobacteria 
can be demonstrated by yellow fluorescence after staining with auramin. Both liquid 
and solid mycobacterial cultures should be performed for every specimen, and 
recovered isolates should be identified according to standard criteria (local protocols)  
[13]. A nucleic acid amplification test (NAAT) is recommended in AFB-positive 
patients and in AFB-negative patients with high suspicion of pulmonary TB. Rapid 
molecular drug susceptibility testing for rifampin and, optionally, for isoniazid is 
recommended in AFB-positive or patients with a positive NAAT who are at risk for 
drug-resistant tuberculosis [13]. From each patient with confirmed TB, an isolate 
should be genotyped for epidemiological public health control reasons. 
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Tuberculin skin tests (TSTs) 
TSTs use an intradermal injection of a standardised bacterial purified protein 
derivative into the volar surface of the forearm (Mantoux method) to produce a 
transient wheal that is measured after 48–96 h. This test is simple, cheap and there is 
no need for phlebotomy. TST detects cell-mediated immunity to Mtb through a 
delayed-type hypersensitivity reaction. Sensitivity and specificity are dependent on the 
number of millimetres [45,46]: 
 

 5 mm: Patients with HIV co-infection, close contacts of patients with infectious 
disease, and those with fibrotic lesions on a chest radiograph 
 

10 mm: Other high-risk patients, including infants and children under the age of 
four, health care workers, recent immigrants from countries with a high prevalence of 
tuberculosis, malnutrition, prolonged immunosuppressive therapy) and patients with 
chronic medical conditions and malignancies  
 

15 mm: healthy people; at low risk for developing tuberculosis 
 
Nevertheless, there are some TST usage limitation: the need for a return visit to have 
the test read, inter- and intra-reader variability in interpretation, false-positive results 
due to the cross-reactivity resulting from exposure to environmental mycobacteria or 
previous BCG vaccination [13]. 
 
Also, persons who are not likely to be infected with Mycobacterium tuberculosis should 
generally not be skin tested because the predicted value of a skin test in low-risk 
populations is poor [47].  
 

Interferon-gamma release assays (IGRAs) 
IGRAs require a blood sample to be taken from the patients. IGRAs are in vitro, T 
cell–based immune assays that measure interferon gamma (IFN- ) release by 
sensitized T cells after exposure to secreted proteins specific to only M. tuberculosis 
and not M. bovis (the vaccine strain Bacillus Calmette–Guérin BCG) [46]. Interferon-
gamma released by cells that recognise these antigens is then assayed in the 
supernatant after incubation (QuantiFERON-TB Gold, Cellestis Inc.) or by counting 
the number of interferon-gamma producing cells in an enzyme-linked immunospot 
assay (ELISA) (ELISPOT) [48]. The need for phlebotomy, test availability and the 
high cost of the test are also among the disadvantages [49].  
 
Tuberculosis culture 
Culture for AFB is the most specific test for TB and allows direct identification and 
determination of susceptibility of the causative organism. Routine culture uses a 
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nonselective egg medium (Lowenstein-Jensen or Middlebrook 7H10) (Fig. 4). 
However, obtaining the test results is slow because of the 22-hour doubling time of 
M. tuberculosis [50]. Radiometric broth culture (BACTEC radiometric system) can be 
used to significantly reduce the time (10-14 days) for mycobacterial recovery. All 
isolates are notified to public health authorities, used for susceptibility and 
genotyping. A community based, low-cost, sensitive, user-friendly, high-throughput, 
and same-day point-of-care screening (triaging) test for tuberculosis is clearly needed 
[1]. 
 
 

 

Figure. 4-Colonies of Mycobacterium tuberculosis on Löwenstein-Jensen medium. Two media are used to grow MTB, 
Middlebrook's medium which is an agar-based medium and Lowenstein-Jensen medium which is an egg based 
medium. 

Treatment success and challenges 
The course of TB treatment depends on whether the individual is in the latent or 
active stage, and on his or her probability of risk. Treatment of TB usually involves a 
drug cocktail, or a mixture of multiple drugs, with an intensive initial 2-month phase 
followed by a slower 4- to 6-month continuation phase the main anti-tuberculosis 
drugs used in the chemotherapy of TB are: isoniazid (INH), rifampin (RIF), 
pyrazinamide (PZA), and either ethambutol (EMB) or streptomycin (SM) [51,52]. 
Isoniazid preventive therapy IPT is the recommended treatment for LTBI but the 
regimen’s main drawback is the duration of therapy [49]. 
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Drug-resistance 
The treatment of multidrug-resistant tuberculosis is based on expert opinion and 
requires the creation of combination drug regimens chosen from five hierarchical 
groups of first-line and second-line drugs. Multidrug-resistant tuberculosis (MDR TB) 
is TB that is resistant to at least two of the best anti-TB drugs, isoniazid and 
rifampicin. These drugs are considered first-line drugs and are used to treat all 
persons with TB disease [53]. Extensively drug resistant TB (XDR TB) is a relatively 
rare type of MDR TB. XDR TB is defined as TB which is resistant to isoniazid and 
rifampin, plus resistant to any fluoroquinolone and at least one of three injectable 
second-line drugs (i.e., amikacin, kanamycin, or capreomycin). Because XDR TB is 
resistant to first-line and second-line drugs, patients are left with less effective 
treatment options, and these cases has often worse treatment outcomes. Bedaquiline 
and Delamanid were approved by the Food and Drug Administration (FDA) at the 
end of 2012 for the treatment of adults with multidrug-resistant pulmonary 
tuberculosis for whom an effective treatment regimen is not otherwise available [54]. 
Two strategies may facilitate Mtb clearance: enhancement of anti-Mtb immune 
responses with the aim of eradicating the pathogen and a targeted decrease in 
inflammation (organ-saving strategy) [40]. 

Prevention 
Mycobacterium bovis Bacillus Calmette–Guérin (BCG), an attenuated vaccine derived 
from M. bovis, is the only licensed vaccine against tuberculosis (TB) [55]. BCG vaccine 
was prepared at the Pasteur Institute, France in 1921 consisting of a live attenuated 
strain of M. bovis, a closely related subspecies of Mtb. By repeating sub-culturing (231 
passages) of the virulent strain on ox bile glycerine–potato media every 3 weeks over 
13 years, they produced an attenuated strain, which, by the year 1919, was shown to 
be avirulent in guinea pigs, cows, horses, hamsters, mice and rabbits [56]. This 
attenuation promoted genetic deletions from M. bovis and resulted in 16 genomic 
regions of differentiation (RD1–RD16) as compared to the Mtb genome [57]. 
Despite its protection against TB in children especially TB meningitis and the 
disseminated TB form (Miliary TB), its protective value in adults against pulmonary 
TB is questionable, with efficacies ranging between 0 to 80 % (average 50 %) have 
been reported from multiple clinical trials performed during the 20th century [58]. 
The reason for such variable protection may include BCG strain variation, the host 
genetic variability amongst and different ages of the vaccinated individuals, 
administration routes, high incidence vs low incidence settings, the dose of vaccine, 
interference by environmental, mycobacterial and helminthic infection, and patient 
nutritional status [59]. BCG vaccine could not be replaced by another vaccine today 
as this is the only vaccine that needs only one single dose, thereby eliciting a long-
lasting immunity. This vaccine is also cheap, feasible to produce, stable and safe [60]. 
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However, the manipulation of BCG vaccine to improve efficacy should be carefully 
considered, as it can bring in both favourable and unfavourable effects. 
 
 In spite of the current knowledge of molecular biology, immunology and cell 
biology, infectious diseases such as TB and HIV/AIDS are still challenges for the 
scientific community. 
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Clinical Value of  
Initial Host Molecular Signalling 

Innate and adaptive immune response in TB  
The host response against tubercle bacilli is comprised of a balanced interaction of 
innate and adaptive immune responses [40]. The innate immune system provides the 
initial immune response to Mtb and is comprised of physical barriers to the 
environment (i.e., skin, mucosa), antimicrobial peptides and proteins, cells (i.e., 
epithelium, mucosa, natural killer (NK) cells, dendritic cells, neutrophils, 
macrophages, and monocytes), and soluble factors (i.e., cytokines, chemokines, 
complement) [61,62]. These are followed by inductive immune responses to inhaled 
antigens within the respiratory tract which occur mainly in the bronchus-associated 
lymphoid tissue (BALT) by induction of T- and B-cell responses. The specialized 
epithelium overlying the lymphoid aggregates consists of M cells heavily infiltrated 
with lymphocytes and significant dendritic cell populations directly below the 
epithelium [63]. Minimal inflammation occurs in the bronchial mucosa accounting to 
Tregs that inhibit T-cell activation and expansion. Instead, antigen is carried by local 
macrophages to the regional lymph nodes, where respiratory effector immune 
responses originate [64]. Balance of protection and pathology defines the chronic 
nature of intracellular M. tuberculosis infection. Although it is evident from human 
disease and from experimental mouse models that CD4+ and CD8+ T cells [29] in 
addition to IL-12, IFN-  and TNF are all fundamental in the control of M. tuberculosis 
infection  [65,66], there remains an incomplete understanding of the host factors that 
determine why some individuals are protected from M. tuberculosis infection while 
others go on to develop disease Balance of protection and pathology defines the 
chronic nature of intracellular bacterial infection. 

The role of epithelial cells and respiratory mucosa in TB 
The innate host defence of the conducting airway depends on the multiple barriers 
created by layers of mucus and the tight adhesions between epithelial cells. The first 
surface that immobile bacterium will encounter after inhalation into lungs would 
most typically be epithelia. Several groups have shown that M. tuberculosis invade, 
survive, manipulate and replicates within alveolar epithelial cell [67,68]. Furthermore, 
airway epithelial cells (AECs) are now recognized as active participants of the 
immune response against M. tuberculosis [68] and are critical during the progression to 
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active disease [69,70]. Furthermore, AECs facilitate a protective environment for Mtb 
replication where it could gain enhanced virulence by modifying envelope structure 
and gene expression [71,72]. 
 
Epithelial cells express pattern recognition receptors (PPRs), such as the Toll like 
receptors (TLRs) that interact with mycobacteria [73]. AECs also interact with other 
cells of the innate immune system, such as granulocytes, monocytes, macrophages, 
and innate lymphoid cells, to mount an effective defence against the invading 
pathogen as well as to activate the following specific immunity.  
 
The extent of epithelial cytokine secretion may lead to tissue damage and breakdown 
of extracellular matrix, thus favouring bacterial persistence and facilitating 
mycobacterial transmission [74,75]. However, perturbed defence in immune-
compromised patients can tilt this balance leading to active disease [76]. It has also 
been observed that mycobacteria manipulate epithelial production of the cytokine 
CXCL8 through the inhibitory G-protein-coupled receptor (GPCR) kinase 2 [77]. 
 
Traditionally, the adaptive immune responses, particularly central memory CD4+ and 
CD8+ T cells, are considered to be important for long-term immunity [41,78,79]. 
However, emerging evidence indicates that the cells of the innate immune system are 
equipped with “epigenetic memory” where genes encoding specific host defence 
molecules increase the response upon re-stimulation [80,81]. Moreover, mucosal 
vaccination with an attenuated M. tuberculosis strain induced a strong innate immune 
response, followed by a robust central memory answer [82].  
 
Inductive immune responses to inhaled antigens within the respiratory tract occur 
mainly in the bronchus-associated lymphoid tissue (BALT). BALT comprised of 
lymphoid aggregates and function to provide protection against inhaled microbes by 
induction of T- and B-cell responses. The specialized epithelium overlying the 
lymphoid aggregates consists of M cells infiltrated with lymphocytes and significant 
dendritic cell populations directly below the epithelium. the main result of induction 
of immune responses in BALT is the production of secretory IgA. Pools of 
lymphocytes are present within the lung interstitium, made up of 10–20% T cells 
[63,83]. Macrophages are present on both the air side of the lung and airways as well 
as in the mucosa. Communication occurs between the gastrointestinal and respiratory 
mucosae through cell trafficking. Antigen-reactive T and B cells from the gut-
associated lymphoid tissue (GALT), amongst Peyer’s patches, can populate the 
bronchial mucosa. This common mucosal immune system feature has been exploited 
to develop oral vaccines against respiratory microbes [84]. 
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The molecular repertoire for innate recognition of 
Mycobacterium tuberculosis 
A major challenge in host–pathogen interaction in tuberculosis is to define the 
mechanisms used by M. tuberculosis for its survival inside the host. The innate immune 
response comprises several different cell types, has its own receptor system to 
recognize the presence of pathogens, and is a key to the initiation of an adaptive 
immune response in the host [85]. Therefore, pathogen recognition is considered as 
the most critical step behind eliciting adequate immune response during an infection  
[86]. After Mtb-containing aerosols is deposited into the pulmonary alveoli, the 
bacteria bind to phagocytic receptors and enter resident alveolar macrophages, 
dendritic cells, and alveolar epithelial cells [68,87,88]. Cellular receptors involved in 
the endocytosis of M. tuberculosis, such as the immunoglobulin receptors (Fc), 
complement receptors CR3 (CD11b/CD18) and CR4 (CD11c/CD18), mannose-
binding receptors such as the soluble mannose-binding lectin (MBL), surfactant 
protein A and D (Sp-A, Sp-D), DC-specific intercellular-adhesionmolecule-3 
grabbing non-integrin (DC-SIGN; CD209), Dectin-1 and the macrophage mannose 
receptor (MMRc), are capable of transducing intracellular signals [85,89]. However, 
these receptors do not appear to be a major contributor of M. tuberculosis-induced 
cytokine production [87]. 
 
 Besides expressing phagocytic receptors, both classical and non-classical (including 
alveolar epithelial cells) immune cells express pattern recognition receptors (PRR) 
[73]. There are several families of PRRs that recognize conserved pathogen-associated 
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) such 
as the cytosolic nucleotide-binding oligomerization domain-like (NOD-like) receptors 
that sense bacterial products, the C type lectin receptors (CLRs) that binds 

glucans, the retinoic acid inducible gene RIG I-like receptors (RLRs) that binds 
nucleic acid and scavenger receptors bind modified low-density lipoprotein 
[90][91,92]. Amongst the innate immune PRRs, Toll-like receptors (TLRs) are the 
most studied [93]. 
The TLRs are crucial for sensing microbial or endogenous products released from 
bacteria and viruses and in order to trigger the innate immune responses [94]. TLR 
signalling triggers a cascade of events in innate immune cells that includes change in 
chemokine and cytokine production, altered chemokine receptor expression, and 
modify signalling through G protein-coupled receptors (GPCRs). One of the 
mechanisms by which TLR signalling could modify GPCR signalling is by altering the 
expression of regulator of G protein signalling (RGS) proteins culminating in 
activation of mitogen-activated protein kinases (MAPK), PI3 kinase and NF- B to 
initiate innate cytokine secretion and anti-microbial intermediates (e.g. radical oxygen 
species and nitric oxide) [95-97]. 
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Immunobiology of TLRs 
TLRs are expressed on the cell surface or intracellularly in many cell types, especially 
in cells of the innate immune system. TLRs can be divided into two sub groups such 
as transmembrane (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11) and intracellular 
(TLR3, TLR7, TLR8, and TLR9) [98]. Mammalian TLRs represent a structurally 
conserved family of membrane receptors, which share common structural elements, 
containing an ecto-domain that contains leucine-rich repeats, a transmembrane region 
and a cytoplasmic Toll/IL-1-Receptor (TIR) domain [99]. 
 
 
 
 

 

Figure 5. MyD88 dependent and independent TLR signaling pathways. MyD88 recruits interleukin 1 receptor 
associated kinase 4 (IRAK4) which phosphorylates IRAK1, 2 that in turn activate the TNF Receptor-Associated Factor 
TRAF6 and TAK-1. Subsequently, activation of the IKK complex and MAP kinases lead to activation of NFkB and AP1 
transcription factors,respectively.The transcription factor IRF5 is also activated downstream of TRAF6. The TLR4 
signaling utilizes four adaptor proteins.The adaptors MAL and MyD88 lead to activation of signaling cascade through 
the IRAKs. Subsequently, TLR4 is internalized and a signaling cascade dependent upon the adaptors TRAM and 
TRIF is activated. TLR3 activates a TRIF-dependent pathway leading to production of pro-inflammatory cytokines and 
IFN-  b. TLR7, 8, 9 are MyD88 dependent and activate the transcription factors NFkB, IRF5, AP1, and IRF7, 
resulting in production of pro-inflammatory cytokines and type 1 interferons Reprinted from ”Clinical Immunology, 
principles and practise”, Robert R. Rich, 2013, Elsevier, with persmission. 
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The broad cellular expression of TLRs and their diverse agonists allow detection of a 
wide variety of pathogens despite the existence of a limited number of TLRs. 
Engagement of TLRs by these pathogen-specific ligands, an early event in the 
interaction of Mtb with its host cell, activate cytosolic TIR domain and associated 
adaptors. Myeloid differentiation factor 88 (MyD88), TIR-related adaptor protein 
inducing interferon (TRIF), TRIF-related adaptor molecule (TRAM), TIR domain 
containing adaptor protein (TIRAP) or MyD88 adaptor like (MAL), and Sterile-alpha 
and Armadillo motif-containing protein (SARM) are the five major important 
adaptors of TLR activation [94]. 
 
Upon TLR activation, MyD88 recruits interleukin 1 receptor associated kinase 4 
(IRAK4) which phosphorylates IRAK1 that in turn activate the TNF Receptor-
Associated Factor 6 (TRAF6). Both proteins leave the receptor complex and interact 
with TGF-  -activated kinase 1 (TAK1) and two TAK1 binding proteins TAB1 and 
TAB2. TAK1 becomes phosphorylated and activates the I-kB kinase (IKK) complex 
comprising IKK , IKK , and NEMO/IKK , and Mitogen-activated protein kinase 
(MAPK) leading to the activation of NF-κB and c-Jun N-terminal kinases (JNK) 
signalling pathways respectively for triggering the expression of a wide variety of 
cytokines [100]. TAK1 is also capable of phosphorylating MKK6 and 7 which leads 
to the activation of p38 and JNK. 
 
MAL or TIRAP is the second adaptor that transmits signal from TLR4 and TLR2 by 
facilitating transcription factor activation like NF-κB, JNK and the extra-cellular 
regulated kinases 1(ERK-1) [101]. TRIF is the third adaptor for TLR4 and TLR3 that 
activates Interferon regulatory factor3 (IRF3) by activating the kinases TBK1 and the 
I-kB kinase D. Fourth adaptor is TRAM which is one of the interacting partners of 
TRIF. TRAM is involved in transmitting the TLR4 signalling resulting in MyD88-
independent interferon-  production. The fifth adaptor is SARM, which mainly 
interact with TRIF, thereby negatively regulating the NF-κB and IRF3 activation. 
 
A MyD88-independent TLR4 signalling pathway involves TRAM and TRIF and leads 
to activation of type 1 IFNs. Thus, individual TLRs may utilize different signalling 
systems that characterize their specific functions. Therefore, the modulation of TLR 
protein function may hold great potential in combating active, latent and multidrug- 
resistant M. tuberculosis infection in humans [94]. 
 
TLR stimulation through PI3K kinase activates further kinases downstream the 
signalling pathway [102]. Activation of Akt or p38 inactivates the glycogen synthase 
kinase 3 (GSK3) that is found further down the signalling pathway [103]. GSK3 is 
constitutively active in resting cells leading to the pro-inflammatory NF-κB 
transcription, but phosphorylation of GSK3 by p38/Akt switches the transcriptional 
activity to cAMP response element-binding protein (CREB) [104]. TLR activation 
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can either lead to a pro-inflammatory cytokine response by activation of NF-κB 
pathway or an anti-inflammatory CREB-related cytokine response. 

M. tuberculosis and TLRs interaction 
TLR2 expression increases upon mycobacterial infection of alveolar epithelium and 
blocking of TLR2 decreases cytokine responsiveness [105]. Accumulated data indicate 
that Mtb expresses ligands that bind to TLRs family, especially TLR2, TLR4 and 
TLR9 [106-108]. However other TLR1 or TLR6 has been documented to be involved 
in Mtb infection [107]. The 19-kDa lipoprotein was the first Mtb ligand shown to 
interact specifically with TLR2 to induce TNF  and nitric oxide production from 
both murine and human macrophages [87]. Other mycobacterial lipoproteins, 
lipomannan and phosphatidyl-myo-inositol mannoside (PIM)  also interact with 
TLR2 to initiate cellular activation[109] and the non-methylated CpG motifs of 
mycobacterial DNA an activator of the TLR9-pathway, also induces rapid 
antimycobacterial responses in macrophages, in a phospholipase D-dependent 
manner [87]. TLRs signalling results in secretion of inflammatory cytokines such as 
IL-1, IL-6, IL-10, IL-12, TNF , chemokines such as IL-8 and reactive oxygen and 
nitrogen intermediates (ROI, NOI). Previous studies indicate that signalling through 
TLRs is important for the phagocytosis of bacteria, as TLR-mediated MyD88-
dependent activation of p38 is required for phagosome maturation [110,111].  
 
Intracellular pathogens such as Listeria monocytogenes manipulate TLRs through the 
MAPK pathway to avoid phagosome maturation, autophagy and cytoskeletal changes 
[112-114]. TLRs play also a role in inhibition of reactive oxygen and nitrogen 
intermediates, in addition to stimulation of the cytokine network. The p53 pathway 
acts in synergy with the p38 MAPK pathway to mediate cell cycle arrest, cellular 
senescence and apoptosis [115], MyD88 binds Fas-associated death domain (FADD) 
and activates apoptosis of infected cells through the caspase cascade. TLR2 and 
TLR4 are also known to modulate the activation of peroxisome proliferator-activated 
receptor (PPAR)c that mycobacteria utilize to affect the NF-κB activation [116,117]. 
Activation of Akt or p38 inactivates the glycogen synthase kinase 3 (GSK3) that is 
found further down the signalling pathway [103]. GSK3 is constitutively active in 
resting cells leading to the pro-inflammatory transcription, but p38/Akt 
phosphorylation of GSK3 switches the transcriptional activity to cAMP response 
element-binding protein (CREB) [104]. TLR activation can thus either lead to a pro-
inflammatory cytokine response by activation 
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Chemokines as mediators of defence in TB 
Chemokines constitute the largest family of cytokines, consisting of approximately 50 
endogenous chemokine ligands (6–14 kDa) in humans and mice. Chemokine 
receptors constitute the largest branch of the  subfamily of rhodopsin seven-
transmembrane receptors [118]. Chemokines are a family of small proteins secreted 
by a great variety of cell types. Their name (derived from chemoattractant cytokines) 
is due to their ability to control the migratory patterns and positioning of all immune 
cells and also critical for the generation of primary and secondary adaptive cellular 
and humoral immune responses [119]. Correct mononuclear cellular recruitment and 
localization are essential to ensure control of bacterial growth without the 
development of diffuse and damaging granulocytic inflammation. Nonetheless, their 
functions include growth regulation and haematopoiesis, tissue and cell development, 
modulation of specific immune recognition and participation in several 
pathophysiologic situations [120,121].  
 
Chemokines can be classified as inflammatory or homeostatic. Some of these 
molecules are considered to be pro-inflammatory as their expression, which is very 
low or absent increases when cells are damaged. These chemokines, such as CCL2 
and CCL3, can be induced during an immune response to promote cells of the 
immune system to the site of infection, whereas others are considered homeostatic 
and are involved in controlling the migration of cells during normal processes of 
tissue maintenance or development to guarantee constant recirculation of leucocytes 
during physiology. The ‘extracellular nonconventional receptors’ named 
glycosaminoglycans (GAGs) are extracellular molecules that bind chemokines and 
stabilize their concentration gradient, determining therefore the most effective 
chemotaxis in tissues [122]. Cytokines have pleotropic effects and their receptors are 
redundant (i.e. they may have more than one receptor and their receptors often share 
subunits). 

Immunobiology of chemokines 
Chemokines are structurally related, most chemokines contain at least four cysteines 
that form two disulfide bonds, one between the first and the third and one between 
the second and the fourth cysteine (C) residues [123]. Four groups are defined on the 
basis of the presence or absence of non-conserved amino acids between those 
cysteines: CC (adjacent cysteine residues), CXC (separated cysteine residues by single 
amino acid residue), CX3C (separated by three amino acid residues) and C (where 
Lymphotactin is the only known chemokine that contains only two cysteines [120]. 
 
A nomenclature that tries to standardize the names of chemokines withhold the 
following codes: CCLn, CXCLn, CX3CLn or XCLn, where ‘n’ is a correlative 
number that individualizes each molecule, and ‘L’ is an abbreviation of ‘ligand’ which 
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is used to distinguish CKs from their receptors (CCRn, CXCRn, CX3CRn and 
XCRn) which use ‘R’ (an abbreviation of ‘receptor’. A subfamily of CXC chemokines 
are further classified according to the presence of the tripeptide motif glutamate–
leucine–arginine (ELR) motif near the N terminal of the molecule (designated ELR+) 
are specific for leukocytes (such as CXCL8), whereas ELR  chemokines (such as 
CXCL13) attract lymphocytes [124]. Some chemokine receptors pair monogamously 
with their chemokine ligand. However, most are promiscuous, but restricted to one 
chemokine group. The binding of the chemokine to the receptor activates signalling 
cascades, most signalling depends on coupling through Bordetella pertussis toxin-
sensitive G proteins. CXCR1 and CXCR2 couple most commonly through G i2, but 
also through G 14, G 15, and G 16, but not G q or G 11 that culminate in the 
rearrangement, change of shape, and cell movement of actin [125]. 

CXCL8, CXCR1 and CXCR2 in tuberculosis disease 
The chemokine CXCL8 (IL-8) is secreted early in the infectious disease process and 
acts as a strong neutrophil chemoattractant, but is also chemotactic for monocytes 
and lymphocytes [126,127]. In TB patients, CXCL8 is found abundantly in sputum, 
lymph nodes and plasma [128,129] . CXCL8 binds to the two GPCRs, CXCR1 and 
CXCR2, which are primarily expressed by neutrophils, but also by peripheral blood 
mononuclear cells, alveolar macrophages, TH cells, alveolar and bronchial epithelial 
cells, and vascular cells [77,130-132]. Neutrophils are an essential component of the 
innate immune system and are the first group of cells that migrate to sites of 
infection. However, sustained neutrophil response in severe TB have also been 
associated with delayed Mtb clearance and disease severity [133,134]. The imbalance 
between anti-inflammatory and pro-inflammatory factors can lead to dysregulated 
inflammation in TB is thought to be partly due to the accumulation of early influx of 
neutrophils and NK cells whom both express the receptor CXCR2 [135-137]. 
Between the two CXCL8 receptors, CXCR2 has gained particular interest in the 
pathology of several pulmonary diseases, such as ischemia/reperfusion injury, chronic 
obstructive pulmonary disease and pulmonary fibrosis [138]. In addition, lung 
epithelial cells can directly sense Mtb and produce chemokines, resulting in a 
potentiation of immune cell recruitment. CXCL8 and CXCL5 are produced by 
alveolar epithelial cells and by human bronchial epithelial cells and can increase 
neutrophil recruitment. Recent reports have shown increased neutrophils in broncho-
alveolar lavages from patients with cavitary TB in comparison to non-cavitary TB 
patients, further associated with decreased CXCL10 and IL-6, which may indicate the 
failure of adaptive immunity at this stage of disease [139]. Therefore, understanding 
the functions and interactions between cytokines and chemokines is therefore critical 
to our attempts to limit TB. 
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IL-22 
IL-22 is primarily produced by T cells as well as  T cells, natural killer (NK) cells, 
and innate lymphoid cells following exposure to innate or infectious stimuli. The 
major functions of IL-22 are the regeneration and survival of the intestinal, airway, 
and external epithelium, as well as stimulating the secretion of antimicrobial peptides 
such as lipocalin and -defensin [140]. In the context of TB, IL-22 is expressed at 
higher levels than IL-17 at the site of infection and within granulomas from TB 
patients. IL-22 has also been shown to inhibit intracellular growth of M. tuberculosis in 
human monocyte-derived macrophages. Current data suggest a protective role for IL-
22 in TB disease progression, possibly via antimicrobial peptide production, cellular 
function, and promotion of epithelial repair [141]. 

IL-10 
The major function of IL-10 is to serve as an anti-inflammatory and 
immunosuppressive cytokine. Furthermore, IL-10 strongly inhibits the production of 
IL-1, IL-6, IL-8, IL-12, TNF, and other immune and inflammatory cytokines. IL-10 
can be produced by T-cell subsets including TREG, TH1 and TH17 cells, macrophages, 
some dendritic cell subsets, myeloid-derived suppressor cells, B cells, and neutrophils  
[142]. It inhibits macrophage antigen presentation and decreases expression of MHC 
class II, adhesion molecules, and the co-stimulatory molecules CD80 (B7.1) as well as 
CD86 (B7) [143]. IL-10 signals through the IL-10R, which comprises IL-10R1 and 
IL-10R2. IL-10R1 is induced on hematopoietic cells, while IL-10R2 is expressed 
constitutively on most tissues and immune cells. In the context of TB, was initially 
identified as a regulatory “cytokine synthesis inhibitory factor” polymorphisms in the 
IL-10 gene, are significantly associated with an increased TB risk [144].  

IL-6 
IL-6 has a wide array of biological actions on both lymphoid and non-lymphoid cells. 
It is important in host defence and in inflammatory responses. It is considered to 
possess both pro-inflammatory and anti-inflammatory qualities. IL-6 serves as a 
major inducer of fever and the synthesis of acute-phase proteins in the liver, such as 
fibrinogen, serum amyloid A, haptoglobin, C-reactive protein [145]. This cytokine is 
also involved in the essential cellular processes of differentiation, proliferation, and 
apoptosis. IL-6 signals through soluble and membrane-bound IL-6R of which the 
glycoprotein 130 dimer (gp130) is an essential component. Downstream signalling is 
mediated by a phosphorylation cascade involving JAK, mitogen activated protein 
kinase (MAPK), and STAT pathways [146]. The pluripotency of IL-6 warrants 
regulation and this is mediated by suppressor of cytokine signalling (SOCS), which 
inhibits STAT signalling [147]. IL-6 also play a role in potentiating immunity during 
early M. tuberculosis infection [146]. 
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Cytokine-induced host-protective cellular mechanism (Respiratory burst) 
Innate immune system increase their oxygen consumption through the activity of an 
NADPH-oxidase that generates superoxide anion (O2 ) and hydrogen peroxide 
(H2O2) The release of reactive oxygen intermediates such as O2 and H2O2 is an 
important component of the innate immune bactericidal machinery [148]. Activation 
of a membrane-bound NADPH oxidase by stimulation with IFNγ or IgG initiates an 
oxidative burst that generates ROI, these oxygen metabolites give rise to yet other 
reactive oxygen species (•O2–, H2O2, OH–, and •OH radical) that are strongly anti-
microbial, but may also cause damage by destructing surrounding tissue and inducing 
apoptosis in other immune reactive cells [149]. Human neutrophils, that abundantly 
express myeloperoxidase, but also in blood monocytes, the activity of reactive oxygen 
intermediates (ROI) is further augmented by the formation of hypochlorous acid. 
Oxidation of bacterial lipids and proteins results in bacterial killing. The importance 
of ROIs in antibacterial defence is underlined by recurrent infections in patients 
whose phagocytes fail to generate an oxidative burst. Professional phagocytes deliver 
NO to the phagolysosome harbouring bacteria while consuming O2 and L-arginine. 
NO is further oxidized to NO2– and NO3–. Nitrification and/or oxidation then 
functions by inactivating bacterial molecules needed for bacterial growth [150]. The 
formation of reactive nitrogen intermediates (RNI) •NO is catalyzed by NOS2, which 
is promoted by both immunological stimuli such as IFNγ and TNF, and microbial 
products such as LPSs, lipoteichoic acid, and mycobacterial lipids. RNIs exert their 
bactericidal activity by destroying iron-/sulfur-containing reactive centres of bacterial 
enzymes, and by synergizing with ROIs to form highly reactive peroxynitrite 
(ONOO–). A central role for NOS2 in protection against intracellular bacteria is well 
established in murine models of infection [151].  

G-protein–coupled receptors (GPCRs) 
In 2012, The Nobel Prize in Chemistry was awarded to Brian K. Kobilka and Robert 
J. Lefkowitz for studies of G-protein–coupled receptors (GPCRs). It all started with 
noticing the remarkable similarities to the one for rhodopsin, known then as a light-
sensing receptor of the eye and concluded that there likely exists an entire protein 
family of such receptors with similar structure and function confirmed the hypothesis 
about the common folding of all GPCRs [118]. The name GPCR refer to a common 
mode of receptor signalling via heterotrimeric GTP-binding proteins on the inside of 
the cell. Because their polypeptide chain passes seven times through the plasma 
membrane, the GPCRs are also called seven-transmembrane (7TM) receptors. 
Human cells are constantly communicating between each other and over long 
distances in the body. This requires a molecular scaffold and a means for 
transmission of information across the plasma membrane. The seven-transmembrane 
spanning GPCRs are critically involved in transmitting extracellular stimuli including 
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light, hormones and neurotransmitters into specific cellular responses. Today we 
recognize that GPCR play a vital role in various diseases and that understanding its 
role could provide a rational basis for the design of novel therapies in various clinical 
conditions. GPCRs are also pharmacologically important because they are the targets 
of about 30% of commercially available drugs [152].  

GPCRs structure 
GPCRs comprise seven transmembrane -helices (7TMH) connected by three 
extracellular loops (ECL1-3) and three intracellular loops (ICL1-3). The extracellular 
(EC) region, which is responsible for ligand binding, also includes the N-terminus 
that can range from relatively short sequences in rhodopsin-like receptors to large 
extracellular domains in other classes of GPCRs, e.g. the hormone-binding domain 
(HBD) in adhesion receptors. The intracellular (IC) region interacts with G proteins, 
arrestins and other downstream effectors. The ligand binding triggers a slight change 
in GPCR conformation that is propagated through the whole protein, ultimately 
causing alterations at the receptor’s cytoplasmic surface that permit binding to its 
cognate G protein [153]. The GPCR superfamily is divided into five main families: 
glutamate (former class C), rhodopsin (former class A), adhesion (part of former class 
B), frizzled/taste2 (former class F), and secretin (part of former class B). The 
rhodopsin family can be further divided into four subfamilies: , ,  and . the  
subfamily consists of three main branches: somatostatin, opioid and galanin receptors 
(SOG) receptors (including crystallized OR, OR, OR and nociceptin opioid 
receptors), MCH receptors, and chemokine receptors [118]. 

The molecular framework of G-protein–coupled receptors (GPCRs) 
The cascade reaction on the inside of the cell starts with nucleotide exchange where 
the heterotrimeric G protein dissociates into subunits (G , G  and G ;) [154]. G  
binds to and stimulates enzymes such as adenylate cyclase. This produces the cyclic 
nucleotide cAMP, which diffuses easily and serves as a ‘second messenger’ [155]. 
Other proteins may interact with G  and G  to further modulate the signal. This in 
turn activates diverse G protein-dependent effectors, including phospholipases A2, C 
(subtypes b2 and b3) and D, phosphatidylinositol-3-kinase(PI3K ), protein tyrosine 
kinases (PTK) and phosphatases, low molecular weight GTPases, and mitogen-
activated protein kinases (Fig.6). 
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Figure 6. Chemokine signal transduction in chemotaxis. two main pathways induced by most chemokines.The PI3K  
pathway is particularly important for cell migration. Chemokines are able to activate other pathways as well, including 
non-Gi-type G proteins, protein tyrosine kinases, and MAP kinases. Reprinted from ”Clinical Immunology, principles 
and Practise”, Robert R Rich et al, 2013, Elsevier, with permission 

Cytosolic and calcium-independent PLA2 catalyse formation of arachidonic acid 
from membrane phospholipids and enhance chemokine activation of human 
monocyte chemotaxis [118]. PLC hydrolyzes PI bisphosphate (PIP2) to form 1,2-
diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) (Fig.6). IP3 induces Ca+2 
release from intracellular stores, which acts with DAG to activate protein kinase C 
(PKC) [125]. The PI3Kg phosphorylates PIP2 to form PIP3, which recruits proteins 
containing pleckstrin homology (PH) or PHOX (PX) domains to lamellipodium, 
thereby converting shallow extracellular chemokine gradients to steep intracellular 
effector gradients. Four PH domain-containing targets—Akt, and GEFs for Rac, 
Rho, and Cdc42—modulate distinct phases of cell movement in various model 
systems. Rho regulates cell adhesion and chemotaxis, and myosin contraction [156] 
(Fig 6). Rac and Cdc42 control lamellipodia and filipodia formation, respectively. 
Downstream targets of Rac include Pak1, which also regulates myosin contraction 
and respiratory burst [157,158]. 
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To trigger GPCR signal transduction in AECs, intracellular bacteria such as Shigella, 
are known to engage GTPases in actin polymerization [159,160]. These low-
molecular- weight proteins belong to the Ras GTPase superfamily and include Rab 
and Rho/Rac, with the ability to act as molecular switches by coupling extracellular 
signals to different cellular responses, cytoskeletal integrity, intracellular vesicular 
transport, and trafficking of proteins [161]. Inhibition of Rac1 was recently shown to 
repeal tumour protein p53 suppression of STAT and NF- B, and where Rho was 
essential in the establishment and maintenance of tight junctions [162].  
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Tuberculosis Molecular Fingerprinting 

Molecular Epidemiology of tuberculosis: role of whole 
genome sequencing 
The molecular epidemiology field emerged from the integration of molecular biology, 
statistics, clinical medicine and epidemiology that studies the role of genetic and 
environmental risk factors at the molecular/cellular or biochemical level in disease 
aetiology and transmission among populations [163]. Despite the fact that much is 
known about the epidemiology of TB, some key questions have confounded classical 
epidemiologists for long. Researchers still struggle to find the rates of active 
transmission by differentiating disease due to high/low burden settings and 
recent/previous infection. The determination of whether recurrent tuberculosis is 
attributable to exogenous reinfection or reactivation, is another question that may be 
answered through molecular epidemiology studies. As is the question to whether all 
M. tuberculosis strains exert similar epidemiologic characteristics in populations. 
Furthermore, an understanding of transmission dynamics on group-specific levels, or 
cluster-levels, may well identify extensive transmission or outbreaks from what appear 
to be sporadic, epidemiologically unrelated cases. Several molecular epidemiologic 
methods have facilitated studies that address most of these very questions [164]. 
 
Given the plethora of molecular tools available, it is critical to choose an appropriate 
method to address the transmission dynamics, outbreaks, or phylogenetics. In general 
terms, the key in choosing the adequate molecular approach for studying TB 
transmission is the observed rate of polymorphism, i.e. the stability of the biomarker, 
and the genetic diversity of strains in the population. Indeed, the rate of change of a 
biomarker must be adequate to distinguish non-epidemiologically related strains and 
yet be sufficient to reliably link related cases. This requirement, coupled with the 
general background of TB prevalence, should be taken into consideration when 
choosing molecular epidemiologic methods or in evaluating data. 
 
The completion of the first human genome drafts was just the start of the modern 
DNA sequencing era which was further applied on microbes [165,166]. The TB 
research community welcomed the genomic era in 1998 with the publication of the 
complete annotated genome of the M. tuberculosis laboratory strain H37Rv [27]. The 
M. tuberculosis complex genome is highly conserved in relation to other bacterial 
pathogens. It has a very high guanine and cytosine content and carries highly 
repetitive motifs [57,167]. While the members of the M. tuberculosis complex display 
diverse phenotypic characteristics and host ranges, they represent an example of 
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interspecies genetic homogeneity, with an estimated rate of synonymous, or 
functional, nucleotide polymorphisms of 0.01% to 0.03% and no significant evidence 
for horizontal genetic transfer between genomes, unlike most bacterial pathogens 
[168]. 
 
For over 20 years, investigators have been discovering and utilizing genetic elements 
of the Mtb genome as molecular genotype markers [163,169]. The M. tuberculosis 
genotyping methodologies include utilizing insert elements, as in Insertion element 
(IS6110), the direct repeat locus-based spacer oligonucleotide typing (spoligotyping) 
and mycobacterial interspersed repetitive unit-variable number of tandem repeat 
(MIRU-VNTR) typing [170-173].  
 
The advent of novel DNA sequencing technologies has revolutionized the field of 
tuberculosis by generating wealth of data, massively parallel sequencing and designing 
novel methods to exploit this information. Many mycobacteriologists fully embraced 
the revolution, understanding that the generation of high numbers of genomes from 
a single species, strain or clonal group would allow to reconstruct the history of a 
bacterium in time and space, to trace its movements and relevant evolutionary events, 
and to understand the success of specific strains. This genomic epidemiology 
approach has been applied to mycobacterium tuberculosis [174,175]. Comparative 
genomics and whole-genome sequencing (WGS) have paved the way for high-
resolution analysis of the genome and become a common technique for investigation 
of the pathogenic bacteria, and have been used to address various aspects of 
tuberculosis [176-178]. Sequencing technologies are advancing at a rapid pace. With 
time, these advances hold promise to overcome current technical limitations. 
Moreover, as the cost of reagents and instruments continues to decrease, the 
opportunities for applying sequencing on the front line of the tuberculosis fight will 
only expand.  

Current genotyping methods 

IS6110-based Restriction Fragment Length Polymorphism (RFLP) 
Insertion elements (IS) are small mobile genetic elements, usually less than 2.5 kb in 
size, that are widely distributed in most bacterial genomes [179]. IS elements are 
commonly defined as carrying only the genetic information needed for their 
transposition and regulation, unlike transposons, which can also carry genes that 
encode phenotypic markers (e.g., antibiotic resistance). IS6110-based RFLP 
genotyping detects variations generated by the insertion element IS6110. Strains can 
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differ in both the number of copies of IS6110 and the positions of IS6110 in the 
bacterial DNA [180]. 
 
IS6110-based RFLP is performed by using an internationally standardized protocol: 
purification of DNA from a culture of M. tuberculosis followed by the addition of a 
restriction enzyme that cuts the DNA at specific sequences into hundreds of different 
fragments. The fragments are separated by size on an agarose gel and transferred to a 
membrane. A probe is then used to detect fragments containing IS6110, and the 
image is captured on film. Each copy of IS6110 produces one band. Isolates from 
infected TB patients with epidemiologically unrelated strains have different RFLP 
patterns, whereas those from patients with epidemiologically linked strains generally 
have identical RFLP patterns. Nevertheless, there are limitations inherent to IS6110-
based RFLP analysis concerning the interpretation: a) Strains with fewer than six 
IS6110 insertion sites have a limited degree of polymorphism, b) IS6110-based RFLP 
requires sub-culturing of the isolates for several weeks to obtain sufficient DNA 
[181]. 

PCR based mycobacterial interspersed repetitive units (MIRUs), 
variable numbers of tandem repeats (VNTRs)  
The genome of M. tuberculosis contains many mycobacterial interspersed repeat units 
(MIRUs), some containing identical repeat units and others containing repeats that 
vary slightly in sequence and length [182]. This method relies on PCR amplification 
of multiple loci using primers specific for the flanking regions of each repeat locus 
and on the determination of the sizes of the amplicons, which reflect the numbers of 
the targeted MIRU-VNTR copies [163]. 

PCR based Spacer oligonucleotide typing (spoligotyping) 
Spoligotyping is a hybridization assay that detects variability in the direct repeat (DR) 
region in the DNA of M. tuberculosis. The DR region consists of 10 to 50 copies of a 
36-bp direct repeat, which are separated from one another by spacers that have 
different sequences (the standard spoligotyping assay uses 43). Different M. 
tuberculosis strains differ in terms of the presence or absence of specific spacers, the 
pattern of spacers in a strain can be used for genotyping [170]. 

Single nucleotide polymorphisms(SNPs) based Whole Genome 
Sequencing (WGS) 
There have been major advances in sequencing technology, DNA sample 
preparation, genome assembly, and data analysis is naming a few [183]. A number of 
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sequencing techniques have been introduced making bacterial genome sequencing 
significantly cheaper and easier. However, the workflow of bacterial sequencing 
sample preparation such as DNA sequencing, sequence assembly, bioinformatics 
analysis in order to identify polymorphic sequences with potential relevance to 
disease pathogenesis, immunity, transmission and evolution- remains generally 
unchanged [184-186]. 
 
The potential of WGS is sometimes described as the early days of PCR, i.e. only 
imagination will set the primary limitation to its use. Using the current WGS 
technologies, only short reads (40–250 bp) are generated, this approach does not 
typically capture long repeat regions. In M. tuberculosis, in particular, insertion elements 
and PE–PPE genes (which constitute a highly repetitive class of antigenic genes) are 
often excluded [187]. Short reads are also likely to under-sample genome 
rearrangements. Paired-end sequencing and jumping libraries can help to mitigate 
these issues. Advances in genome assembly from short reads can also generate longer 
contiguous sequences [188]. 
 
Each sequencing technology has specific strengths and weaknesses, making the 
selection of the appropriate technique important to achieve the desired experimental 
results. Illumina being the most widely used platform in the field and may be used as 
an example [189]. The HiSeq (Illumina Inc., San Diego, CA, USA) machines utilizes a 
“sequencing by synthesis” technique, where individual DNA molecules are attached 
to the surface of flow cells and isothermal “bridging” amplification is used to amplify 
the signal. The DNA molecule is then sequenced using reversible fluorophore-
labelled nucleotides, which are optically read from each flow cell. While these have 
high accuracies, and produce large amounts of raw data, the individual read lengths 
tend to be shorter, which can be problematic for genomes with large repeats. 
However, it allows for template amounts as low as 50 ng, which can be useful for 
organisms that are difficult to culture [190]. While raw sequence data is useful, it is 
significantly more valuable after assembly into contiguous DNA sequences (contigs). 
Two strategies for assembly exist, and sequences can be assembled either de novo or 
assembled against a reference sequence. Sequences that do not meet quality guidelines 
are automatically trimmed out [191]. 
 
In addition to rapidly determining genotype/phenotype association, WGS has 
allowed the retrospective differentiation between relapse and reinfection, the 
reconstruction of transmission chains, and the prediction of super-spreaders, drug 
resistance mutations, to study bacterial evolution and to find potentially undiagnosed 
cases [192-196]. However, the abundance of sequence information makes 
bioinformatics the bottleneck in utilization of sequences in clinical samples [197].  
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Insights into the transmission of tuberculosis 
It is confirmed that variability in M. tuberculosis isolate genotype between different 
patients denotes epidemiologically unrelated tuberculosis, whereas identical genotypes 
of isolates from different patients imply that they were infected by a common source. 
Furthermore, clustered cases of tuberculosis defined as those in which the isolates 
have identical or closely related genotypes, have usually been transmitted recently. In 
contrast, cases in which the isolates have different genotypes generally represent 
infection acquired in the distant past [198,199]. However, there are two precautions 
to bear in mind with this concept. First, the genotyping data must be interpreted 
together with the epidemiologic information, which is usually obtained by 
interviewing patients, preferably when tuberculosis is diagnosed. Second, accurate 
identification of clustered cases requires the evaluation of a large percentage of 
tuberculosis cases in the population over a long period. The ability to identify and 
trace back individual clones of Mtb may provide control strategies to tuberculosis 
pathogenesis, transmissibility dynamics and novel disease therapeutics [200-202].  
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Aims and conclusion  

Paper I 

Aims 
• Investigate mycobacteria induced epithelial signalling pathways from the 

activation of TLRs. 
• Analyse Alveolar epithelial cell’s cytokine secretion upon Mtb infection  

Conclusion 
Our data indicate that mycobacteria suppress epithelial pro-inflammatory production 
by suppressing NF-κB activation thereby shifting the infection towards an anti-
inflammatory state. This balance between the host immune response and the 
pathogen could determine the outcome of infection. 

Paper II 

Aims 
• Investigate CXCR1 and CXCR2 expression in blood of patients with 

pulmonary TB, LTBI subjects and close contacts. 
• Investigate the capacity to phagocytose in whole blood in pulmonary TB 

patients, LTBI subjects and close controls 

Conclusion 
We found that variations in receptor expression are linked to disease progression and 
affect the immune response against Mtb. Expression pattern of GPCRs could 
provide an important platform for tuberculosis diagnostics. 
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Paper III 

Aims 
• Investigate initial events of mucosal BCG interaction using primary airway 

epithelial cell (AECs) and a murine model. 
• Analyse the impact of G-protein coupled receptors (GPCRs) CXCR1 and 

CXCR2 in mucosal BCG interaction 

Conclusion 
This study demonstrated that BCG infection of AECs manipulated the GPCRs to 
suppress epithelial signalling pathways which led to GPCR-dependent Rac1 
upregulation, resulting in actin redistribution. 

Paper IV 

Aims 
• Investigate whether whole genome sequencing (WGS) is well suited for 

identifying transmission clusters in low TB incidence settings. 
• Compare traditional genotyping methods and WGS in their discriminatory 

power to distinguish between related transmission chains. 

Conclusion 
WGS has provided new information on the evolution of mycobacterium tuberculosis 
during outbreaks and provided better resolution of transmission than standard 
genotyping methods. 
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Future directions  
One of the main ‘stop TB’ strategies by WHO is to develop a simple, rapid and cheap 
test for TB diagnosis. We plan to investigate the expression pattern of CXCR1 and 
CXCR2 in pregnant women and children with pulmonary TB, LTBI subjects and 
close contacts as well as utilizing extracted genomic material from TB subjects to look 
for mutations that can affects the host susceptibility to M. tuberculosis infection, 
tuberculosis disease immune-pathogenesis and the outcome of M. tuberculosis 
exposure and/or infection. On the other hand, we plan to continue with the data 
generated from M. tuberculosis high throughput next generation whole genome 
sequencing of clinical isolates and extend the scope of the analysis to include: drug 
resistance mutations, relapse and reinfection, and transmission dynamics on the 
national level in Sweden. The WGS approach might become routine 
surveillance/outbreak investigation which can direct public health action without 
additional epidemiological evidence. 
 

  



58 

  



59 

Acknowledgment 

Most of all, I thank the Almighty God for giving me a blessed career. 
 

 

Associate professor Gabriela Godaly, my supervisor and friend. Thank you for 
being a genuine and kind hearted scientist.  I am grateful for all the trust and 
confidence that put in me. Your patience and dedication have been an inspiration and 
motivation throughout my PhD study. This thesis is dedicated to you and in all my 
future career I will always looks back and cherish our scientific as well as friendly 
conversations. I will also take with me your love for making the deadlines at the very 
last second ;) 
 

Professor Patrik Medstrand, my co-supervisor, I thank you for all the challenging 
scientific discussions. Thank you for giving me your time, time you should've spent 
with family during last Christmas holidays, to help finalize our last manuscript.  
  

I have been lucky to have two colleagues sitting with me in the same office: Erik 
Tenland and Anna Rönholm. Erik, you are a true friend who made me feel quite at 
home here in Sweden. Sharing scientific, political and personal discussions made my 
cold, Swedish winter days pass more easily. Anna, what a pleasure it has been to work 
with you. I thank you for all kind good mornings and talks about all matters in life.  
 

Devoted to science, you are the role model for all the ambitious scientists in the 
research world, professor Catharina Svanborg. Seeing you every day working early 
and staying late before leaving is a guidance for hard work. Thank you everyone at 
Catharina's lab- Manoj, Therese, Aftab, Daniel, Anna, Suzan, Ines, Nina 
Caterina and Waleed. We shared lab secrets and international dinners, and you 
always welcome new members to the group with a great smile.  
 

I thank you Niclas winqvist, Per Björkman, Erik Stårigård and Sten Skogmar 
for welcoming me and introducing me to the world of Tuberculosis in Malmö clinic 
and the TB think tank. It has been a real privilege to collaborate with you and to 
share in house knowledge. 
 
If you have one true friend you have more than your share. Thank you Enas Sheik-
khalil for all the help I received from you. 



60 

 
My special thanks to Oscar Hallgren and Gunilla Westergren-Thorsson, much of 
the work in this thesis is the fruit of your enjoyable collaboration. 
 

The B13 floor members especially Thomas, Birgitta, Åsa and Lena. Thank you for 
creating a research friendly environment and for your support throughout this time. 
 

The support from you, my friends Anas Abu-Humidan, Malik Sallam and Samar 
Hunaiti, has been unwavering and impactful. 
 

I am grateful to the University of Jordan for all their support. I am humbled to be 
affiliated with Lund university and I acknowledge Lund University for giving me a 
chance of a successful academic and research career. 
 

Antom galbi wa hobbi wa rohi ya ajmal ayleh fe eddenia. My beloved parents, 
Tharwah and Mahmoud, who has given me the support, encouragement and self-
esteem to become who I am today. Your oriented advice has been incentive for 
moving me to the right path forward. You taught me how speak with confidence and 
you gave me responsibility and wings, I am so proud to be your son. My brothers and 
sisters, Yasser, Enas, Zead, Eman, Amany, Mostafa and Heba - I love you, I love 
you, I love you. I will always be your biggest brother and the rock you lean on 
through thick and thin. 
 

 
 



61 

References 

1 Dheda K, Barry CE, 3rd, Maartens G: Tuberculosis. Lancet 2016;387:1211-1226. 
2 Hippocrates, aphorisms v.9.  
3 Lawn SD, Zumla AI: Tuberculosis. Lancet 2011;378:57-72. 
4 Wallstedt H, Maeurer M: The history of tuberculosis management in sweden. Int J 

Infect Dis 2015;32:179-182. 
5 Brock, Thomas D. (1988): Robert koch. A life in medicine and bacteriology: In: 

Scientific revolutionaries: A biographical series. Science tech. Publishers, madison wi 
and j. Springer, berlin, 364 pp., hard cover, 48 - dm. Eur J Protistol 1989;25:85. 

6 Kaufmann SH: Envisioning future strategies for vaccination against tuberculosis. Nature 
reviews Immunology 2006;6:699-704. 

7 Daniel TM: The history of tuberculosis. Respir Med 2006;100:1862-1870. 
8 Lienhardt C, Glaziou P, Uplekar M, Lonnroth K, Getahun H, Raviglione M: Global 

tuberculosis control: Lessons learnt and future prospects. Nature reviews Microbiology 
2012;10:407-416. 

9 Borgdorff MW, van Soolingen D: The re-emergence of tuberculosis: What have we 
learnt from molecular epidemiology? Clin Microbiol Infec 2013;19:889-901. 

10 Global health report Gt: 1.Tuberculosis - epidemiology. 2.Tuberculosis, pulmonary – 
prevention and control. 3.Tuberculosis –economics. 4.Tuberculosis, multidrug-resistant. 
5.Annual reports. I.World health organization.isbn 978 92 4 156539 4 (nlm 
classification: Wf 300). WHO Library Cataloguing-in-Publication Data 2016 

11 Pareek M, Greenaway C, Noori T, Munoz J, Zenner D: The impact of migration on 
tuberculosis epidemiology and control in high-income countries: A review. BMC 
medicine 2016;14:48. 

12 Zumla A, Raviglione M, Hafner R, von Reyn CF: Tuberculosis. The New England 
journal of medicine 2013;368:745-755. 

13 Lewinsohn DM, Leonard MK, LoBue PA, Cohn DL, Daley CL, Desmond E, Keane J, 
Lewinsohn DA, Loeffler AM, Mazurek GH, O'Brien RJ, Pai M, Richeldi L, Salfinger M, 
Shinnick TM, Sterling TR, Warshauer DM, Woods GL: Official american thoracic 
society/infectious diseases society of america/centers for disease control and prevention 
clinical practice guidelines: Diagnosis of tuberculosis in adults and children. Clin Infect 
Dis 2017;64:111-115. 

14 Grange JM: The biology of the genus mycobacterium. Soc Appl Bacteriol Symp Ser 
1996;25:1S-9S. 

15 Huard RC, Fabre M, de Haas P, Lazzarini LC, van Soolingen D, Cousins D, Ho JL: 
Novel genetic polymorphisms that further delineate the phylogeny of the 
mycobacterium tuberculosis complex. J Bacteriol 2006;188:4271-4287. 



62 

16 Gill WP, Harik NS, Whiddon MR, Liao RP, Mittler JE, Sherman DR: A replication 
clock for mycobacterium tuberculosis. Nat Med 2009;15:211-214. 

17 Barksdale L KK: Mycobacterium. Bacteriological Reviews 1977 
18 Bansal-Mutalik R, Nikaido H: Mycobacterial outer membrane is a lipid bilayer and the 

inner membrane is unusually rich in diacyl phosphatidylinositol dimannosides. P Natl 
Acad Sci USA 2014;111:4958-4963. 

19 Sani M, Houben EN, Geurtsen J, Pierson J, de Punder K, van Zon M, Wever B, 
Piersma SR, Jimenez CR, Daffe M, Appelmelk BJ, Bitter W, van der Wel N, Peters PJ: 
Direct visualization by cryo-em of the mycobacterial capsular layer: A labile structure 
containing esx-1-secreted proteins. PLoS Pathog 2010;6:e1000794. 

20 Kieser KJ, Baranowski C, Chao MC, Long JE, Sassetti CM, Waldor MK, Sacchettini JC, 
Ioerger TR, Rubin EJ: Peptidoglycan synthesis in mycobacterium tuberculosis is 
organized into networks with varying drug susceptibility. Proc Natl Acad Sci U S A 
2015;112:13087-13092. 

21 Kieser KJ, Rubin EJ: How sisters grow apart: Mycobacterial growth and division. 
Nature Reviews Microbiology 2014;12:550-562. 

22 Alderwick LJ, Harrison J, Lloyd GS, Birch HL: The mycobacterial cell wall--
peptidoglycan and arabinogalactan. Cold Spring Harb Perspect Med 2015;5:a021113. 

23 Hett EC, Rubin EJ: Bacterial growth and cell division: A mycobacterial perspective. 
Microbiol Mol Biol Rev 2008;72:126-156, table of contents. 

24 Forrellad MA, Klepp LI, Gioffre A, Sabio y Garcia J, Morbidoni HR, de la Paz 
Santangelo M, Cataldi AA, Bigi F: Virulence factors of the mycobacterium tuberculosis 
complex. Virulence 2013;4:3-66. 

25 Abdallah AM, Gey van Pittius NC, Champion PA, Cox J, Luirink J, Vandenbroucke-
Grauls CM, Appelmelk BJ, Bitter W: Type vii secretion--mycobacteria show the way. 
Nature reviews Microbiology 2007;5:883-891. 

26 Sampson SL: Mycobacterial pe/ppe proteins at the host-pathogen interface. Clinical & 
developmental immunology 2011;2011:497203. 

27 Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, Gordon SV, Eiglmeier 
K, Gas S, Barry CE, 3rd, Tekaia F, Badcock K, Basham D, Brown D, Chillingworth T, 
Connor R, Davies R, Devlin K, Feltwell T, Gentles S, Hamlin N, Holroyd S, Hornsby 
T, Jagels K, Krogh A, McLean J, Moule S, Murphy L, Oliver K, Osborne J, Quail MA, 
Rajandream MA, Rogers J, Rutter S, Seeger K, Skelton J, Squares R, Squares S, Sulston 
JE, Taylor K, Whitehead S, Barrell BG: Deciphering the biology of mycobacterium 
tuberculosis from the complete genome sequence. Nature 1998;393:537-544. 

28 Welin A, Lerm M: Inside or outside the phagosome? The controversy of the intracellular 
localization of mycobacterium tuberculosis. Tuberculosis (Edinburgh, Scotland) 
2012;92:113-120. 

29 O'Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry MP: The immune 
response in tuberculosis. Annual review of immunology 2013;31:475-527. 

30 Getahun H, Matteelli A, Chaisson RE, Raviglione M: Latent mycobacterium 
tuberculosis infection. The New England journal of medicine 2015;372:2127-2135. 



63 

31 Gupta A, Kaul A, Tsolaki AG, Kishore U, Bhakta S: Mycobacterium tuberculosis: 
Immune evasion, latency and reactivation. Immunobiology 2012;217:363-374. 

32 Andersson H, Andersson B, Eklund D, Ngoh E, Persson A, Svensson K, Lerm M, 
Blomgran R, Stendahl O: Apoptotic neutrophils augment the inflammatory response to 
mycobacterium tuberculosis infection in human macrophages. PLoS One 
2014;9:e101514. 

33 Walzl G, Ronacher K, Hanekom W, Scriba TJ, Zumla A: Immunological biomarkers of 
tuberculosis. Nature reviews Immunology 2011;11:343-354. 

34 Russell DG: Who puts the tubercle in tuberculosis? Nature reviews Microbiology 
2007;5:39-47. 

35 Ramakrishnan L: Revisiting the role of the granuloma in tuberculosis. Nature reviews 
Immunology 2012;12:352-366. 

36 Pagan AJ, Ramakrishnan L: Immunity and immunopathology in the tuberculous 
granuloma. Cold Spring Harb Perspect Med 2014;5 

37 Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, Ginsberg A, 
Swaminathan S, Spigelman M, Getahun H, Menzies D, Raviglione M: Tuberculosis. Nat 
Rev Dis Primers 2016;2:16076. 

38 Hingley-Wilson SM, Sambandamurthy VK, Jacobs WR, Jr.: Survival perspectives from 
the world's most successful pathogen, mycobacterium tuberculosis. Nat Immunol 
2003;4:949-955. 

39 Yates TA, Khan PY, Knight GM, Taylor JG, McHugh TD, Lipman M, White RG, 
Cohen T, Cobelens FG, Wood R, Moore DA, Abubakar I: The transmission of 
mycobacterium tuberculosis in high burden settings. The Lancet Infectious diseases 
2016;16:227-238. 

40 Zumla A, Rao M, Parida SK, Keshavjee S, Cassell G, Wallis R, Axelsson-Robertsson R, 
Doherty M, Andersson J, Maeurer M: Inflammation and tuberculosis: Host-directed 
therapies. Journal of internal medicine 2015;277:373-387. 

41 Lerm M, Netea MG: Trained immunity: A new avenue for tuberculosis vaccine 
development. Journal of internal medicine 2016;279:337-346. 

42 Maartens G, Wilkinson RJ: Tuberculosis. Lancet 2007;370:2030-2043. 
43 Skoura E, Zumla A, Bomanji J: Imaging in tuberculosis. Int J Infect Dis 2015;32:87-93. 
44 Dannenberg AM, Jr.: Immune mechanisms in the pathogenesis of pulmonary 

tuberculosis. Rev Infect Dis 1989;11 Suppl 2:S369-378. 
45 Al-Orainey IO: Diagnosis of latent tuberculosis: Can we do better. Ann Thorac Med 

2009;4:5-9. 
46 Mazurek GH, LoBue PA, Daley CL, Bernardo J, Lardizabal AA, Bishai WR, Iademarco 

MF, Rothel JS: Comparison of a whole-blood interferon gamma assay with tuberculin 
skin testing for detecting latent mycobacterium tuberculosis infection. JAMA 
2001;286:1740-1747. 

47 Targeted tuberculin testing and treatment of latent tuberculosis infection. This official 
statement of the american thoracic society was adopted by the ats board of directors, 



64 

july 1999. This is a joint statement of the american thoracic society (ats) and the centers 
for disease control and prevention (cdc). This statement was endorsed by the council of 
the infectious diseases society of america. (idsa), september 1999, and the sections of 
this statement. Am J Respir Crit Care Med 2000;161:S221-247. 

48 Saletti G, Cuburu N, Yang JS, Dey A, Czerkinsky C: Enzyme-linked immunospot assays 
for direct ex vivo measurement of vaccine-induced human humoral immune responses 
in blood. Nat Protoc 2013;8:1073-1087. 

49 Fogel N: Tuberculosis: A disease without boundaries. Tuberculosis (Edinburgh, 
Scotland) 2015;95:527-531. 

50 Elbir H, Abdel-Muhsin AM, Babiker A: A one-step DNA pcr-based method for the 
detection of mycobacterium tuberculosis complex grown on lowenstein-jensen media. 
Am J Trop Med Hyg 2008;78:316-317. 

51 Horsburgh CR, Jr., Barry CE, 3rd, Lange C: Treatment of tuberculosis. The New 
England journal of medicine 2015;373:2149-2160. 

52 Cruz-Knight W, Blake-Gumbs L: Tuberculosis: An overview. Prim Care 2013;40:743-
756. 

53 Dheda K, Chang KC, Guglielmetti L, Furin J, Schaaf HS, Chesov D, Esmail A, Lange 
C: Clinical management of adults and children with multidrug-resistant and extensively 
drug-resistant tuberculosis. Clin Microbiol Infect 2017;23:131-140. 

54 Sirturo (bedaquiline) product insert. Silver spring, md: Food and drug administration 
(http://www.accessdata.fda.gov/drugsatfda_docs/label/2012/204384s000lbl.P
df).  

55 Singh VK, Srivastava R, Srivastava BS: Manipulation of bcg vaccine: A double-edged 
sword. European journal of clinical microbiology & infectious diseases : official 
publication of the European Society of Clinical Microbiology 2016;35:535-543. 

56 Sakula A: Bcg - who were calmette and guerin. Thorax 1983;38:806-812. 
57 Brosch R, Gordon SV, Buchrieser C, Pym AS, Garnier T, Cole ST: Comparative 

genomics uncovers large tandem chromosomal duplications in mycobacterium bovis 
bcg pasteur. Yeast 2000;17:111-123. 

58 Behr MA, Small PM: Has bcg attenuated to impotence? Nature 1997;389:133-134. 
59 Bastos RG, Borsuk S, Seixas FK, Dellagostin OA: Recombinant mycobacterium bovis 

bcg. Vaccine 2009;27:6495-6503. 
60 Kaufmann SH: Fact and fiction in tuberculosis vaccine research: 10 years later. The 

Lancet Infectious diseases 2011;11:633-640. 
61 Sia JK, Georgieva M, Rengarajan J: Innate immune defenses in human tuberculosis: An 

overview of the interactions between mycobacterium tuberculosis and innate immune 
cells. Journal of immunology research 2015;2015:747543. 

62 Holtzman MJ, Byers DE, Alexander-Brett J, Wang X: The role of airway epithelial cells 
and innate immune cells in chronic respiratory disease. Nature reviews Immunology 
2014;14:686-698. 



65 

63 Lugton I: Mucosa-associated lymphoid tissues as sites for uptake, carriage and excretion 
of tubercle bacilli and other pathogenic mycobacteria. Immunol Cell Biol 1999;77:364-
372. 

64 Smith I: Mycobacterium tuberculosis pathogenesis and molecular determinants of 
virulence. Clin Microbiol Rev 2003;16:463-496. 

65 Cooper AM, Mayer-Barber KD, Sher A: Role of innate cytokines in mycobacterial 
infection. Mucosal immunology 2011;4:252-260. 

66 Keane J, Gershon S, Wise RP, Mirabile-Levens E, Kasznica J, Schwieterman WD, Siegel 
JN, Braun MM: Tuberculosis associated with infliximab, a tumor necrosis factor alpha-
neutralizing agent. The New England journal of medicine 2001;345:1098-1104. 

67 Bermudez LE, Goodman J: Mycobacterium tuberculosis invades and replicates within 
type ii alveolar cells. Infect Immun 1996;64:1400-1406. 

68 Randall PJ, Hsu NJ, Quesniaux V, Ryffel B, Jacobs M: Mycobacterium tuberculosis 
infection of the 'non-classical immune cell'. Immunol Cell Biol 2015;93:789-795. 

69 Harriff MJ, Purdy GE, Lewinsohn DM: Escape from the phagosome: The explanation 
for mhc-i processing of mycobacterial antigens? Front Immunol 2012;3:40. 

70 Harriff MJ, Cansler ME, Toren KG, Canfield ET, Kwak S, Gold MC, Lewinsohn DM: 
Human lung epithelial cells contain mycobacterium tuberculosis in a late endosomal 
vacuole and are efficiently recognized by cd8(+) t cells. PLoS One 2014;9:e97515. 

71 Fine KL, Metcalfe MG, White E, Virji M, Karls RK, Quinn FD: Involvement of the 
autophagy pathway in trafficking of mycobacterium tuberculosis bacilli through cultured 
human type ii epithelial cells. Cell Microbiol 2012;14:1402-1414. 

72 Scordo JM, Knoell DL, Torrelles JB: Alveolar epithelial cells in mycobacterium 
tuberculosis infection: Active players or innocent bystanders? J Innate Immun 2016;8:3-
14. 

73 Brightbill HD, Libraty DH, Krutzik SR, Yang RB, Belisle JT, Bleharski JR, Maitland M, 
Norgard MV, Plevy SE, Smale ST, Brennan PJ, Bloom BR, Godowski PJ, Modlin RL: 
Host defense mechanisms triggered by microbial lipoproteins through toll-like 
receptors. Science 1999;285:732-736. 

74 Elkington PT, O'Kane CM, Friedland JS: The paradox of matrix metalloproteinases in 
infectious disease. Clin Exp Immunol 2005;142:12-20. 

75 Li Y, Wang Y, Liu X: The role of airway epithelial cells in response to mycobacteria 
infection. Clinical & developmental immunology 2012;2012:791392. 

76 Huynh KK, Joshi SA, Brown EJ: A delicate dance: Host response to mycobacteria. Curr 
Opin Immunol 2011;23:464-472. 

77 Hakansson G, Lutay N, Andersson M, Hallgren O, Westergren-Thorsson G, Svensson 
M, Godaly G: Epithelial g protein-coupled receptor kinases regulate the initial 
inflammatory response during mycobacterial infection. Immunobiology 2013;218:984-
994. 

78 Aronson NE, Santosham M, Comstock GW, Howard RS, Moulton LH, Rhoades ER, 
Harrison LH: Long-term efficacy of bcg vaccine in american indians and alaska natives: 
A 60-year follow-up study. JAMA 2004;291:2086-2091. 



66 

79 Aaby P, Benn CS: Saving lives by training innate immunity with bacille calmette-guerin 
vaccine. Proc Natl Acad Sci U S A 2012;109:17317-17318. 

80 Blok BA, Arts RJ, van Crevel R, Benn CS, Netea MG: Trained innate immunity as 
underlying mechanism for the long-term, nonspecific effects of vaccines. J Leukoc Biol 
2015;98:347-356. 

81 Netea MG, Latz E, Mills KH, O'Neill LA: Innate immune memory: A paradigm shift in 
understanding host defense. Nat Immunol 2015;16:675-679. 

82 Kaushal D, Foreman TW, Gautam US, Alvarez X, Adekambi T, Rangel-Moreno J, 
Golden NA, Johnson AM, Phillips BL, Ahsan MH, Russell-Lodrigue KE, Doyle LA, 
Roy CJ, Didier PJ, Blanchard JL, Rengarajan J, Lackner AA, Khader SA, Mehra S: 
Mucosal vaccination with attenuated mycobacterium tuberculosis induces strong central 
memory responses and protects against tuberculosis. Nat Commun 2015;6:8533. 

83 Woodrow KA, Bennett KM, Lo DD: Mucosal vaccine design and delivery. Annu Rev 
Biomed Eng 2012;14:17-46. 

84 Kyd JM, Foxwell AR, Cripps AW: Mucosal immunity in the lung and upper airway. 
Vaccine 2001;19:2527-2533. 

85 Bhatt K, Salgame P: Host innate immune response to mycobacterium tuberculosis. J 
Clin Immunol 2007;27:347-362. 

86 Korbel DS, Schneider BE, Schaible UE: Innate immunity in tuberculosis: Myths and 
truth. Microbes Infect 2008;10:995-1004. 

87 Saraav I, Singh S, Sharma S: Outcome of mycobacterium tuberculosis and toll-like 
receptor interaction: Immune response or immune evasion? Immunol Cell Biol 
2014;92:741-746. 

88 Demangel C, Britton WJ: Interaction of dendritic cells with mycobacteria: Where the 
action starts. Immunol Cell Biol 2000;78:318-324. 

89 Gruenheid S, Finlay BB: Microbial pathogenesis and cytoskeletal function. Nature 
2003;422:775-781. 

90 Mills KH: Tlr-dependent t cell activation in autoimmunity. Nature reviews Immunology 
2011;11:807-822. 

91 Dheda K, Schwander SK, Zhu B, van Zyl-Smit RN, Zhang Y: The immunology of 
tuberculosis: From bench to bedside. Respirology 2010;15:433-450. 

92 Hedlund S, Persson A, Vujic A, Che KF, Stendahl O, Larsson M: Dendritic cell 
activation by sensing mycobacterium tuberculosis-induced apoptotic neutrophils via dc-
sign. Hum Immunol 2010;71:535-540. 

93 Janeway CA, Jr., Medzhitov R: Innate immune recognition. Annual review of 
immunology 2002;20:197-216. 

94 Mukherjee S, Karmakar S, Babu SP: Tlr2 and tlr4 mediated host immune responses in 
major infectious diseases: A review. The Brazilian journal of infectious diseases : an 
official publication of the Brazilian Society of Infectious Diseases 2016;20:193-204. 



67 

95 Shi GX, Harrison K, Han SB, Moratz C, Kehrl JH: Toll-like receptor signaling alters the 
expression of regulator of g protein signaling proteins in dendritic cells: Implications for 
g protein-coupled receptor signaling. J Immunol 2004;172:5175-5184. 

96 Gerold G, Zychlinsky A, de Diego JL: What is the role of toll-like receptors in bacterial 
infections? Semin Immunol 2007;19:41-47. 

97 de Diego JL, Gerold G, Zychlinsky A: Sensing, presenting, and regulating pamps. Ernst 
Schering Found Symp Proc 2007:83-95. 

98 Kawai T, Akira S: Toll-like receptors and their crosstalk with other innate receptors in 
infection and immunity. Immunity 2011;34:637-650. 

99 Medzhitov R, Preston-Hurlburt P, Janeway CA, Jr.: A human homologue of the 
drosophila toll protein signals activation of adaptive immunity. Nature 1997;388:394-
397. 

100 Oeckinghaus A, Hayden MS, Ghosh S: Crosstalk in nf-kappab signaling pathways. Nat 
Immunol 2011;12:695-708. 

101 Kagan JC, Medzhitov R: Phosphoinositide-mediated adaptor recruitment controls toll-
like receptor signaling. Cell 2006;125:943-955. 

102 Ruse M, Knaus UG: New players in tlr-mediated innate immunity: Pi3k and small rho 
gtpases. Immunol Res 2006;34:33-48. 

103 Doble BW, Woodgett JR: Gsk-3: Tricks of the trade for a multi-tasking kinase. J Cell Sci 
2003;116:1175-1186. 

104 Martin M, Rehani K, Jope RS, Michalek SM: Toll-like receptor-mediated cytokine 
production is differentially regulated by glycogen synthase kinase 3. Nat Immunol 
2005;6:777-784. 

105 Andersson M, Lutay N, Hallgren O, Westergren-Thorsson G, Svensson M, Godaly G: 
Mycobacterium bovis bacilli calmette-guerin regulates leukocyte recruitment by 
modulating alveolar inflammatory responses. Innate Immun 2012;18:531-540. 

106 Neufert C, Pai RK, Noss EH, Berger M, Boom WH, Harding CV: Mycobacterium 
tuberculosis 19-kda lipoprotein promotes neutrophil activation. J Immunol 
2001;167:1542-1549. 

107 Quesniaux VJ, Nicolle DM, Torres D, Kremer L, Guerardel Y, Nigou J, Puzo G, Erard 
F, Ryffel B: Toll-like receptor 2 (tlr2)-dependent-positive and tlr2-independent-negative 
regulation of proinflammatory cytokines by mycobacterial lipomannans. J Immunol 
2004;172:4425-4434. 

108 Jo EK, Yang CS, Choi CH, Harding CV: Intracellular signalling cascades regulating 
innate immune responses to mycobacteria: Branching out from toll-like receptors. Cell 
Microbiol 2007;9:1087-1098. 

109 Yadav M, Schorey JS: The beta-glucan receptor dectin-1 functions together with tlr2 to 
mediate macrophage activation by mycobacteria. Blood 2006;108:3168-3175. 

110 Blander JM, Medzhitov R: Regulation of phagosome maturation by signals from toll-like 
receptors. Science 2004;304:1014-1018. 



68 

111 Doyle SE, O'Connell RM, Miranda GA, Vaidya SA, Chow EK, Liu PT, Suzuki S, Suzuki 
N, Modlin RL, Yeh WC, Lane TF, Cheng G: Toll-like receptors induce a phagocytic 
gene program through p38. J Exp Med 2004;199:81-90. 

112 Desai M, Fang R, Sun J: The role of autophagy in microbial infection and immunity. 
Immunotargets Ther 2015;4:13-26. 

113 Mathieu J: Interactions between autophagy and bacterial toxins: Targets for therapy? 
Toxins (Basel) 2015;7:2918-2958. 

114 Lasunskaia EB, Campos MN, de Andrade MR, Damatta RA, Kipnis TL, Einicker-
Lamas M, Da Silva WD: Mycobacteria directly induce cytoskeletal rearrangements for 
macrophage spreading and polarization through tlr2-dependent pi3k signaling. J Leukoc 
Biol 2006;80:1480-1490. 

115 Qian Y, Chen X: Tumor suppression by p53: Making cells senescent. Histol Histopathol 
2010;25:515-526. 

116 Necela BM, Su W, Thompson EA: Toll-like receptor 4 mediates cross-talk between 
peroxisome proliferator-activated receptor gamma and nuclear factor-kappab in 
macrophages. Immunology 2008;125:344-358. 

117 Almeida PE, Silva AR, Maya-Monteiro CM, Torocsik D, D'Avila H, Dezso B, 
Magalhaes KG, Castro-Faria-Neto HC, Nagy L, Bozza PT: Mycobacterium bovis 
bacillus calmette-guerin infection induces tlr2-dependent peroxisome proliferator-
activated receptor gamma expression and activation: Functions in inflammation, lipid 
metabolism, and pathogenesis. J Immunol 2009;183:1337-1345. 

118 Latek D, Modzelewska A, Trzaskowski B, Palczewski K, Filipek S: G protein-coupled 
receptors--recent advances. Acta Biochim Pol 2012;59:515-529. 

119 Griffith JW, Sokol CL, Luster AD: Chemokines and chemokine receptors: Positioning 
cells for host defense and immunity. Annual review of immunology 2014;32:659-702. 

120 Charo IF, Ransohoff RM: The many roles of chemokines and chemokine receptors in 
inflammation. The New England journal of medicine 2006;354:610-621. 

121 Rossi D, Zlotnik A: The biology of chemokines and their receptors. Annual review of 
immunology 2000;18:217-242. 

122 Kufareva I, Salanga CL, Handel TM: Chemokine and chemokine receptor structure and 
interactions: Implications for therapeutic strategies. Immunol Cell Biol 2015;93:372-383. 

123 Olson TS, Ley K: Chemokines and chemokine receptors in leukocyte trafficking. Am J 
Physiol Regul Integr Comp Physiol 2002;283:R7-28. 

124 Owen JL, Mohamadzadeh M: Macrophages and chemokines as mediators of 
angiogenesis. Front Physiol 2013;4:159. 

125 Thelen M, Stein JV: How chemokines invite leukocytes to dance. Nat Immunol 
2008;9:953-959. 

126 Zhang Y, Broser M, Cohen H, Bodkin M, Law K, Reibman J, Rom WN: Enhanced 
interleukin-8 release and gene expression in macrophages after exposure to 
mycobacterium tuberculosis and its components. J Clin Invest 1995;95:586-592. 



69 

127 Gerszten RE, Garcia-Zepeda EA, Lim YC, Yoshida M, Ding HA, Gimbrone MA, Jr., 
Luster AD, Luscinskas FW, Rosenzweig A: Mcp-1 and il-8 trigger firm adhesion of 
monocytes to vascular endothelium under flow conditions. Nature 1999;398:718-723. 

128 Kurashima K, Mukaida N, Fujimura M, Yasui M, Nakazumi Y, Matsuda T, Matsushima 
K: Elevated chemokine levels in bronchoalveolar lavage fluid of tuberculosis patients. 
Am J Respir Crit Care Med 1997;155:1474-1477. 

129 Sadek MI, Sada E, Toossi Z, Schwander SK, Rich EA: Chemokines induced by 
infection of mononuclear phagocytes with mycobacteria and present in lung alveoli 
during active pulmonary tuberculosis. Am J Respir Cell Mol Biol 1998;19:513-521. 

130 Antas P, Holland S, Sterling T: Abnormal spontaneous interleukin 8 receptor 
expression: A brief report of two cases. Rev Soc Bras Med Trop 2012;45:134-137. 

131 Schraufstatter IU, Trieu K, Zhao M, Rose DM, Terkeltaub RA, Burger M: Il-8-mediated 
cell migration in endothelial cells depends on cathepsin b activity and transactivation of 
the epidermal growth factor receptor. J Immunol 2003;171:6714-6722. 

132 Miller AL, Strieter RM, Gruber AD, Ho SB, Lukacs NW: Cxcr2 regulates respiratory 
syncytial virus-induced airway hyperreactivity and mucus overproduction. J Immunol 
2003;170:3348-3356. 

133 Martineau AR, Newton SM, Wilkinson KA, Kampmann B, Hall BM, Nawroly N, Packe 
GE, Davidson RN, Griffiths CJ, Wilkinson RJ: Neutrophil-mediated innate immune 
resistance to mycobacteria. J Clin Invest 2007;117:1988-1994. 

134 Dorhoi A, Iannaccone M, Farinacci M, Fae KC, Schreiber J, Moura-Alves P, Nouailles 
G, Mollenkopf HJ, Oberbeck-Muller D, Jorg S, Heinemann E, Hahnke K, Lowe D, Del 
Nonno F, Goletti D, Capparelli R, Kaufmann SH: Microrna-223 controls susceptibility 
to tuberculosis by regulating lung neutrophil recruitment. J Clin Invest 2013;123:4836-
4848. 

135 Moldoveanu B, Otmishi P, Jani P, Walker J, Sarmiento X, Guardiola J, Saad M, Yu J: 
Inflammatory mechanisms in the lung. J Inflamm Res 2009;2:1-11. 

136 Monin L, Khader SA: Chemokines in tuberculosis: The good, the bad and the ugly. 
Semin Immunol 2014;26:552-558. 

137 Stillie R, Farooq SM, Gordon JR, Stadnyk AW: The functional significance behind 
expressing two il-8 receptor types on pmn. J Leukoc Biol 2009;86:529-543. 

138 Stadtmann A, Zarbock A: Cxcr2: From bench to bedside. Front Immunol 2012;3:263. 
139 Nolan A, Condos R, Huie ML, Dawson R, Dheda K, Bateman E, Rom WN, Weiden 

MD: Elevated ip-10 and il-6 from bronchoalveolar lavage cells are biomarkers of non-
cavitary tuberculosis. Int J Tuberc Lung Dis 2013;17:922-927. 

140 Behrends J, Renauld JC, Ehlers S, Holscher C: Il-22 is mainly produced by ifngamma-
secreting cells but is dispensable for host protection against mycobacterium tuberculosis 
infection. PLoS One 2013;8:e57379. 

141 Domingo-Gonzalez R, Prince O, Cooper A, Khader SA: Cytokines and chemokines in 
mycobacterium tuberculosis infection. Microbiol Spectr 2016;4 

142 Mosser DM, Zhang X: Interleukin-10: New perspectives on an old cytokine. Immunol 
Rev 2008;226:205-218. 



70 

143 Donnelly RP, Sheikh F, Kotenko SV, Dickensheets H: The expanded family of class ii 
cytokines that share the il-10 receptor-2 (il-10r2) chain. J Leukoc Biol 2004;76:314-321. 

144 Redford PS, Murray PJ, O'Garra A: The role of il-10 in immune regulation during m. 
Tuberculosis infection. Mucosal immunology 2011;4:261-270. 

145 Martinez AN, Mehra S, Kaushal D: Role of interleukin 6 in innate immunity to 
mycobacterium tuberculosis infection. J Infect Dis 2013;207:1253-1261. 

146 Hunter CA, Jones SA: Il-6 as a keystone cytokine in health and disease. Nat Immunol 
2015;16:448-457. 

147 Masood KI, Rottenberg ME, Salahuddin N, Irfan M, Rao N, Carow B, Islam M, 
Hussain R, Hasan Z: Expression of m. Tuberculosis-induced suppressor of cytokine 
signaling (socs) 1, socs3, foxp3 and secretion of il-6 associates with differing clinical 
severity of tuberculosis. BMC Infect Dis 2013;13:13. 

148 Clark RA: Activation of the neutrophil respiratory burst oxidase. J Infect Dis 1999;179 
Suppl 2:S309-317. 

149 Robinson JM: Reactive oxygen species in phagocytic leukocytes. Histochem Cell Biol 
2008;130:281-297. 

150 Bogdan C, Rollinghoff M, Diefenbach A: Reactive oxygen and reactive nitrogen 
intermediates in innate and specific immunity. Curr Opin Immunol 2000;12:64-76. 

151 Karupiah G, Hunt NH, King NJ, Chaudhri G: Nadph oxidase, nramp1 and nitric oxide 
synthase 2 in the host antimicrobial response. Rev Immunogenet 2000;2:387-415. 

152 Salon JA, Lodowski DT, Palczewski K: The significance of g protein-coupled receptor 
crystallography for drug discovery. Pharmacol Rev 2011;63:901-937. 

153 Fredriksson R, Lagerstrom MC, Lundin LG, Schioth HB: The g-protein-coupled 
receptors in the human genome form five main families. Phylogenetic analysis, 
paralogon groups, and fingerprints. Mol Pharmacol 2003;63:1256-1272. 

154 Wettschureck N, Offermanns S: Mammalian g proteins and their cell type specific 
functions. Physiol Rev 2005;85:1159-1204. 

155 Liu YF, Ghahremani MH, Rasenick MM, Jakobs KH, Albert PR: Stimulation of camp 
synthesis by gi-coupled receptors upon ablation of distinct galphai protein expression. 
Gi subtype specificity of the 5-ht1a receptor. J Biol Chem 1999;274:16444-16450. 

156 Murphy PM: The molecular biology of leukocyte chemoattractant receptors. Annual 
review of immunology 1994;12:593-633. 

157 DerMardirossian C, Schnelzer A, Bokoch GM: Phosphorylation of rhogdi by pak1 
mediates dissociation of rac gtpase. Mol Cell 2004;15:117-127. 

158 Forsberg M, Druid P, Zheng L, Stendahl O, Sarndahl E: Activation of rac2 and cdc42 
on fc and complement receptor ligation in human neutrophils. J Leukoc Biol 
2003;74:611-619. 

159 Zigmond SH, Joyce M, Borleis J, Bokoch GM, Devreotes PN: Regulation of actin 
polymerization in cell-free systems by gtpgammas and cdc42. J Cell Biol 1997;138:363-
374. 



71 

160 Fiorentini C, Falzano L, Travaglione S, Fabbri A: Hijacking rho gtpases by protein 
toxins and apoptosis: Molecular strategies of pathogenic bacteria. Cell Death Differ 
2003;10:147-152. 

161 Ferro E, Goitre L, Retta SF, Trabalzini L: The interplay between ros and ras gtpases: 
Physiological and pathological implications. J Signal Transduct 2012;2012:365769. 

162 Guo AK, Hou YY, Hirata H, Yamauchi S, Yip AK, Chiam KH, Tanaka N, Sawada Y, 
Kawauchi K: Loss of p53 enhances nf-kappab-dependent lamellipodia formation. J Cell 
Physiol 2014;229:696-704. 

163 Barnes PF, Cave MD: Molecular epidemiology of tuberculosis. The New England 
journal of medicine 2003;349:1149-1156. 

164 Mathema B, Kurepina NE, Bifani PJ, Kreiswirth BN: Molecular epidemiology of 
tuberculosis: Current insights. Clin Microbiol Rev 2006;19:658-685. 

165 Yamey G: Scientists unveil first draft of human genome. BMJ 2000;321:7. 
166 Fraser CM, Eisen JA, Salzberg SL: Microbial genome sequencing. Nature 2000;406:799-

803. 
167 Fleischmann RD, Alland D, Eisen JA, Carpenter L, White O, Peterson J, DeBoy R, 

Dodson R, Gwinn M, Haft D, Hickey E, Kolonay JF, Nelson WC, Umayam LA, 
Ermolaeva M, Salzberg SL, Delcher A, Utterback T, Weidman J, Khouri H, Gill J, 
Mikula A, Bishai W, Jacobs Jr WR, Jr., Venter JC, Fraser CM: Whole-genome 
comparison of mycobacterium tuberculosis clinical and laboratory strains. J Bacteriol 
2002;184:5479-5490. 

168 Coscolla M, Gagneux S: Does m. Tuberculosis genomic diversity explain disease 
diversity? Drug Discov Today Dis Mech 2010;7:e43-e59. 

169 Philipp WJ, Poulet S, Eiglmeier K, Pascopella L, Balasubramanian V, Heym B, Bergh S, 
Bloom BR, Jacobs WR, Jr., Cole ST: An integrated map of the genome of the tubercle 
bacillus, mycobacterium tuberculosis h37rv, and comparison with mycobacterium 
leprae. Proc Natl Acad Sci U S A 1996;93:3132-3137. 

170 Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D, Kuijper S, 
Bunschoten A, Molhuizen H, Shaw R, Goyal M, van Embden J: Simultaneous detection 
and strain differentiation of mycobacterium tuberculosis for diagnosis and 
epidemiology. J Clin Microbiol 1997;35:907-914. 

171 Supply P, Mazars E, Lesjean S, Vincent V, Gicquel B, Locht C: Variable human 
minisatellite-like regions in the mycobacterium tuberculosis genome. Mol Microbiol 
2000;36:762-771. 

172 Kato-Maeda M, Metcalfe JZ, Flores L: Genotyping of mycobacterium tuberculosis: 
Application in epidemiologic studies. Future Microbiol 2011;6:203-216. 

173 Teeter LD, Vempaty P, Nguyen DT, Tapia J, Sharnprapai S, Ghosh S, Kammerer JS, 
Miramontes R, Cronin WA, Graviss EA, Tuberculosis Epidemiologic Studies C: 
Validation of genotype cluster investigations for mycobacterium tuberculosis: 
Application results for 44 clusters from four heterogeneous united states jurisdictions. 
BMC Infect Dis 2016;16:594. 



72 

174 Gaiarsa S, De Marco L, Comandatore F, Marone P, Bandi C, Sassera D: Bacterial 
genomic epidemiology, from local outbreak characterization to species-history 
reconstruction. Pathog Glob Health 2015;109:319-327. 

175 MacLean D, Jones JD, Studholme DJ: Application of 'next-generation' sequencing 
technologies to microbial genetics. Nature reviews Microbiology 2009;7:287-296. 

176 Takiff HE, Feo O: Clinical value of whole-genome sequencing of mycobacterium 
tuberculosis. The Lancet Infectious diseases 2015;15:1077-1090. 

177 Cohen KA, Abeel T, Manson McGuire A, Desjardins CA, Munsamy V, Shea TP, 
Walker BJ, Bantubani N, Almeida DV, Alvarado L, Chapman SB, Mvelase NR, Duffy 
EY, Fitzgerald MG, Govender P, Gujja S, Hamilton S, Howarth C, Larimer JD, Maharaj 
K, Pearson MD, Priest ME, Zeng Q, Padayatchi N, Grosset J, Young SK, Wortman J, 
Mlisana KP, O'Donnell MR, Birren BW, Bishai WR, Pym AS, Earl AM: Evolution of 
extensively drug-resistant tuberculosis over four decades: Whole genome sequencing 
and dating analysis of mycobacterium tuberculosis isolates from kwazulu-natal. PLoS 
Med 2015;12:e1001880. 

178 Hasnain SE, O'Toole RF, Grover S, Ehtesham NZ: Whole genome sequencing: A new 
paradigm in the surveillance and control of human tuberculosis. Tuberculosis 
(Edinburgh, Scotland) 2015;95:91-94. 

179 Frost LS, Leplae R, Summers AO, Toussaint A: Mobile genetic elements: The agents of 
open source evolution. Nature reviews Microbiology 2005;3:722-732. 

180 van Embden JD, Cave MD, Crawford JT, Dale JW, Eisenach KD, Gicquel B, Hermans 
P, Martin C, McAdam R, Shinnick TM, et al.: Strain identification of mycobacterium 
tuberculosis by DNA fingerprinting: Recommendations for a standardized 
methodology. J Clin Microbiol 1993;31:406-409. 

181 Braden CR, Templeton GL, Cave MD, Valway S, Onorato IM, Castro KG, Moers D, 
Yang Z, Stead WW, Bates JH: Interpretation of restriction fragment length 
polymorphism analysis of mycobacterium tuberculosis isolates from a state with a large 
rural population. J Infect Dis 1997;175:1446-1452. 

182 Supply P, Allix C, Lesjean S, Cardoso-Oelemann M, Rusch-Gerdes S, Willery E, Savine 
E, de Haas P, van Deutekom H, Roring S, Bifani P, Kurepina N, Kreiswirth B, Sola C, 
Rastogi N, Vatin V, Gutierrez MC, Fauville M, Niemann S, Skuce R, Kremer K, Locht 
C, van Soolingen D: Proposal for standardization of optimized mycobacterial 
interspersed repetitive unit-variable-number tandem repeat typing of mycobacterium 
tuberculosis. J Clin Microbiol 2006;44:4498-4510. 

183 Pareek CS, Smoczynski R, Tretyn A: Sequencing technologies and genome sequencing. J 
Appl Genet 2011;52:413-435. 

184 Ekblom R, Wolf JB: A field guide to whole-genome sequencing, assembly and 
annotation. Evol Appl 2014;7:1026-1042. 

185 Shabbeer A, Cowan LS, Ozcaglar C, Rastogi N, Vandenberg SL, Yener B, Bennett KP: 
Tb-lineage: An online tool for classification and analysis of strains of mycobacterium 
tuberculosis complex. Infect Genet Evol 2012;12:789-797. 



73 

186 Nielsen R, Paul JS, Albrechtsen A, Song YS: Genotype and snp calling from next-
generation sequencing data. Nat Rev Genet 2011;12:443-451. 

187 Galagan JE: Genomic insights into tuberculosis. Nat Rev Genet 2014;15:307-320. 
188 El-Metwally S, Hamza T, Zakaria M, Helmy M: Next-generation sequence assembly: 

Four stages of data processing and computational challenges. PLoS Comput Biol 
2013;9:e1003345. 

189 Metzker ML: Sequencing technologies - the next generation. Nat Rev Genet 2010;11:31-
46. 

190 Dark MJ: Whole-genome sequencing in bacteriology: State of the art. Infect Drug Resist 
2013;6:115-123. 

191 Schatz MC, Delcher AL, Salzberg SL: Assembly of large genomes using second-
generation sequencing. Genome Res 2010;20:1165-1173. 

192 Bryant JM, Harris SR, Parkhill J, Dawson R, Diacon AH, van Helden P, Pym A, 
Mahayiddin AA, Chuchottaworn C, Sanne IM, Louw C, Boeree MJ, Hoelscher M, 
McHugh TD, Bateson AL, Hunt RD, Mwaigwisya S, Wright L, Gillespie SH, Bentley 
SD: Whole-genome sequencing to establish relapse or re-infection with mycobacterium 
tuberculosis: A retrospective observational study. Lancet Respir Med 2013;1:786-792. 

193 Casali N, Broda A, Harris SR, Parkhill J, Brown T, Drobniewski F: Whole genome 
sequence analysis of a large isoniazid-resistant tuberculosis outbreak in london: A 
retrospective observational study. PLoS Med 2016;13:e1002137. 

194 Walker TM, Ip CL, Harrell RH, Evans JT, Kapatai G, Dedicoat MJ, Eyre DW, Wilson 
DJ, Hawkey PM, Crook DW, Parkhill J, Harris D, Walker AS, Bowden R, Monk P, 
Smith EG, Peto TE: Whole-genome sequencing to delineate mycobacterium 
tuberculosis outbreaks: A retrospective observational study. The Lancet Infectious 
diseases 2013;13:137-146. 

195 Walker TM, Kohl TA, Omar SV, Hedge J, Del Ojo Elias C, Bradley P, Iqbal Z, 
Feuerriegel S, Niehaus KE, Wilson DJ, Clifton DA, Kapatai G, Ip CL, Bowden R, 
Drobniewski FA, Allix-Beguec C, Gaudin C, Parkhill J, Diel R, Supply P, Crook DW, 
Smith EG, Walker AS, Ismail N, Niemann S, Peto TE, Modernizing Medical 
Microbiology Informatics G: Whole-genome sequencing for prediction of 
mycobacterium tuberculosis drug susceptibility and resistance: A retrospective cohort 
study. The Lancet Infectious diseases 2015;15:1193-1202. 

196 Gardy JL, Johnston JC, Ho Sui SJ, Cook VJ, Shah L, Brodkin E, Rempel S, Moore R, 
Zhao Y, Holt R, Varhol R, Birol I, Lem M, Sharma MK, Elwood K, Jones SJ, Brinkman 
FS, Brunham RC, Tang P: Whole-genome sequencing and social-network analysis of a 
tuberculosis outbreak. The New England journal of medicine 2011;364:730-739. 

197 Witney AA, Cosgrove CA, Arnold A, Hinds J, Stoker NG, Butcher PD: Clinical use of 
whole genome sequencing for mycobacterium tuberculosis. BMC medicine 2016;14:46. 

198 Yeh RW, Ponce de Leon A, Agasino CB, Hahn JA, Daley CL, Hopewell PC, Small PM: 
Stability of mycobacterium tuberculosis DNA genotypes. J Infect Dis 1998;177:1107-
1111. 



74 

199 Warren R, Richardson M, Sampson S, Hauman JH, Beyers N, Donald PR, van Helden 
PD: Genotyping of mycobacterium tuberculosis with additional markers enhances 
accuracy in epidemiological studies. J Clin Microbiol 1996;34:2219-2224. 

200 Glynn JR, Vynnycky E, Fine PE: Influence of sampling on estimates of clustering and 
recent transmission of mycobacterium tuberculosis derived from DNA fingerprinting 
techniques. Am J Epidemiol 1999;149:366-371. 

201 Begun M, Newall AT, Marks GB, Wood JG: Contact tracing of tuberculosis: A 
systematic review of transmission modelling studies. PLoS One 2013;8:e72470. 

202 Grad YH, Lipsitch M: Epidemiologic data and pathogen genome sequences: A powerful 
synergy for public health. Genome Biol 2014;15:538. 

 



Paper I





Mycobacteria Bypass Mucosal NF-kB Signalling to Induce
an Epithelial Anti-Inflammatory IL-22 and IL-10 Response
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Abstract

The mechanisms by which mycobacteria subvert the inflammatory defence to establish chronic infection remain an
unresolved question in the pathogenesis of tuberculosis. Using primary epithelial cells, we have analysed mycobacteria
induced epithelial signalling pathways from activation of TLRs to cytokine secretion. Mycobacterium bovis bacilli Calmette-
Guerin induced phosphorylation of glycogen synthase kinase (GSK)3 by PI3K–Akt in the signalling pathway downstream of
TLR2 and TLR4. Mycobacteria did not supress NF-kB by activating the peroxisome proliferator-activated receptor c. Instead
the pro-inflammatory NF-kB was bypassed by mycobacteria induced GSK3 inhibition that promoted the anti-inflammatory
transcription factor CREB. Mycobacterial infection did not thus induce mucosal pro-inflammatory response as measured by
TNFa and IFNc secretion, but led to an anti-inflammatory IL-10 and IL-22 production. Apart from CREB, MAP3Ks p38 and
ERK1/2 activated the transcription factor AP-1 leading to IL-6 production. Interestingly, blocking of TLR4 before infection
decreased epithelial IL-6 secretion, but increased the CREB-activated IL-10 production. Our data indicate that mycobacteria
supress epithelial pro-inflammatory production by supressing NF-kB activation thereby shifting the infection towards an
anti-inflammatory state. This balance between the host immune response and the pathogen could determine the outcome
of infection.
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Introduction

Successful pathogen Mycobacterium tuberculosis (M. tuberculosis) use
intricate strategy to evade the immune response. This pathogen

invades the epithelial cells that cover the alveolar space of the lung

and modulate or fine-tune the immune responses to produce a

selective cytokine response [1–5]. The first phagocytes to be

attracted to the infectious foci are the neutrophils [1,2,6,7],

followed by monocytes, and these leukocytes cooperate in the

elimination of mycobacteria [8]. The extent of epithelial cytokine

secretion may lead to tissue damage and breakdown of extracel-

lular matrix, thus favouring bacterial persistence and facilitating

mycobacterial transmission [9,10]. However, perturbed defence in

immune-compromised patients can tilt this balance leading to

active disease [11]. These initial innate events, depending on the

magnitude of the host immune responses, could thus determine

the outcome of mycobacterial infection.

Epithelial cells express molecular pattern associated receptors,

such as the Toll like receptors (TLRs) that interact with

mycobacteria [12]. TLR2 expression increases upon mycobacte-

rial infection of alveolar epithelium and blocking of TLR2

decreases cytokine responsiveness [4]. Mycobacteria express

multiple ligands that bind to members of the TLR family,

especially TLR2 and TLR4. Mycobacterial products, such as

lipoarabinomannan (LAM) and the cell wall-associated and

secreted 19-kDa glycolipoprotein, activate TLR signalling

[4,6,13,14]. TLR2 and TLR4 are also known to modulate the

activation of peroxisome proliferator-activated receptor (PPAR)c
[15] that mycobacteria utilize to affect the NF-kB activation

[16,17]. Ligand binding to TLR initiates a signalling cascade

through a MyD88-dependent and/or a MyD88-independent gene

expression [18]. The MyD88-dependent activation leads to a pro-

inflammatory cytokine response by the IRAK-NF-kB pathway,

but also to chromatin remodelling by the MAPK kinases that

regulates extracellular signal-regulated kinase 1/2 (ERK1/2), p38

proteins and c-Jun N-terminal kinase (JNK) [18]. The cytosolic

domains of several TLRs bear also a conserved YxxM PI3K

binding motif and phosphorylation of Akt, a downstream kinase

activated by PI3K, is detected upon TLR stimulation [19].

Activation of Akt or p38 inactivates the glycogen synthase kinase 3

(GSK3) that is found further down the signalling pathway [20].

GSK3 is constitutively active in resting cells leading to the pro-

inflammatory NF-kB transcription, but p38/Akt phosphorylation

of GSK3 switches the transcriptional activity to cAMP response

element-binding protein (CREB) [21]. TLR activation can thus

either lead to a pro-inflammatory cytokine response by activation

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | e86466



of NF-kB pathway, or an anti-inflammatory CREB-related

cytokine response.

The initial events of mycobacterial infections are not clear. The

first surface that the immobile bacterium will encounter after

inhalation into the lungs would most likely be epithelial. Several

groups have demonstrated that M. tuberculosis invades and survives

within human type II alveolar epithelial cells [1,22,23]. Previous

research revealed that the epithelia remain unresponsive to the

infection until the third day, when the cells secreted a distinct

pattern of cytokines [4,5]. There are conflicting reports regarding

the activation of NF-kB by pathogenic mycobacteria. In the

present study, we have analysed mycobacteria induced epithelial

signalling pathways from activation of TLRs to cytokine secretion.

Our data indicate that mycobacteria avoid epithelial pro-

inflammatory production by bypassing NF-kB activation thus

balancing the infection towards an anti-inflammatory state.

Materials and Methods

Ethical Statement
The Swedish Research Ethical Committee in Lund (FEK 413/

2008) approved the isolation of the bronchial material for primary

cell cultures. Bronchial material for primary cell cultures was

obtained from lung explant from healthy donors with irreversible

brain damage and with no history of lung disease. Lungs were to

be used for transplantation but could instead be included in this

study as no matched recipients were available at that moment.

Written consent was obtained from their closest relatives.

Bacterial strains and growth conditions
Mycobacterium bovis bacillus Calmette-Guerin (BCG) Montreal

strain containing the pSMT1 shuttle plasmid was prepared as

previously described [24]. Briefly, the mycobacteria were grown in

Middlebrook 7H9 culture medium, supplemented with 10% ADC

enrichment (Becton Dickinson, Oxford, UK) and hygromycin

(50 mg/l; Roche, Lewes, UK), the culture was washed twice with

sterile PBS, and re-suspended in media again and then dispensed

into vials. Glycerol was added to a final concentration of 25% and

the vials were frozen at 280uC. Prior to each experiment, a vial

was defrosted, added to 9 ml of 7H9/ADC/hygromycin medium,

and incubated with shaking for 72 h at 37uC. Mycobacteria were

then centrifuged for 10 minutes at 30006 g, washed twice with

sterile PBS, and re-suspended in 2 ml of sterile PBS.

Cell Culture
Bronchial tissue was dissected from lungs and kept in

Dulbecco’s Modified Eagle Medium supplemented with gentami-

cin, penicillin, streptomycin, Fungizone and 10% fetal calf serum

(FCS) (all from Gibco, Paisley, UK) until further isolation. After

removing intraluminal mucus and surrounding tissue, bronchi

were digested in 0.1% Protease (Sigma St. Louis, MO) prepared in

Minimum Essential Medium Eagle Spinner Modification (Sigma-

Aldrich) supplemented with gentamicin, penicillin, streptomycin

and Fungizone for 24 hours. Bronchial epithelial cells (HBEC)

were recovered by repeated intraluminar rinsing with Dulbecco’s

Modified Eagle Medium supplemented with gentamicin, penicil-

lin, streptomycin, Fungizone and 10% FCS. Cells were filtered

through a 100 mm strainer (Falcon, Becton Dickinson) and seeded

in cell culture flasks coated with 1% Collagen-1 (PureCol, Inamed

Biomaterial, Freemont, CA) in Bronchial Epithelial Cell Growth

Medium (Clonetics). The following day cells were thoroughly

washed with a medium change every other day. Experiments were

performed in passage 3 and 4.

Infection and treatments of the cells
For the infection experiments, primary cells were grown in 6-

well plates (2.06105 cells/well; Fisher Scientific, UK), infected

with BCG (one bacterium per cell; 1 MOI) or phenol purified LPS

(1 ng/ml; Sigma-Aldrich), lipoarabinomannan (LAM, 1 mg/ml,

Lionex GmbH) or 19-kDa glycolipoprotein (1 mg/ml, Lionex

GmbH) at 37uC for up to three days. For the blocking

experiments, monoclonal mouse anti-human TLR2 or monoclo-

nal mouse anti-human TLR4 antibodies (R&D Systems) 10 mg/ml

were added to the epithelial cells 30 minutes before the addition of

bacteria.

For cytokine analysis, the samples were collected after 0, 6, 24,

48 and 72 hours and for western blot analysis, the cells were

detached by versene (140 mM NaCl, 2.4 mM KCl, 8 mM

Na2HPO4, 1.6 mM KH2PO4, 0.5 mM EDTA, pH 7.2) and

washed with PBS.

To investigate whether epithelial cells survive mycobacterial

infection, we analysed cell viability by trypan blue exclusion assay

according to manufactures instructions (Sigma Aldrich, Germany).

For analysis of bacterial survival within the epithelial cells, infected

epithelial cells were lysed in 300 ml of sterile distilled water for

15 minutes. 100 ml of the suspension was plated on Middlebrook

7H10 supplemented with 10% OADC Enrichment (Becton

Dickinson, Oxford, UK) and grown for 3 weeks.

Western Blot
The primary cells were washed with PBS containing 0.2 mM

phenylmethylsulfonyl fluoride (PMSF), 1 mg/ml PepstatinA, 5 mg/
ml Leupeptin (Sigma-Aldrich) and complete protease inhibitor

cocktail (Roche Diagnostics, Mannheim, Germany) and lysed with

modified Mammalian Protein Extraction Reagent (M-PER)

solution (50 mM HEPES, 150 mM NaCl, 2 mM EDTA,

50 mM ZnCl, 1% NP-40, 0.1% deoxycholate, 0.1% SDS; Pierce)

containing phosphatase (1:10) and the complete protease inhibitor

cocktail (1:25). The cells were then placed on a shaker for

5 minutes, collected and centrifuged at 10,0006g for 5 minutes.

Protein samples were used immediately for western blot analysis or

stored at 280uC.
Protein levels were measured in cells treated with BCG and cells

blocked for TLR2 or TLR4 with the NanoDropTM 8000

Spectrophotometer using the Pierce 660 nm assay (Thermo

Scientific). Medium alone, LPS, LAM and 19 kDa were used as

controls. Protein samples were mixed with PBS, 46 NuPAGE

LDS sample buffer (Life Technologies) and 1 M DTT and

incubated at 90uC for 10 minutes followed by centrifugation at

2186g for 5 minutes. Equal amounts of protein (10 mg/well) were
loaded on a NuPAGE 4%–12% Bis-Tris Gel (Life Technologies)

and separated by sodium dodecyl sulfate-PAGE. A molecular

weight marker (NovexH Sharp Prestained; Life Technologies) was

loaded onto each gel for protein band identification. After

separation, the proteins were transferred to a polyvinylidene

difluoride (PVDF) membrane (Healthcare Amersham). The

membrane was then blocked with either 5% dry-milk (Santa

Cruz Biotechnology, Santa Cruz, CA) or with 5% bovine serum

albumin (BSA; Santa Cruz Biotechnology) for 1 hour on a shaker

at room temperature. Membranes were then incubated on a

shaker overnight at 4uC with rabbit anti-human p-GSK-3a/b
(1:500; AF1590, R&D systems, Denmark), GSK-3a/b (1:250;

AF2157, R&D systems), p-CREB (1:1000; #9198 Cell Signalling

Technology, Inc., Danvers, MA), IkBa (1:1000; #4812 Cell

Signalling Technology), ERK1/2 (0.1 mg/mL, AF1018 R&D

systems), PPARc (1:1000; NBP1-61399 Novus Biologicals),

GAPDH (1:500; sc-25778 Santa Cruz Biotechnology) or mouse

anti-human NF-kB p65 (1:200; sc-8008 Santa Cruz Biotechnol-
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ogy, Heidelberg, Germany), or b-actin (1:10.000; Sigma-Aldrich)

primary antibody. Incubation was followed by washing 365 min-

utes with Tris-buffered saline (TBS)-Tween 20 and 165 minutes

TBS. The membrane was then incubated with goat-anti-rabbit

IgG HRP (1:2000; Santa Cruz Biotechnology) IgG secondary

antibody or with rabbit anti-mouse IgG1 HRP (1:4000; Dako)

secondary antibody for 2 hours on a shaker at room temperature

followed by washing with TBS-Tween 20 and TBS. The

housekeeping protein GAPDH and b-actin were used to confirm

equal loading on the wells. The membrane was developed using

Amersham ECL Plus Western Blotting Detection Reagents (GE

Healthcare, Little Chalfont, UK) and GelDoc equipment (Bio-Rad

Laboratories). Blot intensity was quantified using ImageJ software

28 and normalized against GAPDH or b-actin. If required,

membranes were stripped with Restore Western Blot Stripping

Buffer (Pierce, Rockford, IL), blocked and re-probed with new

antibodies.

Phospho-kinase array
Protein phosphorylation was examined with the Proteome

Human Phospho-Kinase Array Kit (Proteome Prolifer Array,

R&D Systems, Abingdon, Oxford, UK), which is a membrane

based sandwich immunoassay. The assay was performed accord-

ing to the manufacturers’ instructions. Briefly, total cell extracts

were prepared from stimulated near-confluent cultures of normal

human primary epithelial cells grown in 6-well plates. Untreated

cells were used as control. The cell extracts containing 500 mg of

total protein were incubated with the Human Phospho-Kinase

Array. The proteins present in a lysate sample were captured by

discrete antibodies printed in duplicate across the nitrocellulose

membranes. The array was washed 36with 1X Wash Buffer for

10 minutes on a rocking platform shaker to remove unbound

proteins. Washing was followed by incubation with a cocktail of

biotinylated detection antibodies (monoclonal anti-human of

phosphorylated Akt (S473), Akt (T308), AMPK alpha1 (T174),

AMPK alpha2 (T172), beta-Catenin, Chk-2 (T68), c-Jun (S63),

CREB (S133), EGF R (Y1086), eNOS (S1177), ERK1/2 (T202/

Y204, T185/Y187), FAK (Y397), Fgr (Y412), Fyn (Y420), GSK-3

alpha/beta (S21/S9), Hck (Y411), HSP27 (S78/S82), HSP60,

JNK pan (T183/Y185 T221/Y223), Lck (Y394), Lyn (Y397),

MSK1/2 (S376/S360), p27 (T198), p38 alpha (T180/Y182), p53

(S15), p53 (S392), p53 (S46), p70 S6 Kinase (T421/S424), PDGF

R beta (Y751), PLC gamma-1 (Y783), PRAS40 (T246), Pyk2

(Y402), RSK1/2/3 (S380/S386/S377), Src (Y419), STAT2

(Y689), STAT3 (S727), STAT3 (Y705), STAT5a (Y694),

STAT5a/b (Y694/Y699), STAT5b (Y699), STAT6 (Y641),

TOR (S2448), WNK-1 (T60), Yes (Y426) and subsequent

application of streptavidin-HRP conjugate. The signals were

detected with the ECL Plus Western Blotting Detection System

(GE Healthcare). Developed signals were analyzed using ImageJ

1.45s analysis software.

Immunofluorescence microscopy
Expression of p-CREB and NF-kB in primary cells was detected

by immunofluorescence staining. After blocking and infection for

72 hours the cells were fixed with 3.7% formaldehyde and then

permeabilized in a mixture of PBS, 0.25% Triton X-100 and 5%

fetal calf serum (FCS) for 30 minutes shaking at room tempera-

ture. Specimens were then incubated for 2 hours shaking at room

temperature with PBS, 5% FCS, and the primary anti-rabbit p-

CREB-1 (Ser133) or anti-mouse NF-kB p65 antibodies (1:50;

Santa Cruz Biotechnology). The cells were washed two times with

PBS at 4006g for 5 minutes and then incubated with goat anti-

rabbit or rabbit anti-mouse secondary antibody (1:100; Invitrogen)

in PBS and 5% FCS for 1 hour (shaking in dark) in room

temperature. After additional washing the cells was stained with

1 mg/ml of 49, 6-diamidino-2-phenylindole (DAPI) dissolved in

PBS for 5 minutes in dark and then washed again with PBS.

Finally the slides were mounted in fluoromount Aqueous

Mounting Medium (Sigma Aldrich, F4680). The slides were

examined with an inverted Nikon microscope (Nikon Diaphot

300) equipped with a 100 W mercury lamp (Osram, Berlin,

Germany) and Ploempac with the filter set for fluorescein

isothiocyanate and BioRad MRC 1024, controlled via LaserSharp

(version 5.2 for PC/Windows) and further examined with the

LSM 510 DUO confocal equipment with LSM software version

4.2 SP1 (Carl Zeiss, Jena, Germany). Sections incubated without

primary or secondary antibody were used as negative controls to

verify the lack of auto-fluorescence and unspecific secondary

antibody staining.

ELISA
IL-6 (D6050), TNFa (DTA00C), IFNc (DIF50), IL-10

(D1000B) and IL-22 (D2200) secretion by the infected cells were

quantified in supernatants by Human Quantikine ELISA Kits

(R&D Systems, Oxon, UK) according to manufactures instruc-

tions. NF-kB (EK1111) and AP-1 (c-Jun, EK1041) were quantified

with nuclear extraction kits containing ELISA-kit according to

manufacturers instructions (Affymetrix Panomics, UK).

Statistics
The statistical program used was SigmaStat, version 3.5, for

Windows XP. The statistical difference between two groups was

investigated by Mann-Whitney test. Multiple comparisons were

done by one-way Analysis of Variance followed by Bonferroni test

or Dunnett’s test (***P#0.001, ** P,0.01, *P,0.05, ns = non

significant).

Results

Mycobacteria supress NF-kB and c-Jun
We used a low infection dose of 1:1 (bacterium:cell) [25,26] and

analysed alveolar nuclear extracts for NF-kB and c-Jun by ELISA.

BCG at low MOI was shown to invade and survives in alveolar

epithelial cells three days after infection without affecting epithelial

viability (Figures S1 and S2). The TLR4 agonist LPS was used as a

control. Infection of primary epithelial cells did not induce NF-kB
activation during the three days of infection (Figure 1a). However,

mycobacterial infection induced an early activation of c-Jun

proteins that was suppressed two days after infection (Figure 1b).

LPS induced an early NF-kB activation that was significantly

higher than medium control and BCG up to 48 hours after

addition to primary epithelial cells. Interestingly, BCG induced

significantly higher c-Jun protein activation at 6 hours than LPS

(p = 0.0177). We could confirm that BCG at low MOI invades and

survives in primary epithelial cells [5,27] three days after infection

(Figure S3).

Mycobacteria inactivates GSK3ab signalling pathways
GSK3 consist of the isoforms a and b. The un-phosphorylated

form of GSK3 promotes NF-kB activation, while phosphorylation

of GSK3 by p38 and Akt promotes CREB anti-inflammatory

activation. To investigate mycobacteria induced signalling path-

ways in primary epithelial cells, we analysed the GSK3ab-pathway
by Phospho-kinase array (Figure 1c–e). LAM and 19 kDa were

used as controls for mycobacterial virulence factors and are known

to signal through TLR2 [13,14], while LPS is a known TLR4

ligand. In the beginning of infection, live mycobacteria, induced
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higher induction of p38 and pGSK3ab than the virulence factor

19 kDa and the TLR4 agonist LPS (Figure 1c–d). Interestingly,

mycobacterial virulence factor LAM significantly down-regulated

pGSK3ab after 24 hours of stimulation (Figure 1d). Mycobacteria

and LPS induced higher increase of Akt than LAM and 19 kDa,

but mycobacteria induced less pCREB protein levels during the

first 24 hours, compared to LPS (p= 0.0017) or medium control

(not significant) (Figure 1e–f). Three days after infection there was

a significant increase of pCREB in mycobacteria infected

epithelium compared to medium control (p = 0.0357) and LPS

(p = 0.0089) (Figure 1e). Generally, mycobacteria induced a more

persistent increase of the investigated transcription factors three

days after infection in primary epithelial cell than the controls

LPS, 19 kDa and LAM (Figure 1c–f). Interestingly, epithelial

stimulation with LAM induced a late increase in pGSK3ab and

pAkt phosphorylation (p = 0.001respectively p= 0.0196) during

the later stages of infection compared to the early time-point.

Mycobacteria bypass NF-kB activation, but activated
ERK1/2 and cFos
To investigate mycobacteria induced epithelial signalling

pathways further we analysed several molecules in TLR-signalling

pathway by Western blotting. By comparing infected cells with un-

infected cells during the investigated time-points, we could confirm

that mycobacterial infection did not induce higher NF-kB- or IkB-
activation (Figure 2a,b) than medium control during infection.

Variations in suppression were observed during the time of

infection. Mycobacteria supressed epithelial IkB and pGSK3ab
proteins at the beginning of infection (Figure 2b; p= 0.002 and

Figure 2d; p = 0.0148 respectively), while the pGSK3ab and

Figure 1. Mycobacteria bypass epithelial NF-kB signalling. (a) Infection of primary epithelial cells did not induce NF-kB activation quantified
by ELISA, but an early activation of c-Jun proteins in epithelial cells was observed. (b) Epithelial GSK3ab-pathway was analysed by Phospho-kinase
array upon mycobacteria infection. In the beginning of infection, live mycobacteria, the virulence factors LAM and 19 kDa, and the TLR4 agonist LPS,
induced comparable induction of p38, pAkt and pGSK3ab. During the first 24 h, LPS induced higher increase of pCREB protein levels than
mycobacteria (p = 0.0017). Third day of infection, mycobacteria significantly increased epithelial pCREB compared to medium control (p = 0.0357) or
LPS (p = 0.0089). Epithelial stimulation with LAM induced an increase in pGSK3ab and pAkt phosphorylation (p = 0.001 respectively p = 0.0196) during
the later stages of infection compared to the early time-point. Generally, mycobacteria induced a more persistent increase of the investigated
transcription factors three days after infection in primary epithelial cell than the controls LPS, 19 kDa and LAM. Data are presented as mean6 SEM of
three separate experiments; **p,0.01 and ***p,0.001.
doi:10.1371/journal.pone.0086466.g001
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pCREB proteins reached highest levels 72 hours after infection

(Figure 2c,d; p = 0.0163 and p= 0.0248 respectively). Mycobacte-

ria affected both GSK3 isoforms similarly. Interestingly, myco-

bacterial infection increased the Fos family of AP-1 proteins, as c-

Fos protein levels significantly increased 72 hours after infection

(Figure 2e; p= 0.0038). Mycobacteria induced two peaks of

pERK1/2 protein levels, after 24 hours (p,0.001) and after

72 hours (p = 0.0034) of infection (Figure 2f). Mycobacteria were

previously reported to induce PPARc in order to modulate NF-kB
responses [16,17], but we could not observe that BCG significantly

affected epithelial PPARc protein concentration compared to

medium control (Figure 2g). The actin loading controls are shown

in the Figure S3.

Figure 2. Mycobacteria modulate epithelial signalling pathways. Several molecules in the TLR-signalling pathway were analysed by Western
blotting upon mycobacterial infection. (a–b) We could confirm that mycobacterial infection did not induce NF-kB- or IkB-activation. Mycobacterial
suppression of primary epithelial (b) (p = 0.002) IkB and (d) (p = 0.0148) pGSK3ab proteins were mostly pronounced at 24 hours of infection. The
phosphorylated forms of (c) (p = 0.0163) CREB and (d) (p = 0.0248) GSK3ab proteins reached highest levels 72 hours after infection. (e) Mycobacterial
infection increased the Fos family of AP-1 proteins, as c-Fos protein levels significantly increased 72 hours after infection (p = 0.0038). (f) Mycobacteria
induced two peaks of pERK1/2 protein levels, after 24 hours (p,0.001) and after 72 hours (p = 0.0034) of infection. (g) Epithelial cells express PPARc
protein, but mycobacterial infection did not significantly increase epithelial PPARc amount. Data are presented as mean6 SEM of three experiments;
*p,0.05, **p,0.01 and ***p,0.001.
doi:10.1371/journal.pone.0086466.g002
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Mycobacterial infection controls epithelial cytokine
production
Generally, the pro-inflammatory cytokines, such as IFNc and

TNFa, orchestrate innate and adaptive host immune responses,

while anti-inflammatory cytokines, such as IL-10 and IL-22,

confine the inflammation and postpone the generation of adaptive

immunity [28]. Mycobacterial control of induced transcriptional

factors was analysed as epithelial cytokine secretion from six hours

up to three days after infection. Infection induced a significant IL-

6 and IL-10 secretion that peaked at 72 hours (Figure 3a,b). In

contrast, mycobacterial infection induced an early significant IL-

22 secretion from primary epithelial cells that ended 24 hours after

infection (Figure 3c). Mycobacterial infection did not induced

epithelial TNFa or IFNc secretion during the studied time interval

(data not shown).

Mycobacteria regulate TLR-induced inflammatory
response
TLR-induced CREB activation is important for IL-10 produc-

tion [21]. To determine the impact of TLR2 and TLR4 on

mycobacteria induced pro- and anti-inflammatory cytokine

production, the receptors were blocked prior to mycobacterial

three-day infection of the primary epithelial cells (Figure 4).

Antibody blocking of TLR2 or TLR4 before infection decreased

epithelial IL-6 secretion (p= 0.0011 and p= 0.0047 respectively)

(Figure 4a). The blocking of TLR2 or TLR4 did not affect alveolar

survival during infection (Figure S1b). LPS induced a significantly

higher IL-6 response than BCG (p=0.0063), while 19 kDa

induced a lower response compared to live mycobacteria

(p = 0.0029). Mycobacteria induced higher production of the

anti-inflammatory IL-10 production than LPS (p = 0.0032) in

human primary epithelial cells (Figure 4b). Blocking of TLR4 prior

to infection increased IL-10 secretion compared to unblocked

infection (p = 0.0399). Blocking with TLR2 or addition of 19-kDa

to the epithelial cells did not induce a significant change in

epithelial IL-10 production compared to mycobacteria.

Mycobacteria regulates CREB through TLRs
Mycobacterial infection was previously shown to increase

epithelial TLR2 and TLR4 [4]. The impact of TLR2 and

TLR4 were analysed by immuno-fluorescence staining of pCREB

and NF-kB expression in primary cells (Figure 5a). Mycobacterial

infection increased nuclear pCREB protein levels compared to

unstimulated cells, while the expression of NF-kB did not increase.

Blocking of TLR4 before mycobacterial infection resulted in a

granular cytoplasmic pCREB distribution, similar to pCREB

aggregation in 19 kDa-stimulated cells. TLR2 blocking and LAM

treatment induced similar pCREB distribution as live mycobac-

teria. Epithelial treatment with mycobacterial virulence factor 19-

kDa resulted in a granular cytoplasmic pCREB distribution, while

LAM treatment induced similar pCREB distribution as live

mycobacteria (Figure 5a). Further confirming our results, detection

of epithelial pCREB by confocal immuno-fluorescent microscopy

revealed that mycobacterial infection significantly increased

pCREB expression (p,0.001), but NF-kB expression was not

affected (Figure 5b). Blocking of TLR2 or TLR4 before

mycobacterial infection increased pCREB expression even further

(p = 0.0187 and p,0.001 respectively) compared to unstimulated

cells, but NF-kB expression was not affected (Figure 5b).

TLRs are involved in mycobacterial regulation of mucosal
inflammation
To further determine the impact of TLR2 and TLR4 on

mycobacteria induced cytokine production, the receptors were

blocked prior to mycobacterial infection and the impact of

modulated epithelial signalling was studied by Western blotting

three days after infection. Blocking of TLR2 (p = 0.0063) or TLR4

(p = 0.0047) prior to infection or stimulation with 19 kDa

Figure 3. Controlled epithelial cytokine secretion. Mycobacterial
control of induced transcriptional factors was analysed as epithelial
cytokine secretion from six hours up to three days after infection.
Infection induced a significant (a) IL-6 and (b) IL-10 secretion that
peaked at 72 hours (p = 0.0425 and p= 0.0186 compared to LPS). (c)
Mycobacterial infection of primary epithelial cells induced an early
significant IL-22 secretion (p = 0.0463 compared to LPS) that ended
24 hours after infection. Data are presented as mean 6 SEM of four
separate experiments; *p,0.05 and **p,0.01.
doi:10.1371/journal.pone.0086466.g003
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significantly increased epithelial pCREB production (p= 0.0163)

(Figure 6a). Blocking of TLRs or 19 kDa stimulation of epithelial

cells had a non-significant impact on pGSK3ba expression

(Figure 6b). Blocking of TLR2 or TLR4 before mycobacterial

infection of primary epithelial cells non-significantly restored the

NF-kB values to background levels (Figure 6c). The GADPH

loading controls are shown in the Figure S4.

Discussion

Functional NF-kB activation is essential for the maintenance of

physiological immune homeostasis and protective host defence.

We found that Mycobacterium bovis bacilli Calmette-Guerin

bypassed NF-kB activation during the first days of infection.

BCG is equipped with several genes coding for invasin/adhesin-

like proteins [27,29–33] and the mycobacterial adhesion heparin-

binding haemagglutinin [34] is believed to be involved in invasion

of human alveolar epithelial cells [35]. Activated NF-kB was

recently shown to be essential for mycobacterial elimination, since

blocking of this pathway prevented bacterial killing and allowed

the bacteria to grow in macrophages [36]. To date, reported data

regarding the activation of NF-kB by pathogenic mycobacteria are

conflicting. M. tuberculosis was shown to supress NF-kB pathway in

some studies [37,38], induce a transient NF-kB activation in other

studies and some studies observed activated NF-kB pathways

under some conditions [39–42]. However, several bacteria are

known to subvert the cell-intrinsic innate immunity by targeting

NF-kB. Salmonella, Shigella and enteropathogenic Escherichia coli

(EPEC) are known to supress the NF-kB pathway to counteract

the host defences [43,44]. Recent genetic studies revealed that

EPEC suppression of host NF-kB signalling and NF-kB dependent

anti-inflammatory cytokine production requires NleE, a type III-

secreted effector that has homologues in Shigella and certain

Salmonella species [45–47]. Recently, genome-wide screens identi-

fied previously unidentified gene products for M. tuberculosis

persistence [48], but whether mycobacteria possess similar

elements are not known.

Innate recognition of mycobacteria involves the activation of

TLR2 and TLR4. Signalling through TLR activates the adaptor

protein MyD88 leading to NF-kB signalling and the activation of

ERK1/2, p38 and JNK [18]. Besides of MyD88, activation of

TLRs triggers also PI3K activation leading to subsequent Akt

phosphorylation. Akt and p38 phosphorylate the glycogen

synthase kinase 3 (GSK3), which switches the transcription from

the pro-inflammatory NF-kB to the anti-inflammatory CREB

activation [21]. We observed that mycobacteria induced the

MyD88 stimulated p38, ERK1/2 and AP-1 signalling. Interest-

ingly, mycobacterial infection induced an early activation of the c-

Jun family of AP-1 proteins in primary epithelial cells, and a late

activation of the AP-1 protein Fos. Mycobacterial activation of

PPARc is known to supress NF-kB in macrophages [16], but we

could not observe mycobacteria-induced PPARc activation in

primary epithelial cells. GSK3 regulates the transcriptional activity

of CREB and NF-kB by competing for the limited amount of

CREB-binding protein (CBP) [21]. TLR activation could there-

fore either lead to a pro-inflammatory cytokine response by

activation of NF-kB pathway, or an anti-inflammatory CREB-

related cytokine response. In this study, mycobacterial infection

induced increased GSK3 phosphorylation, switching thus the

transcriptional activity from NF-kB to CREB. Indeed, epithelial

cells responded early to mycobacterial infection by secreting IL-6

and the anti-inflammatory IL-22, while the anti-inflammatory IL-

10 increased two days after infection. The cytokine IL-6 is

transcribed by CREB, C/EBP, STAT3 and AP-1 [49,50], and can

act as both pro- and anti-inflammatory in many chronic

inflammatory diseases. IL-6 trans-signalling is critically involved

in the maintenance of a disease state by promoting transition from

acute to chronic inflammation [51]. In addition, IL-6 is required in

the rapid expression of an initial protective IFNc response during

M. tuberculosis infection [52]. However, concomitant IFN produc-

tion can tilt the anti-inflammatory qualities of IL-10 and IL-22

towards a pro-inflammatory state [53]. We could not observe

epithelial IFNc production, suggesting that the secreted IL-10 and

IL-22 are produced to damper the inflammation. IL-10 modulates

the anti-inflammatory mechanisms by targeting NF-kB thereby

inhibiting cellular production of TNFa, which could be one of the

Figure 4. Mycobacterial regulation of TLR-induced cytokines.
To determine the impact of TLR2 and TLR4 on mycobacteria induced
pro- and anti-inflammatory cytokine production, the receptors were
blocked prior to mycobacterial infection of the primary epithelial cells.
(a) Blocking of TLR2 or TLR4 before infection decreased epithelial IL-6
secretion (p = 0.0011 and p=0.0047 respectively) after three days. LPS
induced a significantly higher IL-6 response than BCG (p= 0.0063), while
19 kDa induced a lower response compared to live mycobacteria
(p = 0.0029). (b) Mycobacteria induced higher production of the anti-
inflammatory IL-10 production than LPS (p = 0.0032) in human primary
epithelial cells. Blocking of TLR4 prior to infection increased IL-10
secretion compared to unblocked infection (p = 0.0399). Blocking with
TLR2 or addition of 19-kDa to the epithelial cells did not induce a
significant change on epithelial IL-10 production compared to
mycobacteria. Data are presented as mean 6 SEM of three separate
experiments; *p,0.05 and **p,0.01.
doi:10.1371/journal.pone.0086466.g004
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Figure 5. TLR4 blocking results in cytoplasmic CREB aggregation. Mycobacterial modulation of TLR signalling pathways was confirmed by
immuno-fluorescence staining of pCREB and NF-kB expression in primary epithelial cells. (a) Mycobacterial infection increased nuclear pCREB protein
levels compared to unstimulated cells, while the expression of NF-kB did not increase. Blocking of TLR4 before mycobacterial infection resulted in a
granular cytoplasmic pCREB distribution, similar to pCREB aggregation in 19kDa-stimulated cells. TLR2 blocking and LAM treatment induced similar
pCREB distribution as live mycobacteria. (b) The results were further analysed by LSM software. Mycobacterial infection increased significantly
epithelial (p,0.001) pCREB expression as detected by confocal immuno-fluorescent microscopy, but NF-kB expression was not affected. Blocking of
TLR2 or TLR4 before mycobacterial infection increased pCREB expression even further (p = 0.0187 and p 0.001 respectively) compared to
unstimulated cells, but NF-kB expression was not affected. Original magnification6300. Data are presented as representative images or mean6 SEM
of three separate experiments; *p , 0.05 and ***p , 0.001.
doi:10.1371/journal.pone.0086466.g006
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mechanisms of NF-kB suppression that we observed in our study

[54,55]. Mycobacteria was previously reported to induce IL-10

secretion from neutrophils through the phosphorylation of p38

and Akt kinases [56]. Mycobacterial infection of Il102/2 mice

show enhanced protection while showing no signs of aberrant

host-mediated pathology, which perhaps reflects the slow disease

progression [57,58]. The role of IL-10 could be to limit

mycobacterial clearance during the early immune response

through the inhibition of IL-12p40 [59]. IL-22 is found in large

amounts in pleura from TB patients [60] and this cytokine is

primarily expressed by CD4+ T cells [61], but other leukocyte

subsets also express this cytokine [62]. IL-22 acts through the IL-

22 receptor complex expressed by epithelial cells and hepatocytes,

where it promotes regeneration and protects against tissue damage

[63,64], but accumulating evidence suggests that IL-22 can be

either pathogenic or protective depending on host conditions [65].

Using the TB mouse model, a recent study showed that

neutralization of IL-22 did not have any effect on the lung

bacterial burden or granuloma formation [66]. The mycobacterial

vaccine strain used in our study did not induce TNFa or IFNc
secretion. Interestingly, recent studies support the IL-17-CXCL13

pathway rather than the IFNc pathway as a new strategy to

improve mucosal vaccines against tuberculosis [67]. We are

currently investigating if alveolar epithelia induce IL-17 or

CXCL13 upon mycobacterial infection.

Blocking of epithelial TLR4 before mycobacterial infection

decreased the pro-inflammatory IL-6 secretion, but increased the

anti-inflammatory IL-10 secretion. TLR4 blocking prior to

mycobacterial infection resulted in a granular cytoplasmic pCREB

distribution similar to the 19-kDa stimulated cells. We could not

find any explanation of the cytoplasmic granular accumulation,

but granular accumulation of pERK in cytoplasm was shown to

alternate downstream signalling in Parkinson’s disease [68].

Normally, signals that induce NF-kB activity usually lead to IkB

phosphorylation by the IkB kinase (IKK) complex, and subsequent

multi-ubiquitination and degradation of this protein via protea-

some, allowing NF-kB dimers’ translocation to nucleus [69]. We

observed that TLR4 blocking induced cytoplasmic accumulation

of NF-kB as well, although no increased NF-kB translocation to

epithelial nuclei was detected.

Mycobacteria cause persistent infections by minimizing the

degree of overt pathology, allowing long-term association with the

host. We have observed that mycobacterial infection of primary

epithelial cells supress NF-kB activation by increasing the

inhibitory GSK3, thereby supporting the production to the anti-

inflammatory cytokines IL-22 and IL-10. Production of anti-

inflammatory cytokines is known to impair antigen presentation,

which confines the inflammation and postpones the generation of

adaptive immunity resulting in antigen-specific anergy. These

events could lead to an impaired innate immune response by

which mycobacteria create a safe haven for chronic infection and

transmission to new hosts.

Supporting Information

Figure S1 Intracellular viability of mycobacteria.

(TIF)

Figure S2 Epithelial viability visualized by trypan blue
exclusion assay three days after infection, with or
without blocking of TLR2 or TLR4.

(TIF)

Figure S3 Actin loading controls (Figure 2).

(TIF)

Figure S4 GADPH loading controls (Figure 6).

(TIF)
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s u m m a r y

Much of the pronounced host inflammatory response that occurs in tuberculosis (TB) is related to failed
immunity against the invading pathogen. The G-protein coupled receptors CXCR1 and CXCR2 are
implicated in important signal transduction pathways in lung inflammatory responses. We investigated
the expression and function of these receptors in a simple whole blood model from 24 patients with
pulmonary TB and in subjects with latent TB infection (LTBI). Healthy controls were recruited from close
contacts to the pulmonary index patients. We found that pulmonary TB patients had significantly
increased CXCR1 expression on blood cells compared to LTBI subjects and controls (p < 0.001). In
contrast, LTBI subjects had a significant increase in CXCR2 expression compared to pulmonary TB pa-
tients (p < 0.001) and controls (p < 0.01). Leukocyte function, measured as oxidative capacity, was
decreased in pulmonary TB patients compared to LTBI and controls (p < 0.001) and correlated with the
increased CXCR1 expression. Leukocyte recruitment, measured as the expression of microRNA-223 was
increased in pulmonary TB patients compared to LTBI (p < 0.05). We found that variations in receptor
expression are linked to disease progression and affect the immune response against Mycobacterium
tuberculosis (Mtb).
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The reason why some individuals develop disease after expo-
sure toMycobacterium tuberculosis (Mtb) while others do not is not
well understood. Predisposing factors include nutritional de-
ficiencies that affect the immune system and comorbid medical
conditions, such as cancer, diabetes and HIV infection, but various
host genetic factors are also known [1e4]. The immune response
has a strong influence, both for the establishment of infection, but

also for subsequent pathogenesis and disease manifestations. In
many exposed individuals Mtb is cleared by innate immunity
before manifest infection and when that fails, infection is
controlled by protective encapsulation in most cases [5,6]. The
exaggerated immune response leading to tissue destruction, as
observed in active TB, is thus seen as a failure of immunity to
eliminate or control the infection.

Inhaled Mtb is phagocytosed by a number of cells in the alveoli,
such as neutrophils, epithelial cells, alveolar macrophages and
dendritic cells [7e10]. Collectively, these target cells initiate a first
chemokine and cytokine cascade that attracts other leukocytes and
lymphocytes to the site of infection. The chemokine CXCL8 (IL-8) is
secreted early in the infectious disease process and acts as a strong
neutrophil chemoattractant, but is also chemotactic for monocytes
and lymphocytes [11,12]. Neutrophils are an essential component of
the innate immune system and are the first group of cells that
migrate to sites of infection. These leukocytes contribute to the
control of Mtb in infected patients, but sustained neutrophil
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response in severe TB have also been associated with delayed Mtb
clearance and disease severity [13,14]. The microRNA-223 was
recently found to control the neutrophil-driven fatal TB inflam-
mation by regulating the murine counterpart to human CXCL8 [14].

In TB patients, CXCL8 is found abundantly in sputum, lymph
nodes and plasma [15e18]. CXCL8 binds to two G-protein coupled
receptors, CXCR1 and CXCR2, which are primarily expressed by
neutrophils, but also by peripheral blood mononuclear cells, alve-
olar macrophages, TH cells, alveolar and bronchial epithelial cells,
and vascular cells [8,19e21]. Signalling through these receptors
stimulates chemotaxis of myeloid cells, but they are also involved in
mucus hypersecretion of epithelial cells and increased vascular
permeability of endothelial cells [20,22]. Mtb adherence to cells is
known to trigger signal transduction events involving the G-pro-
teins in actin polymerization with the subsequent uptake of the
bacteria [23e25]. Barrios-Pay�an recently showed that during latent
infection, Mtb is present in the majority of endothelial and
epithelial cells, but does not provoke an inflammatory response or
granuloma formation [26]. Between the two CXCL8 receptors,
CXCR2 has gained particular interest in the pathology of several
pulmonary diseases, such as ischemia/reperfusion injury, chronic
obstructive pulmonary disease and pulmonary fibrosis [27].

Using a simple whole blood model, we investigated the
expression pattern of CXCR1 and CXCR2 in patients with pulmonary
TB, LTBI subjects and close contacts. Additionally, the function of
these receptors were analysed in the different study groups. We
found significant differences in receptor expression in pulmonary
TB patients and LTBI subjects. Furthermore, leukocyte capacity to
destroy bacteria was impaired in pulmonary TB patients. The
distinct chemokine receptor expression in active and latent TB
patients could potentially have an impact on future therapies.

2. Materials & methods

2.1. Patient parameter description

We prospectively recruited active TB-cases and TB-exposed
controls from the department of Infectious diseases, Skåne Uni-
versity Hospital, Malm€o, Sweden (Figure 1). During a period of
35 months, from January 1st 2012 through November 2014, pa-
tients who met the inclusion criteria (age >18 years, ongoing
treatment for active, microbiologically confirmed, smear positive
pulmonary TB) were offered participation in connection with or-
dinary clinical assessment visit. Patients were excluded if they

participated in other studies or if theywere HIV or hepatitis B and C
positive. Two groups of controls exposed to Mtb were recruited
from contact tracing around sputum smear positive TB patients at
the same department. These groups were categorized as patients
with either latent tuberculosis infection (LTBI) and TB-exposed, but
not infected patients. For this categorization subjects exposed to TB
through close contact with a patient with confirmed, smear posi-
tive, pulmonary TB were investigated with QuantiFERON®-TB Gold
In-Tube (QFT-G; Cellestis Limited, Carnegie, Victoria, Australia).
Asymptomatic individuals with positive QFT-Gs were categorized
as LTBI and were offered Isoniazid preventive therapy (IPT). Sub-
jects with LTBI were followed according to Swedish guidelines for
contact tracing for contagious TB, i.e. 3e18 months from study in-
clusion to exclude signs of active TB. Subjects whowere negative in
QFT-G were categorized as TB-exposed, but not infected patients.
Individuals with inconclusive QFT-G (n ¼ 4) were not eligible for
participation in the study. Among exposed controls with valid QFT-
G result, 19 with LTBI and 25 without infection were considered to
have had very close contact with a sputum smear positive contact
and were offered inclusion. Study subjects originated from Sweden,
Finland, Somalia, Afghanistan, Uganda, Chile, Bosnia, Iran, Thailand,
Zimbabwe, Romania, Cameroon, Syria and Tanzania.

2.2. Sample collection

For the receptor studies, 2 � 4 ml blood sample was obtained
from each participant in heparin containing blood collection tubes
and in PAXgene Blood RNA Tubes (BD, Sweden), for the leukocyte
receptor analysis, functionality assays and for the preparation of
microRNA. Three additional aliquots were obtained at the same
time for the QFT-G assay.

For the blocking experiments, blood was donated from healthy
volunteers and treated with monoclonal mouse anti-human CXCR1
and/or monoclonal mouse anti-human CXCR2 antibodies (R&D
Systems) 10 mg/ml for 30 min on ice; mouse IgG isotype control,
R&D Systems, Denmark was used as a negative control. The cells
were washed twice in PBS and neutrophil oxidative capacity was
measured by Phagoburst (see below).

2.3. Flow cytometry analysis

CXCR1 and CXCR2 expressionwas investigated by FACS analysis.
Heparinized blood (100 mL/antibody) was mixed with lysis buffer
(BD, Sweden), incubated for 10 min at room temperature and
washed twice in PBS-buffer. After centrifugation at 200� g the
supernatant was discarded and monoclonal IgG-FITC labelled
mouse anti-human CXCR1 or monoclonal mouse anti-human
CXCR2 antibodies (10 mg/ml; R&D Systems, Denmark) were
added. FITC-labelled monoclonal mouse immunoglobulin G (10 mg/
ml; mouse IgG isotype control, R&D Systems, Denmark) was used
as a negative control. The samples were incubated 35 min on ice,
washed two times in PBS and analysed by flow cytometry (Accuri,
Becton Dickinson, Oxford, UK). A total of 5000 cells were counted in
each sample. Mean fluorescence intensities (MFI) were calculated
from the negative control.

2.4. Oxidative burst assay

The oxidative capacity of leukocytes was measured by Phag-
oburst (Glycotope Biotechnology, Heidelberg, Germany) according
to manufacturer's instructions. The experiments were set up using
all three reagents supplemented by the manufacturer, i.e. the
peptide fMLP, released from both gram� and gramþ bacteria, as
low stimulus, the plant derived toxin PMA as high stimulus and
Escherichia coli as specific stimulus. As we were more interested inFigure 1. Flow chart illustrating the complete recruitment process to the study.
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leukocytes function to eliminate bacteria, we choose to perform the
oxidative burst analysis using E. coli. Briefly, whole blood from
patients and controls (100 mL) was incubated with opsonised E. coli
for 10 min at 37 �C. Dihydrorhodamine-123 solution was added
(20 mL) and the samples were incubated 10 min at 37 �C. Subse-
quently, the blood was lysed and fixed by the addition of 2 ml of
lysis solution. After 20 min incubation in 37 �C, samples were
washed once and finally incubated for 10 min with 200 ml of DNA
staining solution. The respiratory burst was measured by flow
cytometry (Accuri, Becton Dickinson, Oxford, UK). The mean fluo-
rescence intensity (MFI) of the background (washing solution) was
calculated and subtracted by an overlay technique from the MFI of
the sample. The stability of the fluorescence signal was checked and
adjusted using FluoroSpheres® (Dako, Copenhagen, Denmark).

2.5. miRNA isolation and quantification

Venous blood from participants was collected directly into
PAXgene blood RNA tubes (PreAnalytiX GmbH, Hombrechtikon,
Switzerland) containing a reagent that lyses blood cells and
immediately stabilize intercellular RNA to preserve the gene
expression profile. PAXgene Blood miRNA Kit (PreAnalytiX
GmbH, Hombrechtikon, Switzerland) was used for miRNA
extraction according to the manufacturer's protocol and sub-
jected to on-column DNase I treatment with RNase-free Dnase
(Qiagen). RNA quantity and quality were determined using a
Thermo Scientific NanoDrop 2000c. Total RNA (50 ng) was
reverse transcribed to cDNA and qRT-PCR was performed to
quantify mature miRNA-223 expression using the TaqMan
miRNA Assay (Applied Biosystems) according to manufacturer's
instructions. Samples were run in duplicates in three different
experiments. A template controls were carried out in each PCR.
Ct is defined as the fractional cycle number at which the fluo-
rescence exceeds the defined threshold. miRNA-103 was chosen
as a reference for data analysis [28] and all fold changes were
calculated using the DCt method [29].

2.6. Statistics

Prism 6f for Mac OS X was used for statistical analysis. The
statistical difference between two groups was investigated by
ManneWhitney U test. Multiple comparisons were done by one-
way Analysis of Variance followed by Bonferroni or Dunnett's
post-tests (***p � 0.001, **p < 0.01, *p < 0.05, ns ¼ non significant).

3. Results

3.1. Study population and patient characteristics

During the study period 14 cases of pulmonary TB were iden-
tified at the study site. Of these, eleven pulmonary TB patients were
assigned into group 1 (active) (Figure 1 and Table 1). Patients were
included 0e7 months after initiation of treatment. In total 225
persons were identified as exposed to Mtb and subjected to LTBI
investigation. Out of 225 contacts, 51 (22.7%) were defined as
having LTBI, 4 (1.8%) contacts had inconclusive QFT-G results, and
the remaining 170 (75.6%) contacts were QFT-G negative. Ten
contacts declined and 34were included, of which 13with LTBI were
enrolled into group 2 (LTBI). 21 healthy individuals in the patient's
immediate vicinity were recruited as close contacts with the active
patient and were enrolled into group 3 (controls).

There was no difference in age (p < 0.3223) or gender
(p < 0.3161) between the groups (Table 1).

3.2. CXCR expression linked to TB stages

Regulation of receptor expression in response to Mtb has been
described before [30,31]. Mtb has been reported both to down-
regulate and to up-regulate the chemokine receptor CCR5 on leu-
kocytes. To investigate CXCR1 and CXCR2 expression during pul-
monary TB and LTBI we adopted a simple whole blood model for
flow cytometer analysis. TB patients had a significant increase in
CXCR1 expression (p < 0.001) compared to LTBI subjects and con-
trols (Figure 2 and Supplemented Figure 1). For CXCR2 expression,
the LTBI subjects had a significant increase compared to TB patients
(p < 0.001) and controls (p < 0.01).

3.3. miRNA-223 is expressed in active TB

miRNA-223 was recently identified as regulator of neutrophil
recruitment to the lung during TB [14]. We investigated blood
miRNA-223 profiles in TB patients, LTBI subjects and close contacts
(Figure 3). Using the human TaqMan miRNA-223 assay, we iden-
tified significant upregulation of miRNA-223 in TB patients
compared with LTBI cases (*p < 0.05).

3.4. Impaired oxidative burst in active TB patients

CXCR1 has been previously implicated in bacterial killing [32],
while CXCR2 is known to be involved in the release of fibrotic
markers. We investigated the capacity to induce oxidative killing in
whole blood in pulmonary TB patients, LTBI subjects and close
controls (Figure 4). Oxidative burst was significantly impaired in
pulmonary TB patients compared to LTBI and controls (Figure 4A;
p < 0.001). We found a strong correlation between increased CXCR1
expression and decreased oxidative burst in pulmonary TB patients
(Figure 4B).

To investigate the connection between CXCR1 expression and
oxidative killing even further, we blocked CXCR1 or CXCR2 in
healthy volunteers before performing the oxidative burst assay
(Figure 4C). Blocking of CXCR1 decreased the capacity to induce
oxidative burst compared to CXCR2 blocking (p < 0.001).

4. Discussion

As an essential component of the innate immune defence, leu-
kocytesmigrate from theblood into inflammatory tissue. Inadequate
innate immune responsecould lead todestructionoforganstructure,
a main characteristic of acute tuberculosis. We found an increased
expression of CXCR1 in active pulmonary TB patients, and an
increased CXCR2 receptor expression in LTBI subjects. Latency is
considered today as a state of persistentmycobacteria-specific T-cell

Table 1
Patient demographic data.

Active LTBI Controls

Patient (n) 11 13 21
Age (year)
Median 36 39 38
Range 18e79 19e77 18e60
Gender (male/female) (8/3) (9/4) (8/13)
Clinical
Sputum smear positive (%) 73 0 0
Culture-positive (%) 100 0 0
IGRA- positive NA 13 0
Co-morbidity
Diabetes 2 1 0
Rheumatoid arthritis 0 0 1
Asthma 1 0 0
IBD 0 0 1
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responses in the absence of clinical evidence for TB [33,34]. Like
active TB, which can manifest on a continuum of severity, there is a
spectrum of latent infection. Pro-inflammatory cytokines, such as
IFNg and TNFa, are produced in the lung during latent TB infection
and both of these cytokines can regulate CXCR2 expression [35,36].
Generally, the cellular expression of these receptors is dependent on
ligand-induced receptor internalization,whereCXCR1 is internalized
at higher chemokine concentrations than CXCR2, yet recycles back to
the membrane faster [37,38]. However, pulmonary TB patients
entered our study after an average treatment for four months, when
the chemokine cascades that can affect the recycling of CXCR1/2 are
back to normal [39]. The subjects in our control group have been in
close contact with the index patient for a long time, but avoided
infection. However, the statistically significant difference in receptor
expression between the groups cannot tell us about biological sig-
nificance, as measured in terms of a biological outcome. From this
perspective, we are currently investigating whether a genetic factor
could be predisposing the exaggerated CXCR1 expression in pulmo-
nary TB patients. Interaction of host cells with the pathogen or parts
of the pathogen can also induce increased receptor expression [31]. A
previous study reported that both CXCR1 and CXCR2 were down-

regulated on neutrophils isolated from pulmonary TB patients
compared to healthy volunteers [40]. Another study identified an
increased CXCR2 expression on isolatedmononuclear cells from two
TB patients [19]. Our results differ, but could be explained with the
controls used, as we compare our results with data obtained from TB
exposed close contacts. Moreover, in both previous studies the leu-
kocytes were isolated from blood before measuring receptor
expression. Since isolation procedure activates cells [41], we chose to
perform the analysis in whole blood.

G protein-coupled receptors (GPCRs), such as CXCR1 and CXCR2,
are important regulators of pulmonary diseases [42]. CXCR2 is of
particular interest since several studies identified this receptor in
the pathology of a wide diversity of chronic pulmonary diseases and
modulation of CXCR2 function is considered as a possible thera-
peutic strategy. Consistent with the observation in chronic pulmo-
nary diseases we observed an increased CXCR2 expression in LTBI
subjects compared to the pulmonary TB patients and the uninfected
controls. CXCR2 is proposed to be involved in mucus hypersecretion
and neutrophil recruitment in chronic obstructive pulmonary dis-
ease (COPD) [22,43]. Increased receptor expression is found in
injured areas in the lungs of COPD patients, which goes along with
the presence of tissue neutrophils during severe exacerbations of
COPD [43,44]. Interestingly, COPD patients have an increased risk of
developing active TB compared to general population [45] and LTBI
increases the risk of COPD [46]. The role of CXCR1 and CXCR2 in
these progressions is not known, but could be of great interest.

Effective bactericidal activity and cooperation with macro-
phages could theoretically eliminate Mtb at an early stage, but
failure of killing could result in continuous neutrophil trafficking to
the site of infection. MicroRNAs are important regulators of im-
mune responses and could be used as future therapeutic targets.
The expression of microRNA-223 is mostly found in neutrophils
where it controls their activation [47]. We found increased
microRNA-223 expression in the blood of active TB patients
compared to the latent TB patients or index controls. Dorhoi et al.
identified miRNA-223 in blood and lung parenchyma of tubercu-
losis patients and during experimental mouse models of the dis-
ease [14]. Deletion of microRNA-223 led to decreased neutrophil
infiltration and subsequent exacerbated lung inflammation. Sus-
tained neutrophil recruitment at the site of disease is thus likely to
contribute to on-going inflammation, especially in the context of

Figure 2. CXCR expression linked to TB pathology. The expression of CXCR1 and CXCR2
was investigated by monoclonal antibodies in whole blood from pulmonary TB pa-
tients (active, n ¼ 11), LTBI subjects (n ¼ 13) and close contacts (n ¼ 21). (A) CXCR1 was
significantly increased in active TB patients (p < 0.001) compared to LTBI subjects and
controls. (B) LTBI subjects had increased CXCR2 expression compared to active TB
patients (p < 0.001) and controls (p < 0.01). The mean fluorescence intensities (MFI)
were calculated from the negative control. Data are presented as min/max with hor-
izontal bar representing mean (ANOVA/Bonferroni post-test and ManneWhitney U
test); *p < 0.05, **p < 0.01, and ***p < 0.001.

Figure 3. Increased miRNA-223 expression in active TB patients. qRT-PCR assay of
miR-223 in peripheral blood from pulmonary TB patients (active, n ¼ 7), LTBI subjects
(n ¼ 7) and close contacts (n ¼ 7). miRNA-223 is significantly up-regulated in whole
blood of active TB patients compared with LTBI participants and uninfected controls
(*p < 0.05). Data are presented as Relative miR-223 expression (DCt); ANOVA with
Bonferroni test.
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immunological dysfunction. The study is considered to reveal an
essential role for a single miRNA in tuberculosis and the potential of
miRNAs for diagnosis and therapy of tuberculosis is currently
considered [48,49].

Despite evidence that CXCR1 and CXCR2 signal through similar G
proteins, there are marked differences in the activation of signalling
cascades, which may identify disparate physiological roles under
inflammatory conditions. CXCR1 is the functionally important re-
ceptor involved in neutrophil degranulation [50e53], while CXCR2
activation is coupled to the releaseof elastase,markersoffibrosis, and
the matrix metalloproteinase 9 (MMP9) [54]. CXCR2 signalling was
previously shown to lead to NAPDH-oxidase (NOX)-dependent
generation of ROS and cell death [55]. In contrast, recently the reac-
tive oxygen species generated via the phagocyte NADPH oxidase 2
(NOX2) complex were shown to contribute to the resolution of
inflammation [56]. We observed decreased intracellular superoxide
productiondespite increasedCXCR1 expression in active TBpatients.
DecreasedCXCR1 induced superoxide production can be achievedby
the mechanisms of desentization [57,58]. Leukocyte deactivation is
also found in septic patients and function as a negative predictor of
survival [59,60]. Furthermore, since phagocytosis is known to down-
regulate the expression of CXCR1 and CXCR2 [61], our data suggests
that a non-functional CXCR1 could explain the impaired phagocy-
tosis observed in active TB patients. Blocking of CXCR1 in healthy
volunteers resulted in decreased intracellular superoxide produc-
tion, supporting our hypothesis on impaired CXCR1 function. A
cleaved CXCR1 was recently observed to disable bacterial killing in
patients with chronic pulmonary diseases [32]. Our next stepwill be
to investigate the cause behind the impaired receptor function.

The global burden of TB remains high, but the determinants of
susceptibility to severe infection and latent disease remain poorly
understood. Tissue damage during TB arises primarily from the
immune response and not as a direct consequence of the bacterial
infection. In terms of rapid diagnosis, sputum microscopy will only
identify approximately 50% of patients with active pulmonary TB,
while IGRA cannot distinguish active TB from symptomatic patients
with latent infection. We identified distinct chemokine receptor
expression in pulmonary TB patients and LTBI subjects, and an
impact of these receptors on immune defence. This finding could
open up a new area of future therapies.
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Supplementary Figure 1. CXCR expression in pulmonary TB patients and 
latent objects as determined by flow cytometry analysis. The x axis indicates 
fluorescence intensity measured on log10 scale, and the y axis indicates 
event counts per channel on a linear sca...
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infection decreased Rac1 expression, and increased epithe-
lial transcriptional activity and epithelial cytokine produc-
tion. BCG infection did not result in epithelial cell death as 
measured by p53 phosphorylation and annexin. This study 
demonstrated that BCG infection of AECs manipulated the 
GPCRs to suppress epithelial signalling pathways. Future vac-
cine strategies could thus be improved by targeting GPCRs. 

 © 2016 The Author(s)
Published by S. Karger AG, Basel 

 Introduction 

 It has been proposed that mucosal delivery of the bac-
ille Calmette-Guérin (BCG) vaccine provides superior 
protection against tuberculosis (TB), a disease that kills 
1.9 million people each year  [1, 2] . Traditionally, the 
adaptive immune responses, particularly central memory 
CD4+ and CD8+ cells, are considered to be important for 
long-term immunity  [3–6] . However, emerging evidence 
indicates that the cells of the innate immune system are 
equipped with “epigenetic memory” where genes encod-
ing specific host defence molecules increase the response 

 Key Words 
 G-protein-coupled receptors · Bacille Calmette-Guérin · 
Pulmonary tuberculosis 

 Abstract 
  Mycobacterium bovis  bacille Calmette-Guérin (BCG) is cur-
rently the only approved vaccine against tuberculosis (TB). 
BCG mimics  M. tuberculosis  (Mtb) in its persistence in the 
body and is used as a benchmark to compare new vaccine 
candidates. BCG was originally designed for mucosal vacci-
nation, but comprehensive knowledge about its interaction 
with epithelium is currently lacking. We used primary airway 
epithelial cells (AECs) and a murine model to investigate the 
initial events of mucosal BCG interactions. Furthermore, we 
analysed the impact of the G-protein-coupled receptors
(GPCRs), CXCR1 and CXCR2, in this process, as these recep-
tors were previously shown to be important during TB infec-
tion. BCG infection of AECs induced GPCR-dependent Rac1 
up-regulation, resulting in actin redistribution. The   altered 
distribution of the actin cytoskeleton involved the MAPK sig-
nalling pathway. Blocking of the CXCR1 or CXCR2 prior to 
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upon re-stimulation  [4–7] . Recent studies further dem-
onstrated that airway epithelial cells (AECs) harbour  My-
cobacterium tuberculosis  (Mtb) and are critical during the 
progression to active disease  [8, 9] . These cells could thus 
be important for both host defence and vaccine develop-
ment, but a more comprehensive knowledge of direct in-
teraction between AECs and mycobacteria is currently 
lacking  [10] .

  BCG mimics Mtb in its ability to persist in the body, 
and is similar to the tubercle bacillus in its physiological, 
molecular, and metabolic responses  [11–14] . This inva-
sive bacterium actively induces its own uptake by mac-
ropinocytosis to enter normally non-phagocytic cells 
such as AECs  [15] . Until now, Toll-like receptor (TLR)2, 
TLR4 and C-type lectins have been implicated in myco-
bacteria-induced epithelial signalling and uptake  [16, 17] . 
It has also been observed that mycobacteria manipulate 
epithelial production of the cytokine CXCL8 through the 
inhibitory G-protein-coupled receptor (GPCR) kinase 2 
 [18] . To trigger GPCR signal transduction in AECs, intra-
cellular bacteria, such as  Shigella , are known to engage 
GTPases in actin polymerization  [19–21] . These low-mo-
lecular-weight proteins belong to the Ras GTPase super-
family and include Rab and Rho/Rac, with the ability to 
act as molecular switches by coupling extracellular signals 
to different cellular responses, cytoskeletal integrity, in-
tracellular vesicular transport, and trafficking of proteins 
 [22] . Inhibition of Rac1 was recently shown to repeal tu-
mour protein p53 suppression of STAT and NF-κB, and 
Rho is essential in the establishment and maintenance of 
tight junctions  [23] . Previous studies indicate that signal-
ling through TLRs is important for the phagocytosis of 
bacteria, as TLR-mediated MyD88-dependent activation 
of p38 is required for phagosome maturation  [24, 25] .
Intracellular pathogens such as  Listeria monocytogenes  
manipulate TLRs through the MAPK pathway to avoid 
phagosome maturation and autophagy  [26, 27] . The p53 
pathway acts in synergy with the p38 MAPK pathway to 
mediate cell cycle arrest, cellular senescence and apopto-
sis  [28] . 

  The innate host defence of the conducting airway de-
pends on the multiple barriers created by layers of mucus 
and the tight adhesions between epithelial cells. In the 
human lung, AECs are able to harbour Mtb and are criti-
cal during progression to active disease  [29] . Recently, 
mucosal vaccination with an attenuated Mtb strain in-
duced a strong innate immune response, followed by a 
robust central memory answer  [30] . AECs facilitate a pro-
tective environment for Mtb replication where it could 
gain enhanced virulence by modifying envelope structure 

and gene expression  [31] . AECs also interact with other 
cells of the innate immune system, such as granulocytes, 
monocytes, macrophages, and innate lymphoid cells, to 
mount an effective defence against the invading pathogen 
as well as to activate the following specific immunity. 
AECs are now recognized as active participants of the im-
mune response against Mtb  [32] . In this study, we anal-
ysed mycobacteria-induced epithelial signalling path-
ways and the contribution of GPCRs to further elucidate 
these responses. We could conclude that BCG induced 
Rac1 up-regulation, resulting in long-term actin cytoskel-
eton distribution. Inhibition of GPCRs decreased BCG-
induced Rac1 expression but   increased AEC transcrip-
tional activity and epithelial cytokine production. 

  Material and Methods 

 Ethical Statement 
 The Swedish Research Ethical Committee in Lund (FEK 

413/2008) approved the isolation of the primary AECs. These were 
acquired from lung explants of healthy donors with irreversible 
brain damage and no history of lung disease; the lungs were in-
tended for transplantation, but could instead be used in this study 
as no matched recipients were available at that moment. Written 
consent was obtained from the donors’ closest relatives. The mu-
rine study was approved by the Animal Experiment Ethics Com-
mittee at the Lund District Court in Sweden (M7–15).

  Bacterial Strain and Growth Condition 
  Mycobacterium bovis  BCG Montreal strain containing the 

pSMT1 shuttle plasmid was prepared as previously described  [33] . 
Briefly, the mycobacteria were grown in Middlebrook 7H9 broth, 
supplemented with 10% ADC enrichment (Becton Dickinson, Ox-
ford, UK) and hygromycin (50 mg/L; Roche, Lewes, UK), the cul-
ture was washed twice with sterile PBS, re-suspended in broth, and 
then dispensed into vials. Glycerol was added to a final concentra-
tion of 25% and the vials were frozen at   80   °   C. Prior to each ex-
periment, a vial was defrosted, added to 9 mL of 7H9/ADC/hygro-
mycin medium, and incubated with shaking for 72 h at 37   °   C. My-
cobacteria were then centrifuged for 10 min at 3,000  g , washed 
twice with PBS, and re-suspended in 10 mL of PBS.

  Cell Culture 
 Bronchial tissue was dissected from lungs and kept in Dulbec-

co’s modified Eagle’s medium (DMEM) supplemented with gen-
tamicin, penicillin, streptomycin, Fungizone, and 10% FCS (all 
from Gibco, Paisley, UK) until further isolation. After removing 
intraluminal mucus and surrounding tissue, bronchi were digest-
ed in 0.1% protease (Sigma, St. Louis, MO, USA) prepared in a 
minimum essential medium Eagle, Spinner modification (Sigma-
Aldrich) supplemented with gentamicin, penicillin, streptomycin, 
and Fungizone for 24 h. The cells were recovered by repeated in-
traluminal rinsing with DMEM supplemented as above. Cells were 
filtered through a 100-μm strainer (Falcon, Becton Dickinson) and 
seeded in cell-culture flasks coated with 1% collagen-1 (PureCol, 
Inamed Biomaterial, Freemont, CA, USA) in bronchial epithelial 
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cell growth medium (Clonetics). The following day, cells were 
thoroughly washed with a medium change every other day. Ex-
periments were performed in passage 3 or 4.

  Incubation of AECs with Mycobacteria 
 AECs were grown in 6-well plates (2.0 × 10 5  cells/well; Fisher 

Scientific, Loughborough, UK) for 2 days until confluent (80%). 
Before the experiment, the medium was changed and the cells were 
treated with monoclonal mouse anti-human CXCR1 and/or 
monoclonal mouse anti-human CXCR2 antibodies (10 μg/mL; 
R&D Systems) and / or Rac1 inhibitor (50 μ M ; Merck Millipore) for 
30 min on ice, followed by infection with BCG. The cells were in-
fected with a multiplicity of infection (MOI) of 1:   1 at 37   °   C for up 
to 3 days. As a control, we used uninfected cells treated with 
CXCR1, CXCR2 antibodies, or the Rac1 inhibitor.

  Western Blot 
 The primary cells were washed with PBS containing 0.2 m M  

phenylmethylsulfonyl fluoride, 1 μg/mL pepstatin A, and 5 μg/mL 
leupeptin (Sigma-Aldrich), and then lysed with modified mam-
malian protein extraction reagent solution (50 m M  HEPES, 150 
m M  NaCl, 2 m M  EDTA, 50 m M  ZnCl, 1% NP-40, 0.1% deoxycho-
late, 0.1% SDS; Pierce) containing phosphatase and complete pro-
tease inhibitor cocktail (1:   100). The cells were then placed on a 
shaker for 5 min, collected, and then centrifuged at 10,000  g  for 5 
min. Protein samples were used immediately for Western blot 
analysis or stored at   80   °   C. Protein levels were measured with a 
NanoDrop TM  8000 spectrophotometer using the Pierce 660 nm as-
say (Thermo Scientific). Medium alone and only BCG-infected 
cells were used as controls. Protein samples were mixed with PBS, 
4× NuPAGE LDS sample buffer (Life Technologies), and 0.1  M  
DTT, and incubated at 90   °   C for 10 min followed by centrifugation 
at 218  g  for 5 min. Equal amounts of protein (20 μg/well) were 
loaded on a NuPAGE 4–12% Bis-Tris Gel (Life Technologies) and 
separated by SDS-PAGE. A molecular weight marker (Novex ®  
Sharp Prestained; Life Technologies) was loaded onto each gel for 
protein-band identification. After separation, the proteins were 
transferred to a PVDF membrane (GE Healthcare, Little Chalfont, 
UK). The membrane was then blocked with either 5% dry milk 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 5% BSA 
(Santa Cruz Biotechnology) for 1 h on a shaker at room tempera-
ture. Membranes were then incubated on a shaker overnight at 
4   °   C with mouse monoclonal antibodies against human Rac1 (1:  
 500; 23A8 Millipore), Rho A (1:   500; 26c4; Santa Cruz Biotechnol-
ogy), Rab4 (1:   500; 46-K; Santa Cruz Biotechnology) and goat poly-
clonal against human actin (1:   500; I-19; Santa Cruz Biotechnolo-
gy). Bound primary antibodies were detected with goat-anti-
mouse IgG horseradish peroxidase (HRP) or rabbit-anti-goat IgG 
HRP (1:   5,000; Santa Cruz Biotechnology) using ECL (GE Health-
care) and GelDoc equipment (Bio-Rad Laboratories). The house-
keeping protein GAPDH was used to confirm equal loading on the 
wells. Blot intensity was quantified using ImageJ v1.49, and nor-
malized against GAPDH. If required, membranes were stripped 
with Restore Western Blot stripping buffer (Pierce, Rockford, IL, 
USA), blocked, and re-probed with new antibodies.

  Phospho-Kinase Array 
 A proteome human phospho-kinase array kit (Proteome Pro-

lifer Array, R&D Systems), a membrane-based sandwich immuno-
assay, was used to measure protein phosphorylation. The assay was 

performed according to the manufacturer’s instructions. Briefly, 
total cell extracts were prepared from stimulated near-confluent 
cultures of AECs grown in 6-well plates. Untreated cells were used 
as controls. The cell extracts containing 500 μg of total protein 
were incubated with the human phospho-kinase array. The pro-
teins present in a lysate sample were captured by discrete antibod-
ies printed in duplicate across the nitrocellulose membranes. The 
array was washed 3 times with 1× wash buffer for 10 min on a rock-
ing platform shaker to remove unbound proteins. Washing was 
followed by incubation with a cocktail of biotinylated detection 
antibodies (monoclonal anti-human of phosphorylated PYK2 
(Y402), MEK1/2 (S218/S222, S222/S226), JNK pan (T183/Y185, 
T221/Y223), p38, p53 (S15), p53 (S46), p53 (S392), STAT1 (Y701), 
STAT5b (Y699), STAT6 (Y641), and a subsequent addition of 
streptavidin-HRP conjugate. The signals were detected with the 
ECL Plus Western blotting detection system (GE Healthcare). De-
veloped signals were analysed using ImageJ v1.49 analysis soft-
ware.

  Detection of Apoptosis and Necrosis  
 After incubation of AECs with BCG, the cells were detached by 

EDTA for about 5 min at room temperature, followed by the ad-
dition of a trypsin inhibitor, washed twice in PBS for 5 min (1,000 
rpm), and stained with annexin V-Alexa Fluor ® 488 (1:   100; Life 
Technologies Europe BV, Stockholm, Sweden) for 15 min in the 
dark on ice to detect early apoptosis and 7-aminoactinomycin D 
(1:   100; BD Via-Probe, BD Pharmingen Biosciences, San Diego, 
CA, USA) for 15 min in the dark on ice to test for late apoptosis 
and necrosis. Mean fluorescence intensity was analysed by flow 
cytometry (Accuri, Becton Dickinson).

  Murine BCG Infection 
 Male BALB/c mice, aged 8–10 weeks, were obtained from Jack-

son Laboratories (Bar Harbor, ME, USA). They were maintained 
in the animal facilities at the Department of Microbiology, Immu-
nology, and Glycobiology, Lund University, Lund, Sweden. They 
were anaesthetized by isoflurane inhalation for 10–20 s. The mice 
were divided into 2 groups: BCG infected ( n  = 5) and uninfected 
( n  = 3). For infections, BCG at 5 × 10 4  CFU in 10 μL PBS was giv-
en intranasally, and 10 μL PBS was given to the control mice. After 
5 weeks, the mice were sacrificed by intraperitoneal administration 
of pentobarbitone (60 mg/mL, 0.05–0.1 mL/mice). The largest lobe 
was saved in paraformaldehyde (4%), and used for immunohisto-
chemistry staining. Remaining lobes were homogenised and plat-
ed on 7H11 agar plates and incubated at 37   °   C for 4 weeks for CFU 
measurements. 

  Immunofluorescence Microscopy 
 The expression of actin and Rac in the sections of lung tissue 

from BCG-infected BALB/c mice was detected by immunofluores-
cence staining. The fixed tissue samples were dehydrated by over-
night incubation in ethanol, followed by xylene, and placed in His-
towax (Histolab Products, VästraFrölunda, Sweden), according to 
the manufacturer’s recommendations. The samples were embed-
ded in paraffin; sections (4–5 μm) were cut and placed on glass 
slides. Deparaffinization, rehydration, and antigen retrieval of the 
specimens were done, followed by blocking in 10% FCS with 1% 
BSA in TBS for 2 h at room temperature, followed by incubation 
overnight, shaking in a cold room with PBS with 1% BSA; the goat 
polyclonal anti-actin (sc-1616) (Santa Cruz Biotechnology) or 
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mouse monoclonal antibody against Rac1clone 23A8 (Millipore) 
antibodies were used. As a control, we used an isotype antibody by 
replacing the primary antibody with antibody diluent (blocking 
buffer). The specimens were washed twice with PBS plus 0.0025% 
Triton X-100 for 5 min, and then incubated with fluorophore-con-
jugated rabbit anti-goat or goat anti-mouse secondary antibody (1:  
 2,000; Invitrogen) in PBS with 1% BSA for 2 h in the dark. Slides 
were then examined by fluorescence microscopy (AX60, Olympus 
Optical).

  For in vitro actin expression, AECs were seeded on glass slides 
(12 mm Ø), and allowed to attach for 1 day at 37   °   C in a 5% CO 2  
atmosphere. Rac1 inhibitor was added for 30 min on ice before 
BCG infection. Bacteria were added to the AECs at MOI 1:   1, and 
incubated for 72 h, followed by fixation in 4% paraformaldehyde. 
The glass slides were washed twice in PBS with 5% FCS, and 
blocked and mounted overnight with CytoPainter Phalloidin-
iFluor 488 Reagent (Abcam) and anti-Mtb antibody (ab905; 1:   200; 
Abcam).
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  Fig. 1.  Mycobacteria increase Rac1 expression. The impact of
BCG infection, CXCR1 and CXCR2 on modulated epithelial Rac1 
expression was studied in a murine model and by Western blot.
 a ,  b  Mycobacterial infection significantly altered Rac1 expression 
in vivo as detected by immunofluorescence microscopy compared 

to uninfected mice.  c ,  d  BCG infection increased epithelial Rac1 
expression, but CXCR1/2 blocking prior to infection decreased 
Rac1. Data are presented as representative images or as mean ± 
SEM of 3 separate experiments.     p  < 0.05;       p  < 0.01;         p  < 0.001. 

Co
lo

r v
er

si
on

 a
va

ila
bl

e 
on

lin
e



 Increased Mucosal Rac1 Expression in TB J Innate Immun
DOI: 10.1159/000453454

5

  ELISA 
 IL-6 (D6050) and IL-10 (D1000B) secretion by the infected 

cells was quantified in supernatants by human quantikine ELISA 
kits (R&D Systems) according to the manufacturer’s instructions. 
NF-κB (EK1111) and AP-1 (c-Jun, EK1041) were quantified with 
nuclear extraction kits containing ELISA kit according to manu-
facturer’s instructions (Affymetrix Panomics, UK).

  Statistical Analysis 
 Prism 6f for Mac OS X was used for statistical analysis. The sta-

tistical difference between two groups was investigated by means 
of the nonparametric Mann-Whitney U test. Multiple compari-
sons were done by one-way analysis of variance followed by the 
Kruskal-Wallis test with the Bonferroni correction and the Dun-
nett post hoc test. Significance was accepted at  p  < 0.05,  p  < 0.01, 
or  p  < 0.001.

  Results 

 Mycobacteria Utilize CXCR1 and CXCR2 to Induce 
Epithelial Rac1 Activation  
 Rac1, a member of the Ras superfamily of small

GTPases, regulates the basal level of actin assembly and 
the reorganization of the actin cytoskeleton in response 
to GPCR stimulation  [34] . BCG-induced mucosal Rac1 
expression was analysed in vivo by immunohistochemis-
try staining of mycobacteria-infected mouse lung sec-
tions ( Fig. 1 a). BCG infection induced sustained mucosal 
Rac1 expression 5 weeks after infection ( p  = 0.0001; 
 Fig.  1 a). We confirmed that BCG infection of primary 
AECs increased Rac1, compared to uninfected cells ( p  = 
0.015;  Fig.  1 c, d). Blocking of CXCR1 or CXCR2 de-
creased Rac1 production down to basal levels ( p  = 0.092, 
 p  = 0.001, and  p  = 0.001 for CXCR1, CXCR2, and 
CXCR1/2, respectively;  Fig. 1 c, d). 

  Mycobacteria Up-Regulate Actin Distribution  
 During inflammation, actin cytoskeletal changes regu-

late junctional integrity leading to disturbed barrier
function  [35] . Actin expression of BCG-infected AEC 
was studied by Western blot and immunofluorescence 
( Fig. 2 a, b). BCG infection induced increased actin ex-
pression compared to uninfected cells ( p  = 0.002;  Fig. 2 a). 
Blockage of the CXCR2 decreased BCG-induced actin 
production ( p  = 0.07,  p  = 0.001, and  p  = 0.006 for CXCR1, 
CXCR2, and Rac1 inhibition respectively;  Fig. 2 a). With 
immunofluorescence, we observed that BCG infection 
induced epithelial actin redistribution ( Fig.  2 b; online 
suppl. Fig. 2; for all online supplementary material, see 
www.karger.com/doi/10.1159/000453454). To confirm 
that BCG infection regulates actin expression and distri-

bution in vivo, lung tissues from BCG-infected mice were 
stained for actin cytoskeletal changes ( Fig. 2 c, d). Com-
pared to in the uninfected animals, BCG infection in-
creased sustained actin up-regulation for 5 weeks after 
infection ( Fig. 2 d).

  Mycobacteria Activate the Epithelial MAPK 
Pathway  
 Previous studies indicated that mycobacteria regu-

late the epithelial inflammatory response through 
GPCR kinases  [18] . GPCR-mediated signalling is fur-
ther known to activate the pathways of major kinases, 
including MAPK and JNK, new targets in drug discov-
ery  [36] . To investigate mycobacterial epithelial kinase 
activation, we used the human phospho-kinase array on 
primary AECs ( Fig. 3 ). Mycobacterial infection led to 
increased epithelial phosphorylation of PYK2 ( p  = 
0.0045;  p  = 0.0003), p38 kinase ( p  = 0.0001;  p  = 0.0005) 
and MEK1/2 (MAP2K1/2;  p  = 0.0003;  p  = 0.0015) com-
pared to medium control at both 6 and 72 h after infec-
tion ( Fig. 3 ). In contrast, JNK had decreased after 6 h, 
and increased after 72 h, compared to the control 
( Fig. 3 ). Actin distribution requires p38 and MEK1/2, 
and both of these molecules were activated by BCG in-
fection of AECs ( Fig. 3 ).

  Mycobacterial Induction of p53 Does Not Affect 
Epithelial Survival 
 Intracellular bacteria trigger actin polymerization in 

AECs by engaging GTPases such as Rac and Rab  [20, 37, 
38] . Inhibition of Rac1 was recently shown to abolish 
tumour protein p53 suppression of the transcription 
factors STAT and NF-κB  [23] . We investigated the my-
cobacterial influence on epithelial p53 with a phosphor-
ylation assay ( Fig.  4 ). BCG infection of AECs had in-
creased the phosphorylation of p53 at the regulatory 
S319 and apoptotic S46 domains, at 6 and 72 h post in-
fection, but not at the S15 domain, which activates tran-
scription and cell survival. Rac1 inhibition prior to in-
fection decreased p53 (S392 and S46), possibly suggest-
ing that Rac1 is involved in transcription and cell 
survival (online suppl. Fig. 1).

  To analyse if mycobacteria induced cellular death, we 
measured epithelial apoptosis and necrosis (data not 
shown). We found that mycobacteria did not affect epi-
thelial survival.

  BCG Manipulate Epithelial STAT Phosphorylation  
 Compared to our observation using BCG, pathogenic 

mycobacteria are known to suppress the MAPK and JAK/
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STAT signalling pathways that are crucial for many in-
nate and adaptive immune responses  [36] . Patients with 
disseminated BCG infection have been found to have 
dominant-negative mutations in  STAT1  that affect IFNγ 
signalling  [39] . BCG infection in primary AECs reduced 

the phosphorylation of STAT1 (Y701), STAT5b (Y699), 
and STAT6 (Y641) 6 h after infection, and increased 
phosphorylation on STAT1 (Y701) and STAT5b (Y699) 
at 72 h after infection, but the STAT6 (Y641) levels were 
reduced ( Fig. 4 ).

0

1.6

Re
la

tiv
e 

pi
xe

l d
en

si
ty

, %
 G

AP
D

H

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Med
ium BC

G

BC
G +

 CXC
R1

BC
G +

 CXC
R2

BC
G +

 Rac
1

** **
***

a

0

40

M
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity

10

20

30

Uninfectedd BCG infected

**

BCGMedium control

BCG + Rac1 inhibitorRac1 inhibitor only

U
ni

nf
ec

te
d

In
fe

ct
ed

20 m

40 m

c

b
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AECs. CXCR2 blocking or the addition of Rac1 inhibitor prior to 
infection decreased the actin expression.  c  In vivo, the infection 
increased actin distribution in the BCG-infected mice compared 
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Fig. 4. Mycobacteria modulate epithelial 
p53 and STAT pathways. Mycobacterial 
influence on epithelial p53 and STAT was 
investigated with the phosphorylation as-
say. BCG infection of primary AECs in-
creased the phosphorylation of p53 at the 
regulatory S319 and apoptotic S46 do-
mains, 6 and 72 h after infection. In con-
trast, the phosphorylation at S15, which ac-
tivates transcription and cell survival, was 
not induced by the infection. STAT1 
(Y701), STAT5b (Y699), and STAT6 
(Y641) were suppressed 6 h after infection, 
while BCG induced phosphorylation of 
STAT1 (Y701) and STAT5b (Y699) 72 h af-
ter infection. STAT6 (Y641) levels re-
mained reduced during the study. Data are 
presented as mean ± SEM of 3 separate ex-
periments.              p  < 0.05,        p  < 0.01;          p  < 
0.001.
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  Mycobacteria Regulate NF-κB and c-Jun through 
CXCR1 and CXCR2 
 The data on NF-κB activation by pathogenic mycobac-

teria is still conflicting. BCG was previously shown to by-
pass NF-κB activation, but activate the signalling through 

ERK1/2 and cFos instead  [40] . We could confirm that BCG 
did not increase the activation of NF-κB or AP-1 (c-Jun). 
Interestingly, blocking the epithelial GPCRs CXCR1 and 
CXCR2 prior to mycobacterial infection increased the NF-
κB and c-Jun levels compared to uninfected cells ( Fig. 5 ).
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      Fig. 5.  Mycobacteria regulate NF-κB and c-Jun through CXCR1 
and CXCR2. We determined the impact of CXCR1 and CXCR2 
blockage on mycobacteria-induced NF-κB and c-Jun regulation. 
BCG infection did not affect epithelial NF-κB and AP-1 activation. 
However, the blockage of CXCR1 or CXCR2 prior to infection in-
creased NF-κB and c-Jun protein levels compared to uninfected 
cells. Data are presented as mean ± SEM of 3 separate experiments. 
            p  < 0.05;         p  < 0.001. 
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  Fig. 6.  Controlled epithelial cytokine secretion. Mycobacterial 
control of transcriptional factors was analysed as epithelial cyto-
kine secretion. BCG infection of AECs induced significant IL-6 
and IL-10 secretion. Blockage of CXCR1/2 prior to infection in-
creased IL-6 secretion even further. IL-10 levels were decreased 
significantly by CXCR2 blockage, but not by CXCR1 antibodies. 
Data are presented as mean ± SEM of 3 separate experiments.
        p  < 0.001. 
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  Mycobacteria Control Epithelial Cytokine Secretion  
 Mycobacteria infection has been suggested to evoke 

the pro-inflammatory immune response in order to 
evade host immune responses. IL-6 bridges innate and 
adaptive host immune responses, while the anti-inflam-
matory IL-10 suppresses inflammation and postpones 
the generation of adaptive immunity. Mycobacterial en-
gagement of CXCR1 and CXCR2 to control cellular tran-
scriptional factors was analysed as epithelial cytokine se-
cretion. Infection of AECs induced significant IL-6 and 
IL-10 secretion ( Fig. 6 ). Blockage of CXCR1 or CXCR2 
prior to infection increased IL-6 secretion even further 
( p  = 0.0001;  p  = 0.0004). However, IL-10 levels were sig-
nificantly decreased by CXCR2 blockage compared to 
BCG-infected cells ( p  = 0.0001), while CXCR1 antibodies 
did not affect BCG-stimulated epithelial IL-10 produc-
tion ( Fig.  6 ). The treatment of uninfected cells with 
CXCR1 or CXCR2 antibodies did not affect IL-10 and 
IL-6 secretion (data not shown).

  Discussion 

 Reprogramming of AECs could be beneficial for the 
development of vaccines and treatment strategies  [4–6] . 
Evidence is now accumulating that innate immunity can 
“remember” previous exposure to a microorganism and 
could contribute to host defence against infection and 
vaccine-induced immunity. We found that BCG infec-
tion of mucosal AECs induced epithelial signalling path-
ways leading to actin remodelling and selective cytokine 
secretion. Actin cytoskeletal changes regulate junctional 
integrity that leads to disturbed barrier function during 
inflammation  [35] . Mtb invasion of AECs is both recep-
tor- and actin-mediated  [41] . BCG is also known to in-
vade AECs  [18] ; in this study, we show that the infection 
resulted in Rac1 up-regulation followed by altered epi-
thelial actin distribution. Actin distribution by BCG in-
fection requires p38 that is activated by phosphorylation 
at the T180/Y182 sites. Recently, macropinocytosis, in 
contrast to phagocytosis, was shown to lead to rapid 
elimination of mycobacteria, suggesting that the cyto-
skeletal mobilization could be involved in the initiation 
of the adaptive immune response  [42] . A previous study 
showed that Mtb infection increased the oxidative stress 
in AECs through the p38-ERK-NF-κB axis and led to the 
cytotoxicity of human lung epithelial cells  [43, 44] . Mtb 
could thus facilitate its own dissemination by compro-
mising the epithelial lining. Contrary to this finding, our 
results demonstrated that BCG stimulated the MAPK 

pathway by signalling through the PYK2-p38-MAPK2-
JNK axis, pointing to a sustained epithelial barrier after 
BCG infection. 

  A wide variety of cellular processes are controlled by 
a complicated regulatory network consisting of positive 
and negative regulators. Additionally, post-translational 
modifications often affect points of regulation in a pro-
tein, which allows switching activities  [45] . S15/S20 
phosphorylation at p53 promotes the recruitment of 
transcriptional co-activators  [46] , while the phosphory-
lation of S46 is critical for p53-mediated induction of 
pro-apoptotic genes  [47, 48] . Phosphorylation of C-ter-
minal S392 in response to ultraviolet light activates spe-
cific DNA binding through the stabilization of the p53 
tetramer  [49] . S392 phosphorylation was recently shown 
to promote cell survival by stabilizing p53 and enhanc-
ing its transcriptional activity  [50] . Interestingly, inhibi-
tion of Rac1 resulted in decreased p53 S392 and S46 
phosphorylation, possibly affecting transcription and 
cell survival in BCG-infected AECs .  Our results indicate 
that BCG infection of AECs stimulate cell survival, 
which was also confirmed by the negative result of the 
cell death assay. 

  Bacterial adherence to cells is also known to trigger 
signal transduction events involving the G-proteins in 
actin polymerization, with the subsequent uptake of the 
bacteria  [21, 37, 51] . GPCRs, such as CXCR1 and 
CXCR2, are important regulators in pulmonary diseas-
es  [52] . Previous research revealed that mycobacteria 
decrease epithelial cytokine production by manipulat-
ing these receptors  [18] , and active TB patients were 
found to have increased CXCR1 expression  [53] . 
CXCR2 is important in the pathology of a wide diver-
sity of chronic pulmonary diseases, and the modulation 
of CXCR2 function is considered as a possible thera-
peutic strategy  [54] . Interestingly, blocking of these
GPCRs prior to mycobacterial infection repealed the 
mycobacteria-induced actin redistribution and sup-
pression of epithelial NF-κB and c-Jun, further sup-
porting the theory that mycobacteria utilize GPCRs to 
manipulate cellular signalling  [23] . GPCRs are also re-
quired for the activation of STAT, and  STAT1  muta-
tions were recently identified in patients with dissemi-
nated BCG infection  [55, 56] . The effect of STAT is to 
increase the transcriptional activity of quiescent genes 
and the transcription of less active genes  [56] . BCG in-
duced the phosphorylation of the transcription sup-
porting STAT1 and STAT5b, while the STAT6 levels 
were reduced. Blocking CXCR1/R2 increased epithelial 
NF-κB and c-Jun activation, and the secretion of IL-6 
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was increased. IL-6 is a multi-potent cytokine that acts 
in both pro- and anti-inflammatory ways. Exerting its 
pro-inflammatory qualities, IL-6 suppresses the devel-
opment of regulatory T cells and favours the differen-
tiation of effector T helper 17 cells during inflammation 
or infection  [57] . Locally produced IL-6 could thus in-
crease CD4+ T cell memory formation. Blocking 
CXCR2, but not CXCR1, decreased mycobacteria-in-
duced IL-10 secretion. This cytokine modulates the an-
ti-inflammatory mechanisms by targeting NF-κB  [58, 
59] , which could have been the mechanism of sup-
pressed transcriptional activity that we observed in our 
study. Impaired cellular activation and recruitment was 
previously related to increased IL-10 production and 
decreased CXCR2 expression during septic conditions 
 [60, 61] . In our study, blocking of epithelial CXCR2 re-
duced BCG-induced epithelial IL-10 secretion, possibly 
suggesting that CXCR2 signalling is important for 
BCG-induced IL-10 production.

  It has been proposed that AECs and innate immune 
cells drive respiratory diseases  [62] . AECs express MHC-
I/II  [63] , and the macropinocytosis of mycobacteria by 
AECs was recently shown to lead to rapid bacterial elim-
ination  [42] . The cytoskeletal mobilization due to mac-
ropinocytosis could thus be involved in antigen capture 
and presentation for incoming T cells  [42] . More knowl-

edge is needed on how mycobacteria manipulate cellular 
kinases and phosphatases, as these molecules constitute 
potential targets for future TB therapeutics  [64] . We 
showed that the early event of mycobacterial AEC infec-
tion led to sustained manipulation of epithelial Rac1 and 
actin remodelling. Furthermore, our finding that myco-
bacteria utilized CXCR1 and CXCR2 to manipulate the 
inflammatory response clarifies the role of GPCRs in 
pulmonary disease, and possibly towards chronic dis-
ease  [65] . Future vaccine strategies could thus be im-
proved by targeting GPCRs.
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ABSTRACT 
 
As an airborne infection, tuberculosis (TB) has no boundaries and easily spreads by 
migration from one region to another. In Sweden, TB is mostly reported in migrant 
where this fragile group constitutes the major reservoir. In this study, we compared 
whole genome sequencing (WGS) with standard genotyping methods such as 
restriction length polymorphism (RFLP), mycobacterial interspersed repetitive units-
variable number tandem repeats (MIRU-VNTR) and spoligotyping, on 93 
Mycobacterium tuberculosis isolates from 2004 to 2014 collected at Scania University 
Hospital in Southern Sweden. Genome-based transmissions were defined as isolated 
pairs separated by <12 single nucleotide polymorphisms (SNPs). Comparing all 
techniques, WGS confirmed all eighteen clusters, although the distribution differed 
between distinctive technique. WGS overlapped 14 of 20 RFLP determines 
transmission clusters, 17 of 18 epidemiological determined clusters, 7 of 8 MIRU-
VNTR clusters, and 8 of 9 spoligotyped clusters. WGS and RFLP had the best ability 
to identify unclear outbreaks in the largest cluster, consisting of 11 homeless patients, 
where the isolates were separated by  9 SNPs. To summarize, WGS provided better 
resolution of transmission than standard genotyping methods. We can conclude that is 
well suited for identifying transmission clusters in settings with low TB incidence. 
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INTRODUCTION 
Tuberculosis (TB) continues to be a major public health issue in European countries 
with 340 000 new TB cases per year 1. In Sweden, modest 835 new cases were reported 
in 2015, most of these immigrants coming from high TB incidence countries 2. Three 
genotyping methods are traditionally used for epidemiological contact tracing of TB, 
i.e. restriction fragment length polymorphism (RFLP), Mycobacterium tuberculosis (M. 
tuberculosis) interspersed variable repetitive unit number tandem repeat (MIRU-VNTR), 
combined with spoligotyping 3-5. Some of these techniques have limitations. Molecular 
typing based on RFLP, that relies on the insertion element IS6110 as a probe, is 
restricted by the existence of M. tuberculosis strains with very low number of copies or 
no copies of IS6116 6. MIRU-VNTR may not distinguish between closely related 
genotypes and may be suboptimal among immigrants from countries with high 
incidence of TB, where genetically closely related strains circulate over extended 
periods of time 7, 8. Genetic mutations in these strains accumulate resulting often to 
pairwise SNP distance of <12, but the MIRU-VNTR typing pattern may not change 
and could wrongly interpret as recent transmission in the country of immigration 9.  
 
Whole genome sequencing (WGS) provide increased resolution over VNTR-based 
clustering and is considered to be superior in defining the extent and direction of 
tuberculosis transmission 10-15. Based on these results, WGS is now rapidly becoming 
the standard for typing M. tuberculosis isolates. However, most of these studies are from 
high TB incidence settings, while less is known about this technique in low TB 
incidence countries. Recently, WGS analysis on isoniazid-resistant outbreak in London 
showed that this technique may not be useful in identifying the direction of 
transmission as previously reported 16.  Other studies from low TB incidence countries 
showed that WGS is comparable to MIRU-VNTR in native patients, as opposed to 
foreign-born patients where standard genotyping overestimates recent TB transmission 
14. In this study, we reanalysed M. tuberculosis strains isolated during years 2004-2014 
with WGS in order to compare the different genotype techniques in a low TB incidence 
country.  
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MATERIAL AND METHODS 
 
Study design and population 
We sequenced 100 isolates of M. tuberculosis from an archive of more than 800 frozen 
cultures obtained between 2004 and 2014 that is held at the Regional Mycobacterial 
Reference Laboratory for Scania County-Sweden. We selected isolates to estimate 
genomic diversity within and between hosts. TB is a mandatory notifiable to the public 
health agency of Sweden 2 and relevant diagnostic codes, microbiology results and 
contact tracing were obtained from Scania university hospital (SUS) in Malmö.  
 
Epidemiologic investigation and Traditional genotyping of bacterial strains 
M. tuberculosis isolates were cultured at SUS Malmö. Restriction-fragment–length 
polymorphism (RFLP) analysis based on insertion sequence 6110 was performed on 
77 isolates, and 24-loci MIRU-VNTR combined with spoligotyping analysis was 
performed on 40 laboratory-confirmed, culture-positive isolates at the Mycobacterial 
laboratory SUS, Malmö. Clinical, demographic, and microbiological data were available 
for the isolates. We obtained epidemiological data of interviews with public health 
teams and supplemented the data by case-record review. Sweden guidelines for contact 
tracing recommend screening household contacts for every new index case, at-risk 
individuals and any other pointed contacts in the community when the index case is 
thought to be infectious. 
 
Bacterial isolates selection and DNA extraction  
Retrospectively, all notified TB cases with M. tuberculosis culture positive samples were 
identified. culture positive samples were stored at -80 C. A total of 100 strains were 
grown on Lowenstein-Jensen medium for up to 4 weeks then approximately single 
colony was suspended in 0.5x TE buffer, heat inactivated at 80 C for 20 min, sonicated 
at 35 KHz for 10 min and genomic DNA was extracted using QIAamp DNA Mini Kit 
(Qiagen). 
 
Genomic DNA sequencing and library preparation  
Sequencing libraries were prepared from 100 ng DNA using the TruSeq Nano DNA 
sample preparation kit (cat#FC-121,4001/4002 Illumina inc.) according to the 
manufacturer instructions guide (#15041110) HiSeq,2500 ,125 bp paired end by 
SNP&SEQ Technology Platform at Uppsala University. 7 isolates were excluded due 
to low genomic DNA quantity and quality and the remaining 93 samples were queued 
for sequencing on 1 lane PE125 and generated 236 M read pair. Raw reads were 
Archived under accession number (to be determined).  
 
Identification, Annotation, and Confirmation of SNPs 
Reads were mapped to the reference genome CDC1551 (NCBI accession 
GCA_000008585.1_ASM858v1). The median depth of sequencing was (124.7 x), with 
an average of 99.55% of the reference genome being covered by at least one read after 
quality control and trimming of reads. The program BWA mem (http://bio-
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bwa.sourceforge.net/) 17, 18, version 0.7.13, was used to map the trimmed reads to the 
reference genome followed by variance calling. Variants were called using freebayes 
(https://github.com/ekg/freebayes), version 1.0.2. A coverage of at least 8, an 
alternate allele count of at least two, and an alternate fraction of at least 20% was 
required evaluate a position. We only retained positions with phred-scaled quality score 
of  Q20 using vcftools (https://vcftools.github.io/index.html) 19. The codon 
sequences for all single nucleotide polymorphisms (SNPs) positions are extracted using 
information from annotation with SnpEff20. The resulting lists of SNPs were merged 
into a vcf-like file using a custom script, and the variants were then combined with the 
variants from the 93 samples (unannotated, normalized with vt normalize) using 
GATK CombineVariants. The resulting vcf file was annotated with SnpEff as 
previously described, and aligned snp and codon sequences were extracted using 
custom scripts (Supplementary Figure 1). 
 
Phylogenetic analyses and strain diversity 
Phylogenetic analysis of the single nucleotide polymorphisms (SNPs) was conducted 
for both the entire 93 set of isolates as well as for four additional genomes /assemblies 
(CCDC5180, EAI/OSDD271, Haarlem and CTRI-2) that represent modern M. 
tuberculosis lineages (Lineage 2,3,4,4 respectively) and were aligned to the reference 
genome Using the Maximum Likelihood method. SNPs located within 12 bp of each 
other, SNPs in PE/PPE/PGRS genes phage, repeat and transposons were excluded to 
avoid any concern about errors in the read alignment in those repetitive regions of the 
genome 21. Furthermore, SNPs in an additional drug-resistance associated genes 22were 
also removed to exclude the possibility that homoplasy of drug resistance mutations 
would significantly decrease the reliability of phylogeny 23 24. As well as, ambiguous 
positions were excluded and then the concatenated alignment was used to generate a 
midpoint rooted phylogenetic tree in RAxML version (7.3.4). under GTRCAT 
substitution model with 100 bootstrap replicates.  
 
Genomic cluster analysis 
Genomic clusters were ascertained independently of the epidemiological data and were 
defined where no more than 12 SNPs separated a patient isolate from that of at least 
one other patient in the cluster. Twelve SNPs were the previously defined upper 
threshold of genomic relatedness noted within hosts and between related hosts 11. 
 
Statistical analysis  
The linear-by-linear (LBL) association test, with each year treated independently, was 
used to analyse trends over time. Bonferroni correction for multiple comparisons was 
performed when necessary. Proportions were compared using the 2-tailed Fisher’s 
exact test (FET) and continuous parameters between groups were compared using the 
Mann–Whitney U test (M-W). Statistical analysis was performed using IBM SPSS 
Statistics for Windows, Version 21.0. (IBM Corp., Armonk, NY). 
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Ethical approval 
The research was approved by the Medical Ethics Committee at the Lund University, 
Lund, Sweden (Dnr. 2014/2).  
 
RESULTS 
 
Study selection  
The study population consisted of 801 Mycobacterium tuberculosis (M. tuberculosis) isolates 
from eligible TB patients treated between 2004 and 2014 at Scania University Hospital 
(SUS) located in southern Sweden. The remaining 701 cases during the study period 
were excluded since they were culture negative, have either unique TB strains or are 
linked in smaller clusters with cases outside Scania county. Of the remaining 100 patient 
M. tuberculosis isolates, we excluded seven due to low DNA quantity and quality (Figure 
1).  
 
Clinical characteristics 
The majority of the patients were adults at time of diagnosis (median age, 39 years) 
presenting with pulmonary tuberculosis (76 %) or extra pulmonary TB (20%) and both 
pulmonary and extra pulmonary TB (4%) (Table 1). The age range was 1 to 91 years, 
of which two patients were infants. None of the patients were positive for the human 
immunodeficiency virus (HIV). Outcomes were recorded through December 2016, 
with a minimum of 12 months of follow-up for all patients. The majority of patients 
had favourable outcomes, with 84 patients (91%) cure or treatment completed. Five 
patient (5%) did not complete treatment, and one patient (1 %) had a relapse of 
pulmonary tuberculosis. Three TB related deaths (3% of patients) were recorded during 
the follow-up period. 
 
Transmission clusters  
WGS was performed on 93 M. tuberculosis isolates routinely analysed by the public 
health agency of Sweden by RFLP, MIRU-VNTR and spoligotyping. Using the 
maximum of twelve SNPs as the upper threshold of genomic relatedness noted within 
hosts 11, we identified 22 cluster comprising 61 patients with pairwise genetic maximum 
distances of 0 to 9 SNPs (median, 2.5) (Figure 1 and Supplemented Figure 2). 5 clusters 
comprised of more than 3 patients while the remaining 17 cluster comprised of less 
than two patients. These 22 transmission clusters included 61/93 patients, 
corresponding to a clustering proportion of 64 %.  
None of the clusters involved only Swedish-born patients, but 13 of the clusters 
involved only foreign-born patients and 9 clusters contained patients of mixed origin. 
The largest cluster comprised 11 patients, of which 10 were Swedish-born and one was 
foreign-born. 9 of these patients belonged to a community of homeless people at the 
time of the diagnosis. The mean length of time between the first and last isolate in this 
cluster was 20 months (range 1–112 days). 
The phylogenetic tree revealed that four of the seven main global lineages of M. 
tuberculosis circulated in Scania county during the time of sampling [36,49–51]. The vast 



7 

majority of isolates belonged to lineage 4 (63%) and 30 % belonged to lineage 2, with 
lesser representation from lineage 3. 
 
Correlation with epidemiologic investigation 
Epidemiological contact tracing complemented with M. tuberculosis genotyping is 
considered to be important for understanding transmissions 16. In the previously 
defined clusters linked by RFLP, MIRU-VNTR, spoligotyping and epidemiological 
analysis, we found pairwise genetic SNPs distances of 0 to 5502. The number of sub-
clusters/transmission chains identified by RFLP that overlapped with WGS was 14 of 
18 with SNPs difference less than 12 SNPs and (72%) of 93 patients (Table 2). 7 of 8 
MIRU-VNTR typing clusters were confirmed as true transmission clusters and 
consisted of SNP pairs separated by less than 12 (46 %) of 93 patients and the 
epidemiologically linked cases with max pairwise genetic distance 9 SNPs comprise 74 
% of the 93. 
 
Geographic and genetic distances within molecular clusters 
Of the 2/47 (4%) epidemiologically linked patients, 2/35 (6%) of the MIRU-VNTR 
linked patients and 15/58 (26%) of the RFLP clustered patients were separated by more 
than 12 SNPs. In contrast, 16/46 (35%) of the epidemiologically unlinked patients were 
separated by less than 12 SNPs.  
The ability of genomic clustering to identify unclear outbreaks was most evident in 
cluster one, in which 9 SNPs or fewer separated the 11 patients with a background of 
homelessness for whom contact tracing had been difficult. The ability to rule out 
transmission was particularly evident in one RFLP cluster (represented by SB2, SB11, 
SC11 and SD3), where more than 12 SNPs separated individuals from a recent 
immigrant from Somalia. In this cluster, isolates from 4 smear negative patients, with 
no known epidemiological links, could also not be genetically linked by 12 or fewer 
SNPs. 
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DISCUSSION 
Since the 70ties, Sweden has been a low TB incidence country with 6,1 cases per 
100.000 individuals, with approximately 90% of all new cases coming from countries 
with high TB burden 2. The SUS hospital in Scania, which is Sweden’s third largest 
uptake area of new TB cases, enrolled 93 previously genotypically analysed by standard 
techniques patients into this study. Compared to the standard genotyping, WGS had 
an overall high match in identifying cluster transmissions in this patient population. 
When comparing the different techniques individually, WGS and epidemiological data 
had the highest cluster similarity, while MIRU-VNTR had less cluster transmission. 
This is in contrast to Stucki et al. that reported higher cluster typing with MIRU-VNTR 
than with WGS, stating that MIRU-VNTR generally overestimates transmission of M. 
tuberculosis in countries with a low incidence of TB 25. These results were further 
supported by the study of Wampade et al. stating that MIRU-VNTR typing may be 
suboptimal among immigrants from countries with high incidence of TB, where 
genetically closely related strains circulate over extended periods of time 8. Our results 
are so far biased as we lack MIRU-VNTR data from all patients. We are currently 
analysing all strains to complete the study. 
Advances in next generation sequencing technology have provided a whole new 
chapter in the informative epidemiology and WGS is now a verified technique for 
investigation of various aspect of TB 26, 27. The upper threshold of 12-SNP distance to 
identify transmission was proposed by Walker et al. based on studies in two low 
incidence TB settings, but these limits has been used in other studies as well 11, 28-30. 
Walkers studies furthermore state that isolates separated by five or fewer SNPs are 
likely a result of recent transmission. WGS was initially shown to provide increased 
resolution over MIRU-VNTR-based clustering 28, but this technique was recently 
proven to be insufficient in fully resolving the chains of transmission 16. An explanation 
could be that multiple transmissions can occur with no detectable SNP acquisition, and 
even identical isolate pairs cannot be proven to have resulted from a recent 
transmission even without supporting epidemiological evidence. WGS was recently 
recommended in identifying transmission clusters in low TB settings 25. In good 
agreement, we observed high correlation in cluster proportion between standard 
genotyping techniques and WGS. To optimize this method, adequate cluster definition 
should be adapted according to setting (i.e. low versus high TB incidence), the study 
population, and the technical specifications of the WGS analysis pipeline (i.e. whether 
the GC-repetitive sequence, constituting almost 10% of the M. tuberculosis genome, was 
assessed). Stricter definition of transmission clusters and inclusion of additional patient 
isolates with intermediate genotypes further increased the proportion of true clusters 
25, 28.  
Another limitation of our study is that we determined the sequence of the patient’s 
dominant genotype, but this approach is recommended as isolating single colonies 
prior to sequencing is likely lead to overestimation of the SNPs between cases resulting 
from direct transmission 16. Compared to other studies, we analysed four of the modern 
M. tuberculosis strains in order to reveal geographic distribution (Comas I). Different M. 
tuberculosis strain lineages have also been associated with variable virulence, 
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transmissibility, disease phenotypes and drug resistance profiles 31. Interestingly, we 
found that vast majority of isolates belonged to lineage 4, suggesting 
American/European/Middle Easter origin 27. 
 
Level of cluster diversity, 0.8 SNPs per case (270 SNPs/344 isolates) in Casalis study 
is lower than found in other studies involving large community clusters such as a cluster 
in Hamburg (1.0 SNPs per case; 86 SNPs/85 isolates) 12, 16, a cluster in Toronto (1.5 
SNPs per case; 81 SNPs/55 isolates 32, and a Bernese cluster (2.0 SNPs per case; 133 
SNPs/68 isolates) 14. A lower result could depend on shorter time period two isolates 
33. In an outbreak, lower variation could be due to particular population, i.e. risk factors 
for transmission and poor adherence to therapy, thus maintaining infectivity and 
transmission. Alternatively, low variation can also depend to the particular clone. 
 
In contrast to standard genotyping methods, WGS provides better resolution and has 
been used to study M. tuberculosis transmission 34. We can conclude that is well suited 
for identifying transmission clusters in settings with low TB incidence. However, 
without additional epidemiological evidence, centralized routine WGS of TB strains 
for routine surveillance/outbreak investigation may be misleading and misdirect public 
health action.  
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Table 1. Characteristics of 93 Patients with Laboratory-Confirmed Tuberculosis in 
Scania region-Sweden between 2003 and 2014 overall and comparing clustered vs un-
clustered; Data are n (%) or mean ± Standard deviation  
Characteristics All patients 

(n=93) 
Clustered 

(n=61) 
 

Unclustered 
(n=32) 

Age–(years) 
   Mean (± Standard 
deviation) 
   Range 

 
40.61(±19.3) 

1-91 

 
40.24(±18.3) 

1-91 
 

 
41.34(±21.1) 

1-87 
 

Gender 
   Male 
   Female 

 
57 (61) 
36 (39) 

 
37 (60) 
24 (40) 

 
20 (63) 
12 (37) 

Place of birth 
   Swedish born 
   Foreign born 
         Somalia                     
         Vietnam 
         Others 

 
28 (30) 

 
17 (18) 
8 (9) 

40 (43) 

 
18 (30) 

 
8 (13) 
4 (6) 

31 (51) 

 
10 (31) 

 
9 (28) 
4 (13) 
9 (28) 

Tuberculosis Type 
   Pulmonary  
   Extra pulmonary  
   Both 
 
Smear positive  
   Yes 
   No 

 
71 (76) 
19 (20) 
3 (4) 

 
 

50 (54) 
43 (46) 

 
49 (80) 
10 (17) 
2 (3) 

 
 

36 (59) 
25 (41) 

 
22 (69) 
9 (28) 
1 (3) 

 
 

14 (44) 
18 (56) 

 
Treatment Outcome 
   Completed treatment      
   Incomplete treatment      
   TB-related Death 
   Relapse 

 
 

84 (91) 
5 (5) 
3 (3) 
1 (1) 

 
 

55 (90) 
3 (5) 
2 (3) 
1 (2) 

 
 

29 (91) 
2 (6) 
1 (4) 

0 
 

Risk Factors 
   History of TB exposure 
   Immunosuppressive Rx 
   Homelessness 
   Newly arrived 
Immigrants 
    

 
 

4 (4) 
4 (4) 

10 (11) 
10 (11) 

 
 

2 (3) 
2 (3) 

10 (16) 
2 (3) 

 
 

 
 

2 (6) 
2 (6) 

0 
8 (25) 
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Table 2. Confirmed traditional clustering compared to WGS 
 

  
 
 
  

Molecular method Proportion of the 
number of clusters vs 
genomic clusters 

Proportion of clustered 
patient’s vs genomic 
clustered patients 

   

Epidemiologically linked-
contact based  
 

77% 
 

74% 
 

RFLP -based 64% 
 

72% 
 

MIRU-VNTR typing 32% 
 

46% 
 

Spoligotyping  
 

36% 
 

54% 
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Figure legends 
 
Figure 1. Flow chart of sample collection. Graph showing the number of 
isolates/sequences included in the study. 
 
Figure 2.  Maximum likelihood tree of 93 M. tuberculosis isolates and 5 reference 
genomes that represents modern circulating M. tuberculosis lineages (2-4) from 5502 
single nucleotide polymorphisms. Orange label for clusters with 3 or more isolates, and 
blue label for clusters with only 2 isolates. 
 
Supplementary Figure 1. Mycobacterium tuberculosis isolates quality control, 
reference genome coverage and the number of variants. 
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Whole genome sequencing of clinical iso
Mycobacterium tuberculosis

Quality control and trimming of reads
Appendix 1
Number of reads before and after trimming

Input Read Both Surviving
Pairs

Sample_114 2181410 2127951 (97.55%)
Sample_1497 2505245 2412907 (96.31%)
Sample_2280 1913995 1854667 (96.90%)
Sample_2563 2179946 2104004 (96.52%)
Sample_2655 1954051 1829233 (93.61%)
Sample_2808 2905012 2766449 (95.23%)
Sample_3394 1651813 1597845 (96.73%)
Sample_3433 2158510 2056277 (95.26%)
Sample_3923 2242485 2164970 (96.54%)
Sample_4439 2418004 2328965 (96.32%)
Sample_613 1899333 1852542 (97.54%)
Sample_831 702111 658378 (93.77%)
Sample_845 2706868 2604424 (96.22%)
Sample_A1 2366915 2279202 (96.29%)
Sample_A10 2364349 2306945 (97.57%)
Sample_A11 2772645 2620010 (94.49%)
Sample_A12 2696447 2595227 (96.25%)
Sample_A2 1101180 1054015 (95.72%)
Sample_A3 2155524 2109104 (97.85%)
Sample_A4 1531083 1443653 (94.29%)
Sample_A5 2165690 2089139 (96.47%)
Sample_A6 2224898 2148632 (96.57%)
Sample_A7 2606828 2534806 (97.24%)
Sample_A8 2746513 2668974 (97.18%)
Sample_A9 3362312 3244554 (96.50%)
Sample_B1 2370228 2264789 (95.55%)
Sample_B10 2904605 2791659 (96.11%)
Sample_B11 873452 836459 (95.76%)
Sample_B12 3072121 2961427 (96.40%)
2016-11-22

Sample_B2 2243809 2175963 (96.98%)



Sample_B3 2481759 2412549 (97.21%)
Sample_B4 1829940 1791710 (97.91%)
Sample_B5 2512137 2451193 (97.57%)
Sample_B6 1630966 1542942 (94.60%)
Sample_B7 2732943 2640014 (96.60%)
Sample_B8 2327972 2246961 (96.52%)
Sample_B9 7011333 6778915 (96.69%)
Sample_C10 2148582 2088744 (97.22%)
Sample_C11 2016987 1950216 (96.69%)
Sample_C12 2275195 2228643 (97.95%)
Sample_C2 872165 791438 (90.74%)
Sample_C3 1198936 1151997 (96.08%)
Sample_C4 1817857 1751123 (96.33%)
Sample_C5 2728372 2611044 (95.70%)
Sample_C6 3160285 3074073 (97.27%)
Sample_C7 2866688 2767981 (96.56%)
Sample_C8 2854942 2760484 (96.69%)
Sample_C9 2463299 2387527 (96.92%)
Sample_D1 3364205 3231236 (96.05%)
Sample_D10 692759 563413 (81.33%)
Sample_D11 1105724 1057433 (95.63%)
Sample_D12 1395265 1322549 (94.79%)
Sample_D2 1698256 1593068 (93.81%)
Sample_D3 2497586 2378038 (95.21%)
Sample_D4 1980505 1914112 (96.65%)
Sample_D5 2105810 2055568 (97.61%)
Sample_D6 3427420 3280504 (95.71%)
Sample_D8 1605917 1530850 (95.33%)
Sample_D9 979078 880723 (89.95%)
Sample_E1 2243764 2177348 (97.04%)
Sample_E10 2263212 2189214 (96.73%)

Sample_E11 2551312 2491442 (97.65%)
Sample_E12 2628176 2568150 (97.72%)
Sample_E2 2693146 2586848 (96.05%)
Sample_E3 2813002 2697096 (95.88%)
Sample_E4 2525548 2461435 (97.46%)
Sample_E5 1136501 1067988 (93.97%)
Sample_E6 1417208 1375137 (97.03%)
Sample_E8 694573 639577 (92.08%)
Sample_E9 2562196 2478347 (96.73%)
Sample_F1 1992170 1915477 (96.15%)
Sample_F10 3774372 3635931 (96.33%)



Sample_F11 3764438 3624095 (96.27%)
Sample_F12 2941065 2864424 (97.39%)
Sample_F2 2679214 2582548 (96.39%)
Sample_F3 2055122 2004912 (97.56%)
Sample_F4 2014817 1964483 (97.50%)
Sample_F5 2348919 2290121 (97.50%)
Sample_F6 1941779 1890684 (97.37%)
Sample_F7 1983946 1942291 (97.90%)
Sample_F8 2782413 2667917 (95.89%)
Sample_F9 3638979 3535191 (97.15%)
Sample_G1 2078849 2029089 (97.61%)
Sample_G10 3059523 2978497 (97.35%)
Sample_G11 2536805 2449083 (96.54%)
Sample_G12 4115903 3949050 (95.95%)
Sample_G2 2307566 2220166 (96.21%)
Sample_G3 2285414 2220520 (97.16%)
Sample_G5 2440903 2369001 (97.05%)
Sample_G6 2147561 2090270 (97.33%)
Sample_G7 2948362 2850573 (96.68%)
Sample_G8 2116409 2066124 (97.62%)
Sample_G9 2535442 2440159 (96.24%)



Appendix 2
Fractions of reads that could be mapped to reference, 
predicted fraction of reads that are duplicates, and
mean coverage after mapping

Percent Percent Mean
mapped duplicated coverage

Sample_114 99,65 0,8138 118,97
Sample_1497 99,66 0,9127 134,56
Sample_2280 99,71 0,6703 103,53
Sample_2563 99,42 0,9616 116,83
Sample_2655 99,20 0,9259 100,64
Sample_2808 99,53 1,4429 153,95
Sample_3394 99,71 0,6453 88,92
Sample_3433 99,69 0,747 114,64
Sample_3923 99,43 0,8662 120,20
Sample_4439 99,42 1,0804 129,29
Sample_613 99,62 0,7478 103,40
Sample_831 99,38 1,0059 36,54
Sample_845 99,88 0,8766 145,72
Sample_A1 99,71 1,0181 127,11
Sample_A10 99,44 0,7203 128,36
Sample_A11 99,48 0,9425 145,51
Sample_A12 99,48 0,8292 144,65
Sample_A2 99,36 0,9994 58,44
Sample_A3 99,34 0,8496 117,43
Sample_A4 99,66 0,9956 80,30
Sample_A5 99,36 1,1058 115,73
Sample_A6 99,49 0,7102 119,59
Sample_A7 99,61 0,7377 141,44
Sample_A8 99,45 0,9242 148,33
Sample_A9 99,72 0,9884 180,73
Sample_B1 99,68 0,7382 126,01
Sample_B10 99,34 0,9431 154,80

Sample_B11 99,06 0,8478 46,23
Sample_B12 99,50 0,87 164,93
Sample_B2 99,46 0,7952 120,98
Sample_B3 99,72 0,705 134,77
Sample_B4 99,47 0,6435 99,88
Sample_B5 99,55 0,7678 136,85
Sample_B6 99,55 1,1348 85,65
Sample_B7 99,64 0,7971 147,04



Sample_B8 99,67 0,9745 125,22
Sample_B9 99,72 1,1837 377,83
Sample_C10 99,57 0,6909 116,30
Sample_C11 99,49 0,656 108,34
Sample_C12 99,77 0,6255 124,68
Sample_C2 99,23 1,0292 43,66
Sample_C3 99,60 0,9954 64,23
Sample_C4 99,79 0,9646 97,74
Sample_C5 99,63 0,8996 145,56
Sample_C6 99,36 1,0433 170,98
Sample_C7 99,26 0,9745 153,33
Sample_C8 99,61 0,8529 153,61
Sample_C9 99,62 0,658 133,15
Sample_D1 99,47 1,2923 179,50
Sample_D10 99,11 0,9857 31,11
Sample_D11 99,29 1,0128 58,38
Sample_D12 99,51 0,995 73,18
Sample_D2 99,36 1,1078 88,15
Sample_D3 99,40 1,0821 132,24
Sample_D4 99,42 1,0218 106,04
Sample_D5 99,59 0,8914 114,70
Sample_D6 99,50 0,9603 182,49
Sample_D8 99,83 1,1129 85,18
Sample_D9 99,57 1,0237 48,70
Sample_E1 99,51 0,8902 121,37

Sample_E10 99,44 0,6842 121,72
Sample_E11 99,65 0,6554 139,11
Sample_E12 99,56 0,7709 143,24
Sample_E2 99,68 0,9687 144,16
Sample_E3 99,68 0,9861 150,44
Sample_E4 99,71 0,9016 137,45
Sample_E5 99,61 0,9354 59,38
Sample_E6 99,31 1,0568 76,10
Sample_E8 99,33 0,9209 35,47
Sample_E9 99,71 0,7305 138,07
Sample_F1 99,71 0,6687 106,93
Sample_F10 99,73 1,007 202,56
Sample_F11 99,60 0,9879 201,61
Sample_F12 99,64 0,74 159,84
Sample_F2 99,72 1,22 144,42
Sample_F3 99,69 0,7433 112,03
Sample_F4 99,43 0,6842 109,30



Sample_F5 99,76 0,7077 128,08
Sample_F6 99,62 0,6812 105,38
Sample_F7 99,71 0,6415 108,55
Sample_F8 99,64 0,779 148,72
Sample_F9 99,44 1,1974 196,76
Sample_G1 99,45 0,7523 113,00
Sample_G10 99,47 0,8357 165,94
Sample_G11 99,64 0,7061 136,26
Sample_G12 99,57 1,2132 219,69
Sample_G2 99,69 0,7972 123,97
Sample_G3 99,72 0,935 123,93
Sample_G5 99,59 0,6809 132,23
Sample_G6 99,37 0,7145 116,18
Sample_G7 99,71 0,962 158,82
Sample_G8 99,47 0,6977 115,01
Sample_G9 99,58 0,7227 135,84



Appendix 3
Number of variants predicted from individual samples

Total snp ins del mnp complex
number of
variants

Sample_114 1055 852 95 54 21 33
Sample_1497 1056 838 104 48 27 39
Sample_2280 1094 868 114 47 25 40
Sample_2563 1555 1274 133 69 32 47
Sample_2655 2292 1972 146 81 34 59
Sample_2808 978 788 95 43 21 31
Sample_3394 913 685 113 45 29 41
Sample_3433 1072 844 114 53 24 37
Sample_3923 1550 1283 129 71 24 43
Sample_4439 1062 833 111 52 29 37
Sample_613 833 631 98 39 26 39
Sample_831 965 786 94 41 19 25
Sample_845 434 265 94 27 22 26
Sample_A1 878 667 105 40 30 36
Sample_A10 1589 1264 142 82 41 60
Sample_A11 1640 1333 142 76 30 59
Sample_A12 1593 1299 136 79 29 50
Sample_A2 1481 1200 123 74 31 53
Sample_A3 2204 1872 154 82 34 62
Sample_A4 1133 890 124 56 25 38
Sample_A5 1518 1257 124 69 26 42
Sample_A6 1637 1327 144 81 29 56
Sample_A7 1176 924 122 60 29 41
Sample_A8 1576 1290 133 76 31 46
Sample_A9 1100 870 111 53 28 38
Sample_B1 1146 900 118 62 26 40
Sample_B10 1503 1214 135 74 32 48
Sample_B11 1536 1265 133 69 28 41
Sample_B12 1596 1303 132 79 31 51
Sample_B2 1602 1305 135 77 30 55
Sample_B3 1131 892 117 60 27 35
Sample_B4 1498 1225 130 70 32 41
Sample_B5 1099 865 118 51 28 37
Sample_B6 825 632 96 38 28 31
Sample_B7 1114 860 118 55 34 47
Sample_B8 1119 878 122 57 24 38
Sample_B9 1264 981 129 62 38 54
Sample_C10 1124 883 120 52 27 42
Sample_C11 1599 1306 138 76 29 50
Sample_C12 1138 883 119 58 29 49



Sample_C2 1470 1213 120 76 24 37
Sample_C3 1017 811 96 47 28 35
Sample_C4 438 267 93 28 23 27
Sample_C5 1156 921 119 48 29 39
Sample_C6 2258 1931 148 84 33 62
Sample_C7 2246 1897 155 95 36 63
Sample_C8 1141 912 114 49 28 38
Sample_C9 1150 914 118 50 29 39
Sample_D1 1564 1262 137 77 34 54
Sample_D10 1008 806 102 49 19 32
Sample_D11 1496 1234 125 69 24 44
Sample_D12 1056 830 102 53 30 41
Sample_D2 1555 1283 131 67 28 46
Sample_D3 1598 1310 137 78 29 44
Sample_D4 1585 1303 134 77 29 42
Sample_D5 1093 851 110 54 33 45
Sample_D6 1141 887 126 59 26 43
Sample_D8 405 252 85 24 16 28
Sample_D9 1069 843 117 54 23 32
Sample_E1 1521 1235 132 70 32 52
Sample_E10 2315 1953 163 95 38 66
Sample_E11 899 683 102 42 25 47
Sample_E12 1116 888 116 49 30 33
Sample_E2 1107 878 112 53 29 35
Sample_E3 1129 880 122 58 27 42
Sample_E4 1140 894 123 58 27 38
Sample_E5 1001 794 100 49 21 37
Sample_E6 1518 1226 137 71 33 51
Sample_E8 1466 1216 122 66 25 37
Sample_E9 1098 862 118 55 26 37
Sample_F1 1114 870 124 57 26 37
Sample_F10 1127 882 117 52 29 47
Sample_F11 1177 921 124 58 30 44
Sample_F12 918 693 113 44 25 43
Sample_F2 1088 856 117 54 25 36
Sample_F3 1059 849 105 44 26 35
Sample_F4 2265 1916 159 91 38 61
Sample_F5 1117 875 119 55 27 41
Sample_F6 1092 879 111 46 26 30
Sample_F7 1113 886 116 49 26 36
Sample_F8 890 671 110 42 30 37
Sample_F9 1534 1233 138 75 36 52
Sample_G1 1588 1279 137 80 34 58
Sample_G10 1553 1250 138 74 36 55
Sample_G11 1211 942 127 61 34 47
Sample_G12 907 687 111 42 24 43



Sample_G2 1112 872 120 57 27 36
Sample_G3 836 638 102 37 28 31
Sample_G5 1147 901 121 56 28 41
Sample_G6 2257 1902 154 93 43 65
Sample_G7 1125 888 112 50 33 42
Sample_G8 1577 1292 138 72 30 45
Sample_G9 1174 924 122 53 31 44
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