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Abstract  

Type I interferon (IFN) signatures described in active TB (ATB) show potential as 

biomarkers for treatment monitoring and identification of individuals at risk of disease 

progression. The drivers or inducers of this profile have however not been identified 

The research outlined in this thesis sought to examine potential drivers of the IFN signature 

and tested the hypothesis that IFN-α- and/or IFN-β-driven transcriptomic signatures and cytokine 

responses could distinguish clinical TB states. Peripheral blood mononuclear cells (PBMCs) from 

individuals with ATB, latent TB infection (LTBI as defined by the QuantiFERON test), tuberculin 

skin test-reactive (TST-positive, QuantiFERON-negative), and healthy controls (HC) were 

stimulated with IFN-α or IFN-β or Mycobacterium tuberculosis whole cell lysate (Mtb WCL). 

mRNA expression of 51 ISGs was assessed using RT-qPCR and cytokine production assessed 

from culture supernatants using Milliplex assays. 

The results showed that LTBI could be distinguished from ATB by IFN-α-driven 

expression of FCGR1A gene; IFN-β-driven expression of FCGR1A, FCGR1B, and SOCS3 genes; 

and Mtb WCL-driven expression of IFI44, IFI44L, IFIT1, and IFITIM3 genes. Similarly, IFN-α- 

and IFN-β-driven IL-10 protein expression could distinguish LTBI from ATB. FCGR1A, IFIT1 

and IL-10 genes drive disease progression, while SOCS3, IFI44, IFI44L, and IFITM3 genes 

control infection. The data also showed that genes involved in macrophage polarization could 

distinguish ATB from either LTBI or HC. IFN-α induced expression of MSR1 that drives a 

detrimental M2 phenotype, whereas IFN-β and Mtb WCL induced SOCS3 and STAT1 respectively, 

that drive a protective M1 phenotype. IFN-α/β and Mtb WCL stimulation induced divergent 

immune responses. IFN-α/β stimulation upregulated ISG expression but low cytokine induction 

whereas Mtb WCL stimulation induced low ISG expression but upregulated cytokines. 

These results illustrate that ISG and cytokine responses show specificity to IFN-α, IFN-β 

or Mtb WCL and can distinguish LTBI from ATB.  Differentially expressed genes and cytokines 

show protective or detrimental effects that can determine M. tuberculosis infection outcomes. This 

thesis research contributes to the knowledge of type I IFN responses in TB that could be used in 

identification of possible therapeutic targets, and of ISGs and cytokines that can be used in the 

diagnosis of active and latent TB. 
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CHAPTER ONE: GENERAL INTRODUCTION 

1.1 Tuberculosis 

1.1.1 Epidemiology of tuberculosis 

Tuberculosis (TB) is a communicable disease of public health concern worldwide. Its 

causative agent, Mycobacterium tuberculosis, was first described in 1882 by Robert Koch and was 

previously known as the Koch bacillus.   

More than 150 years later, this curable disease is among the top causes of death from a 

single infectious agent, with 1.3 million deaths in HIV-uninfected individuals and 214 000 in HIV-

infected individuals from the 10 million cases reported in 2020 (1). In Canada, 1,796 cases of 

active TB (ATB) were reported in 2017 (2). Although the country has a low incidence rate of TB, 

4.9 per 100 000 population, the distribution of cases is disproportionate and varies by province/ 

territory, ranging from 0.0 per 100 000 population in Prince Edward Island to 265.8 per 100 000 

population in Nunavut. The proportions also vary by origin, with foreign-born persons being the 

majority (71.8%), Canadian-born Indigenous (individuals who self-identify as First Nations, Inuit 

or Métis) followed (17.4%) and Canadian-born non-Indigenous the minority (7.0%) (2). The 

World Health Organization (WHO) End TB strategy aims to reduce the number of deaths from TB 

by 95% and the TB incidence rate by 90% by the year 2035 (3).  

Two clinical phenotypes result from infection with M. tuberculosis – latent TB infection 

(LTBI), in which individuals exposed to M. tuberculosis develop immune memory in response to 

stimulation with bacillary antigens but remain asymptomatic, and ATB, in which patients present 

with symptoms (4). The previous model of TB as a dichotomy, existing either as LTBI or ATB, 

has been revised over the years and is now considered a continuum of heterogenous states, the TB 

spectrum (4–7). While identification and treatment of ATB is a widely used approach for 

elimination of TB, another key approach of WHO End TB is the identification of individuals with 

LTBI at high risk of reactivation and treatment with preventive therapy (8–10). The global 

prevalence of LTBI is approximately 20-25% of the global population, an estimated two billion 

people (11,12). Individuals with LTBI have the potential to develop reactivation TB that is 

transmissible and therefore represent a pool in the population with the potential to progress to 

ATB. An estimated 10% of otherwise healthy individuals with LTBI progress to active disease in 
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their lifetime; of these, 5% develop ATB within the first two years of acquiring M. tuberculosis 

infection (13). 

Multiple factors drive the spread of TB, including the HIV pandemic, the development of 

multi-drug resistant strains, and weak public health systems, particularly in TB-endemic countries 

(14). Other factors include TB stigma, which causes delays in patients seeking treatment and low 

treatment compliance, and inequities in the healthcare provision (15–17).  

Thus, TB remains a significant health threat worldwide, especially in resource-limited 

settings and some at-risk and marginalized populations in developed countries such as Canada. 

 

1.1.2 Characteristics of Mycobacterium tuberculosis 

The bacterium is an aerobic, slow-growing, intracellular microorganism, which, under 

optimal conditions, doubles every 15 to 20 hours. It is a non-motile, non-spore-forming bacterium 

with a complex cell wall of waxy high lipid coating (primarily mycolic acid). The high lipid 

content cell wall has low permeability and cannot take up the aqueous-based Gram stain commonly 

used in microbiology. Instead, a differential staining method, Ziehl Neelsen staining, is used; the 

lipid layer stains with the carbol-fuchsin stain but prevents acid decolorization. Therefore, the 

bacteria are described as acid-fast bacilli (18). 

1.1.2.1 Classification of M. tuberculosis  

M. tuberculosis belongs to the family Mycobacteriaceae, order Actinomycetales, and is a 

member of the M. tuberculosis complex (MTBC) of bacteria that cause TB disease in humans. The 

mycobacteria in this complex share a common ancestor and are genetically similar. The main 

strains that cause disease in humans are M. tuberculosis sensu stricto and M. africanum. Other 

members of the MTBC cause disease primarily in animals but may also cause disease in humans: 

M. bovis and M. caprae in cattle and goats, respectively, M. microti in voles, and M. pinnipedii in 

seals and sea lions, among others (Figure 1) (19–22).  

Genomic assessment of these species uses various regions within the bacterial genome, 

including 1) Regions of Difference (RD), 2) H37Rv (Classic Reference Strain) deletion 1 to 5 

(RvD1-5), and 3) M. tuberculosis-specific deletion 1 (TbD1) (Figure 1). For example, the M. bovis 
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Bacillus Calmette–Guérin (BCG) strain lacks the RDs, M. tuberculosis H37Rv lacks RvD1-5 and 

TbD1, while M. canettii contains the three regions (22,23). Human-adapted strains are further 

classified into seven MTBC phylogenetic lineages: M. tuberculosis sensu stricto (Lineage 1 [L1] 

to L4, L7) and M. africanum (L5 and L6) (24,25). Lineages 1 (L1), L5 and L6 are known as 

“ancient” lineages; L2, L3 and L4 as “modern”; and lineage 7 as “intermediate” lineage (Figure 

1). The hyper-virulent HN878 strain and the reference H37Rv strain commonly used in in vitro 

studies belong to the “modern lineages L2 and L4, respectively (26,27).  

 

 

Figure 1. Mycobacterial speciation and strain differentiation. 

RD’s and deletions responsible for genotyping the various mycobacteria species and lineages are listed. These genetic 

determinants segregate these into the human-adapted (green arrows) and animal-adapted strains (brown) (22,28). 

Created with BioRender.com 

 

Lineages differ in virulence, transmissibility, induction of the host immune response, 

clinical presentation, and the ability to develop drug resistance. For example, “modern” lineages 
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generally demonstrate a faster replication rate and higher virulence but a slower induction of pro-

inflammatory cytokines than “ancient” lineages (29–32). However, these differences in the 

immune responses observed within groups are thought to result from differences in induction of 

the immune response by sub-lineages or by individual strains within lineages (30). For instance, 

in a mouse model of infection with the hypervirulent Beijing strain, L2 lineage, high type I IFN 

mRNA was induced compared to the less virulent CD1551 strain (33). These immune response 

variations are attributed to differences in pathogen-associated molecular patterns (PAMPs) 

between lineages, influencing their interaction with the pattern recognition receptors (PRRs) and 

immune cells (22). 

The global distribution of M. tuberculosis lineages differs with some, L2 and L4, being 

more widely distributed, while others are restricted to specific locations – L5 and L6 to West 

Africa, and L7 to Ethiopia (34). A more recent addition to the lineages, L8, appears to be limited 

to the African Great Lakes region (35). Lineage distribution is likely the cause of founder effects 

and differences in transmissibility (36).  Understanding the factors that lead to the success of M. 

tuberculosis may lead to a better understanding of TB pathogenesis and novel approaches to 

control TB disease. 

1.1.2.2  M. tuberculosis genome and virulence factors 

The genome of M. tuberculosis is 4.41 million base pairs in length with approximately 

4000 genes (37). Clinical isolates of M. tuberculosis, the virulent reference strain of M. 

tuberculosis, H37Rv, and virulent strains of M. bovis contain the region of difference 1 (RD1), 

which is associated with pathogenicity and is absent in the BCG vaccine strains (38,39).  

In M. tuberculosis, the RD1 genes esxB (Rv3874) and esxA (Rv3875) code for the secreted 

proteins culture filtrate protein 10 (CFP-10) and early secretory antigenic target protein 6 (ESAT-

6), respectively; RD1 genes also code for the ESAT-6 secretion system-1 (ESX-1) required for the 

secretion of the heterodimeric ESAT-6:CFP-10 complex (39,40). In M. tuberculosis, ESAT-6 is a 

virulence factor that functions through various mechanisms. In THP-1 cells and dendritic cells 

(DCs), ESAT-6 has a pore-forming role that aids in the intracellular trafficking of the bacillus and 

translocation from the phagosome to the cytosol (41–43). In vitro assessment of neutrophils 

stimulated with the ESAT-6:CFP-10 complex or its components shows that CFP-10 also caused 

pore-formation in the absence of cellular disintegration. This protein was also observed to 
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stimulate the recruitment and activation of neutrophils and the production of reactive oxygen 

species (ROS) (44). Aside from ESAT-6 and CFP-10, various other M. tuberculosis virulence 

factors have been described. These include the TB7.7 (Rv2652) used in the QuantiFERON-TB 

(QFT) immunodiagnostic test, the Antigen 85 (Ag85) complex that prevents phagolysosome 

formation, the “latency antigens” that are gene products of the dormancy regulon or DosR, and the 

resuscitation promoting factors (Rpf) that show the ability to induce replication in “quiescent” 

bacilli (45–47). 

 

1.1.3 M. tuberculosis transmission 

The respiratory tract serves as the main portal of entry for M. tuberculosis. The proposed 

transmission flow starts with a patient with ATB - pulmonary TB (PTB) or laryngeal TB 

aerosolizing M. tuberculosis-laden particles into the air through cough and other respiratory 

activities (48,49). In the air, evaporation of the respiratory droplets leads to the formation of 

infectious droplet nuclei, measuring one to five microns that can remain suspended in air for hours 

depending on the airflow and, if inhaled by a susceptible host, may lead to infection (48,50,51). 

The transmission of M. tuberculosis, risk of infection and progression to disease are influenced by 

various factors.  

1.1.3.1 Risk factors for infection 

Risk factors associated with the infected individual include the source's bacillary load in 

the lung, proximity to and duration of exposure to the infected individual (14,52,53). Risk factors 

in the exposed individual include immunosuppressive conditions such as human 

immunodeficiency virus (HIV) and anti-tumor necrosis factor-α therapy for autoimmune disorders 

such as rheumatoid arthritis (54–56). Other high-risk groups include patients with diabetes (57–

60) and malnourished individuals (61–63). Diabetes and malnutrition, including protein-energy 

malnutrition and micronutrient deficiency, interfere with the immune homeostasis, impairing the 

immune response and increasing susceptibility to infection and risk of disease progression 

(14,62,64,65). Individuals with obesity or increased body mass index (BMI) are less susceptible 

to infection (66). 
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Socioeconomic and behavioural factors may also exacerbate the aforementioned risk 

factors; for example, low socioeconomic status (SES) is associated with poverty, increasing the 

likelihood of malnutrition, and overcrowding in houses with poor ventilation. In addition, poor 

ventilation enhances proximity to the infected individual and duration of exposure and air pollution 

due to solid fuels indoors. Other factors include smoking which impairs mucous secretion and 

removal, bacterial phagocytosis, and the immune response; and alcohol which impairs cytokine 

production (67–70). Furthermore, age is associated with disease development, with infants and 

children less than five years of age and the elderly at higher risk due to dampened immune 

responses in these age groups. Gender is also associated with an increased risk of TB, affecting 

more males than females. Indeed, 56% of the TB cases reported in 2019 were males (71). The 

increased risk in males is related to behavioural factors (travel, smoking, alcohol) or physiological 

factors related to genetic differences in the immune responses between males and females (72). 

Host genetic factors linked to race are associated with an increased risk of TB acquisition 

and have been described in some countries (73–76). For example, Indigenous persons in Canada 

and Australia have a higher risk of acquiring TB than the rest of the population. They also have 

higher rates of underlying factors that predispose them to TB, such as diabetes and renal failure 

(77). However, it has not been established which factors account for this increased risk for TB – 

host genetics or underlying epidemiological factors. 

 

1.1.4 Outcomes of M. tuberculosis infection and diverse spectrum of disease 

Exposure to M. tuberculosis leads to several potential outcomes: 1) Infection clearance - 

the initial bacterial invasion induces an effective innate immune response that kills and clears the 

bacilli leaving no clinical, radiological, or immunological indication of infection; 2) LTBI - 

controlled infection where the bacteria are “walled off” in a dormant form within a granuloma, 

individuals with LTBI present with no symptoms; and, 3) ATB - disease resulting from 

uncontrolled bacterial replication that starts either immediately after initial infection (primary TB), 

or from reactivation of LTBI (postprimary TB); (4–6) (Figure 2). Following the establishment of 

a productive infection with M. tuberculosis, two distinct clinical states were previously described 

– LTBI or ATB. This paradigm has evolved and is now described as a spectrum of states that 

displays heterogeneity in immune responses and clinical and pathological outcomes (5,7).  
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Figure 2. Overview of M. tuberculosis infection outcomes. 

1: ATB patient expectorates M. tuberculosis (Mtb) bacilli, 2: Mtb bacilli inhaled, 3: Exposure may result in no 

infection, or 4: Infection develops and is cleared by the immune response, or 5: Initial infection in lung and draining 

hilar lymph nodes (primary TB), which can progress to 6: ATB directly (primary progressive TB), or 7: in 95% of 

infections, a well-structured granuloma forms leading to 8: (LTBI), 9: 90% of individuals maintain latent infection, 

while  10: in 5-10% of individuals reactivation of LTBI  leads to 11: ATB (reactivation/ secondary/ postprimary TB) 

(78,79). Created with BioRender.com 

 

1.1.4.1  Spectrum of disease states 

1.1.4.1.1   Latent TB infection 

In the natural cycle of M. tuberculosis, nine out of 10 individuals that acquire M. 

tuberculosis demonstrate the ability to control the infection in a latent form, latent TB infection 

(LTBI), a form in which individuals remain asymptomatic (6) (Figure 2). LTBI is the result of 

effective infection containment by the host immune response, a phase in which bacteria remain 

dormant within an immune cell enclosure known as the granuloma (discussed in section 1.2.1.3). 
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This phase of infection is defined as a state in which stimulation with M. tuberculosis antigen 

induces a persistent host immune response without clinical and radiological evidence of ATB 

disease (7). Mathematical modelling and a meta-analysis of immunological tests for LTBI 

estimated that about 20 to 25% of the world’s population has LTBI (11,12). Thus, the immune 

system maintains the LTBI or dormant state for most individuals, and an individual can maintain 

this state for their lifetime without ever knowing they were infected. Importantly though, anyone 

with LTBI has the possibility of reactivation, which means their infection comes out of dormancy 

and bacteria begin replicating again, resulting in reactivation/ secondary/ postprimary TB (5,6). 

This process is thought to be the primary source of ATB cases in countries with low prevalence 

(80,81) where community transmission is undetectable. 

1.1.4.1.2 Active TB disease 

ATB commonly presents with lung disease known as pulmonary TB (PTB). From the 

natural history of the disease (Figure 2), TB can be divided into three disease phenotypes – 

primary, progressive primary TB, and postprimary TB. The first infection with M. tuberculosis 

occurs more commonly in infants and children under five years of age and is known as primary 

TB. The infection localizes in the mid or lower lobe of the lung (the Ghon focus) and, together 

with accompanying hilar lymphadenopathy, forms the Ghon complex. This phase of the disease is 

often subclinical but may present as a unilateral pneumonic process indistinguishable 

radiographically from other bacterial types of pneumonia (82). Thus, primary TB has two potential 

outcomes depending on whether the immune response contains or fails to contain the infection. 

Failure of infection containment by the immune system results in progressive primary TB. 

This clinical phenotype commonly develops one to two years after the initial infection in children 

less than five years of age and immunosuppressed individuals (including HIV). The disease 

commonly involves the lower lobes of the lungs and usually has an extrapulmonary component 

(82). 

Postprimary TB, also known as reactivation TB or secondary TB, results when the 

successful containment of infection following primary infection fails. The granuloma that serves 

to “wall off” the M. tuberculosis-infected macrophages in layers of immune cells breaks down 

with the reactivation of dormant bacilli from within this structure. Breakdown in this containment 

of latent infection occurs in both immunocompetent and immunocompromised individuals. In 
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immunocompromised individuals, conditions such as HIV infection, uncontrolled diabetes, renal 

failure, chemotherapy, and organ transplantation increase the risk for reactivation (83,84). A more 

significant proportion (90%) of immunocompetent individuals infected with M. tuberculosis 

contain the bacilli in the latent form (Figure 2). In comparison, 5% to 10% have a lifetime risk of 

reactivation to active disease. Thus, reactivation can happen any time after the establishment of 

the granuloma. 

While these outcomes mainly depend on the host immune response to the infection 

(discussed in section 1.2), the precise correlates of protection in M. tuberculosis are unknown. The 

immune factors, including those that determine outcome after exposure, maintaining latent 

infection in the absence of immunosuppression or leading to the reactivation of latent infection to 

active disease, remain largely unknown. 

 

1.1.5 Clinical presentation of TB 

Individuals with LTBI are asymptomatic and non-contagious unless they reactivate to an 

ATB state. Patients with PTB present with chronic cough, defined as a cough for more than two 

weeks, chest pain, and hemoptysis, as well as systemic symptoms: night sweats, fever, chills, 

weight loss, and fatigue (85).   

 

1.1.6 Laboratory diagnostics in M. tuberculosis infection and disease 

1.1.6.1 Laboratory diagnosis of LTBI 

LTBI diagnosis is not based on isolation of the bacilli in culture mainly because the state 

and location of the bacillus in this stage remain unknown. Tests currently used for LTBI diagnosis 

are the Tuberculin skin test (TST) and the interferon-γ release assays (IGRA) that measure T cell-

mediated responses against M. tuberculosis antigens. Available IGRA tests include the enzyme-

linked immunosorbent assay (ELISA), QuantiFERON-TB test (QFT) and the enzyme-linked 

immunosorbent spot (ELISPOT) assay T-SPOT.TB test (86,87) 

Active or latent infection with mycobacteria leads to immune cell proliferation and primes 

T lymphocytes that enter the circulation. The TST measures the host response to a subcutaneous 
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injection of the M. tuberculosis antigen purified protein derivative (PPD), which stimulates the 

primed T lymphocytes that act with antigen-presenting cells to produce cytokines. These cytokines 

induce a local inflammatory response in individuals previously exposed to M. tuberculosis. The 

inflammatory response is a delayed-type hypersensitivity response that takes 48 to 72 hours to 

develop. The results are interpreted by the size of induration measured in millimetres 72 hours 

later. However, a positive test result does not differentiate between latent infection and active 

disease. For TST, testing before the development of cell-mediated immunity gives false-negative 

results either due to the absence of a functional immune system to induce a response to the injected 

protein or anergy resulting from immunosuppression (88). Infection with non-tuberculous 

mycobacteria (NTMs) and BCG vaccination also give false-positive TST results due to the genetic 

similarity of NTM and the BCG vaccine strain immune antigens to those of M. tuberculosis. This 

similarity leads to immunological cross-reactions (89).  

The IGRAs also identify an individual’s prior exposure to M. tuberculosis by measuring 

IFN-γ released by circulating T cells in an individual’s whole blood stimulated with M. 

tuberculosis-specific antigens - ESAT-6, CFP-10 and TB7.7 (88,90). However, similar to TST, 

IGRAs do not discriminate between LTBI and ATB. Notably, the antigens used in IGRA tests are 

absent in the BCG vaccine; thus, previous BCG vaccination does not affect IGRA results because 

the test is specific for M. tuberculosis. In addition, for the IGRAs, conditions associated with low 

peripheral lymphocyte counts, such as HIV and advanced age, can lead to false-negative results 

(91–94). Thus none of the currently available tests is helpful as a gold standard diagnostic test for 

benchmarking the diagnosis of LTBI due to their limitations (89,95).  

1.1.6.2 Laboratory diagnosis of active TB 

Several laboratory tests are available for the diagnosis of ATB, including microscopy, 

bacterial culture, and molecular diagnostic tests. Light microscopy is more widely accessible for 

diagnosis, particularly in low- and medium-economic TB-endemic countries (90). This test has a 

high specificity with variable sensitivity (20–80%). Improvements to light microscopy include 

fluorescent microscopy (FM) and light-emitting diode (LED) microscopy, which increase 

sensitivity by 5% and 6%, respectively (96–98). 

Culture-based diagnosis is the gold standard of ATB diagnosis (99). M. tuberculosis is a 

slow-growing microorganism and takes 3-8 weeks to grow on solid media and an average of 10 
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and 20 days in liquid media for smear-positive and smear-negative samples, respectively (18). 

Other culture techniques, such as the BACTEC Mycobacterial Growth Indicator Tube (MGIT) 

system, a commercial automated culture system that uses a fluorometric technique to detect carbon 

dioxide production, take approximately 1-3 weeks for a positive result. The Microscopic 

observation susceptibility (MODS) technique that identifies the characteristic serpentine cording 

growth of M. tuberculosis in liquid broth takes 7-10 days for a positive result (100). 

Molecular techniques available for DNA detection or nucleic acid amplification testing 

(NAAT) include both the quantitative polymerase chain reaction (PCR) and reverse transcription 

PCR (RT-PCR) methods. The WHO endorsed the line probe assays like Cepheid Xpert MTB/RIF 

(GeneXpert) and Xpert MTB/RIF Ultra assays to detect M. tuberculosis and identify drug 

resistance mutations (101–103). These molecular methods provide a more rapid diagnosis of TB 

and have reduced the turn-around time to a few hours (104). Emerging diagnostic tests focus on 

modifications of currently available NAAT techniques, the potential use of next-generation 

sequencing for detection of M. tuberculosis and drug susceptibility testing, and host 

transcriptomics to identify transcript signatures for TB diagnosis (105,106). 

Despite the number of diagnostic tests available for TB, the disease spreads undetected in 

many parts of the world, particularly in low-income TB-endemic areas. Even with its variable 

sensitivity, the affordability of smear microscopy for the diagnosis of TB makes it widely available 

in most low-income countries (97,107). The roll-out of high throughput, low-cost molecular tests 

faces challenges with the lack of appropriate infrastructure and health systems, particularly in low-

income countries (108). 

 

1.1.7 Treatment of M. tuberculosis infection and disease 

A systematic review of studies carried out in the period before the widespread use of 

antibiotics in TB determined a mean 10-year case-fatality rate of 70% in untreated HIV-negative 

sputum smear-positive TB patients and 20% in sputum smear-negative patients (109). These 

findings suggest that even without the impact of HIV, untreated TB is associated with high 

mortality. 
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Treatment of LTBI prevents progression to ATB disease. Treatment options utilize 

isoniazid and rifampicin or rifapentine, either as monotherapy or combination therapy. WHO 

recommends LTBI treatment for individuals at risk of reactivation, including HIV-positive 

individuals, children under the age of five, patients on dialysis, patients undergoing 

transplantation, and individuals on anti-TNF therapy (110). Early detection of individuals with 

ATB and their contacts, and individuals with LTBI at risk of reactivation, combined with 

appropriate treatment, therefore, breaks the transmission chain and is critical in controlling TB 

(110,111). Early detection follows two pathways: the patient-initiated pathway in which the patient 

seeks treatment and the screening pathway in which individuals with suspected TB and treatment 

defaulters who do not seek care are actively identified through screening (112).   

The treatment of ATB combines rifampicin, isoniazid, ethambutol and pyrazinamide (113). 

Treatment in the initial two-month intensive phase of treatment uses rifampicin and isoniazid plus 

one or two other treatment options, followed by a four-month continuation phase of rifampicin and 

isoniazid, adding up to a total of six months of treatment. Although the treatment regimens are 

lengthy and complicated, they are lifesaving. In addition, combination therapy is also beneficial 

for the prevention of drug resistance emergence. 

The treatment of ATB caused by drug-resistant strains of M. tuberculosis utilizes a second 

line of treatment that include: Fluoroquinolones (levofloxacin, moxifloxacin, ofloxacin, and 

gatifloxacin); injectable drugs (amikacin, kanamycin, streptomycin, and capreomycin); and oral 

bacteriostatic agents (ethionamide, prothionamide, cycloserine, and p-aminosalicylic acid). More 

recently approved agents include bedaquiline, delamanid, and linezolid (114). Treatment of drug-

resistant TB presents challenges as treatment duration is much longer and takes up to 24 months,  

is more expensive, and uses more toxic drugs with more severe side effects (115). 

Several types of drug-resistant TB have been identified. Multidrug-resistant TB (MDR-

TB) defined as TB caused by M. tuberculosis strains resistant to at least both rifampicin and 

isoniazid. Extensively drug-resistant TB (XDR-TB) is caused by MDR-TB strains resistant to a 

fluoroquinolone such as moxifloxacin, levofloxacin and gatifloxacin, and one second-line 

injectable drug such as amikacin, kanamycin, and capreomycin. WHO recently updated the 

definition of XDR-TB to a disease caused by MDR-TB strains resistant to a fluoroquinolone and 

either linezolid or bedaquiline (116,117). Other types of resistance include mono-resistance, which 
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is defined as resistance to one of the first-line drugs, and poly-resistance, which is defined as 

resistance to more than one of the first-line drugs other than both isoniazid and rifampicin (114). 

Approximately 465 000 incident cases of rifampicin-resistant TB (RR-TB) were reported 

worldwide in 2019, of which 78% were MDR-TB  (71).  

The preventive measures work towards the WHO End TB strategy that aims to reduce the 

number of new TB cases by 90%, deaths from TB by 95%, and reduce poverty that results from 

TB costs by 100%  by the year 2035 (3). However, given the current challenges in identifying an 

effective vaccine, treatment, and diagnosis, it is crucial to improve our understanding of the 

immune response to M. tuberculosis and define the parameters of a good immune response to M. 

tuberculosis. 

 

1.1.8 TB prevention and control 

The main preventive measures against TB include early diagnosis and effective treatment 

of TB cases, vaccination, and control of the LTBI reservoir, which is a constant source of ATB 

cases. Without proper targeting of the LTBI pool, ending TB is not possible. 

As with other infectious diseases, vaccination presents the most efficient prevention 

strategy against TB. M. bovis Bacillus Calmette–Guérin (BCG) is the only approved vaccine 

against TB and one of the most widely administered vaccines worldwide. Although the vaccine 

protects children against disseminated forms of the disease, it demonstrates variable protection 

against PTB, the most common clinical presentation of the disease (118). There are also 

contrasting results on the protection conferred by the vaccine in adults. A 15-year follow-up study 

in India reported a BCG vaccine efficacy of 0% (119). After excluding the study from India, a 

review of prospective studies determined a vaccine efficacy ranging from 52% to 83% (120). The 

follow-up in these protective studies ranged from 11 to 50 years, but the findings vary widely 

geographically.  

Besides the BCG vaccine, numerous other vaccine candidates are at various clinical trial 

stages (Figure 3) (121–123). These include inactivated vaccines (live attenuated vaccines and 

whole-cell mycobacteria), subunit/adjuvant vaccines, and recombinant vaccines. Live-attenuated 

vaccines aim to elicit M. tuberculosis-specific immune responses in the host similar to that induced 
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by infection but without leading to disease (124). Vaccines in this group include: MTVAC that 

contains all M. tuberculosis antigens including those in the RD1 region; VPM1002, a recombinant 

M. bovis BCG vaccine administered intradermally; and intradermal BCG revaccination using BCG 

and fusion proteins from TB 10.4, Ag85B. Most of the vaccines from inactivated whole-cell 

mycobacteria are intended for use as “therapeutic” agents either for LTBI or to reduce disease 

recurrence (125). These include DAR-901, a heat-inactivated non-tuberculous (NTM) vaccine; 

RUTI, a cell-wall fragmentation formulation produced from bacilli cultured under stress-inducing 

latency antigens; and MIP/ Immuvac, which is currently approved as immunotherapy and immune-

prophylaxis for leprosy and is made from heat-killed M. indicus pranii. Subunit vaccines are 

classified as either viral vector vaccines or adjuvant vaccines. Viral-vector vaccines in clinical 

trials against M. tuberculosis include: Ad5Ag85A a recombinant replication-deficient human 

adenoviral  (serotype 5) TB vaccine containing the immunodominant Ag85A, 

ChAdOx85A/MVA85A containing a simian adenovirus expressing the immunodominant Ag85A, 

and TB/FLU-04L, an attenuated replication-deficient influenza virus containing both ESAT-6 and 

Ag85A. Adjuvanted vaccines are administered intramuscularly and include: ID93:GLA-SE, a 

recombinant protein (ID93) of four M. tuberculosis antigens Rv1813, Rv2606, RV3619, and 

Rv3620 with the adjuvant GLA-SE, a synthetic TLR4 agonist, M72/ASO1E a recombinant fusion 

protein M72 made up of two antigens MTB32A and MTB39A with the ASO1E adjuvant system, 

H56:IC31 a fusion protein of three mycobacterial antigens ESAT-6, Ag85B, and Rv2660c with 

the IC31 adjuvant, and GamTBvac a fusion protein of two antigens AG85A, and ESAT-6-CFP10 

with a dextran domain on dextran. 

However, the correlates of protection in TB are largely unknown, presenting a challenge 

in the identification of an effective vaccine (126). Protection in M. tuberculosis infection may 

differ based on whether vaccine-induced versus natural infection-induced; in the different stages 

of the natural cycle of M. tuberculosis infection spanning from infection and progression to active 

disease; and in reactivation versus reinfection (126). 
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Figure 3. TB vaccines in clinical trials. 

The pipeline shows the vaccines in phase 1 (safety and dosage), phase 2 (efficacy and side effects), and phase 3 

(efficacy, effectiveness, and safety) (71). Created with BioRender.com 
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1.2 Human immune responses to Mycobacterium tuberculosis 

1.2.1 Innate immune responses against M. tuberculosis 

1.2.1.1 Uptake and recognition of M. tuberculosis 

Once the inhaled M. tuberculosis-containing droplets traverse the upper respiratory tract 

and get deposited in the lung alveoli, one of the first interactions of the bacilli with the immune 

system is with the alveolar macrophages. M. tuberculosis is a facultative intracellular pathogen 

that requires intracellular localization within the phagosome for replication. Uptake of the bacilli 

through phagocytosis is mainly receptor-mediated, requiring surface receptors for its spread. 

Opsonized bacilli utilize complement receptors (CRs) and Fcγ receptors (FcγR), while non-

opsonized bacilli utilize mannose receptors (MRs) and scavenger receptors (SRs) (127,128). The 

binding of the complement fragment C3b on the surface of M. tuberculosis enhances its binding 

to complement receptors, particularly CR1, CR3 and CR4, boosting its uptake by the macrophage. 

Complement receptor blockade has been shown to inhibit phagocytosis (129). The FcγRs 

recognize immunoglobulin G-coated M. tuberculosis. The uptake of opsonized bacilli benefits the 

host by promoting phagosome-lysosome fusion (127). Mannose receptors are expressed on tissue 

macrophages and monocyte-derived macrophages and bind mannose residues in the 

lipoarabinomannan layer of the M. tuberculosis cell wall, facilitating bacterial uptake into 

macrophages. However, uptake using these receptors inhibits the phagosome-lysosome fusion 

driving bacterial survival and may promote infection (130,131). The role of scavenger receptors 

(SR) – the macrophage receptor with collagenous (MARCO) structure, macrophage scavenger 

receptor 1 (MSR1), and CD36 – in the phagocytosis of M. tuberculosis is not well-defined. These 

receptors are expressed largely on monocytes and macrophages and recognize lipids. Scavenger 

receptor class A (SR-A) shows low expression in alveolar macrophages. In vitro studies suggest 

that SRs are important in phagocytosis when CRs are blocked (132). 

Non-phagocytic pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), 

C-type lectin receptors (CLRs), and cytosolic DNA sensors are also involved in the interaction 

between these phagocytic cells and pathogens ( Figure 4) (127,128,133). Toll-like receptors are a 

family of 10 receptors in humans, TLR1-TLR10. TLR1, 2, 4,5, and 6 are expressed on the cell 

surface, while TLR 3, 7, 8, and 9 are expressed in endosomal vesicles in the cytoplasm. Surface 

TLR4 and TLR2  recognize M. tuberculosis PAMPs with TLR2 forming heterodimers with TLR1 
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and TLR6 ( Figure 4) (134–137). TLR4 binds lipids and glycoproteins in the bacillary cell wall 

and secreted proteins. Ligands for TLR2 include lipoarabinomannan, mannosylated 

phosphatidylinositol, lipomannan and secreted proteins, such as heat shock proteins and ESAT-6. 

Heterodimeric TLR2/6 and TLR1/2 bind to diacylated and triacylated lipoproteins, respectively 

(133,138). Ligand binding triggers a signaling cascade in which the adaptor molecule myeloid 

differentiation primary response 88 (MyD88) protein is recruited to the intracellular portion of the 

TLR. Subsequently, IL-1 receptor-associated kinases (IRAK), mitogen-activated protein (MAP) 

kinases, and TGF-β activated protein kinase 1 (TAK1) are recruited into the signaling cascade 

leading to activation of NFκB in the nucleus. This NFκB activation signaling pathway results in 

the gene transcription and production of IL-1β, IL-12, TNF, and nitric oxide (133). 

TLR4 gets internalized into endosomes inducing a signaling cascade independent of 

MyD88. This cascade involves the adaptors Toll-interleukin-1 receptor containing adaptor 

inducing IFN-β (TRIF) and translocation chain-associated membrane (TRAM) proteins with 

downstream activation of interferon (IFN) regulatory factor 3 (IRF3) leading to IFN-β production. 

The ligands for the other endosomal TLRs involved in the detection of M. tuberculosis are single-

stranded RNA (ssRNA) for TLR7 and TLR8, and CpG (5'-cytosine-phosphodiester bond-guanine-

3') DNA for TLR9 (138,139). TLRs signal either through a MyD88-dependent pathway with pro-

inflammatory cytokines production or through IRF7 with the production of IFN-α (138).  

C-type lectin receptors (CLRs) are also found on the cell surface and include Macrophage-

inducible C-type lectin (Mincle) and Dendritic cell-associated C-type lectin (Dectin-1). Mincle 

binds trehalose-6,6’-dimycolate, a glycolipid in the cell wall of M. tuberculosis (140), while the 

ligand for Dectin-1 has not been identified. CLRs signal through the Syk/CARD9 signaling 

pathway leading to the production of pro-inflammatory cytokines (138,141).  

Cytosolic receptors, including nucleotide-binding oligomerization domain (NOD)-like 

receptors (NLRs), cyclic guanosine monophosphate–adenosine monophosphate (GMP-AMP) 

synthase (cGAS), and the inflammasomes that bind to muramyl dipeptide (for NLRs) and cytosolic 

M. tuberculosis DNA (for cGAS and inflammasomes) recognize M. tuberculosis DNA and RNA. 

The bacterial nucleic acids access the cytosol through ESX-1-mediated phagosomal membrane 

perforations. These receptors signal through the stimulator of IFN genes (STING)-TBK1-IRF3 

pathway leading to the production of IFN-β (142–144). 
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It remains unclear how the simultaneous binding of multiple M. tuberculosis PAMPs and 

cellular PRRs affects the immune response. In addition, the contribution of each PRR in M. 

tuberculosis uptake and their effect on outcome is also not established. 

 

 

Figure 4.Signaling pathways of pattern recognition receptors in M. tuberculosis infections. 

M. tuberculosis ligands bind to either TLR1/2 or to TLR6/2 or to TLR4, inducing MyD88 signaling and activating 

NFκB with production of pro-inflammatory cytokines. TLR4 binding also acts through the endosome with IRF3 

secretion and downstream production of type I IFNs. Scavenger receptors, mannose receptors, and complement 

receptors bind to and phagocytose M. tuberculosis into the phagolysosome within which the bacilli are degraded 

releasing ssRNA and CpG DNA. In the endosome, ssRNA and CpG DNA are recognized by TLR7 and TLR9 

respectively, activating NFκB with the production of pro-inflammatory cytokines, and through IRF7 with the 

production of IFN-α. C-type receptors, Mincle and Dectin 1 recognize M. tuberculosis ligands leading to CARD-

mediated activation of NFκB with the production of pro-inflammatory cytokines. Mycobacterial DNA in the cytosol 

act on IRF3 through cGAS/STRING pathway, inducing IFN-β production. The DNA also activates the NLRP3/AIM2 

inflammasome, which drives the maturation of IL-1β (138,145). Created with BioRender.com 
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1.2.1.2  Phagocytosis 

In macrophages, the recognition of M. tuberculosis PAMPs by PRRs initiates the bacillary 

engulfment by the macrophage plasma membrane. M. tuberculosis gets internalized into a 

phagosome which fuses with an endosome to form a phagolysosome. The phagolysosome is the 

compartment within which M. tuberculosis gets degraded. The fusion of the two vesicles leads to 

the release of lysosomal hydrolases and the synthesis of reactive oxygen intermediates, which 

acidify the phagosome. However, M. tuberculosis can inhibit this fusion via the production of 

numerous bacterial proteins that allow its survival. Phagocytosis also initiates cytokines and 

chemokines production through the recognition of ssRNA and CpG DNA by TLR7 and TLR9, 

resulting in NFκB-mediated production of pro-inflammatory cytokines (Figure 4) (128,138). 

Chemokines recruit other immune cells to the infection site forming a layer around a center core 

of macrophages with ingested dormant M. tuberculosis to form a granuloma in the lung.  

1.2.1.3 The granuloma 

The granuloma consists of multiple immune cell types (Figure 5). Macrophages are central 

to this formation that involves different macrophage phenotypes such as foamy macrophages, 

epithelioid histiocytes, and Langerhans’ cells (146–148). Foamy macrophages are macrophages 

loaded with lipids that are thought to provide nutrition for the bacterium that undergoes changes 

to utilize fatty acids within the granuloma (149). Histiocytes are macrophages located within 

granuloma in which they resemble epithelioid cells hence the name epithelioid histiocytes. 

Macrophages also fuse to form multinucleated giant cells known as Langerhan’s cells (150,151). 

Other cells recruited to this forming structure include neutrophils, natural killer (NK) cells, 

dendritic cells (DCs), CD4+ T cells,  CD8+ T cells, and B cells (147,152). 
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Figure 5. The basic structure of the tuberculous granuloma. 

The basic tuberculous granuloma consists of multi-layers of immune cells surrounding a central area of free M. 

tuberculosis and necrotic macrophages containing M. tuberculosis. The layer of dead or dying macrophages is 

surrounded by different types of transformed macrophages such as epithelioid macrophages with interlinked cell 

membranes, Langerhans’ cells which are multinucleated giant cells, or foamy macrophages that contain lipids. Other 

immune cells include dendritic cells, neutrophils, and an outer layer of T and B lymphocytes (153). Created with 

BioRender.com 

 

Three types of granulomas have been described. The solid granuloma is a feature of LTBI 

containing a low bacillary load. The bacilli in this granuloma are either non-replicating or 

replicating at a low rate, reducing their metabolic activity and leading to dormancy (154,155). The 

necrotic granuloma is a feature of early ATB. This granuloma retains the outer structure, but the 

hypoxia in the central area leads to cellular necrosis. The bacilli remain viable and, in the presence 

of adequate oxygen and nutrients, can be resuscitated. The third type, caseous granulomas, is 

present in severe TB. The material in the central area undergoes caseous necrosis forming a cheese-

like material that then liquifies. The liquefied necrotic material may be expelled into the bronchus 
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or blood vessel, leaving a cavity and disseminating infection. The caseous material also provides 

nutrients to the M. tuberculosis bacilli, while the presence of the cavitary lesions allows for 

oxygenation leading to bacterial replication (154). The process by which the granuloma develops 

is not well established (156). For a long time, the granuloma was viewed as a protective structure, 

“walling off” dormant bacteria within macrophages, therefore, containing and limiting the growth 

of M. tuberculosis and its spread to immune-privileged sites such as the brain (157). However, it 

also provides a niche where the bacteria survive and can disseminate in the event of TB reactivation  

(151).  The formation of a granuloma may therefore signify an adequate protective immune 

response to M. tuberculosis infection. The production of Th1 cytokines by T lymphocytes induced 

by M. tuberculosis antigens sustains the granuloma. These cytokines also activate the phagocytic 

cells, induce the antimicrobial activity of the macrophages, and induce inflammation. If the 

antimicrobial activity is adequate, there is a reduction in the size of the granuloma and its cellular 

“wall”, and, where inadequate, the granuloma becomes a source of infection to other parts of the 

body and dissemination to the air (154,155).  

 

1.2.2 Cellular components of the innate immune response against M. tuberculosis 

1.2.2.1 Macrophages 

Within inactivated macrophages, bacilli block the fusion of the phagosome with the 

lysosome preventing exposure to the bactericidal effects of the phagolysosome, which include 

reactive oxygen intermediates (ROIs), reactive nitrogen intermediates (RNIs), and low pH (127). 

Macrophages also present M. tuberculosis antigens to T helper cells (Th0) using MHC class II 

molecules, leading to the production of cytokines such as IL-12, IL-1, and TNF. However, when 

the M. tuberculosis bacilli escape from the phagosome or when its antigens are translocated to the 

cytosol, these antigens are recognized by CD8+ T cells when presented in association with MHC 

class 1 molecules (43). Macrophage activation is induced by IFN-γ, produced in early infection by 

NK cells or in the adaptive response by CD4+ T cells and CD8+ T cells. Macrophages activated 

by IFN-γ are known as classically activated or M1 macrophages which are essential for the control 

of M. tuberculosis (158,159). Activation by IFN-γ produces phagocytic cells with the ability to 

produce high levels of reactive oxygen intermediates (ROIs), reactive nitrogen intermediates 

(RNIs), inducible nitric oxide synthase (iNOS), antimicrobial peptides, pro-inflammatory 
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cytokines (IL-1β, TNF-α, IL-6, and IL-12) and chemokines. These cells also demonstrate increased 

capacity to act as antigen-presenting cells (160)]. They induce Th17 lymphocyte expansion with 

increased release of IL-17 capable of recruiting neutrophils. M1 macrophages also up-regulate the 

expression of suppressor of cytokine signaling 3 (SOCS3), a negative regulator of type I IFN 

signaling. 

M2 or alternatively activated macrophages are induced by  IL-4 and IL-13 and express 

scavenger receptors and mannose receptors (158). These cells perform an anti-inflammatory role 

and produce IL-10 and transforming growth factor-beta (TGF-β) (161). In a murine model of M. 

tuberculosis infection, M2 macrophages increase in chronic infection and are associated with 

bacterial persistence (162,163). In vitro modeling of the granuloma in tuberculosis showed M1 

macrophages predominating in the early granuloma formation stage and transforming to the M2 

phenotype in the later stages of formation, resulting in an M2 phenotype predominance (164).  

Macrophage polarization is related to the macrophage scavenger receptor, SR-A, also 

known as macrophage scavenger receptor 1 (MSR1) or CD204. In an M. tuberculosis infection 

murine model, this receptor inhibits polarization to the M1 phenotype while driving the M2 anti-

inflammatory phenotype (165). M1 macrophages drive the granuloma formation, whereas M2 

macrophages inhibit the formation of the same. Recent in vitro studies have also demonstrated a 

role for type I IFNs in regulating macrophage polarization in M. tuberculosis infection. In mice, 

type I IFNs, in the absence of IFN-γ, maintain macrophages in the M1 phenotype and therefore 

play a protective role (166,167). 

Various mechanisms by which M. tuberculosis hijacks the immune system and counteracts 

the innate immune response have been described. The M. tuberculosis bacillus has developed the 

ability to obstruct the mycobactericidal function of macrophages by preventing phagosome 

maturation, blocking the fusion of the phagosome with lysosomes, and preventing the acidification 

of the phagosome. Virulent strains of M. tuberculosis also prevent eradication by inhibiting 

macrophage apoptosis and driving cellular necrosis resulting in evasion of the host defenses and 

dissemination (168–170). 
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1.2.2.2  Other innate immune cells against M. tuberculosis 

Airway epithelial cells (AECs) form the largest cell population in the lungs, but their role in M. 

tuberculosis infection is not well defined. In in vitro models of M. tuberculosis infection, primary 

bronchial epithelial cells are unresponsive to infection, whereas alveolar epithelial cells are 

susceptible (171,172). These cells participate in the recognition and internalization of M. 

tuberculosis, induction of cytokines and chemokine production, production of antimicrobial 

peptides such as β-defensins and LL-37, and interaction with other immune cells, including 

alveolar macrophages and neutrophils (171,173,174). A study of M. tuberculosis infected A549 

cells, a cell line from human type II AEC carcinoma cells, revealed a bacterial transcriptome that 

favored bacillary replication and dissemination distinct from that in the macrophage which favored 

transition to a dormant state (175). This suggests M. tuberculosis uses AECs as a niche for 

replication and evasion of the innate immune response. AECs are the main source of IFN-lambda 

(IFN-λ) which shows crosstalk with IFN-α/β in viral infections (176). Type I IFNs have been 

shown to inhibit the growth of AECs in culture, although in a mouse model of pneumococcal 

pneumonia they are protective for AECs (177,178). The role of these cells in shaping the alveolar 

microenvironment in M. tuberculosis infection remains an understudied area. 

Dendritic cells (DCs) also phagocytose M. tuberculosis with high efficacy. Resident immature 

DCs in the alveoli phagocytose the bacilli leading to DC maturation with enhanced surface 

expression of MHC class I molecules and T cell co-stimulatory molecules- CD80, CD86, and 

CD40 (179,180). As DCs mature, their phagocytic function declines while their antigen 

presentation function increases. Mature DCs migrate to secondary draining LNs and present 

antigens to naïve T cells in association with either MHC class I or class II molecules (181,182). 

Therefore, DCs act as a link between the innate and the adaptive immune responses to M. 

tuberculosis infection. However, M. tuberculosis can evade the function of the DCs and 

demonstrates the ability to sabotage the maturation of DCs, both phenotypically and functionally, 

in their activation of naïve T cells, thereby inhibiting the capacity of the DCs to control the 

infection (183). 

The role of neutrophils in TB is not well-defined. Neutrophils recruitment to the site of 

infection is an early event resulting in phagocytosis of M. tuberculosis (184). Uptake of the bacteria 

activates the mycobactericidal activity in neutrophils with degranulation, production of reactive 
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oxygen intermediates (ROIs), and neutrophil extracellular traps (NETs) formation thought to 

provide a hidden niche for M. tuberculosis growth extracellularly (185). This activity appears to 

be driven by TNF-α and not by IFN-γ, as seen in macrophages (186,187). In M. tuberculosis-

infected mice, type I IFN signaling in neutrophils has been shown to enhance NETosis and induce 

neutrophil necrosis resulting in uncontrolled growth of the bacteria and promoting disease 

progression (188). In addition, a neutrophil-driven IFN-inducible blood transcriptional profile has 

been identified in ATB patients (189). 

Natural killer cells recognize M. tuberculosis cell wall components through TLR2 and 

other NK receptors leading to the release of IFN-γ and IL-22, increasing the bactericidal activity 

of infected phagocytic cells and enhancing the cytotoxic function of infected cells. Through the 

production of granulysin and perforin, NK cells can kill extracellular bacilli. In M. tuberculosis-

infected Rag1- deficient mice, which lack T- and B-cells, NK cells become the predominant IFN-

γ-producing cells, which may be of significance in T cell dysfunction in HIV. NK cells are also 

involved in regulating CD8 T cells responses to M. tuberculosis and their ability to lyse infected 

macrophages (190–192). 

Innate T lymphocytes, the invariant natural killer T (iNKT) cells, Mucosal-associated 

invariant T (MAIT), and gamma-delta (γδ) T cells are also components of the innate response 

against M. tuberculosis. iNKT cells are a subset of T cells that is a component of the innate immune 

response and forms a link between innate and adaptive immunity. iNKT cells are activated by M. 

tuberculosis-infected macrophages expressing CD1d alongside IL-12/ IL-8. Stimulation of the T-

cell receptor (TCR) of iNKT cells induces the production of pro-inflammatory cytokines, IFN-γ 

and TNF-α, cytokines that are protective against M. tuberculosis infection (193,194). MAIT cells 

are predominantly CD8+ T cells that detect M. tuberculosis through an MHC-like molecule, the 

MHC-related protein 1 (MR1) and are activated by metabolic derivatives such as riboflavin and 

IL-12/IL-18 (195–197). Studies investigating MAIT cell functions in the different M. tuberculosis 

infection states show contrasting findings. Some studies observed a lower frequency of MAIT cells 

in TB patients compared to LTBI and healthy individuals (198–200), whereas others observed 

similar frequencies in TB, LTBI, and healthy controls (201). MAIT cells are involved in cytotoxic 

activity in M. tuberculosis infection through the production of granulysin, IFN-γ and TNF-α 

(195,202). γδ T cells recognize M. tuberculosis-derived phosphoantigens independent of MHC 
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(203,204). γδ cells are also cytotoxic through the production of granulysin and perforin and induce 

the production of IFN-γ and TNF-α in non-severe TB resulting in inhibition of bacillary growth. 

The cells also induce the production of IL-10 in severe TB, an immunoregulatory cytokine that 

may reverse their protective roles (195,204). γδ T cell frequencies are reduced in patients with 

severe TB pathology compared to LTBI and healthy donors.  

Taken together, both conventional and non-conventional innate immune cells play a role 

in the immune response to M. tuberculosis infection. In some cases, the innate response is 

sufficient to contain bacterial growth and stop a productive infection before inducing the adaptive 

immune response. However, if a productive infection is not curtailed, persistent bacterial 

replication leads to the induction of adaptive responses. 

 

1.2.3 Components of the adaptive immune responses against M. tuberculosis 

1.2.3.1 T cells against M. tuberculosis infection 

The interaction between M. tuberculosis and T lymphocytes starts when the bacteria reach 

the antigen-presenting cells in mediastinal lymph nodes (205). Within the lymph nodes, DCs 

containing bacteria present the bacterial antigens and prime naïve T cells. Macrophages and DCs 

activate T cells through the action of secreted IL-12 and IL-18. Activated CD4+ T lymphocytes, 

CD8+T cells and γδ T cells produce IFN-γ, which is required for phagosome maturation (206–

208). The absence of both CD4+ T cells and CD8+ T cells, therefore, increases susceptibility to 

M. tuberculosis infection and progression to disease. In the mouse model of infection, the 

development of TB occurred earlier with CD4+ T cell depletion and later with CD8+ T cell 

depletion (209). 

Subsets of CD4+ T cells such as Th17 cells, T regulatory cells (Tregs), and T follicular 

helper (Tfh) cells are also involved in the immune response to M. tuberculosis. Th17 cells produce 

IL-17 that drives the production of the pro-inflammatory cytokines IL-6 and G-CSF, and the 

chemokines CXCL9, CXCL10, and CXCL11 that drive the recruitment of neutrophils involved in 

the development of the granuloma and cells producing IFN-γ. The production of excessive 

amounts of IL-17 implicates these cells in neutrophil-associated inflammation and tissue damage 

(210–212). T regulatory cells (Tregs) are involved in immune homeostasis and regulate the balance 
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between the pro-and anti-inflammatory responses in M. tuberculosis infection (213). Peripheral 

blood mononuclear cells (PBMCs) from ATB patients have a higher Tregs frequency than LTBI 

or healthy controls (210,214). In addition, pulmonary TB patients have a lower frequency of T 

follicular helper than individuals with LTBI (215). In M. tuberculosis-infected mice, the reduced 

frequency of Tfh cells results in a loss of IL-21 signaling associated with lower production of IFN-

γ and TNF-α and increased expression of T cell inhibitory molecules, increasing susceptibility to 

infection (216). M. tuberculosis antigen recognition by CD8+ T cells is in association with MHC 

class I. CD8+ T cells are involved in the control of M. tuberculosis through the production of IFN-

γ, IL-2, and TNF-α and through the cytotoxic effects of granulysin and perforin (217,218). 

However, CD8+ T cells also produce IL-10 and TGF-β, which drive infection. T cell subsets play 

different roles in M. tuberculosis infection, some resulting in protection against infection while 

others lead to increased pathology. The balance between the cellular frequencies and cytokine 

profile may therefore determine infection outcome. 

1.2.3.2 B cells and antibodies against M. tuberculosis infection 

The presence of B cells in the granuloma, as shown in Figure 5, suggests that B cells 

participate in the immune response against M. tuberculosis, a role that is not fully understood. M. 

tuberculosis antigens activate naïve B cells, which develop into plasma cells that produce 

antibodies (219). B cells also present antigens to CD4+ T cells leading to their activation (220). 

For a long time, the perceived concept that intracellular pathogens require cell-mediated immunity 

for clearance while extracellular pathogens require humoral immunity has been upheld (221). Due 

to this property of M. tuberculosis as a facultative intracellular organism, most immunology 

research in TB was focused on the cell-mediated immune response. This resulted in the role of 

antibodies in M. tuberculosis remaining largely understudied (222). However, studies in murine 

models of M. tuberculosis infection have revealed that antibodies play an immune-modulatory and 

a protective role in TB (221,223–225). Mice treated with monoclonal antibodies to either the 

capsular M. tuberculosis antigen, arabinomannan, or to a glycolipid found in the cell wall, 

lipoarabinomannan, showed reduced bacterial burden and improved survival linked to enhanced 

cellular immune response (224,225). The protection conferred by monoclonal antibodies against 

M. tuberculosis is thought to occur through four mechanisms: monoclonal antibodies enhance 

antigen presentation that drives cell-mediated immunity; antibodies also bind extracellular bacteria 
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preventing cell entry; antibody-dependent cellular cytotoxicity (ADCC) eliminates both infected 

cells and bacteria; antibody-dependent cellular phagocytosis increases bacterial killing (226). 

In humans, an antibody-profiling study revealed differences in the humoral response 

between LTBI and ATB (227). In this study, antibody responses in LTBI were associated with 

activation of the inflammasome, maturation of the phagolysosome, and enhanced ability of 

macrophages to kill the pathogen (227). It is hypothesized that the induction of antibody responses 

are essential in vaccine-induced protection against pathogens (228). However, the immune 

responses targeted by vaccines in development against M. tuberculosis have mainly focused on 

cell-mediated immunity. In a study using the TB vaccine candidate MVA85A (Modified Vaccinia 

virus Ankara expressing Ag85A from M. tuberculosis) in infants vaccinated with BCG in the 

Western Cape province in South Africa, no additional protection was noted despite induction of 

Ag85-specific T-cell response (229,230). However, post hoc data analysis revealed an association 

between the presence of Ag85A-specific IgG antibodies and a reduction in the risk for TB on day 

28 post-vaccination (231). A better understanding of the function of B cells and antibodies in M. 

tuberculosis infection is necessary. Gene profiling studies revealed that the expression of the 

FCGR1A gene that encodes the FcγR1 is significantly increased in ATB compared to LTBI and 

healthy control (232–234). 

 

1.2.4 Cytokine and chemokine responses in M. tuberculosis infection 

The immune response to M. tuberculosis infection is complex and involves both pro-

inflammatory and anti-inflammatory cytokines. The pro-inflammatory response is required for the 

control of infection, while the anti-inflammatory response prevents excessive pathology at the site 

of infection (235).  

1.2.4.1 Tumor necrosis factor-alpha (TNF-α) 

Initial interaction between M. tuberculosis and the immune system leads to the production 

of TNF-α. Although macrophages are the primary sources of this pro-inflammatory cytokine, 

TNF-α, other cells, such as lymphocytes, fibroblasts, endothelial cells and mast cells, also secrete 

this cytokine on activation (236).  



28 

 

TNF-α is essential in the formation of granuloma. Mouse models of TB with TNF-α 

deficiency fail to form granulomas even with the trafficking of inflammatory cells to the site of 

infection (237–239). The TNF-α deficient mice also demonstrate increased susceptibility to TB, 

increased bacterial burden and lower survival rates. In vivo TNF-α plays a role in M. tuberculosis-

infected mice in induction and maintenance of the granuloma in the presence of type 1 cytokines 

– IL-1α, IFN-γ, and inducible nitric oxide synthase (iNOS) (240). TNF-α is also required in the 

maintenance of the granuloma and induces the expression of CXCL10, CCL2, CCL5, and CCL9 

chemokines that aid in T cell recruitment necessary for granuloma formation (241–243). 

Neutralization of phagocytosis and phagocytic killing activity TNF-α in a murine model of LTBI 

resulted in a lower granuloma formation and reactivation of TB (244). Clinical studies also support 

these findings showing reactivation of LTBI in patients with autoimmune disorders and chronic 

diseases receiving treatment with anti-TNF-α agents such as the monoclonal antibodies 

(adalimumab, infliximab, and certolizumab) or the soluble TNF receptor (etanercept) (245–247). 

Monoclonal antibodies show a higher risk of reactivation than etanercept (247). Therapy with anti-

TNF-α increases the relative risk for TB reactivation 1.6-25.1 times (245). In M. tuberculosis 

infection, TNF-α also acts on macrophages enhancing the killing activity and inducing cellular 

apoptosis (248). Apoptosis has a protective role in infection by destroying the bacterial 

intracellular niche. However, not all the effects of TNF-α are beneficial. In progressive disease, 

excessive production of TNF-α leads to tissue damage and necrosis, resulting in disseminated 

infection (249). The induction of TNF-α differs between M. tuberculosis strains in infected mice 

and monocyte-derived macrophages (26,250). 

1.2.4.2 Interleukin 12 (IL-12) 

Interleukin 12 is a family made up of several heterodimeric cytokines that are members of 

the IL-6 superfamily. These include IL-12p70 made up of the subunits p35 and p40, IL-23 made 

up of the subunits p19 and p40, IL-27 composed of the IL-27 p28 and the Epstein-Barr virus-

induced molecule 3, and IL-35 made up of the p35 subunit and EBI-3 (251). The p40 subunit is 

shared by IL12-p70 and IL-23. In M. tuberculosis, IL-12 is produced by monocytes/ macrophages, 

DCs and B cells and acts as a link between innate and adaptive immunity, and is essential in 

reducing the bacillary burden during infection (252). In vivo M. tuberculosis-infected mouse 

model, the presence of IL-12 reduced the bacterial burden while its blockade with antibodies 
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increased bacterial load (253,254). IL-12 is also involved in granuloma formation. Granulomas in 

M. tuberculosis-infected mice treated with anti-IL-12 antibodies were poorly formed and diffuse, 

whereas those in IL-12-treated mice were well-formed (254,255). In M. tuberculosis infection, the 

migration of DCs requires IL-12p40 (256). IL-12 treatment of mice also induces and maintains the 

production of IFN-γ from CD4 T cells but not from NK cells (254). Continuous production of IL-

12p40 is required for antimycobacterial immune responses, including the maintenance of the 

granuloma, induction and maintenance of Th1 responses, activation and expansion of CD4+ T 

cells and cellular effector function (257). 

1.2.4.3 IL-18 

IL-18 is a macrophage and DC-derived cytokine that induces NK cell activation and the 

production of IFN-γ driving a Th1 immune response. Although the IL-18 receptor (IL-18R) shares 

the MyD88 signaling pathway with IL-1R, studies in a MyD88-deficient mouse model of M. 

tuberculosis infection demonstrated the importance of IL-1R in protection while IL-18R was not 

crucial for protection (258). Studies in IL-18 knock-out mice show a high susceptibility to M. 

tuberculosis infection similar to that observed in MyD88 knock-out mice and  IL-1β/IL-18 double 

deficiency mice (259).  

1.2.4.4 IL-10 

IL-10 is one of the members of the IL-10 family. This cytokine is produced by 

macrophages, neutrophils, some subsets of DCs, Th1, Th2 and Th17 cells, and B cells (260). In 

macrophages, M. tuberculosis induces the production of IL-10 through the TLR2-dependent 

extracellular signal-regulated kinase (TLR2-ERK) and the PI3K/AKT signaling pathways 

(261,262). In addition, induction of IL-10 by IFNα/β has also been demonstrated in M. 

tuberculosis-infected macrophages (263). IL-10 is an anti-inflammatory cytokine that counters the 

effect of pro-inflammatory cytokines (IFN-γ, IL-12, and TNF-α), thereby preventing damage to 

tissues (264). Although impaired IL-10 production in acute infection is beneficial for pathogen 

clearance, prolonged deficiency of IL-10 would result in an unbalanced and exaggerated pro-

inflammatory response causing immune-mediated pathology and damage to tissues. 
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1.2.4.5 IL-1α and IL-1β 

IL-1α and IL-1β are members of the IL-1 family comprising 11 cytokines with pro-and 

anti-inflammatory functions (265). Cellular sources of IL-1 include mononuclear phagocytes, T 

and B lymphocytes, fibroblasts and keratinocytes (266). IL-1α is a cytokine with dual functionality 

and binds to its cell membrane receptor, inducing signal transduction. In contrast, when located in 

the nucleus, it functions as a transcription factor for pro-inflammatory cytokines such as IL-8 

(267).  In IL-1α or IL-1β antibody-depleted wild-type mice, increased susceptibility to M. 

tuberculosis appears to be linked to IL-1α, not IL-1β (268). IL-1α-and IL-1 β-deficient mice also 

show increased susceptibility to infection compared to wild-type mice (269,270).  

1.2.4.6 Chemokines 

Chemokines play both protective and detrimental roles in M. tuberculosis infection. In 

LTBI, chemokines are involved in recruiting cells to the site of infection and in granuloma 

development and maintenance (271,272). However, in excessive amounts of some cytokines, the 

increased cellular infiltration, particularly with monocytes and neutrophils, may drive pathology 

(273,274). In a murine model of M. tuberculosis infection, upregulation of chemokines involved 

in cell recruitment to the lungs early in infection was observed. These included CCL3 (Macrophage 

inflammatory protein 1-alpha), CCL4 (Macrophage inflammatory protein-1β), CCL5 (Regulated 

on Activation, Normal T Expressed and Secreted-RANTES), CCL8 (Monocyte chemoattractant 

protein 2), CXCL9, CXCL10 (Interferon gamma-induced protein 10 [IP-10] or small-inducible 

cytokine B10), and CXCL11 (274,275). The levels of some of these chemokines (CCL3, CXCL9, 

and CXCL11), as well as of CCL1, CXCL1, and CXCL2, are elevated in the plasma of pulmonary 

TB patients (276). CXCL9 and CXCL10 have been identified as potential biomarkers that 

differentiate ATB from LTBI and decline with anti-tuberculous therapy (277–279). In addition, 

CXCL11, CXCL2, CCL1 and CCL2 (monocyte chemoattractant protein 1) have also shown 

potential for use in treatment monitoring (276).  

In summary, despite these seemingly effective immune responses, M. tuberculosis remains 

one of the most successful pathogens in causing human disease. The immune response against M. 

tuberculosis is a complex interaction of multiple players that are not entirely understood. The pro-

inflammatory responses associated with the production of IFN-γ, IL-12 and TNF-α aim to control 

infection, while the anti-inflammatory responses aim to prevent uncontrollable pathology. The 
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outcome of infection is, therefore, a result of the maintenance or disruption of this balance. 

(235,280). Studies in mice revealed the production of type I IFNs in response to M. tuberculosis 

infection with induction of high levels of the IFN in infection with hypervirulent strains of the 

bacilli (26,33). 

 

1.2.5 Interferons in M. tuberculosis infection 

The word “interferons” was coined from the viral “interference” observed in the presence 

of these substances (281). The classification of interferons is based on the cell surface receptor 

they bind to and signal through. Type I IFNs comprise 13 IFN-α subtypes, IFN-β, IFN-κ, -ε, and 

IFN-ω that bind to the IFN-α receptor (IFNAR) (282,283) (described in section 1.3). Type II IFN 

(IFN-γ) binds to the IFN-γ receptor (IFNGR) (284), and type III IFNs-IFN-λ1, IFN-λ2 and IFN-

λ3- through a receptor composed of the IFN-lambda receptor (IFNLR1) and IL-10R2 subunit 

(285,286). 

1.2.5.1 Interferon gamma (IFN-γ) 

In M. tuberculosis infection, the production of IFN-γ by innate immune cells results in pro-

inflammatory responses. The increased susceptibility to mycobacterial diseases in patients with 

Mendelian Susceptibility to Mycobacterial Disease (MSMD) supports the importance of IFN-γ in 

TB. MSMD is a primary immunodeficiency disease characterized by multiple mutations, including 

IFN-γR deficiency (287,288). In the innate immune phase, IFN-γ activates phagocytes resulting in 

the killing of intracellular bacteria, but in its absence, lysosome-phagosome fusion is inhibited, 

and there is minimal production of ROIs and RNIs. In a mouse model of M. tuberculosis infection, 

macrophages treated with IFN-γ alone showed higher inducible NO synthase 2 (Nos2) mRNA 

expression and NO production, whereas when treated with IFN-γ and IFN-β together, a significant 

reduction in NO production was observed (166). Nevertheless, the production of IFN-γ in the 

innate immune response may be inadequate to control infection. In most cases, IFN-γ is required 

together with M. tuberculosis antigen-specific T cells to control TB (289). IFN- γ also functions 

alongside IL-1, IL-6, and TNF-α to control M. tuberculosis infection.  
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1.2.5.2 Interferon lambda (IFN-λ) 

IFN-λ, the newest addition to the IFN family, was first described in 2003 (285,286). The 

effects of IFN-λ in infection are not well characterized and are thought to result from their 

overlapping function with IFN-α/β (290). Unlike the ubiquitous production of IFN-α/β, IFN-λ is 

produced at mucosal surfaces, and its receptor is found mainly in epithelial surface barriers such 

as the respiratory tract. Its effects are, therefore, more specific to epithelial surfaces. In M. 

tuberculosis infection, higher levels of IFN-λ2 have been detected in the sputum of active PTB 

patients compared to healthy controls (291). Studies on M. tuberculosis-infected cynomolgus 

macaques observed the expression of IFN-λ in normal lung tissue and tuberculous granuloma 

(292). A study of macrophages from cynomolgus macaques observed differences in the expression 

of IFN stimulated genes (ISGs) induced by IFN-λ and IFN-α/β, with most genes upregulated after 

IFN-α/β stimulation. The study also observed differences between responses to stimulation with 

different IFN-λ subtypes with more genes upregulated after IFN-λ1 stimulation compared to IFN-

λ4 stimulation which had negligible effects (293). IFN-λ1 stimulation upregulated the expression 

of pro-inflammatory genes such as TLR1, IL-1β, IL-8, and BATF while IFN-α/β downregulated 

TLR1and IL-1β genes. M. tuberculosis-infected A549 lung epithelial cells also express IFN-λ 

(294). Although the function of IFN-λs more closely resembles that of type I IFNs, their structure 

resembles that of IL-10 and its related cytokines (285,286). The impact of these similarities to 

cytokines that play a role in the pathogenesis of M. tuberculosis has not been defined. 

 

1.3 Type I Interferons 

Type I IFNs are a family of cytokines encoded by multiple genes (283). They induce a 

wide range of effects on immune cells during infection. Although type I IFNs are best characterized 

for their role in viral infections, they are also involved in the immune response to bacterial, fungal, 

and parasitic infections (295–300). IFN-α and IFN-β are the best-characterized type I IFNs. 

1.3.1 IFN-α/β 

In 1957, Isaacs and Lindenmann first described the antiviral function of IFN-α/β (281). In 

humans, IFN-α consists of 13 subtypes - IFN-α1, α2, α4, α5, α6, α7, α8, α10, α13, α14, α16, α17, 

and α21- that are encoded by multiple genes while IFN-β is encoded by a single gene, all located 
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on chromosome 9 (283). Plasmacytoid DCs (pDCs) and hematopoietic cells, primarily leukocytes, 

are the primary producers of IFN-α, while nucleated cells, DCs, epithelial cells and fibroblasts are 

the primary producers of IFN-β (301). In viral infections, pDCs produce about 1000-fold more 

IFN-α/β than the other cell types (302). All type I IFNs bind to the same receptor, the IFNAR, a 

heterodimeric structure consisting of the transmembrane proteins IFNAR1 and IFNAR2, 

expressed ubiquitously; therefore, type I IFNs act on almost all cells. The receptor has conserved 

residues that serve as “anchor” points necessary for binding these IFNs. However, differences have 

been observed within these binding sites that confer specificity in binding and function (303). The 

affinity of the IFNs for the receptor also varies. IFN-β has a 20 to 30-fold higher affinity for the 

IFNAR1 and IFNAR2 subunits and a slower dissociation rate than IFN-α subtypes that 

demonstrate different affinities to the IFNAR subunits. This results in prolonged effects of IFN-β 

and is associated with a reduction of ubiquitin-specific protease-18 (USP18)-mediated negative 

feedback regulation of IFN signaling (304,305). The binding affinity also strongly correlates with 

the antiproliferative activity of these IFNs on immune cells, which is regulated by the expression 

of the IFNAR  (305–308).  

Studies in mouse fibroblasts demonstrate a hierarchical production of IFN-α and IFN-β 

(309,310). Low circulating levels of IFN-β are detected in non-inflammatory states; in influenza 

A virus infection, these low circulating levels prime the immune cells leading to a more rapid 

immune response early in infection (311,312). In a mouse model of HSV-2, the production of type 

I IFNs was observed in two waves with IFN-β produced first post-infection, binding to IFNAR 

and inducing the second wave of both IFN-α and IFN-β (313,314). Therefore, IFN-β regulates the 

type I IFN signaling pathway and the subsequent production of IFN-α (309,311). In vitro studies 

using cell lines have also demonstrated the preferential induction of type I IFNs by IFN regulatory 

factors (IRFs). All cell types constitutively express IRF3, which preferentially activates the IFN-

A1 and IFN-B genes. In contrast, IRF7, induced through the IFN signaling pathways and encoded 

by an ISG, activates several IFN-A genes. Furthermore, since IRF3 is constitutively expressed, the 

induction of IFN-β following PRR activation occurs earlier than that of IFN-α (315). 

1.3.2 Type I IFN induction in M. tuberculosis infection 

M. tuberculosis is an intracellular bacterium that localizes within the phagolysosome of 

phagocytic cells. Like other intracellular pathogens such as Listeria monocytogenes that also 
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occupy an intracellular vacuole (316), this location provides a niche within which the bacteria 

evades the immune system and its effectors, enabling bacterial survival and replication (317,318). 

In vitro studies of L. monocytogenes infection of primary bone-marrow-derived macrophages 

observed that the presence of bacterial products in the cytosol induced type I IFNs production 

(317). Similarly, bacterial translocation into the cytosol was also observed in M. tuberculosis-

infected human monocyte-derived DCs and macrophages and murine macrophages; only a 

proportion of the bacilli get translocated to the cytosol in macrophages, with most remaining within 

the phagolysosome (43,319). Studies on murine macrophages show that the TLR2-MyD88 

signaling pathway confines the bacilli inside the phagolysosome. Therefore, bacillary interference 

with this signaling pathway allows for its translocation to the cytosol (319). 

Translocation is dependent on ESAT-6 and CFP-10, proteins that play a role in the 

virulence of this pathogen and are essential for its release from infected cells and spread to adjacent 

cells (320). Virulent M. tuberculosis strains also possess an active type VII secretion system, ESX-

1 secretion system, through which the bacterial proteins ESAT-6 and CFP-10 get secreted. Two 

potential theories have been proposed in driving M. tuberculosis translocation: 1) ESAT-6 secreted 

through the ESX-1 secretion system has pore-forming activity and causes lysis of the phagosome 

membrane leading to translocation (321), and 2) ESX-1 mediates cell lysis by causing membrane 

disruptions at points of contact with the bacteria allowing for the translocation of the bacterial 

products of the phagosome to the cytoplasm (41,142,322). Both ESX-1-dependent and -

independent mechanisms of type I IFN induction have been described. Induction of IFN-β requires 

a functional ESX-1 secretion system and M. tuberculosis translocation (41–43,319,323). However, 

the full extent of the importance of ESX-1 in the induction of IFN-α/β production is not fully 

understood. The M. bovis BCG strain, although it does not possess the ESX-1, also induces type I 

IFN, albeit to a lesser extent than that by virulent strains of M. tuberculosis (324).  

M. tuberculosis is also known to passively induce IFN-α/β production independent of ESX-

1 through secretion of type I IFN-inducing molecules. These include double-stranded DNA 

(dsDNA) and cyclic-di-AMP (c-di-AMP), a second messenger (324) recognized by cytosolic 

PRRs such as cyclic GMP-AMP synthase (cGAS) (143) and AIM2 (325), resulting in activation 

of STING which complexes with the TANK (TRAF-associated NFκB activator) -binding kinase 

(TBK-1) (142,144). The complex formed is involved in the activation of IRF3 and IRF5, resulting 
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in the production of IFN-β in both humans (326) and mice (327,328). Some of the PRRs that 

interact with M. tuberculosis – endosomal TLR4, TLR7, and TLR9, result in the production of 

IFN-α and IFN-β (Figure 6). The IFN-α/β then acts through several signaling pathways to produce 

their downstream effector molecules, the ISGs, as described in section 1.3.3. 

 

 

Figure 6. Induction of IFN-α and IFN-β production in M. tuberculosis infection. 

M. tuberculosis bacilli bind to cell surface receptors- complement receptors (CR), mannose receptors (MR), and 

scavenger receptors (SR) - and are phagocytosed into the cell.  Pathogen-associated molecular patterns (PAMPs) bind 

to and activate surface TLR4 and endosomal TLR7 and TLR9. Internalized endosomal TLR4, and both endosomal 

TLRs (TLR7 and TLR9) signal through IRF3 and IRF7 respectively, with the production of IFN-β and IFN-α, 

respectively (138). Created with BioRender.com 
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1.3.3 IFN-α/β signaling and ISG production 

The canonical pathway of IFN-α/β signaling signals through the IFNAR, a heterodimeric 

structure consisting of the transmembrane proteins IFNAR1 and IFNAR2, surface receptors, 

expressed on all nucleated cells, that are associated with tyrosine kinase 2 (TYK2) and Janus kinase 

1 (JAK1), respectively, on their cytoplasmic part (282) (Figure 7). The binding of IFN-α/β to the 

cognate receptor causes transphosphorylation of the kinases resulting in phosphorylation of 

conserved tyrosine residues located in the receptor's cytoplasmic tails. The Signal Transducer and 

Activator of Transcription 1 (STAT1) and STAT2 molecules attach to these residues, get 

phosphorylated by the JAK1 and TYK2 and dimerize. The resulting STAT1-STAT2 dimer 

trimerizes with IRF9 to form the IFN-stimulated gene factor 3 (ISGF3), a transcription factor 

complex. The complex translocates into the nucleus, where it binds to the IFN-stimulated response 

elements (ISRE) in the ISG promoter leading to ISG transcription, the effector molecules of IFNs 

(282,329).  
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Figure 7. The type I interferon signaling pathway. 

The binding of interferon-α/β (IFN-α/β) to the IFN-α receptor (IFNAR) activates the kinases, Janus kinase 1 (JAK1) 

and tyrosine kinase 2 (TYK2). The activation recruits the signal transducer and activator of transcription (STAT) 

molecules that get phosphorylated by the kinases and dimerize. STAT1-STAT2 dimer trimerizes with IFN regulatory 

factor 9 (IRF9) to form the IFN-stimulated gene factor 3 (ISF3) which is translocated into the nucleus. The complex 

binds the IFN-stimulated response elements (ISRE), resulting in IFN-stimulated gene (ISG) transcription. STAT1 

homodimers are also translocated into the nucleus and bind to gamma-activated sequences with transcription of ISGs. 

The suppressor of cytokine signaling proteins (SOCS1 and SOCS3) and the Ubiquitin Specific Peptidase 18 (USP18), 

an ISG, inhibit the type I IF signaling pathway (329–331). Created with BioRender.com 

 

IFN-α/β can also induce ISG transcription through other pathways, such as through interaction 

with STAT3, STAT4, and STAT5, or through activation of the phosphoinositide 3-kinase (PI3K)-

mammalian target of rapamycin (mTOR), and the multiple mitogen-activated protein kinase 

(MAPK) pathways (329). IFN-α/β signaling through these diverse pathways results in the 

transcription of ISGs and genes that encode cytokines, chemokines, and pro-apoptotic and anti-

apoptotic molecules (329). 

The simple description of an ISG is a gene whose expression is induced in type I, II, or III 

IFN responses (332). However, not all ISGs fit into this simple definition. Some ISGs are 

constitutively expressed at low levels prior to induction of the IFN signaling pathway, but their 

expression is enhanced once IFN signaling commences; some are only induced by IFN responses; 

and some are induced in the absence of IFN signaling through IRFs (IRF1, IRF3, and IRF7) 

activation downstream of PAMP-PRR signaling (332–334). Some of the IRFs are also IFN-

inducible.  

In viral infections, the production and signaling of IFN-α/β result in the activation of ISGs, 

driving an antiviral response both in the infected cells and neighboring uninfected cells, limiting 

the spread of infection (335). Besides this well-established effect of IFN-α/β, these cytokines cause 

a broader range of effects determined by the specific pathogen and the pathways activated 

downstream of the IFNAR. Furthermore, the activated pathways regulate the specific ISG 

responses through alternate ISG activation or suppression (298). Therefore, the specific ISG 

response may influence infection and lead to either protective or detrimental effects on the host. 
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1.3.3.1 IFN-α/β in viral infections 

IFN-α/β demonstrate the ability to ‘interfere’ with viral replication and induce an antiviral 

state in cells neighboring infected cells mainly through the induction of IFN-stimulated genes 

(ISGs), a group of antiviral factors ultimately leading to a reduction in the spread of infection 

(335). The importance of IFN-α/β in host-mediated cellular protection against viral infections is 

demonstrated by the various strategies employed by viruses to circumvent its effects by targeting 

either IFN-α/β production or its signaling (336). Although the mechanisms of ISGs in limiting 

viral infections are not fully understood and vary between viruses, they have been shown to act at 

several stages in the viral life cycle. For example, the IFN-induced transmembrane (IFITM) protein 

members either block viral entry or interfere with the endocytosis-fusion stage; the myxoma 

resistance proteins, Mx1 and Mx2, block transcription and replication; and the FN-induced protein 

with tetratricopeptide repeats (IFIT) family inhibits viral translation [reviewed in (334,335)]. 

Human and murine studies have described various immunomodulatory mechanisms of action of 

IFN-α/β in viral infections. These include activation of immature DCs, increased expression of 

MHC molecules and co-stimulatory molecules, trafficking of DCs to local lymph nodes and 

subsequent activation of T cells, among other mechanisms (298). IFN-α/β also show detrimental 

effects in viral infections by causing tissue damage through induction of inflammation and IL-10 

and other immunosuppressive molecules, leading to disease exacerbation and viral persistence 

(337–340). 

1.3.3.2 IFN-α/β in bacterial infections 

In bacterial infections, the role of IFN-α/β varies with species and appears to be protective 

in infection with extracellular bacteria but detrimental in infections with intracellular bacteria 

(295,298). In vitro studies on mouse macrophages infected with extracellular bacteria, including 

Group B Streptococci (GBS), Streptococcus pneumoniae, and Escherichia coli, demonstrate the 

protective role of IFN-α/β in extracellular bacteria (341–343). In vitro cellular models of 

intracellular bacterial infections treated with IFN-α/β inhibited the replication of Chlamydia 

species, Shigella species, and Legionella pneumophila (343–347). In contrast, IFN-α/β inhibits 

host resistance to other intracellular bacteria such as Francisella tularensis, Listeria 

monocytogenes, and Mycobacteria tuberculosis with detrimental effects (299,343,348). 
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In summary, IFN-α/β show both protective and detrimental effects in infection with 

microbes. The mechanisms vary with the species of the pathogens. However, there is a paucity of 

studies on humans; hence, it is unclear how these findings translate to human disease. 

 

1.3.4 Regulation of the type I interferon response 

Regulation of type I IFN signaling involves various mechanisms (329) (Figure 3). Basal 

low-level type I IFN signaling in the absence of infection maintains the expression of components 

of the signaling pathway in cells. This constitutive expression of low IFN levels enables rapid 

response to low levels of the IFN in early infection (349). Factors that induce the expression of 

STAT1 and IRF9 also enhance type I IFN signaling. These include type I IFNs in a positive 

feedback mechanism, IFN-γ, TNF, and IL-6. In early infection, low-level type I IFNs, through 

STAT1 induction, lead to macrophage priming, increasing cellular response to these IFNs, and 

promoting their pro-inflammatory and antimicrobial roles (329). However, suppression of this 

signaling is necessary to prevent the persistent type I IFN signaling either due to its detrimental 

effect or after the infection resolution. Mechanisms that suppress type I IFN signaling include 1) 

downregulation of IFNAR expression on cell surfaces –receptor degradation by viruses and tumor 

cells as an evasion tactic; IFNAR internalization; and dephosphorylation of signaling 

intermediates; 2) induction of negative regulators such as suppressor of cytokine signaling (SOCS) 

proteins (SOCS1 and SOCS3), which competes with STAT1 for its binding site on IFNAR; and 

Ubiquitin Specific Peptidase 18 (USP18), which displaces JAK from its binding site on IFNAR; 

and 3) MicroRNA induction: for example, miR-146a negatively regulates STAT1 expression on 

Th1 cells (350); Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6), Interleukin 

1 Receptor Associated Kinase 1 (IRAK1) and IRAK2 on macrophages (351). 

 

1.3.5 Effects of the type I interferons in M. tuberculosis infection 

Transcriptional profiling studies have revealed an overrepresentation of genes induced by 

type I and II IFNs, the IFN signature, in the blood of ATB patients suggesting a possible role in 

the pathogenesis of TB (26,189,233,352–354). The IFN signature observed in ATB correlates with 

disease severity and diminishes with treatment (189,355,356). More recently, an RNA signature 
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described among individuals with LTBI was predictive of the risk of developing ATB or 

reactivation (357). An IFN response was also over-represented in this signature, supporting a 

previous finding by Berry and colleagues that a proportion of patients with LTBI had a signature 

similar to that of ATB patients (189,357).  

Type I IFNs appear to enhance susceptibility to M. tuberculosis infection and subsequent 

development of active disease (358,359). For instance, murine studies demonstrate that infection 

with the hypervirulent HN878strain induces higher levels of IFN-α mRNA, positively correlating 

with virulence and the ability of M. tuberculosis to induce a type I IFN response (33). A similar 

correlation was observed in infections with Staphylococcus aureus, a facultative intracellular 

bacterium (360).  

Intranasal administration of exogenous type I IFNs was associated with a lower bacterial 

burden in M. tuberculosis-infected IFNAR-deficient mice than in wild-type mice that showed 

increased bacterial burden and reduced survival (26). Moreover, mice treated with type I IFN 

inducers also showed an increased bacterial burden with exacerbated lung pathology (353). Wild-

type mice infected with M. africanum, part of the MTBC, resulted in a higher bacterial burden, 

increased severity of inflammation and reduced survival compared to infected IFNAR -/- mice 

(361). These findings suggest a similar pathogenic role for the IFNs in mycobacterial species. 

However, murine studies also demonstrate that type I IFNs in early M. tuberculosis infection play 

a potential protective role (167).  The studies demonstrated that both type I IFNs and IFN-γ are 

required in equal concentrations in the lungs for the synergistic activity that induces optimal 

immune responses during the innate immune phase of M. tuberculosis infection. These findings 

support the concurrent increase in type I and II IFN-inducible genes observed in TB (189). The 

balanced concentrations drive the recruitment, differentiation, and survival of DCs and 

macrophages within the lungs. Thus, increased target cells promote cellular M. tuberculosis 

infection and lower bacterial load in the lungs. However, murine studies also revealed a dual role 

for type I IFNs, demonstrating pro-inflammatory and anti-inflammatory properties in TB, roles 

that appeared to be influenced by IFN-γ (167). In the absence of IFN-γ, type I IFNs appear to play 

a protective role in M. tuberculosis infection in mice, a characteristic that was also observed in a 

patient with M. avium infection (167,362). In contrast, in high IFN-γ concentrations, type I IFNs 

switch to an anti-inflammatory role, evidenced by a decrease in recruitment, differentiation, and 
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survival of myeloid cell subsets (167). This switch in roles suggests that the balance between 

induction of type I and type II IFN signaling pathways may consequently be an essential 

component in determining the outcome of LTBI but has not been established in human TB. 

The protective role of type I IFNs also depends on the TLR activated, with most M. 

tuberculosis strains activating TLR2, but some strains, particularly hypervirulent strains, activate 

TLR4 (363). M. tuberculosis-induced activation of TLR4 drives type I IFN production, as shown 

in Figure 4. Type I IFN production suppresses arginase 1 (Arg1) gene expression and protein 

activity in M. tuberculosis-infected mice and bone-marrow-derived macrophages in the absence 

of IFN-γ, driving macrophage polarization to the protective classically activated or M1 phenotype 

(166). The induction of type I IFN production in a murine model of M. tuberculosis infection 

resulted in the production of chemokine (C-C motif) ligand 2 (CCL2) and C-C chemokine receptor 

type 2 (CCR2). The chemokines caused the recruitment of monocytes permissive to M. 

tuberculosis infection to the inflammation site in the lungs, exacerbating infection (353).   

The onset of the adaptive immune response leads to increased production of IFN-γ by 

CD4+ and CD8+ T cells; IFN-γ then becomes the primary regulator of T cell recruitment, antigen 

presenting cell (APC) activation, and controlling growth of M. tuberculosis. In this phase, type I 

IFNs limit the abundance of myeloid DCs and macrophages in the lungs reducing the number of 

target cells (167). 

Various other mechanisms by which type I IFNs are involved in TB pathogenesis are 

shown in Figure 7(298,364). In mice infected with M. tuberculosis strain HN878, type I IFNs 

suppressed the Th1 response with reduced activity of IFN-γ and TNF-α; they also observed 

reduced IL-6, IL-12, and IL-10. In contrast, treatment of M. tuberculosis-infected macrophages 

with IFN-β enhances the production of IL-10; this treatment inhibited IL-12 and TNF-α production 

and impaired the responsiveness of IFN-γ receptor to IFN-γ, thereby blocking the activation of 

macrophages by Th1 cells (365). However, a study of a murine model of M. tuberculosis observed 

an initial strong Th1 response with a rapid influx of IFN-γ-secreting CD4+ and CD8+ T cells into 

the lungs, followed by a decline in the Th1 response as IL-10-secreting CD4+ T cells increased in 

the lungs (354). An increase in type I IFN levels was also shown to suppress IL-12p40 expression 

and reduce IL-12p70 production (366,367). IL-12p40 is required for activation of DCs and 
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migration to the lymph nodes, while IL-12p70 induces the Th1 response (251,256,368). Inhibition 

of these protective cytokines, IL-12, IFN-γ, and TNF-α, could reactivate latent infection (369).  

The interaction between type I IFN, IL-1, and eicosanoids and the role of this interaction 

in controlling the intracellular growth of M. tuberculosis has also previously been described (370). 

IL-1 plays a role in the development of host resistance against M. tuberculosis. The interleukin 

also induces the production of eicosanoids which control the production of IFN-α/β, resulting in 

the containment of bacterial growth (371). LTBI is characterized by a prostaglandin E2-mediated 

balance between IL-1 and type I IFNs that is crucial in preventing the uncontrolled inflammation 

associated with pathology in ATB. In ATB, the imbalance in eicosanoid production tips the 

balance to favor type I IFNs with suppression of IL-1α and IL-1β responses mediated by IL-1 and 

IL-10 receptor agonist activity. Virulent M. tuberculosis strains also induce the production of IL-

1β, which is negatively regulated by type I IFNs (372). 
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Figure 8. Effects of type I IFNs in M. tuberculosis infection. 

1. Infection with M. tuberculosis induces the production of IFN-α/β. 2. IFN-α/β induces the production of IL-10, 

which,3. suppresses the production of the pro-inflammatory cytokines IL-12, TNF-α, IL-1α, and IL-1β, and inhibits 

the IFN-γ receptor. 4. IFN-α/β also directly suppresses the production of IL-12, TNF-α, IL-1α, and IL-1β, and inhibits 

IFNγR. 5. IFN-α/β also induces the production of IL-1RA, which inhibits the IL-1R. 6. IL-1α and IL-1β signal through 

IL-1R, inducing the production of prostaglandin E2, which suppresses the production of IFN-α/β (298,373). Created 

with BioRender.com 

 

In summary, IFN-α/β involvement in the pathogenesis of M. tuberculosis infection results 

from its interaction with previously described immune responses, both cellular and cytokine. These 

interactions determine whether the downstream effects of the IFN-α/β are protective or 

detrimental. The functions of IFN-α/β are achieved through IFN-inducible transcripts, the ISGs, 

which are produced downstream of the IFNAR in response to IFN-α/β signaling.  

 

1.4 Transcriptional profiling in TB 

The transcriptome is the entire collection of RNA transcripts expressed by a tissue or cell 

in a given timeframe and includes coding RNA and non-coding RNA. Transcriptional or gene 

expression profiling assesses mRNA expression levels or a transcript profile in a cell population 

at a given time. Techniques used for transcriptional profiling include RT-qPCR, RNA-Seq, 

microarray technology, and tag-based technology. More recently, studies assessing the use of host 

transcriptomics in the diagnosis of TB aim to identify specific transcripts or transcriptional 

signatures that discriminate M. tuberculosis infection states (106,374). A number of these studies 

have defined a signature enriched for genes downstream of the type I IFN signaling pathway in 

ATB that show potential to 1) discriminate M. tuberculosis-infected from the uninfected and ATB 

from LTBI or other diseases, 2) identify those at risk of LTBI reactivation to ATB, and 3) for 

treatment monitoring (189,352,356,357,375–377). 

Assessment of genome-wide transcriptional profiles in whole blood from 54 individuals 

with ATB (culture positive), 69 with LTBI (positive TST and/ or QFT), and 24 healthy controls 

(TST and QFT negative) recruited from South Africa and the UK (189) revealed a 393-transcript 

signature in ATB patients with enrichment of genes in type I and II IFN signaling pathways. 

Correlation of disease severity with overrepresentation of type I IFN-inducible genes was 
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observed. Some genes in the transcript signature were overexpressed in neutrophils from ATB 

patients than in healthy controls suggesting that neutrophils were driving the transcriptional 

signature.  

A genome-wide transcriptional profiling study in Indonesia assessed PBMCs from 23 new 

HIV-negative PTB patients and 23 healthy controls recruited from a longitudinal cohort at three 

timepoints - week 0 (pre-treatment stage), week 8 (treatment stage), and week 28 (convalescent 

stage) (352). The study also assessed the transcriptional profile in a human macrophage cell line, 

BCG-infected THP-1, and a mouse model of acute TB. Biological processes common to the three 

study models included immunity and defense, and IFN-mediated immunity. Three IFN-α pathway 

genes–GBP4, IL15RA and UBE2L6- were upregulated in the three models while IFN-γ was 

downregulated; the expression of the genes normalized with treatment. 

A pre-and post-TB treatment study recruited 29 ATB cases and 38 controls (LTBI with 

positive QFT result) from South Africa and 8 ATB cases from the UK (356). ATB cases were 

sampled at different timepoints – week 0 (pre-treatment), week 2, week 8, week 16, and week 24. 

Whole blood was processed through RNASeq. This study also described the overrepresentation of 

genes in type I and II IFN signaling pathways in ATB, with significant changes in the 

transcriptional response observed two weeks after commencement of treatment.  

A study from multiple European facilities compared the transcriptional profile in whole 

blood and leukocytes from patients with PTB or active sarcoidosis to healthy controls and patients 

with primary lung cancer and community-acquired pneumonia. Pre-and post-treatment samples 

revealed the overexpression of genes enriched for IFN signaling and immune responses (375).  

A study from Singapore compared transcriptional profiles from 5 healthy controls (no 

recent history of exposure, no ATB), 26 household contacts (contact with smear-positive TB 

cases), and 14 ATB cases and identified a 186-gene exposure signature for recent TB exposure 

(376). Biological processes for these genes included the type I IFN signaling pathway, 

inflammatory response, and neutrophil-mediated immune responses. In addition, the exposure 

signature included genes previously identified for LTBI (SOCS3, DUSP2, OSM) (378), incipient 

TB in individuals with LTBI (ANKRD22, SCARF1, BATF2 and SERPING1) (357), and incipient 

TB in individuals with a history of exposure to an ATB case (SCARF1, and BATF2) (379). 
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A longitudinal study from India evaluated the transcriptional profile of 30 healthy controls, 

30 ATB (TB), 30 diabetic patients (DM) and 30 diabetic patients with ATB (TBDM) in India and 

identified genes involved in type I and II IFN responses in TB patients (380).  

The detection of transcript signatures enriched for type I IFNs signaling in ATB suggests 

that type I IFNs levels are elevated in TB. For instance, a study on ATB patients from India found 

higher expression of IFN-α mRNA in peripheral blood than IFN-β and IFN-γ (381). However, a 

study from South Africa found undetectable plasma IFN-β levels and low plasma IFN-α levels 

(below 100 fg/mL) with no differences between individuals with LTBI and ATB patients (382). 

These findings contrast findings from similar studies with influenza virus where serum or plasma 

levels of IFN-α protein are elevated alongside the ISG signatures (382,383).  

These studies show that induction of type I IFN-inducible genes is observed in whole blood 

and PBMCs from TB patients without stimulation. In contrast, type I IFN-inducible genes are not 

predominant following stimulation with M. tuberculosis-specific antigens, which appears to 

diminish these responses (384,385). Although type I IFN-inducible genes have been identified in 

multiple studies, the individual genes in the IFN signatures appear to vary between studies. 

Moreover, these responses have not been evaluated to determine the responses of individual genes 

and their behavior in the different clinical phenotypes of M. tuberculosis infection with or without 

M. tuberculosis antigen-specific stimulation. 

 

1.5 Rationale 

More than 150 years after M. tuberculosis was identified as the causative agent of TB, 

currently infecting a quarter of the world’s population, causing more than 10 million active disease 

cases and more than one million deaths annually, the human host immune response is still 

incompletely understood. Although various components of the immune system are described, the 

more recent discovery of a role for type I IFNs in TB pathogenesis presents a new dimension in 

this host immune response. 

Studies on unstimulated ex-vivo whole blood or PBMCs from both human ATB patients 

and mouse-models of M. tuberculosis infection reveal the dominance of genes linked to the type I 

IFN pathway, the type I IFN signature (189,352,386–389). The genes showed higher expression 
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in ATB than in LTBI or controls in these studies. However, in PBMCs stimulated with ESAT-6 

or CFP-10 (384) or PPD (385), the stimulation appears to diminish the overrepresentation of genes 

in the type I IFN pathway; the IFN signature is not predominant. It, therefore, remains unclear 

what drives or induces the higher expression of the genes in the IFN signature in ATB. 

Knowledge of these drivers would inform the development of tools for identifying individuals at 

risk of disease progression for targeted preventive therapy and new treatment options to improve 

LTBI prevention treatment. 

The similarity in gene expression responses to IFN-α and IFN-β stimulation has been 

observed in PBMCs from healthy individuals (390). However, the responses to these IFNs, both 

their effect on gene expression and cytokine responses, have not been elucidated in M. tuberculosis 

infection. With the application of IFN-α and IFN-β as therapeutic agents in various clinical 

conditions, including chronic hepatitis, cancers and multiple sclerosis (391–394), and reports of 

therapy with IFN-α causing LTBI reactivation (395), it is crucial to address the effect of IFN-α 

and IFN-β on the immune responses in M. tuberculosis infection and understand how each IFN 

subtype contributes to maintaining or possibly promoting disease pathology or reactivation.  

 

1.6 Hypotheses and objectives 

The central hypothesis of this thesis is IFN-α- and/or IFN-β-driven transcriptomic 

signatures and cytokine responses can distinguish clinical TB states 

Three objectives were proposed to test this hypothesis: 

1. To explore the expression of selected interferon-stimulated genes in unstimulated, IFN-α 

or IFNβ-, or M. tuberculosis whole cell lysate (WCL)-stimulation of PBMCs in clinical 

phenotypes of M. tuberculosis infection. 

Sub-hypotheses:  

Compared to LTBI, ISG expression in ATB is higher following IFN-α/β stimulation 

and lower following Mtb WCL stimulation and expression does not differ between 

IFN-α and IFN-β 
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2. To quantify cytokine response profiles to IFN-α or IFNβ-, and M. tuberculosis whole cell 

lysate (WCL)-stimulation of PBMCs in clinical phenotypes of M. tuberculosis infection. 

Sub-hypotheses: 

Compared to LTBI, pro-inflammatory cytokine responses in ATB are suppressed by 

IFN-α/β and increased by Mtb WCL stimulation and do not differ between IFN-αand 

IFN-β 

3. To evaluate the relationship between gene expression levels and cytokine expression levels 

in M. tuberculosis infection to determine whether there are associations between cytokine 

expression and gene expression levels in specific TB infection states. 

Sub-hypothesis: There is an association between gene expression levels and cytokine 

expression levels in TB infection states. 

To characterize type I IFN responses in M. tuberculosis infection, this thesis assessed the 

responses of selected ISGs to stimulation with IFN-α, IFN-β, and M. tuberculosis whole cell lysate 

in PBMCs from healthy controls (HC), TST reactive (TST), LTBI, and ATB patients. In addition, 

Gene expression analysis was conducted in parallel with cytokine responses to assess the effect of 

IFN-α and IFN-β on the immune response. The findings from this thesis will add to our 

understanding of the role of IFN signaling and dichotomous IFN-α/ IFN-β responses in patients 

with TB to determine whether there are specific signatures associated with ATB and LTBI profiles. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Study participants 

Study participants were recruited from several clinics within the Health Sciences Centre in 

Winnipeg, Manitoba, Canada, between 2013 and 2017. PBMCs were isolated from heparinized 

whole blood collected from each participant and cryopreserved. Each participant was also 

subjected to a QFT test to identify LTBI cases. Using this available PBMC catalogue, we selected 

cryopreserved PBMCs from HIV-negative participants for this thesis research, excluding 

individuals identified with diabetes, end-stage renal disease (ESRD), post-transplantation, or 

undergoing treatment with immunosuppressive agents. All participants were 18+ years. 

2.1.1 Study participants for optimization experiments 

Blood samples for optimization experiments were obtained from volunteers at the JC Wilt 

Infectious Diseases Research Centre in Winnipeg, Manitoba, Canada 

2.2 Case definitions 

Healthy controls (HC): individuals with no clinical, radiological, or laboratory evidence of ATB, 

TST- and QFT-negative. 

Latent TB (LTBI): individuals with no clinical signs and symptoms of ATB but were QFT-

positive.  

Tuberculin skin test-reactive (TST): QFT-negative individuals who had previously been TST-

positive as indicated by historical chart confirmation, not a recent test. For the analysis, these 

participants were classified as TST “reactive” (TST-positive, QFT-negative). 

Active TB (ATB): patients with microbiologically confirmed presence of M. tuberculosis by 

microscopy or culture and additional clinical or radiological evidence of active disease. 

2.3 Ethics statement 

The University of Manitoba Health Research Ethics Board approved this study [Protocol #s: 

HS11849 (H2008:300) and HS11850 (H2008:301)]. 
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2.4 General reagents 

2.4.1 Stimulants 

Three stimulants were used in these experiments: 

• Mycobacterium tuberculosis whole cell lysate (Mtb WCL) (strain H37Rv) (BEI Resources, 

NIAID) at a concentration of 50µg/ml. The lysate contains proteins, lipids and 

carbohydrates present within the bacterial cell.  

• Recombinant human IFN-α2a (PBL Assay Science) at a concentration of 500IU/ml was 

combined with recombinant human IFN-α2b (PBL Assay Science) at a concentration of 

500IU/ml. According to the manufacturer’s insert, IFN-α2a and IFN-α 2b were sourced 

from human leukocyte interferon cDNA expressed in Escherichia coli, had >95% purity, 

and endotoxin levels <1 endotoxin unit/μg. 

• Recombinant human IFN-β (PeproTech) at a concentration of 10ng/µl. According to the 

manufacturer’s insert, IFN-β was sourced from CHO cells, had >95% purity, and endotoxin 

levels <1 endotoxin unit/μg.   

2.4.2 Media and buffers 

R10 culture media was prepared using RPMI 1640 supplemented with 2% of 100x 

Penicillin/Streptomycin solution and 10% heat-inactivated fetal bovine serum (FBS) (all from 

Gibco Life Technologies, Thermo Fisher Scientific, Ontario, Canada) 

Phosphate buffered saline (PBS) solution, pH 7.4, with 2% heat-inactivated fetal bovine serum 

(FBS) 

Freezing media was prepared using 10% Dimethyl sulphoxide (DMSO) and 90% heat-inactivated 

fetal bovine serum (FBS) (Sigma-Aldrich, St Louis-USA) 

2.4.3 RNA processing reagents and kits 

RNeasy Plus Mini kit® (Qiagen) was used for RNA extraction from cultured PBMCs according 

to the manufacturer’s instructions. The kit contents include Buffer RLT Plus, Buffer RW1, Buffer 

RPE, gDNA eliminator spin columns, RNeasy Mini spin columns, and collection tubes. 
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RNA concentration kits: RNA concentration was done using GeneJET RNA cleanup and 

concentration micro kit (Thermo Fisher ScientificTM) according to manufacturer’s instructions. 

SuperScriptTM VILOTM cDNA synthesis kit (Thermo Fisher Scientific®) was used for reverse 

transcription. The kit contains 10X SuperScriptTM enzyme mix, and 5X VILOTM reaction mix. 

TaqMan OpenArray Real-Time PCR plates, TaqMan OpenArray Real-Time PCR Master mix 

(Thermo Fisher ScientificTM) were used for quantitative PCR run on the QuantStudio platform. 

Diethyl pyrocarbonate (DEPC)-treated water that is nuclease-free. 

2.4.4 Milliplex assay reagents and kits 

MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel - 33 Plex (HCYTOMAG-

60K- 33, Human Cytokine MAGNETIC Kit, EMD-Millipore, USA) 

 

2.5 Sample processing 

2.5.1  PBMC isolation and thawing 

2.5.1.1 PBMC isolation and storage 

Using the Ficoll-Histopaque density centrifugation technique, PBMCs were isolated from 

30ml of heparinized whole blood obtained from three volunteer blood donors. Briefly, whole blood 

was centrifuged at 1500 rpm for 7 minutes to separate the plasma, which was then aspirated and 

stored. The blood was then diluted with sterile PBS with 2% FBS in a 1:1 volume ratio and mixed 

with a pipette. The blood-PBS mixture was carefully layered on Lymphoprep (StemCell 

Technologies, Vancouver, Canada), a density gradient medium and centrifuged at 1600 rpm for 

10 minutes to separate the PBMCs. PBMCs were collected from the interface using a pipette into 

a fresh tube, washed twice with PBS containing 2% FBS, and resuspended in R10 media. Cell 

counting and viability testing were performed using Trypan Blue (Sigma-Aldrich, St. Louis, USA) 

and a haemocytometer (Neubauer-Neutec, California, USA). For freezing, 1 x 107 cells were 

resuspended in 1ml of freezing media in a vial. The vials were then placed into Mr. FrostyTM 

containers (Thermo Fisher Scientific, USA) filled with 100% isopropyl alcohol and frozen to -

80°C. The PBMCs were kept at -80°C overnight and then transferred to liquid nitrogen tanks for 
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long-term storage. Mr. FrostyTM containers cool at a rate of approximately -1°C/minute, which has 

been found to be an optimum rate for preserving cells and successful recovery of cells (396) 

2.5.1.2 Thawing of PBMCs 

1 x 107 PBMCs was used for each participant. PBMC vials from liquid nitrogen were 

placed on dry ice and thawed in a water bath at 37°C, one tube at a time, for about 30 seconds to 

thaw the cells. Thawed cells were immediately transferred into 10ml R10 media in a 15ml conical 

tube using a transfer pipette. Cells were washed twice by centrifuging at 1200 rpm for 8 minutes 

with media, decanted, and the pellet re-suspended in 3ml R10 media. Cell viability testing was 

done using Trypan Blue viability testing technique. Cells were counted in 50 µl of the suspension 

in a haemocytometer, and only samples with >80% viability were processed further. Cells were 

made up to a concentration of approximately 2 million cells per ml and then rested for one hour at 

37°C in 5% CO2 prior to stimulation.  

2.5.2 PBMC culture  

The concentrations of IFN-α and IFN-β used to stimulate PBMCs were determined in 

optimization experiments. PBMCs from healthy donors were each tested at three different 

concentrations used for each stimulant, as outlined in Table 1. 

 

Table 1. Stimulation concentrations for optimization experiments 

Stimulant  Concentration 

IFN-α* 100 U/ml 500 U/ml 1000 U/ml 

IFN-β 1 ng/ml 10 ng/ml 50 ng/ml 

* For IFNα, half the concentration was used for each isoform (IFNα2 and IFNαA) 

 

Optimized quantities of 1000 U/ml of IFN-α and 10ng/ml of IFN-β were then used for 

PBMC stimulation experiments at 37°C in 5% CO2 for 4 hours for gene expression studies and 

overnight for cytokine assays. For IFN-α, recombinant human IFN-α2 (IFN-α2b) (500IU/ml) was 

mixed with recombinant human IFN-αA (IFN-α2a) (500IU/ml) for each sample. For IFN-β, 
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10ng/ml of recombinant human IFN-β was used for each sample. M. tuberculosis, strain H37Rv 

whole cell lysates. Previously optimized concentration of 50ug/ml M. tuberculosis strain H37Rv 

whole cell lysate was used for stimulation. This concentration was used because there is a quantity 

order restriction for the lysate to two per year. The PBMCs were then processed using RT-qPCR 

for the genes listed in Table 4. 

Time-course experiments were done at three different time points – 1 hour (T1), 4 hours 

(T4), and overnight (To/n) stimulation with 1000 U/ml of IFN-α and 10ng/ml of IFN-β. The PBMCs 

were then processed using RT-qPCR for the genes listed in Table 4. 

2.5.3 IFN-α, IFN-β, and M. tuberculosis whole-cell lysate stimulation of PBMCs 

Appropriately labelled polypropylene tubes and 24-well plates for unstimulated control, 

IFN-α-stimulated, IFN-β-stimulated or M. tuberculosis whole-cell lysate-stimulated were used for 

PBMC stimulation for PCR and cytokine analysis, respectively. The optimal amount of each 

stimulant was added into the appropriate tube or well containing 1 x 106 PBMCs in 500 µl, then 

mixed thoroughly by vortexing and incubated at 37°C in 5% CO2 for 4 hours for gene expression 

analysis and18 hours for cytokine/ chemokine assays. Identical samples were set up for each 

stimulation condition, one set of tubes for 4 hours for PCR experiments, and one set of 24-well 

plates stimulated overnight for cytokine/ chemokine assays. 

2.5.4 Gene expression studies 

Following the 4-hour incubation period, the PBMCs were counted before harvesting the 

cells. The contents of the polypropylene tubes were transferred into labelled Eppendorf tubes and 

then centrifuged at 300 x g for 5 minutes to pellet the cells. Transfer pipettes were used to remove 

the supernatant without touching the pellet. The pellet was washed twice with cold PBS 

centrifuging at 300 x g for 5 minutes and decanting the supernatant. The cell pellet was dislodged 

by flicking the tube, and 350µl of RLT Plus buffer with β-mercaptoethanol (β-ME) was added. 

The tube was vortexed for 30 seconds to homogenize the lysate, then stored at -80°C for future 

RNA extraction. 

2.5.4.1 RNA extraction, purification, and concentration 

2.5.4.1.1 RNA extraction 
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RNA extraction was done using RNeasy Plus Mini kit® (Qiagen) according to the 

manufacturer's instructions. Briefly, the lysed cell pellet was thawed at room temperature and then 

vortexed for 30 seconds. The homogenized cell lysate was transferred to a gDNA eliminator spin 

column placed in a collection tube and centrifuged at 8000 x g for 30 seconds. The column was 

discarded, and 350 µl of freshly prepared 70% ethanol was added to the flow-through. After 

pipetting to mix, 700 µl was transferred to a RNeasy spin column in a collection tube. The closed 

tube was centrifuged at 8000 x g for 15 seconds, and the flow-through was discarded. 700 µl of 

RW1 buffer was added, and centrifugation was repeated, followed by two washes using 500 µl of 

RPE buffer centrifuged for 15 seconds for the first wash and 2 minutes for the second wash. After 

decanting the RPE buffer, the spin column was centrifuged for one minute in a new collection tube 

at full speed to dry the column membrane. In a 1.5 ml collection tube, 40 µl RNase-free water was 

added to the column membrane, and the closed tube was centrifuged at 8000 x g for one minute. 

The RNA elute was then concentrated and purified. 

2.5.4.1.2 RNA concentration and purification 

The GeneJET RNA cleanup and concentration micro kit (Thermo Fisher ScientificTM) was 

used to concentrate and purify the RNA elute according to the manufacturer’s instructions. Briefly, 

the reaction mixture was adjusted to 200 µl with nuclease-free water and 100 µl binding buffer 

added and mixed. 300 µl of absolute ethanol was added and mixed. The mixture was transferred 

to the GeneJET RNA Purification Micro column in a collection tube and centrifuged at 14,000 x 

g for 60 seconds. The flow-through was discarded, 700 µl of wash buffer 1 was added to the 

column, and centrifugation was repeated. The process was repeated with 700 µl wash buffer 2. 

The flow-through was discarded, and the column was placed back into the tube and centrifuged at 

14,000 x g for 60 seconds. The column was transferred into a clean collection tube, 10 µl nuclease-

free water added and centrifuged at 14,000 x g for 60 seconds. RNA eluted was then quantified. 

2.5.4.1.3 RNA quantification 

RNA from each sample was quantified on the BioTek™ Take3™ Plate using Synergy™ 

H1 Hybrid Multi-Mode Microplate Reader. Samples with 260/280 values of ≈ 2.0 were processed 

further for RT-qPCR. 



54 

 

2.5.4.2 cDNA synthesis 

A total of 50ng RNA was used for cDNA synthesis using the SuperScriptTM VILOTM 

cDNA synthesis kit (Thermo Fisher Scientific®) as per the manufacturer’s instructions. For each 

tube, 4µl of 5X VILOTM reaction mix, 2µl 10X SuperScript enzyme mix, a volume equivalent to 

50ng extracted RNA, were added and topped up to a total of 20µl with Diethyl pyrocarbonate 

(DEPC)-treated water. Tube contents were mixed and incubated for 10 minutes at 25°C, then for 

60 minutes at 42°C, followed by 5 minutes at 85°C to terminate the reaction. The cDNA was stored 

at -80°C. 

2.5.4.3 RT-qPCR for optimization experiments 

The PCR was performed using the QuantiFast® SYBR® Green PCR Master Mix (Qiagen) 

kit per the manufacturer’s instructions. Each reaction mix contained 12.5µl of 2X QuantiFast 

SYBR Green PCR Master Mix, primers (at a final concentration of 1µM), 50ng cDNA, and 

RNAse-free water to make up a total volume of 25µl. The mixture was run on the LightCycler® 

96 system using cycling conditions outlined in Table 2. 

 

Table 2. PCR cycling conditions for IFN kinetics study. 

Step Temperature Time 

Initial heat activation 95°C 5 minutes 

2-step cycling: 

Denaturation 

Annealing/ extension 

Number of cycles 

 

95°C 

60°C 

40 

 

10 seconds 

30 seconds 

 

2.5.4.3.1 Genes selection for optimization of stimulation conditions 

RNA seq data from PBMCs stimulated with PPD previously assessed in our laboratory 

from two ATB patients and two healthy controls were used to identify responsive genes for 

optimizing the stimulation kinetics and ideal concentrations of IFN-α2 (IFN-α2b), IFN-αA (IFN-
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α2a), and IFN-β stimulation. From this data 15 differentially expressed genes were selected for the 

optimization experiments. The genes and their primer sequences are listed in Table 3. 

 

Table 3. Primer sequences of genes used for optimization experiments. 

Gene Primer sequence: Forward Primer sequence: Reverse 

ANKRD22 CCCCCTTTGAGTATTGAGCA  CACACTCACCGCTGACACTT  

BATF2 AGACCCCAAGGAGCAACA CTTTTTCCAGAGACTCGTGCT 

CCL8 AATGTCCCAAGGAAGCTGTG GGGAGGTTGGGGAAAATAAA 

CXCL9 ACTATCCACCTACAATCCTTGAAAGAC TCACATCTGCTGAATCTGGGTTTAG 

CXCL10 AGCAAGGAAAGGTCTAAAAGATCTCC GGCTTGACATATACTCCATGTAGGG 

CXCL11 TGCTACAGTTGTTCAAGGCTTCC GGTACATTATGGAGGCTTTCTCAATATC 

ETV7 AATGGGCTCGCCAGACTCT CAGGGCACGAGACATCTTCTC 

FCGR1A AAGCGCAGCCCTGAGTTG TGCCAGATAGAAAAGGACATGAAA 

IFIT3 TCCACACCAAACAATGGCTA TGTTGCTTTTCAGCATCAGG 

IFI44L GGTGGGTCCAGTTGGGTCTGGA GCACAGTCCTGCTCCTTCTGCC 

ISG15 AGCTCCATGTCGGTGTCAG GAAGGTCAGCCAGAACAGGT 

MSR1 TCCCACTGGAGAAGTGGTC CTCCCCGATCACCTTTAAGAC 

MX1 GGTGTCGACATACCGGAAGA CTCCTTGCATGAGAGCAGTG 

SECTM1 AGAGCGACCAAGAGGATGAA CCCATGTCAACATCAAGCTG 

SOCS1 TTTTCGCCCTTAGCGTGAAG CATCCAGGTGAAAGCGGC 
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2.5.4.4 PCR for clinical samples 

The QuantStudioTMOpenArray® system (ThermoFisher Scientific®) was used for PCR. 

Three of this system's four components were used: the TaqMan® OpenArray plate, the Accufill 

and the Real-time PCR instrument. Inventoried TaqMan® OpenArray Real-Time PCR plates 

(Thermo Fisher Scientific®) in the 56-plate format were used to test gene expression. The array 

plate contained gene primers and probes listed in Table 4 that included three reference genes- 18S 

ribosomal RNA (18S rRNA), β-actin (ACTB) and hypoxanthine phosphoribosyltransferase1 

(HPRT1). These genes comprised the 15 genes from the optimization panel compiled from our 

previous RNA Seq data from two ATB patients and two healthy controls, and an additional 38 

genes from some of the ISGs identified in other transcriptional profiling studies in TB 

(189,352,356,357,377,397–401). 
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Table 4. Candidate genes for RT-qPCR. 

Gene 

symbol 

Gene name Assay ID, Applied 

Biosystems 

ANKRD22 Ankyrin Repeat Domain 22 Hs00944018_m1 

APOL1 Apolipoprotein L1 Hs01066280_m1 

BATF2 Basic Leucine Zipper ATF-Like Transcription Factor 2 Hs00912737_m1 

CAMP Cathelicidin Antimicrobial Peptide Hs00189038_m1 

CCL8 C-C Motif Chemokine Ligand 8 Hs04187715_m1 

CXCL10 C-X-C Motif Chemokine Ligand 10 Hs00171042_m1 

CXCL11 C-X-C Motif Chemokine Ligand 11 Hs00171138_m1 

CXCL9 C-X-C Motif Chemokine Ligand 9 Hs00171065_m1 

ETV7 ETS Variant Transcription Factor 7 Hs00903229_m1 

FAM26F Family with Sequence Similarity 26 Member F Hs01383017_m1 

FCGR1A Fc Fragment of IgG Receptor Ia Hs00174081_m1 

FCGR1B Fc Fragment of IgG Receptor Ib Hs02341825_m1 

GBP1 Guanylate Binding Protein 1 Hs00977005_m1 

GBP2 Guanylate Binding Protein 2 Hs00894837_m1 

GBP4 Guanylate Binding Protein 4 Hs00925073_m1 

GBP5 Guanylate Binding Protein 5 Hs00369472_m1 

IFI35 Interferon Induced Protein 35 Hs00413458_m1 

IFI44 Interferon Induced Protein 44 Hs00197427_m1 

IFI44L Interferon Induced Protein 44 Like Hs00915292_m1 

IFIT1 Interferon Induced Protein with Tetratricopeptide 

Repeats 1 

Hs03027069_s1 

IFIT2 Interferon Induced Protein with Tetratricopeptide 

Repeats 2 

Hs01922738_s1 

IFIT3 Interferon Induced Protein with Tetratricopeptide 

Repeats 3 

Hs01922752_s1 

IFITM1 Interferon Induced Transmembrane Protein 1 Hs00705137_s1 

IFITM2 Interferon Induced Transmembrane Protein 2 Hs00829485_sH 
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Table 4: continued 

Gene 

symbol 

Gene name Assay ID, Applied 

Biosystems 

IFITM3 Interferon Induced Transmembrane Protein 3 Hs03057129_s1 

IL10 Interleukin 10 Hs00961622_m1 

IL12B Interleukin 12B Hs01011518_m1 

IL1A Interleukin 1 Alpha Hs00174092_m1 

IL1B Interleukin 1 Beta Hs01555410_m1 

IRF1 Interferon Regulatory Factor 1 Hs00971965_m1 

IRF7 Interferon Regulatory Factor 7 Hs01014809_g1 

IRF9 Interferon Regulatory Factor 9 Hs00196051_m1 

ISG15 ISG15 Ubiquitin Like Modifier Hs01921425_s1 

LAG3 Lymphocyte Activating 3 Hs00958444_g1 

MSR1 Macrophage Scavenger Receptor 1 Hs00234007_m1 

MX1 MX Dynamin-Like GTPase 1 Hs00895608_m1 

MX2 MX Dynamin-Like GTPase 2 Hs01550814_m1 

OAS1 2'-5'-Oligoadenylate Synthetase 1 Hs00973635_m1 

OAS3 2'-5'-Oligoadenylate Synthetase 3 Hs00196324_m1 

OASL 2'-5'-Oligoadenylate Synthetase Like Hs00984387_m1 

PSMB8 Proteasome Subunit Beta 8 Hs00544758_m1 

SCARF1 Scavenger Receptor Class F Member 1 Hs01092477_m1 

SECTM1 Secreted and Transmembrane 1 Hs00356334_m1 

SEPT4 Septin 4 Hs00365352_m1 

SERPING1 Serpin Family G Member 1 Hs00163781_m1 

SOCS1 Suppressor Of Cytokine Signaling 1 Hs00705164_s1 

SOCS3 Suppressor Of Cytokine Signaling 3 Hs02330328_s1 

STAT1 Signal Transducer and Activator of Transcription 1 Hs01013996_m1 

TAP1 Transporter 1, ATP Binding Cassette Subfamily B 

Member 

Hs00388675_m1 
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Table 4: continued 

Gene 

symbol 

Gene name Assay ID, Applied 

Biosystems 

TNFSF10 TNF Superfamily Member 10 Hs00921974_m1 

TRAFD1 TRAF-Type Zinc Finger Domain Containing 1 Hs00198630_m1 

UBE2L6 Ubiquitin Conjugating Enzyme E2 L6 Hs01125548_m1 

USP18 Ubiquitin Specific Peptidase 18 Hs00276441_m1 

ACTB Beta-actin Hs01060665_g1 

18S rRNA 18S ribosomal RNA Hs99999901_s1 

HPRT1 Hypoxanthine phosphoribosyltransferase 1 Hs02800695_m1 

 

The TaqMan OpenArray plates are high throughput PCR plates that use small volumes for 

PCR. The steel plates contain 48 subarrays in a 4 X 12 layout; each subarray has 8 X 8 through-

holes (wells) spotted with the primer and probe set, giving 3,072 through-holes per plate. Sample 

files for the 96-well plate were created in Excel and uploaded onto the OpenArray sample tracker 

software as comma-separated values (.csv) files, then mapped to the 384-well plate format. The 

.csv files were uploaded into the sample folder. For each well, 5.0 µl TaqMan OpenArray Master 

Mix was mixed with 2.6 µl of nuclease-free water and 2.4 µl cDNA, making a final volume of 

10.0 µl in each well. The mixture was centrifuged at 1000 rpm for one minute to remove bubbles. 

Next, 10.0 µl of the mixture was transferred to the 384-well plate using a fixed 8-channel pipette; 

the plate was sealed with a foil seal and centrifuged for one minute at 1000 rpm to remove bubbles. 

Finally, the OpenArray plate was loaded with 5.0 µl using the Accufill using the plate .csv and .tpf 

files, sealed with the provided lids and sealed with immersion fluid, then run on the QuantStudio 

using the manufacturer’s settings.  

Data management: 

Results were downloaded from the Quantstudio equipment as an Excel file. The OpenArray 

technology uses the Crt or relative threshold method in which the threshold set for each curve 

depends on the shape of the amplification curve. The Crt method differs from the traditional Ct 

technology that sets the threshold based on all the amplification curves for each gene target (402).  
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2.5.4.5 Data analysis  

Crt values of unstimulated, IFN-α-stimulated, IFN-β-stimulated, and M. tuberculosis 

WCL-stimulated samples were exported into an Excel worksheet to create a result database for 

data analysis. Genes with less than 60% detectability of expression data in any clinical phenotype 

group or stimulation were excluded from further overall analysis or analysis that focused on the 

specific groupings in which the gene had a low detectability rate. 

Calculations for PCR experiments: 

Normalized relative expression, in which the relative expression of the target gene is 

normalized to the relative expression of the three reference genes (18S rRNA, β-actin, and HPRT1 

genes) in each sample, was calculated using the formula 

Relative expression = 2-ΔCrt, where  

Delta Crt (ΔCrt) = Crttarget gene – Crtreference gene(403). 

This calculation does not consider the basal expression (unstimulated samples) and, therefore, can 

be used to identify distinct gene expression patterns after stimulation. 

Fold change was then calculated, which is the fold difference between a control sample 

used as a reference and another sample. The gene expression data were then assessed against the 

three stimulation conditions (IFN-α, IFN-β, and Mtb WCL) with the unstimulated condition as the 

control sample.  

Fold change was calculated using the formula  

Fold change = 2-ΔΔCrt, where 

Delta delta Crt (ΔΔCrt) = ΔCrtstimulated – ΔCrtunstimulated 

Unlike the previous calculation, fold change considers the basal gene expression and is, therefore, 

a measure of both the change in gene expression levels and the directionality of that change. The 

fold change calculation gives an expression of 1 (one) for the control group (unstimulated 

condition) and, for the stimulated conditions, demonstrates either a fold increase (upregulation) or 

a fold decrease (downregulation) relative to the control sample (403). Significant differentially 
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expressed genes were defined using an adjusted p-value < 0.05, with log2FC ≥ 1.0 being 

upregulated and log2FC ≤ 1.0 downregulated. (404,405). 

2.5.5 Cytokine/ chemokine assays 

Each sample set up for PCR had a parallel set up for cytokine/ chemokine assays incubated 

overnight at 37°C in 5% CO2. Following the 16 to18-hour incubation period, the contents of each 

of the 24 wells were transferred into appropriately labelled Eppendorf tubes. Each well was rinsed 

with 500µl R-10, and the contents were transferred to the respective tubes. The tubes containing 

the stimulated or unstimulated PBMCs were spun at 300 x g for 5 minutes, and the culture 

supernatant was transferred to labelled tubes and stored at -80°Cuntil further processing. 

Milliplex assays were done using Milliplex® MAP Human Cytokine / Chemokine kits 

(EMD Millipore, USA) were used to quantify selected cytokines and chemokines. The first kit was 

used to assess the detectability of the following 41 human protein analytes in a number of the 

samples: EGF, Eotaxin, G-CSF, GM-CSF, IFNα2, IFN-γ, IL-1α, IL-1β, IL-10, IL-12P40, IL-

12P70, IL-13, IL-15, IL-17A, IL1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IP-10, MCP-

1, MCP-3,MIP-1α, MIP-1β, RANTES, TNFα, TNFβ, VEGF,FGF-2, TGF-α, FIT-3L, Fractalkine, 

GRO, MDC, PDGF-AA, PDGF-AB/BB, and.sCD40L. Based on previous optimization 

experiments, proteins with less than 15% detectability were excluded narrowing the cytokine panel 

to 33 protein analytes. FLT-3L, IL-3, IL-5, IL-9, IL-15, IL-17A, TGF-α, and TNF-β were excluded 

from subsequent kits leaving the analytes listed in Table 5.  
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Table 5. Cytokines in the MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel 

– 33-Plex assay. 

Symbol Name Aliases 

EGF Epidermal growth factor   

FGF-2 Fibroblast growth factor 2   

Eotaxin Eotaxin CCL11 

G-GSF Granulocyte colony-stimulating factor   

GM-CSF Granulocyte-macrophage colony-stimulating factor   

Fractalkine Fractalkine CX3CL1 

IFN-α2 Interferon-alpha2 IFN-α 2b 

IFN-γ Interferon gamma   

GRO Growth-regulated protein CXCL1 

IL-10 Interleukin 10   

MCP-3 Monocyte-chemotactic protein 3 CCL7 

IL-12p40 Interleukin 12 beta IL-12B 

MDC Macrophage-derived chemokine CCL22 

IL-12p70 Interleukin 12 subunit alpha IL-12A 

PDGF-AA Platelet Derived Growth Factor-AA   

IL-13 Interleukin 13   

PDGF-AB/BB Platelet-Derived Growth Factor-AB/BB   

sCD40L Soluble CD40 ligand CD154, TRAP 

IL-1RA Interleukin 1 receptor antagonist   

IL-1α Interleukin 1α   

IL-1β Interleukin 1β   

IL-2 Interleukin 2   

IL-4 Interleukin 4   

IL-6 Interleukin 6   

IL-7 Interleukin 7   

IL-8 Interleukin 8 CXCL8 

IP-10 Interferon gamma-induced protein 10 CXCL10 

MCP-1 Monocyte chemoattractant protein1 CCL2 

MIP-1α Macrophage inflammatory protein 1 alpha CCL3 

MIP-1β Macrophage inflammatory protein-1 beta CCL4 

RANTES Regulated on Activation, Normal T Expressed and Secreted CCL5 

TNF-α Tumor necrosis factor-alpha   

VEGF Vascular endothelial growth factor   
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Milliplex assays were processed according to the manufacturer’s instructions. Wash buffer 

(200 µl) was added to each well, the plate seal and mixed for 10 minutes on a plate shaker at 20 to 

25°C, then decanted. 25 µl of samples, standards, and QC controls were pipetted into the respective 

24-wells and assay buffer into the background and the sample wells. An equal volume of R10 

culture medium was added to the background, standard and QC control wells, and culture 

supernatant was added to the respective wells, followed by 25 µl of the beads to all wells. The 

sealed plate was incubated overnight on a shaker at 4°C. Following overnight incubation, the plate 

was washed twice with 200 µl wash buffer, 25 µl of detection antibodies added to each well, and 

the sealed plate was incubated on a shaker for 1hr at room temperature. An equal volume of 

streptavidin-phycoerythrin was added to each well, and the sealed plate was incubated at room 

temperature for 30 minutes on a shaker. The plate was washed twice on the magnetic plate washer, 

and 150µl of sheath fluid was added to each well and shaken for a further 5 minutes to re-suspend 

the beads. The plate was run on Luminex® 200, and data were acquired using Bioplex data Pro 

software (Bio-Rad, USA). 

2.5.5.1 Data analysis 

Cytokines with less than 60% detectability in any clinical phenotype group or with any 

stimulation were excluded from further overall analysis or analysis that focused on the specific 

groupings in which the cytokine had a low detectability rate.  

Comparisons were made between groups for cytokine concentrations. Fold change was 

calculated using the concentration of cytokine after stimulation/ concentration with no stimulation. 

Significant differentially expressed cytokines were defined using an adjusted p-value < 0.05, with 

log2FC ≥ 1.0 being upregulated and log2FC ≤ 1.0 downregulated. (404,405). 

 

2.6 Statistical analyses 

Data were analysed using IBM SPSS® version 20 (IBM Corp. Released 2011. IBM SPSS 

Statistics for Windows, Version 20.0. Armonk, NY: IBM Corp.) and GraphPad Prism® version 

8.00 for Windows (GraphPad Software, La Jolla California USA, www.graphpad.com)software.  

http://www.graphpad.com/
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For continuous data, the Shapiro-Wilk normality test was conducted to assess the normality 

of distribution in each group based on the p-value. Normally distributed data (p ≤ 0.05) were 

presented as means and analysed using parametric tests, while non-normally distributed data 

(p>0.05) were presented as medians and analysed using non-parametric tests. The characteristics 

of participants were summarized as frequencies or means with standard deviation (SD). For 

participant characteristics with less than five individuals, comparisons between groups and within 

groups were made using the Fisher-Freeman-Halton Exact test with a p-value <0.05 considered 

significant. The test is an extension of Fisher’s exact test that can be used for contingency tables 

greater than 2x2 (406). 

Data visualization using Principal Component Analysis (PCA) and hierarchical clustering 

was carried out using Clustvis software (http://biit.cs.ut.ee/clustvis/). PCA was performed to 

identify gene and cytokine profiles associated with the four clinical phenotypes for the different 

stimulations. Hierarchical clustering on heatmaps was used to assess genes and cytokines 

clustering.  

For the clinical sample analysis, the data showed non-normal distribution and was analysed 

using non-parametric tests. Comparisons of quantitative variables between clinical phenotypes 

with each stimulation condition were made using Kruskal-Wallis test and a post hoc Dunn’s test 

with Bonferroni multiple comparison test. The use of multiple comparisons increases the type I 

error, increasing the probability of getting a significant test. The Bonferroni multiple comparisons 

test, therefore, modifies the level for rejection of the null hypothesis by dividing the α (0.05) by 

the total number of comparisons; therefore, rejection of the null hypothesis is reset at a smaller p-

value (407). A p-value <0.05 was considered statistically significant.  

For comparisons between IFN-α and IFN-β gene and cytokine responses we used the 

Wilcoxon signed rank test which tests the difference of repeated measurements done on a single 

sample. 

Correlation analyses between gene expression and the participants' demographic data for 

each stimulation condition - age, sex, BCG status, TST results, QFT results, and chest X-ray results 

and between fold changes of genes and cytokines were done using Spearman’s rank-order 

correlation. Spearman’ correlation is a non-parametric test that measures the association's strength 

between the two variables tested and the association's direction using the correlation coefficient 

http://biit.cs.ut.ee/clustvis/
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(rs). The strength of the association was classified as strong positive (negative) correlation  [rs > 

0.7 (< -0.7)], moderate positive (negative) correlation [rs 0.5 to 0.7 (-0.7 to -0.5)], low positive 

(negative) correlation [rs  0.3 to 0.5 (-0.5 to -0.3)] or negligible correlation [rs  0.0 to 0.3 (-0.3 to 

0.0)] (408). 
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CHAPTER 3: RESULTS 

3.1 Demographic and clinical characteristics of study participants 

The demographic and clinical characteristics of the study participants are outlined in Table 

6. Samples from 61 participants were included in this study. The overall mean age of the study 

groups was 35.90 years (± 11.32). Participants were categorized into healthy controls (HC) (n=11), 

tuberculin skin test reactive (TST) (n=12), latent TB infection (LTBI) (n=19) and active 

tuberculosis (ATB) (n=19), and there was no statistically significant difference between infection 

states by age as assessed by the Fisher Exact test (p= 0.722). Overall, the study population was 

predominantly female (70.5% vs 29.5%), with the HC and TST groups having higher female 

representation even though there was no statistically significant difference between infection states 

(HC, TST, LTBI, and ATB) by sex as assessed by the Fisher Exact test (p = 0.112). The overall 

study group comprised individuals who self-identified as foreign-born or born outside of Canada 

(all were reported to be of Filipino heritage) 44.26%, Canadian-born non-Indigenous making up 

19.67%, and Canadian-born Indigenous (First Nations, Inuit, and Métis) 36.07%. The Foreign-

born and Canadian-born Indigenous made up the majority of the LTBI (78.9%) and the ATB 

groups (78.9%), respectively. A statistically significant difference was observed between the 

infection states by ethnicity as assessed by the Fisher Exact test (p< 0.001). Most study participants 

had received the BCG vaccine (75.4%), while 19.7% had not, and the BCG status for 4.9% of the 

participants was unknown. The largest proportion of individuals who had received the BCG 

vaccine was in the TST group (100%) who were reactive to TST, followed by the LTBI group 

(89.5%) and ATB group (68.4%). There was no significant difference between the infection states 

by BCG status (p= 0.064). Participants with a previously reported TST positive test made up the 

bulk of enrollees in the study population (55.7% vs 9.8% TST-negative). By definition, all the 

participants in the TST group were TST-positive and 73.7% of the LTBI group. A statistically 

significant difference was observed between the infection states by the reported TST status as 

assessed by the Fisher Exact test (p< 0.001). 
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Table 6. Demographic and clinical characteristics of study participants. 

      

Characteristics  HC (N=11) TST 

(N=12) 

LTBI 

(N=19) 

ATB 

(N=19) 

p-value between 

groups   
Age (mean years)  

(SD)  

[range] 

34.73 

(12.0) 

[19-59] 

33.58 

(11.7) 

[20-51] 

37.89 (9.1) 

[22-53] 

36.05 

(13.1) 

[20-64] 

0.722 

Sex - no. (%) 

Male 

Female  

  

2 (18.2) 

9 (81.8)  

  

1 (8.3) 

11 (91.7)  

  

6 (31.6) 

13 (68.4)  

  

9 (47.4) 

10 (52.6)  

0.112 

Ethnicity - no. (%) 

Foreign-born  

Canadian-born 

non-Indigenous 

Canadian-born 

Indigenous 

  

2 (18.2) 

5 (45.5) 

 

4 (36.4) 

  

  

8 (66.7)  

2 (16. 7) 

 

2 (16.7) 

  

  

15 (78.9) 

3 (15.8) 

 

1 (5.3) 

  

  

2 (10.5) 

2 (10.5) 

 

15 (78.9) 

  

< 0.001 

BCG - no. (%) 

Yes 

No  

Not known 

  

4 (36.4) 

6 (54.5) 

1 (9.1)  

  

12 (100.0) 

0 (0.0) 

-  

  

17 (89.5) 

2 (10.5) 

0 (0.0)  

  

13 (68.4) 

4 (21.1) 

2 (10.5)  

0.064 

TST - no. (%) 

Positive  

Negative 

Not known  

 

0 (0.0) 

3 (27.3) 

8 (72.7) 

 

12 (100.0) 

0 (0.0) 

- 

 

14 (73.7) 

1 (5.3) 

4 (21.1)  

 

8 (42.1) 

2 (10.5) 

9 (47.4) 

< 0.001 

Chest X-ray- no. (%) 

Normal  

Abnormal  

Not known 

 

4 (36.4) 

0 (0.0) 

7 (63.6) 

 

10 (83.3) 

0 (0.0) 

2 (16.7) 

 

11 (57.9) 

2 (10.5) 

6 (31.6) 

 

 

4 (21.1) 

9 (47.4) 

6 (31.6) 

< 0.001 

 

 

QFT - no. (%) 

Positive 

Negative 

Not known 

 

0 (0.0) 

11 (100.0)  

- 

 

0 (0.0) 

12 (100.0) 

- 

 

19 (100.0) 

0 (0.0) 

- 

 

15 (78.9) 

3 (15.8) 

1 (5.3) 

< 0.001 

 

 

 

 

HC: healthy controls, TST: tuberculin skin test, LTBI: latent TB infection, ATB: active TB. Data for age expressed 

as mean (standard deviation) [range]. Data for sex, ethnicity, BCG, TST, chest X-ray, and QFT expressed as no. (%). 

p-values determined using Chi-square test between study groups p-value. Bolded p-values are significant (p<0.05). 

 

Overall, most of the study participants (47.5%) had a normal chest X-rays, while 34.4% 

had no recorded results. Most of the previous abnormal chest X-ray reports were from ATB 

patients (47.4%); two individuals with LTBI had previous abnormal chest X-rays. Chest X-ray 
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findings showed a significant difference between infection states (p<0.001). More than half of the 

study participants were QFT-positive (55.7% vs 42.6% QFT-negative). All the study participants 

in the HC and TST groups were QFT-negative, and all in the LTBI group were QFT-positive. Most 

of the ATB patients were QFT-positive (78.9%) which was statistically significant (p<0.001). The 

Fisher Exact test assessed a significant association between QFT results and clinical phenotype 

(p< 0.001). 

3.1.1 Summary 

Significant differences in the study population were observed between clinical groups in 

ethnicity (which were more Foreign-born in the TST group and more Canadian-born Indigenous 

in the ATB group), in the immunological diagnostic assays (TST and QFT) and, as expected, in 

the chest X-ray findings as these were criteria used to largely define the study groups. However, 

contrary to the global picture, most of our participants were female, although this difference was 

not statistically significant. This difference may have been due to the method of participant 

selection, which was based on the availability of adequate samples, not randomized selection. 

 

3.2 Optimization of stimulation conditions using IFN-α and IFN-β 

3.2.1 Determination of IFN-α/β duration and concentration kinetics 

To determine the stimulation kinetics for IFN-α (IFN-α2 and IFN-αA) and IFN-β, we 

selected 15 differentially expressed genes that showed distinct differences in RNA seq experiments 

previously performed in the lab on PBMCs isolated from two participants with ATB patients and 

two uninfected controls. Primers listed in Table 3 for the 15 genes ANKRD22, BATF2, CCL8, 

CXCL9, CXCL10, CXCL11, ETV7, FCGR1A, IFIT3, IFI44L, ISG15, MSR1, Mx1, SECTM1, and 

SOCS1 were used for the optimization experiments. The PBMCs isolated from healthy donors 

were stored in liquid nitrogen for at least seven days prior to their use in the stimulation kinetics 

experiments to replicate the conditions of our clinical samples. Each stimulation kinetics 

experiment was used to identify the stimulation concentration and kinetics that resulted in the 

largest change in gene expression. 

For optimization experiments, frozen PBMCs from three healthy donors were thawed and 

rested for one hour at 37°C in 5% CO2, as outlined in section 2.5 above. Approximately one million 
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PBMCs were stimulated with three different concentrations of IFN-α (100 IU/ml, 500 IU/ml, and 

1000 IU/ml; IFN-αA and IFN-α2 in a 1:1 concentration) and IFN-β (1 ng/ml, 10 ng/ml, and 50 

ng/ml), using concentrations identified from previous studies (409–413), and an unstimulated 

control. The stimulation of PBMC was performed for 4 hours, and RT-qPCR was carried out on 

the genes listed in Table 3. Gene expression was calculated using the 2-ΔΔCt method (414). 

After stimulation with the three concentrations, most of the 15 optimization genes listed in 

Table 3 showed the highest fold change with 1000 IU/ml IFN-α except IFI44L, which was highest 

with 500 IU/ml (Figure 9). The combined mean expression for the genes was higher when the cells 

were stimulated at a concentration of 1000IU/ml IFN-α compared to 500IU/ml and 100IU/ml with 

fold changes of 14.68±3.266 at 1000IU/ml versus 9.279±1.808 (p=0.0529) at 500IU/ml and versus 

3.782±0.7273 (p< 0.0001) at 100IU/ml. After stimulation with IFN-β, most of the genes showed 

the highest fold change with 10ng/ml except for FCGR1A, BATF2, and ETV7, which were highest 

with 50ng/ml (Figure 9). The combined mean expression was also higher when cells were 

stimulated at a concentration of 10ng/ml IFN-β compared to 50ng/ml and 1ng/ml with fold changes 

of 99.29±28.82 at 10ng/ml versus 91.40±26.27 (p=0.4324) at 50ng/ml and versus 44.91±11.96 

(p<0.0001) at 1ng/ml. Based on these findings, the concentrations, 1000IU/ml for IFN-α and 

10ng/ml for IFN-β, were selected for subsequent sample stimulations. 

 

  

Figure 9. Concentration titration of gene expression responses of PBMCs to IFN-α or IFN-β stimulation. 

PBMCs from three healthy donors were stimulated for 4 hours with IFN-α (100 IU/ml, 500 IU/ml, and 1000 IU/ml) 

and IFN-β (1 ng/ml, 10 ng/ml, and 50 ng/ml), and an unstimulated control followed by RNA extraction and RT-qPCR 

assay of the optimization genes listed in Table 3. Fold change in gene expression was calculated using the formula 2-

ΔΔCt. Data are presented as mean with SEM. 
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The concentrations of IFN-α and IFN-β selected from the optimization experiments were 

used to assess the kinetics of the stimulation with 1000 IU IFN-α and 10ng/ml IFN-β in PBMCs 

from three healthy donors at three timepoints- 1 hour (T1hr), 4 hours (T4hr), and overnight 

stimulation (16-18 hours) (To/n). Most of the 15 optimization genes listed in Table 3 showed the 

highest fold change with IFN-α at T4 except SOCS1, CXCL10, BATF2 and ANKRD22, which had 

the highest expression at T1 (figure 10). The combined mean expression for all the genes was 

higher when the cells were stimulated for 4 hours compared to the 1 hour and overnight stimulation 

(Fold change 30.31±7.765 versus 17.62±4.492 (p> 0.999) at T1hr and versus 3.992±0.637 

(p=0.0024) at To/n) (Figure 10). The highest fold change after stimulation with 10ng/ml IFN-β was 

at T4 for most optimization genes except for FCGR1A, SOCS1, CXCL10, BATF2, IFI44L, and 

ANKRD22, with expression highest at T1, and MSR1 at To/n (Figure 10). The combined mean fold 

change for IFN-β was highest at T4hr (Fold change 214.7±87.86 versus 142.4±34.72 (p> 0.999) at 

T1hr and 23.82±7.527 (p=0.0179) at To/n). Based on these findings, the 4-hour duration of 

stimulation was used for subsequent experiments. For Mtb WCL, a concentration previously 

determined by our group (50ug/ml) was used, and PBMCs were stimulated for 4 hours as described 

in previous studies (415,416). 

 

Figure 10. Kinetics of gene expression responses by PBMCs to IFN-α and IFN-β stimulation. 

PBMCs from three healthy donors were stimulated with IFN-α or IFN-β for 1 hour (T1), 4 hours (T4), and overnight 

(To/n) and an unstimulated control, followed by RNA extraction and RT-qPCR assay of the optimization genes listed 

in Table 3. Fold change in gene expression was calculated using the 2-ΔΔCt method. Data are presented as mean with 

SEM. 
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3.3 Analysis of gene expression in clinical samples 

After determining the optimized conditions, clinical samples were tested using OpenArray 

chips as described in the Methods section to assess 53 ISGs and 3 reference genes listed in Table 

4 from study groups – HC, TST, LTBI and ATB. PBMCs from each study participant were divided 

into four parts, each with one million cells. The cells were stimulated with 1000IU/ml IFN-α, 

10ng/ml IFN-β, 50μg/ml Mtb WCL, and an unstimulated sample for 4 hours. RNA was extracted 

from the PBMCs and RT qPCR using the OpenArray plate on the Quantstudio platform to get Crt 

values. 

3.3.1 Comparison of relative ISG expression between clinical groups in baseline samples 

Previous transcriptional profiling studies have described an increased expression of IFN 

stimulated genes (ISGs) in ATB compared to controls in baseline blood samples ex-vivo 

(189,352,376). To explore whether a similar transcriptional profile would be observed in PBMCs 

from our dataset, the expression of each gene was first evaluated at baseline in the four study 

groups and compared to that of the control group (HC). PBMCs isolated from study participants 

were cultured for 4 hours with no stimulation, RNA was isolated, and RT-qPCR was carried out. 

The Crt results acquired on the Quantstudio platform were used to calculate the relative expression 

using the ΔCt method for each gene normalized to the reference genes. 

3.3.1.1 Clustering analysis of relative expression in unstimulated samples 

To get a general overview of the data, the relative expression at the specific gene level was 

evaluated. The mean ISG expression of HC was compared to the expression of each of the other 

M. tuberculosis infection groups (Figure 11). There was no statistically significant difference 

between the groups as determined using the Mann-Whitney test. 
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Figure 11. Relative ISG expression in ATB, TST and LTBI compared to HC. 

Unstimulated PBMCs from ATB (n=19), HC (n=11), LTBI (n=19), and TST (n=12) were incubated for 4 hours, RNA 

extracted and processed using RT-qPCR for detection of selected ISGs. Relative expression was calculated using the 

formula 2-ΔCt. Each dot represents the mean relative expression of each ISG; each line connects the mean relative 

expression of an ISG in HC to that of the same ISG in a) ATB, b) TST, and c) LTBI. Mann-Whitney test was used for 

comparisons of relative expression between HC and the other study groups. ns – not significant, p<0.05 

 

To better understand individual ISG differences at baseline, hierarchical clustering was 

used to explore whether relative gene expression of the genes would cluster by clinical groups 

using Clustvis (http://biit.cs.ut.ee/clustvis/). Hierarchical clustering is a method used to identify 

genes that are similar together in groups known as clusters and was used to find out whether 

relative expression of unstimulated samples would cluster the genes by clinical phenotype. The 

data was uploaded into Clustvis to visualize gene expression profiles in baseline samples from the 

four clinical phenotypes. As per the recommendations on Clustvis for data with values between 0 

and 1, data was log-transformed to reduce the skewness of the data. Cluster analysis using principal 

component analysis (PCA) did not cluster genes by infection state (Figure 12).  

http://biit.cs.ut.ee/clustvis/
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Figure 12. Principal component analysis of relative ISG expression with no stimulation. 

Unstimulated PBMCs from ATB, HC, LTBI, and TST were incubated for 4 hours, RNA extracted and processed using 

RT-qPCR for detection of 53 ISGs. Relative expression was calculated using the formula 2-ΔCt. The original values 

for 52 genes were uploaded into Clutvis (http://biit.cs.ut.ee/clustvis/) and log transformed. The clinical groups are 

represented by shapes – red circle=ATB, blue square=HC, green triangle=LTBI, purple rhombus=TST. 

 

Cluster analysis was also assessed using a heatmap. The CAMP gene was excluded from 

the analysis since the gene was undetectable in most samples. As can be seen in Figure 13, the 

expression pattern of the 52 ISGs varies considerably between individuals, but there was no 

clustering of the ISGs by clinical groups, which were equally distributed by the clustering 

algorithm. The columns show the clinical phenotypes; the rows list the genes on the right, while 

the left axis shows genes that cluster together. 
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Figure 13. Heatmap showing unsupervised clustering of 52 ISGs in baseline samples. 

Baseline PBMCs from study participants in ATB, HC, LTBI, and TST groups were thawed and incubated for 4 hours, 

RNA extracted and processed using RT-qPCR for detection of 53 genes. Relative expression was calculated using the 

formula 2-ΔCt. The original values for 52 genes were uploaded into Clutvis (http://biit.cs.ut.ee/clustvis/) and log-

transformed. The rows show the genes – blue color indicates low expression; red color indicates high expression). 

Columns show the clinical phenotypes (red=ATB; blue=HC; green= LTBI; purple=TST). 

 

3.3.1.2 Comparison of relative ISG expression across clinical groups at baseline. 

To examine the baseline levels of expression at the single gene level, the individual relative 

expression of the ISGs was then assessed in unstimulated samples. The detection rate for each 

gene was determined and, using a cut-off of 60% detection in the samples, excluded BATF2, 

CAMP, CXCL9, FCGR1B, IL-12B, and SEPT4 from further statistical analysis in baseline samples. 

First, we conducted a pathway analysis to identify the signaling pathways in which the genes were 
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involved to better group the results. Using REACTOME enrichment analysis from STRING 

analysis (https://string-db.org/), we identified genes involved in signaling pathways. The genes 

were enriched in IFN signaling (28 genes), of which 12 genes were specific to type I IFN signaling, 

five (5) to the IFN-γ signaling pathway, 10 were common to the type I and IFN-γ signaling 

pathways, with one gene not grouped to any specific IFN pathway (Figure 14). In addition, four 

genes were enriched for IL-10 signaling. The remaining genes were not enriched for any signaling 

pathway and were grouped together. 

 

 

Figure 14. Venn diagram demonstrating the relationship of genes in dataset. 

Genes were entered into https://string-db.org/ for analysis. The results represent the Reactome enrichment analysis. 

Genes in the green open circle were enriched for IFN signaling, the red filled circle for IFN-α/β signaling, the blue 

filled circle for IFN-γ signaling, with overlapping genes in both pathways. Genes in the purple filled square were 

enriched for IL-10 signaling; genes in the light gray rectangle were not enriched for any signaling pathway. 

 

https://string-db.org/
https://string-db.org/
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Using the relative expression of the 47 genes with a greater than 60% detection rate, each 

gene's median expression was determined for each clinical phenotype shown in Figure 15. Overall, 

more than half the genes tested (59.2%) showed higher expression in ATB than in LTBI; 40.2% 

showed higher expression in LTBI than in ATB (Table S1). 

Kruskal-Wallis test was conducted to determine statistically significant differences 

between the median relative expression values of these measured genes across the four clinical 

phenotypes. A significant p-value indicates that the median value of at least one clinical phenotype 

differs from that of another. Three of the 47 genes interrogated showed differences among the 

groups - FCGR1A, MSR1, and SECTM1. The expression of FCGR1A gene was highest in ATB 

followed by TST, HC, and lowest in LTBI groups (median for HC, TST, LTBI, ATB: 0.000108, 

0.000116, 0.000078, 0.000239; p=0.001) (Figure 15). The expression of the MSR1 gene was 

highest in ATB, with a potential stepwise decrease in expression from LTBI to TST to HC (median 

for HC, TST, LTBI, ATB: 0.000406, 0.000575, 0.000809, 0.001292; p=0.002). Similarly, the 

expression of SECTM1 gene was also highest in ATB followed by TST, LTBI, with the lowest 

expression in HC (median for HC, TST, LTBI, ATB: 0.000293, 0.000413, 0.000356, 0.000587; 

p=0.002).  
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Figure 15: Relative ISG expression in baseline samples. 

Genes enriched for (a) IFN-α/β signaling pathway, (b) IFN-γ signaling pathway, (c) IFN-α/β and IFN-γ signaling 

pathways, (d) IFN signaling, (e) IL-10 signaling pathway, and (f) Not classified. RT qPCR analysis of mRNA 

expression of ISGs in baseline PBMCs from study participants in HC, TST, LTBI, and ATB groups was normalized 

to 18S rRNA, β-actin and HPRT1(ΔCt). Relative gene expression was calculated as 2-ΔCt. Data are presented as 

median. Each dot represents one participant. Kruskal-Wallis test was performed to assess differences between clinical 

phenotypes. A significant p-value indicates that the median value of at least one clinical phenotype differs from that 

of another clinical phenotype. * p< 0.05, ** p< 0.01, ***p≤0.001. Genes were listed according to Figure 14. Symbol 

color: red=HC, green=TST, blue=LTBI, purple=ATB. x-axis = clinical phenotype; y-axis= relative expression.  
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Figure 15: continued 
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Figure 15: continued 
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3.3.1.3 Comparison of relative ISG expression between clinical groups at baseline. 

For the expression of FCGR1A, MSR1, and SECTM1 genes that were differentially 

expressed across the four study groups identified using the Kruskal-Wallis test, pairwise 

comparisons using Dunn’s procedure were subsequently performed to identify the specific pairs 

of medians that differed significantly, followed by post hoc analysis using Bonferroni correction 

for multiple comparisons. Dunn’s procedure compares the medians of all pairs to identify those 

that differ significantly- ATB vs HC, ATB vs TST, ATB vs LTBI, TST vs HC, TST vs LTBI, and 

LTBI vs HC. Pairwise comparison outlined in Table 7 revealed significant differences in FCGR1A 

gene expression median between the ATB and HC groups (median: 0.000239 vs 0.000108; 

p=0.003), the ATB and TST groups (median: 0.000239 vs 0.000116; p=0.004), and the ATB and 

LTBI groups (median: 0.000239 vs 0.000078; p<0.001). Differences were also identified in the 

expression of the MSR1 gene between the ATB and HC groups (median: 0.001292 vs 0.000406; 

p=0.001) and between the ATB and TST groups (median: 0.001292 vs 0.000575; p=0.002); and 

for SECTM1 gene between the ATB and HC (median: 0.000587 vs 0.000293; p<0.001) and 

between the ATB and LTBI groups (median: 0.000587 vs 0.000356; p=0.003). However, the use 

of multiple comparisons increases the type I error, increasing the probability of getting a significant 

test. The Bonferroni adjustment, therefore, modifies the level for rejection of the null hypothesis 

by dividing the α (0.05) by the total number of comparisons; therefore, rejection of the null 

hypothesis is reset at a smaller p-value (407). For the adjusted p-value, a strict Bonferroni threshold 

would be a p < 0.0083 (0.05 ÷ number of comparisons); a less stringent significance p-value of 

p<0.05 was set. Statistically significant differences were identified in the expression of the 

FCGR1A gene between the ATB and HC groups (p=0.018), the ATB and TST groups (p=0.027), 

and the ATB and LTBI groups (p=0.003) (Table 7). Differences in expression of SECTM1 gene 

between the ATB and HC (p=0.002) and between the ATB and LTBI groups (p=0.016); and of 

MSR1 gene between the ATB and HC groups (p=0.009) and between the ATB and TST groups 

(p=0.012). For the three differentially expressed genes, higher expression was observed in ATB 

for all significant comparisons. 
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Table 7. Genes differentially expressed in unstimulated samples between clinical groups (relative 

expression). 

     Post hoc analysis 

Gene N 

Chi-square 

(χ2) p-valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

FCGR1A 57 16.479 0.001 

ATB-LTBI < 0.001 0.003 

ATB-HC 0.003 0.018 

ATB-TST 0.004 0.027 

SECTM1 59 15.206 0.002 
ATB-LTBI 0.003 0.016 

ATB-HC < 0.001 0.002 

MSR1 59 14.348 0.002 
ATB-HC 0.001 0.009 

ATB-TST 0.002 0.012 

 

ATB-active tuberculosis; TST- Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom gene is detected. Comparisons of relative expression data between clinical 

groups using Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple 

comparisons. Bolded and yellow highlighted p-values are significant after Bonferroni correction (p<0.05). Chi square 

(χ2) is the square of the difference between the observed values and the expected values. p-values: a – across groups 

p-value; c–pairwise comparison (between groups) p-value; d–adjusted p-value using Bonferroni correction for multiple 

comparisons; b – the order in the comparison shows the direction of the difference with the higher expression listed 

first. 

 

3.3.1.4  Summary 

This study sought to determine the baseline expression of ISGs in TB. The sub-hypothesis 

tested was that ISGs expression would be higher in ATB patients compared to LTBI and healthy 

individuals. The expression of a panel of ISG genes was assessed in baseline PBMCs from study 

participants in ATB, individuals who were TST reactive, LTBI and HC. Overall, about half the 

genes tested supported the sub-hypothesis with the highest expression in ATB, although only three 

of the genes- FCGR1A, MSR1, and SECTM1- were differentially expressed between ATB and 

LTBI (FCGR1A and SECTM1), ATB and TST (FCGR1A, and MSR1), and ATB and HC 

(FCGR1A, MSR1, and SECTM1).  
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3.3.2 Comparison of ISG expression genes between clinical groups following IFN-α and IFN-β 

stimulation  

Increased levels of type I IFNs in murine models of M. tuberculosis infection and the 

overrepresentation of type I IFN stimulated genes in patients with ATB suggest that type I IFNs 

are linked to TB pathogenesis (33,189,352). This enrichment of type I IFN stimulated genes has 

been described from ex-vivo unstimulated whole blood or PBMCs (189,352,376). However, this 

was not observed in our study with the exception of the differentially expressed genes - FCGR1A, 

MSR1, and SECTM1 genes. The three genes also showed their highest expression in unstimulated 

PBMCs from ATB patients. Although M. tuberculosis infection induces the production of type I 

IFNs (33,372), studies that assessed the effect of M. tuberculosis-specific antigen stimulation- 

ESAT-6 and CFP-10 (384) and PPD (385) in TB did not show a similar induction of type I IFN 

stimulated genes.  

IFN-α and IFN-β are key drivers of the innate and acquired immunity, and stimulation with 

these factors results in important downstream effects. Therefore, it is important to understand the 

potential effects of these IFN subtypes on gene expression in M. tuberculosis infection phenotypes 

and their potential role in TB pathogenesis. We, therefore, set out to interrogate the potential 

drivers or inducers of the type I IFN signature observed in ATB by assessing the specificity of 

IFN-α and IFN-β on the expression of genes and the potential differences between the expression 

of these genes. 

To study these effects, PBMCs from study participants classified as HC (n=11), TST 

(n=12), LTBI (n=19) and ATB (n=19) were stimulated with either 1000 IU/ml or 10ng/ml IFN-β 

or left unstimulated as a control. RNA was extracted from the PBMCs pellet, and RT qPCR was 

carried out on the Quantstudio platform to assess 53 ISGs and 3 reference genes listed in Table 5. 

Using the Crt results acquired, the relative expression of the 53 ISGs was calculated using the 2-

ΔCt method, where Delta Crt (ΔCrt) = Crttarget gene – Crtreference gene. 

3.3.2.1 Clustering analysis of relative expression in unstimulated-, IFN-α-, or IFN-β- stimulated 

samples 

First, cluster analysis was conducted to evaluate the differences in gene expression 

following stimulation among the various M. tuberculosis infection states. For this analysis, the 

unstimulated, IFN-α- and IFN-β-induced relative expression data was uploaded into Clustvis 



83 

 

(http://biit.cs.ut.ee/clustvis/), log-transformed the data to visualize gene expression profiles in 

unstimulated, IFN-α and IFN-β-stimulated samples from the four clinical phenotypes. Cluster 

analysis using principal component analysis (PCA) separated the genes into two clusters – one 

cluster comprised genes from the unstimulated samples, the other formed an overlap of expression 

of genes after stimulation with IFN-α and IFN-β – but failed to pick differences between infection 

states (Figure 16). 

 

Figure 16. Principal component analysis of relative ISG expression with no stimulation and in response to IFN-

α and IFN-β. 

Unstimulated or IFN-α/β-stimulated PBMCs from ATB, HC, LTBI, and TST were incubated for 4 hours, RNA 

extracted and processed using RT-qPCR for detection of 53 genes. Relative expression was calculated using the 

formula 2-ΔCt. The original values for 52 genes were uploaded into Clutvis (http://biit.cs.ut.ee/clustvis/) and log 

transformed. The stimulations are represented in color by green= IFN-α, orange=IFN-β, and blue=unstimulated. The 

clinical groups are represented by shapes - circle=ATB, square=HC, triangle=LTBI, rhombus=TST. 

 

Further to this, hierarchical clustering of the relative ISG expression was assessed by using 

heatmap analysis using the Clustvis software. As expected, most of the ISGs showed increased 

expression with both the IFN-α- and IFN-β stimulations compared to that observed in baseline 

samples (Figure 17). The exception to this finding was the expression of IL-1A and IL-1B genes 

that appear to show reduced expression with the IFN-α- and IFN-β-stimulation relative to no 

stimulation. There was a clear distinction between the unstimulated gene expression and that of 

the IFN-stimulated conditions, but no clear distinction between the IFN-α- and IFN-β-stimulation 

http://biit.cs.ut.ee/clustvis/
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clustering profile similar to what was observed with the PCA analysis. Similarly, we failed to see 

any obvious clustering by M. tuberculosis infection groups as groups were equally distributed by 

the clustering algorithm. The columns show the M. tuberculosis infection groups; the rows list the 

genes on the right, while the left axis shows genes that cluster together. 

 

 

 

Figure 17. Heatmap of relative ISG expression of in unstimulated, or IFN-α- or IFN-β -stimulated PBMCs. 

PBMCs from ATB, HC, LTBI, and TST groups were unstimulated or IFN-α/β-stimulated for 4 hours, RNA extracted 

and processed using RT-qPCR for detection of 53 ISGs. Relative expression was calculated using the formula 2-ΔCt. 

The original values for 52 genes were uploaded into Clutvis (http://biit.cs.ut.ee/clustvis/) and log transformed. The 

rows show the genes – blue color indicates low expression; red color indicates high expression). Columns show the 

clinical phenotypes (red=ATB; blue=HC; green= LTBI; purple=TST). Red and blue indicate higher and lower relative 

gene expression, respectively. Both rows and columns are clustered using correlation distance and average linkage.  
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3.3.2.2 Comparison of the relative ISG expression of across clinical groups following IFN-α or 

IFN-β stimulation. 

After data visualization using PCA and the heatmap, the data was interrogated at the 

individual gene level. The median relative expression values for each gene in the IFN-stimulated 

samples were tested using the Kruskal-Wallis test to assess for statistically significant differences 

across the median of the relative expression values from IFN-stimulation between clinical groups. 

The relative expression was calculated using the ∆Ct method gene expression and assessed for 

distinct gene expression patterns with stimulation irrespective of the baseline levels. As can be 

seen in Figure 18, a trend of increased expression was observed for most genes with IFN-α and 

IFN-β stimulation except for IL-1A and IL-1B genes. 

Using the relative expression method, less than half of the ISGs (45.1%) had higher 

expression in ATB compared to LTBI after stimulation with IFN-α; 54.9% had a higher expression 

in LTBI than in ATB (Table S1). With IFN-α stimulation significant differences were identified 

in expression across clinical groups for several ISGs that had higher expression in ATB compared 

to the other clinical groups - ANKRD22, CCL8, FCGR1A, FCGR1B, and MSR1 (Figure 18). The 

expression of ANKRD22 gene was highest in ATB followed by HC, LTBI and TST (median for 

HC, TST, LTBI, ATB: 0.002588,  0.002376, 0.002482, 0.003765; p=0.019); CCL8 gene in ATB 

followed by HC, TST and LTBI (median for HC, TST, LTBI, ATB: 0.15753, 0.14111, 0.013818, 

0.022401; p=0.046); FCGR1A gene in ATB followed by HC, TST and LTBI (median for HC, 

TST, LTBI, ATB: 0.000742, 0.000700, 0.000604, 0.001381; p=0.008); FCGR1B gene in ATB 

followed by LTBI, TST, and HC (median for HC, TST, LTBI, ATB: 0.000090, 0.000114, 

0.000122, 0.000305; p=0.0013); and MSR1 gene in ATB followed by HC, LTBI and TST (median 

for HC, TST, LTBI, ATB: 0.008749, 0.007011, 0.008058, 0.011690; p=0.039). 

Following IFN-β stimulation, less than half the ISGs (41.2%), had higher expression in 

ATB compared to LTBI after IFN-β stimulation whereas 58.8% had higher expression in LTBI 

than in ATB (Table S1). Significant differences were identified in the expression of a similar ISG 

profile as with IFN-α stimulation - ANKRD22, CCL8, FCGR1A, FCGR1B, and MSR1, and in 

addition in FAM26F, with higher expression in ATB (Figure 18). ANKRD22 gene expression was 

highest in ATB followed by LTBI, HC and TST (median for HC, TST, LTBI, ATB: 0.002630, 

0.002131, 0.002805, 0.004685; p=0.024); CCL8 gene was highest in ATB followed by HC, TST, 
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and LTBI (median for HC, TST, LTBI, ATB: 0.020688, 0.016840, 0.016775, 0.028615; p=0.045); 

FCGR1A gene in ATB then LTBI, HC and TST (median for HC, TST, LTBI, ATB:  0.000628, 

0.000554, 0.000847, 0.001573; p=0.001); FCGR1B in ATB, LTBI, TST then HC (median for HC, 

TST, LTBI, ATB: 0.000078, 0.000093, 0.000161; 0.000318; p=0.001); and MSR1 in ATB then 

LTBI, HC and TST (median for HC, TST, LTBI, ATB: 0.008663, 0.007266, 0.009928, 0.013216; 

p=0.041). FAM26F gene expression was elevated only with IFN-β stimulation with the highest 

expression in ATB, then LTBI, TST and HC (median for HC, TST, LTBI, ATB: 0.001232, 

0.001306, 0.001518, 0.002338; p=0.035). 
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Figure 18. Relative ISG expression in unstimulated, IFN-α, or IFN-β-stimulated samples. 

Genes enriched for (a) IFN-α/β signaling pathway, (b) IFN-γ signaling pathway, (c) IFN-α/β and IFN-γ signaling 

pathways, (d) IFN signaling, (e) IL-10 signaling pathway, and (f) Not classified. RT qPCR analysis of mRNA 

expression of ISGs in unstimulated PBMCs was normalized to 18S rRNA, β-actin and HPRT1(ΔCt). Relative gene 

expression was calculated as 2-ΔCt. Data are presented as median; each circle represents one participant. Kruskal-Wallis 

test was performed to assess differences between clinical phenotypes, * p< 0.05, ** p< 0.01, ***p≤0.001. Genes were 

listed according to Figure 14. Symbol color: red=HC, green=TST, blue=LTBI, purple=ATB. x-axis= Clinical 

phenotype and stimulation; y-axis= relative expression.  
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Figure 18: continued 

 

 

 

 

 



89 

 

Figure 18: continued 

 

 

 

3.3.2.3 Comparison of relative ISG expression between clinical groups following IFN-α or IFN-β 

stimulation 

For the expression of ANKRD22, CCL8, FCGR1A, FCGR1B, MSR1, and FAM26F genes 

that were differentially expressed across the four study groups identified using the Kruskal-Wallis 

test, pairwise comparisons using Dunn’s procedure were subsequently performed to identify the 

specific pairs of medians that differed significantly, followed by post hoc analysis using 

Bonferroni correction for multiple comparisons with statistical significance set at p< 0.05.  
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3.3.2.3.1 IFN-α stimulation 

Pairwise comparisons identified significant differences in the median IFN-α induced 

relative gene expression response of ANKRD22 between ATB and TST (median: 0.003765 vs 

0.002376; p=0.007); CCL8 between ATB and LTBI(median: 0.022401 vs 0.013818; p=0.014), 

and ATB and TST (median: 0.022401 vs 0.014111; p=0.020); FCGR1A between ATB and LTBI 

(median: 0.001381 vs 0.000604; p=0.006), and ATB and HC (median: 0.001381 vs 0.000742; 

p=0.007); FCGR1B between ATB and LTBI (median: 0.000305 vs 0.000122; p=0.011), ATB and 

TST (median: 0.000305 vs 0.000114; p=0.009), and ATB and HC (median: 0.000305 vs 0.00009; 

p=0.013); and for MSR1 between ATB and LTBI (median: 0.011690 vs 0.008058; p=0.015) and 

ATB and TST (median: 0.011690 vs 0.007011; p=0.014) as listed in Table 8. With Bonferroni 

correction, the median relative expression levels were differentially expressed for ANKRD22 gene 

between ATB and TST (median: 0.003765 vs 0.002376; p=0.042); FCGR1A gene between ATB 

and HC (median: 0.001381 vs 0.000742; p=0.039), and between ATB and LTBI (median: 

0.001381 vs 0.000604; p=0.034) with IFN-α stimulation. 

3.3.2.3.2 IFN-β stimulation 

Pairwise comparisons identified differences significant differences in the median IFN-β 

induced relative gene expression response of ANKRD22 between ATB and LTBI (median: 

0.004685 vs 0.002805; p=0.042), ATB and TST (median: 0.004685 vs 0.002131; p=0.006), and 

ATB and HC (median: 0.004685 vs 0.002630; p=0.032); CCL8 between ATB and LTBI (median: 

0.028615 vs 0.016775; p=0.015), and ATB and TST (median: 0.028615 vs 0.016840; p=0.019); 

FAM26F between ATB and LTBI (median: 0.002338 vs 0.001518; p=0.010), ATB and TST 

(median: 0.002338 vs 0.001306; p=0.031), and, ATB and HC (median: 0.002338 vs 0.001232; 

p=0.040); FCGR1A between ATB and LTBI (median: 0.001573 vs 0.000847; p=0.007), ATB and 

TST (median: 0.001573 vs 0.000554; p=0.002), and ATB and HC (median: 0.001573 vs 0.000628; 

p=0.001); FCGR1B between ATB and LTBI (median: 0.000318 vs 0.000161; p=0.007), ATB and 

TST (median: 0.000318 vs 0.000093; p=0.006), and ATB and HC (median: 0.000318 vs 0.000078; 

p<0.001); and MSR1 between ATB and LTBI (median: 0.013216 vs 0.009928; p=0.025) and ATB 

and TST (median: 0.013216 vs 0.007266; p=0.014) as listed in Table 8. With Bonferroni 

correction, the median relative expression levels were differentially expressed for ANKRD22 gene 

between ATB and TST (median: 0.004685 vs 0.002131; p=0.034); for FCGR1A gene between 
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ATB and HC (median: 0.001573 vs 0.000628; 0.003), ATB and TST (median: 0.001573 vs 

0.000554; p=0.013), and ATB and LTBI (median: 0.001573 vs 0.000847; p=0.041); and for 

FCGR1B gene between ATB and HC (median: 0.000318 vs 0.000078; p=0.002), ATB and TST 

(median: 0.000318 vs 0.000093; p=0.038), and ATB and LTBI (median: 0.000318 vs 0.000161; 

p=0.043) with IFN-β stimulation (Table 8). 
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Table 8. Genes differentially expressed in IFN-α and IFN-β-stimulated samples between clinical 

groups (relative expression). 

      Post hoc analysis  

Stimulation Gene N χ2 p-valuea Comparisonb 

p-

valuec 

adjusted p-

valued 

IFN-α 

ANKRD22 60 9.964 0.019 ATB-TST 0.007 0.042 

CCL8 60 8.016 0.046 
ATB-LTBI 0.014 0.083 

ATB-TST 0.02 0.122 

FCGR1A 60 11.935 0.008 
ATB-HC 0.007 0.039 

ATB-LTBI 0.006 0.034 

FCGR1B 57 10.841 0.013 

ATB-HC 0.013 0.076 

ATB-LTBI 0.011 0.067 

ATB-TST 0.009 0.055 

MSR1 61 8.38 0.039 
ATB-LTBI 0.015 0.09 

ATB-TST 0.014 0.086 

IFN-β 

ANKRD22 60 9.401 0.024 

ATB-HC 0.032 0.194 

ATB-LTBI 0.042 0.254 

ATB-TST 0.006 0.034 

CCL8 60 8.05 0.045 
ATB-LTBI 0.015 0.093 

ATB-TST 0.019 0.114 

FAM26F 61 8.599 0.035 

ATB-HC 0.04 0.241 

ATB-LTBI 0.01 0.06 

ATB-TST 0.031 0.184 

FCGR1A 60 16.257 0.001 

ATB-HC 0.001 0.003 

ATB-LTBI 0.007 0.041 

ATB-TST 0.002 0.013 

FCGR1B 58 15.806 0.001 

ATB-HC < .001 0.002 

ATB-LTBI 0.007 0.043 

ATB-TST 0.006 0.038 

MSR1 60 8.283 0.041 
ATB-LTBI 0.025 0.149 

ATB-TST 0.014 0.084 
 

ATB-active tuberculosis; TST- Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom gene is detected. Comparisons of relative expression data between clinical 

groups using Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple 

comparisons. Bolded and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is 

the square of the difference between the observed values and the expected values. p-values: a – across groups p-value; 

c – pairwise comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple 

comparisons.b – the order in the comparison shows the direction of the difference with the higher expression listed 

first. 
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3.3.2.4 Summary 

This study aimed to quantify gene expression responses of selected ISGs to stimulation 

with IFN-α and IFN-β in M. tuberculosis infection states. We hypothesized that stimulation with 

IFN-α or IFN-β would upregulate the expression of distinct ISGs in ATB compared to LTBI. To 

test this hypothesis, the expression of selected genes was assessed in PBMCs from healthy 

controls, TST-reactive and individuals from the M. tuberculosis infection states (LTBI and ATB) 

stimulated with IFN-α or IFN-β. Overall, using the relative expression method, most genes had 

higher expression following IFN-α or IFN-β compared to no stimulation, except for IL-1A and IL-

1B genes that had lower expression following stimulation. About half the genes had higher 

expression in ATB compared to LTBI and supported the sub-hypothesis; the rest showed higher 

expression in LTBI compared to ATB and did not support the sub-hypothesis. Following IFN-α 

stimulation FCGR1A gene was differentially expressed between ATB and both LTBI and HC, and 

ANKRD22 between ATB and TST. After IFN-β stimulation, both FCGR1A and FCGR1B genes 

were differentially expressed between ATB and LTBI, HC, and TST.  

 

3.3.3 Comparison of ISG expression between clinical groups following IFN-α and IFN-β 

stimulated samples  

Relative expression calculated using the formula 2-ΔCrt allows for assessment of normalized 

gene expression, which includes the normalized expression of the unstimulated samples. However, 

this calculation does not show the induction of gene regulation, whether upregulated or 

downregulated. To assess this, the fold was calculated change using the 2-ΔΔCrt method. This 

represents the expression of the target gene in treated samples normalized to a reference gene and 

relative to the unstimulated sample (unstimulated control). Fold change gives directionality to gene 

expression - whether upregulated or down-regulated as compared to the unstimulated control. The 

unstimulated control is therefore not a stimulation group of its own in these calculations but is 

rather used as the reference to which the stimulated conditions are compared. Fold change was 

calculated as: 

Delta deltaCrt (ΔΔCrt) = ΔCrtstimulated – ΔCrtunstimulated(414,417). 
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3.3.3.1 Clustering analysis of fold changes in IFN-α and IFN-β- stimulated samples   

To visualize whether the fold change data clusters by clinical groups, the gene expression 

fold changes from IFN-α- and IFN-β-stimulated samples were uploaded into Clustvis, and log-

transformed the data. In Figure 19, as we observed for the relative gene expression analysis (Figure 

16), there was no clear distinction between IFN-α and IFN-β-induced gene expression (fold 

change) by study groups; IFN-α- and IFN-β-induced genes clustered together. 

 

 

Figure 19. Principal component analysis of ISG expression in fold changes in response to IFN-α or IFN-β 

stimulation. 

IFN-α or IFN-β -stimulated PBMCs from ATB, HC, LTBI, and TST were incubated for 4 hours, RNA extracted and 

processed using RT-qPCR for detection of 53 genes. Fold changes were calculated using the formula 2-ΔΔCt. The 

original values for 52 genes were uploaded into Clutvis (http://biit.cs.ut.ee/clustvis/) and log transformed. The 

stimulations are represented in color by green= IFN-α, and orange= IFN-. The clinical groups are represented by 

shapes - circle=ATB, square=HC, triangle=LTBI, rhombus=TST. 

 

In addition to the PCA, cluster analysis was also assessed using a heatmap. Most of the 

genes appeared to be upregulated (red) after IFN-α and IFN-β stimulation, although some genes 

appeared to be downregulated (blue) (Figure 20). There was no apparent clustering of specific 

gene patterns or clinical groups after IFN-α and IFN-β stimulation. 
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Figure 20. Heatmap showing the unsupervised clustering of fold changes for ISGs in IFN-α- or IFN-βstimulated 

samples. 

Peripheral blood mononuclear cells (PBMCs) from ATB, HC, LTBI, and TST were incubated for 4 hours with IFN-

α orIFN-β, with an unstimulated control, RNA extracted and processed using RT-qPCR for detection of 53 genes. 

Fold change was calculated using the formula 2-ΔΔCrt. The original values for 52 genes were uploaded into Clutvis 

(http://biit.cs.ut.ee/clustvis/) and log-transformed. The rows show the genes – blue color indicates downregulation; 

red color indicates upregulation. Columns show the clinical phenotypes (red=ATB; blue=HC; green= LTBI; 

purple=TST). 

 

3.3.3.2 Comparison of ISG expression across clinical groups following IFN-α or IFN β stimulation 

After data visualization using PCA and the heatmap, the data was interrogated at the 

individual gene level. The median log2 fold changes (FC) for each gene in the IFN-stimulated 

samples were tested using the Kruskal-Wallis test to assess for statistically significant differences 

across the median of the log2 FC values from IFN-α and IFN β stimulation between clinical groups. 
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As can be seen in Figure 21 (presented as log2 of fold change) and Table S2 using a cut-

off of absolute (log2FC) of |1|; with log2 FC ≥1 being upregulated and ≤ -1 downregulated. Log2fold 

change values in-between showed no regulation. Most genes were upregulated after IFN-α and 

IFN-β stimulation in HC (77.4% of 53 genes), TST (79.2%), LTBI (83.0%), and ATB (83.0%) as 

shown in Table S2. With IFN-α stimulation 47.9% of genes had a larger fold change in ATB 

compared to 52.1% in LTBI.  Upregulated genes included ANKRD22 gene expression was highest 

in HC then TST, ATB, and LTBI (log2 of median FC for HC, TST, LTBI, ATB: 4.75, 4.38, 4.17, 

4.23); FCGR1A gene expression was highest in LTBI followed by HC, TST, and ATB (log2FCfor 

HC, TST, LTBI, ATB: 2.77,2.72, 2.96,2.59); MSR1 gene expression showed the largest change in 

HC, followed by TST, LTBI, and lowest in ATB (log2FC for HC, TST, LTBI, ATB: 4.09, 3.59, 

3.38, 3.36); and, IRF9 gene expression was highest in HC, then in ATB, LTBI, and TST (log2FC 

for HC, TST, LTBI, ATB: 2.22, 1.09, 1.27, 1.58). The expression of two genes was downregulated 

after IFN-α stimulation: IL-1A gene which showed the largest downregulation in LTBI followed 

by HC, TST, and ATB (log2FC for HC, TST, LTBI, ATB: -2.25, -2.12, -2.40, -1.69), and IL-1B 

gene with the largest change in LTBI & TST followed by HC, and ATB (log2FCfor HC, TST, 

LTBI, ATB: -1.51, -1.69, -1.69, -1.32). Some genes showed no regulation for all groups: IL-10 

gene had the highest expression in HC then LTBI, ATB, and TST (log2FCfor HC, TST, LTBI, 

ATB: 0.77, 0.23, 0.58, 0.37), SOCS3 expression – in LTBI, followed by HC, TST, and ATB 

(log2FC for HC, TST, LTBI, ATB: 0.63, 0.44, 0.68, 0.40), and SCARF1 gene expression –highest 

in TST then LTBI, ATB, and HC (log2FC for HC, TST, LTBI, ATB: 0.21, 0.94, 0.90, 0.29). 

Similarly, most genes were upregulated after IFN-β stimulation. in HC (83.0% of genes), 

TST (83.0%), LTBI (83.0%), and ATB (86.8%) (Figure 20, Table S2). Of these 52.1% had a larger 

expression in ATB compared to 47.9% in LTBI. Upregulated genes included ANKRD22 gene 

expression – highest in HC then ATB, TST, and LTBI (log2FC for HC, TST, LTBI, ATB: 4.66, 

4.39, 4.18, 4.44); FCGR1A expression – highest in LTBI, ATB, HC, and TST (log2FC for HC, 

TST, LTBI, ATB: 2.39, 2.19, 3.08, 2.62); MSR1 expression – highest in HC, then TST, LTBI, and 

ATB (log2FC for HC, TST, LTBI, ATB: 4.08, 3.84, 3.62, 3.39); IRF9 expression – highest in HC, 

followed by ATB, TST, and lowest in LTBI (log2FC for HC, TST, LTBI, ATB: 1.95, 1.44, 1.33, 

1.47). Some of the genes showed mixed responses with upregulation in some groups and no 

regulation in other groups. For example, SCARF1 gene was upregulated in HC and ATB but 

showed no regulation in TST and LTBI (log2FC for HC, TST, LTBI, ATB: 1.11, 0.79, 0.69, 1.28); 
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IL-10 gene expression was upregulated for HC but showed no regulation for the other clinical 

phenotypes (log2FC for HC, TST, LTBI, ATB: 1.01, -0.07, 0.28, -0.04). Downregulated gene 

expression was observed for IL-1A –with the largest change in LTBI, followed by TST, HC, and 

ATB (log2FC for HC, TST, LTBI, ATB: -2.40, -2.47, -2.64, -2.06), and IL-1B – in HC, followed 

by ATB, TST, and LTBI (log2FC for HC, TST, LTBI, ATB: -2.25, -2.00, -1.84, -2.12). Similar to 

the response to stimulation with IFN-α, SOCS3 gene showed no regulation for all groups – (log2FC 

for HC, TST, LTBI, ATB: 0.66, 0.26, 0.90, 0.19). 

IRF9 and MSR1 genes were differentially expressed across clinical groups with IFN-α-

stimulation, as shown in Figure 21, but not after IFN-β stimulation. Following IFN-α-stimulation, 

IRF9 fold expression was highest in HC, followed by ATB, LTBI, and lowest in TST (log2FC for 

HC, TST, LTBI, ATB: 2.22, 1.58, 1.27, 1.09 respectively; p=0.002); MSR1 fold expression was 

highest in HC, with stepwise decrease in expression from TST to LTB, to ATB (log2FC for HC, 

TST, LTBI, ATB: 4.09, 3.59, 3.38, 3.36; p=0.013). With IFN-β stimulation, SOCS3 gene fold 

expression was highest in LTBI with stepwise decrease in expression from HC, TST to ATB 

(log2FC for HC, TST, LTBI, ATB: 0.66, 0.26, 0.90, 0.19; p=0.043). However, the fold changes of 

the SOCS3 gene in TST and ATB were below the absolute(log2FC) cut-off of |1|. 
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Figure 21. ISG expression (fold changes) in IFN-α- and IFN-β stimulated samples. 

Genes enriched for (a) IFN-α/β signaling pathway, (b) IFN-γ signaling pathway, (c) IFN-α/β and IFN-γ signaling 

pathways, (d) IFN signaling, (e) IL-10 signaling pathway, and (f) Not classified. RT qPCR analysis of mRNA 

expression of ISGs in PBMCs with no stimulation or stimulated with IFN-α or IFN-β were normalized to 18S rRNA, 

ACTB and HPRT1 (ΔCrt). Fold changes was calculated as 2-ΔΔCrt and presented in a log2 format. Data are presented as 

bars with median and IQR. Kruskal-Wallis test was performed to assess differences between clinical phenotypes, * 

p< 0.05, ** p< 0.01, ***p≤0.001. Genes were listed according to Figure 14. The bars in each section are labelled in 

the order HC (white), TST, LTBI, and ATB (dark gray). x-axis=clinical phenotype; y-axis= log2 fold change.  
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Figure 21: continued 
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Figure 21: continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

Figure 21: continued 
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3.3.3.3 Comparison of ISG expression between clinical groups following IFN-α or IFN-β 

stimulation 

For the differentially expressed genes identified following IFN- α and IFN-β stimulation – 

IRF9, MSR1, and SOCS3 genes, pairwise comparisons using Dunn’s procedure were subsequently 

performed to identify the specific pairs of medians that differed significantly, followed by post hoc 

analysis using Bonferroni correction for multiple comparisons with statistical significance set at 

p<0.05. Dunn’s procedure compares the medians of all pairs to identify those that differ 

significantly- ATB vs HC, ATB vs TST, ATB vs LTBI, TST vs HC, TST vs LTBI, and LTBI vs 

HC. 

3.3.3.3.1 IFN-α stimulation 

Pairwise comparisons identified significant differences in the IFN-α-induced fold changes 

in IRF9 gene between ATB and TST (log2FC: 1.58 vs 1.09; p=0.009), HC and LTBI (2.22 vs 1.27; 

p=0.013), and HC and TST (2.22 vs 1.09; p< 0.001); and in MSR1 gene between HC and ATB 

(4.09 vs 3.36; p=0.005), TST and ATB (3.59 vs 3.36; p=0.024), and HC and LTBI (4.09 vs 3.38; 

p=0.025). Bonferroni correction at a threshold of p< 0.05 revealed statistically significant 

differences in median fold changes with IFN-α stimulation for IRF9 gene expression between HC 

and TST (2.22 vs 1.09; p= 0.001), and for MSR1 gene expression between HC and ATB (4.09 vs 

3.36; p=0.029) as can be seen in Table 9. 

3.3.3.3.2 IFN-β stimulation 

Pairwise comparisons identified significant differences in IFN-β -induced fold changes in 

the SOCS3 gene between LTBI and ATB (0.90 vs 0.19; p=0.007), and between LTBI and TST 

(10.90 vs 0.26; p=0.039) as can be seen in Table 9. Following correction for multiple comparisons, 

the SOCS3 gene was differentially expressed between LTBI and ATB with IFN-β stimulation (0.90 

vs 0.19; p=0.043) (Table 9). Although the expression of the SOCS3 gene was statistically 

significant between LTBI and ATB, it did not meet the absolute(log2FC) cut-off of |1|. 
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Table 9. Differentially expressed genes with IFN-α and- IFN-β stimulation between clinical groups 

(fold change). 

    
 

 Post hoc analysis 

Stimulation Gene N χ2 

p-

valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

IFNα 

IRF9 60 14.858 

0.002 ATB-TST 0.009 0.054 

0.002 HC-LTBI 0.013 0.076 

0.002 HC-TST < 0.001 0.001 

MSR1 59 10.821 

0.013 HC-ATB 0.005 0.029 

0.013 TST-ATB 0.024 0.143 

0.013 HC-LTBI 0.025 0.151 

IFNβ SOCS3 59 8.137 
0.043 LTBI-ATB 0.007 0.043 

0.043 LTBI-TST 0.039 0.236 
 

ATB-active tuberculosis; TST- Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom gene is detected. Comparisons of fold changes between clinical groups using 

Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple comparisons. Bolded 

and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is the square of the 

difference between the observed values and the expected values. p-values: a – across groups p-value; c – pairwise 

comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple comparisons. b – 

the order in the comparison shows the direction of the difference with the higher expression listed first. 

 

3.3.3.4 Summary 

The experiments in this section aimed to compare gene regulation in response to 

stimulation with IFN-α or IFN-β in distinct M. tuberculosis infection states. We hypothesized that 

stimulation of PBMCs with IFN-α or IFN-β would result in upregulation of ISGs in ATB compared 

to LTBI. As expected, stimulation with IFN-α or IFN-β upregulated the expression of most genes, 

except for IL-1A and IL-1B genes that were downregulated. About half the gens had a larger fold 

change in ATB than LTBI with both IFN stimulations supporting the sub-hypothesis. With IFN-α 

stimulation, the IRF9 gene was differentially expressed between HC and TST, the MSR1 gene 

between HC and ATB, and after IFN-β, the SOCS3 gene between LTBI and ATB. 
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3.3.4 Comparison of relative ISG expression in Mtb WCL stimulated samples versus 

unstimulated samples between clinical groups 

In previous transcriptional profiling studies, gene expression from PBMCs stimulated with 

ESAT-6/CFP-10 and with PPD did not reveal enrichment for IFN-inducible genes (384,385). In 

addition to understanding the differences in genes expression responses to the type I IFNs, we 

therefore also studied the M. tuberculosis-specific gene expression responses relative to 

unstimulated responses on PBMCs from our study participants to explore whether M. tuberculosis 

WCL would elicit differential responses between the M. tuberculosis infection states, and whether 

this response would be suppressed compared to responses elicited by IFN-α or IFN-β. 

For these experiments, frozen PBMCs from the study participants classified as HC (n=11), 

TST (n=12), LTBI (n=19) and ATB (n=19) were thawed, and approximately one million cells 

were cultured with 50μg/ml of Mtb WCL for four hours alongside an unstimulated control. 

Thereafter, RNA was extracted from the washed cell pellet and processed through RT-qPCR for 

analysis of the 53 genes listed in Table 5. Crt values of the target genes were normalized using the 

reference genes 18S rRNA, ACTB, and HPRT1, and the relative expression was calculated using 

the 2-∆Ct method. 

3.3.4.1 Clustering analysis of relative expression in unstimulated and Mtb WCL stimulated 

samples 

The relative expression data for unstimulated and Mtb WCL-stimulated samples were 

uploaded into Clustvis, and the data were log-transformed as described in section 3.3.1. As can be 

seen in Figure 22, cluster analysis using principal component analysis (PCA) partially separates 

the expression of genes in unstimulated samples from the Mtb WCL-stimulated samples. However, 

the stimulation does not cluster the genes by the clinical groups. 
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Figure 22. Principal component analysis of relative ISG expression with no stimulation and in response to Mtb 

WCL. 

Unstimulated or Mtb WCL-stimulated PBMCs from ATB, HC, LTBI, and TST were incubated for 4 hours, RNA 

extracted and processed using RT-qPCR for detection of 53 ISGs. Relative expression was calculated using the 

formula 2-ΔCrt. The original values for 52 genes were uploaded into Clutvis and log transformed. The stimulations are 

represented in color by green=Mtb WCL, and orange=unstimulated. The clinical groups are represented by shapes - 

circle=ATB, square=HC, triangle=LTBI, rhombus=TST. 

 

Gene clustering was then assessed using a heatmap. As can be seen in Figure 23, 

stimulation with Mtb WCL induced a higher expression of most ISGs compared to expression at 

baseline, although some of the ISGs also showed lower expression with stimulation in some of the 

study participants. However, there was no distinct clustering of gene expression by the clinical 

groups. 
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Figure 23.Heatmap showing the unsupervised clustering of ISGs in unstimulated and Mtb WCL stimulated 

samples. 

Peripheral blood mononuclear cells (PBMCs) from ATB, HC, LTBI, and TST were incubated with Mtb WCL or 

unstimulated for 4 hours, RNA extracted and processed using RT-qPCR for detection of 53 ISGs. Relative expression 

was calculated using the formula 2-ΔCrt. The original values for 52 genes were uploaded into Clutvis 

(http://biit.cs.ut.ee/clustvis/) and log-transformed. The rows show the genes – blue color indicates low expression; red 

color indicates high expression. Columns show the clinical phenotypes (red=ATB; blue=HC; green= LTBI; 

purple=TST). 

 

3.3.4.2 Comparison of relative ISG expression across clinical groups following Mtb WCL 

stimulation 

After data visualization using PCA and the heatmap the data was assessed at the individual 

gene level. The median relative expression values for each gene in the Mtb WCL-stimulated 
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samples were analysed using the Kruskal-Wallis test to assess for statistically significant 

differences across the median of the relative expression values from IFN-stimulation between 

clinical groups. In agreement with the findings of the heatmap in Figure 23, most genes 

demonstrated a higher expression with Mtb WCL-stimulation than in the unstimulated samples 

(Figure 24); the expression of most ISGs following stimulation with Mtb WCL was lower than 

that following IFN stimulation (Table S1). FCGR1B gene expression was not induced by Mtb 

WCL while it was observed in unstimulated samples (Figure 15) and with both IFN stimulations 

(Figure 18). 

Overall, 29.4% of ISGs had higher expression in ATB compared to LTBI after Mtb WCL 

stimulation; 70.6% had higher expression in LTBI than in ATB (Table S1). Significant differences 

in expression were observed across clinical groups for several ISGs – FCGR1A and MSR1 with 

the highest expression in ATB; IFI44, IFI44L, and IFIT1, with the highest expression in LTBI; 

and SECTM1 with the highest expression in HC. The median relative expression of the FCGR1A 

gene was highest in ATB, followed by LTBI and TST, and was lowest in HC (median for HC, 

TST, LTBI, ATB:  0.000045, 0.000049, 0.000127, 0.000161; p=0.001) as can be seen in Figure 

24. The expression of MSR1 was highest in ATB followed a decrease in expression in LTBI, and 

HC, with the lowest expression in TST (median for HC, TST, LTBI, ATB: 0.000135, 0.000081, 

0.000140, 0.000180; p=0.012). IFI44 had the highest expression in LTBI, with stepwise decrease 

from TST to HC, to the lowest expression in ATB (median for HC, TST, LTBI, ATB: 0.001467, 

0.001702, 0.002338, 0.0001072; p=0.030). IFI44L gene also showed the highest expression in 

LTBI, with stepwise decrease from TST to HC, to the lowest expression in ATB (median for HC, 

TST, LTBI, ATB: 0.000718, 0.000922, 0.001605, 0.000489; p=0.015). The expression of the IFIT 

gene was also highest in LTBI, followed by a decrease in expression in TST and HC, to the lowest 

expression in ATB (median for HC, TST, LTBI, ATB: 0.003048, 0.003080, 0.004762, 0.001528; 

p=0.036). The relative expression of SECTM1 was highest in HC followed by a reduction in gene 

expression in ATB, TST, and LTBI (median for HC, TST, LTBI, ATB: 0.000886, 0.000566, 

0.000544, 0.000734; p=0.006). 
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Figure 24. Relative ISG expression in unstimulated and Mtb WCL-stimulated samples. 

Genes enriched for (a) IFN-α/β signaling pathway, (b) IFN-γ signaling pathway, (c) IFN-α/β and IFN-γ signaling 

pathways, (d) IFN signaling, (e) IL-10 signaling pathway, and (f) Not classified. RT qPCR analysis of mRNA 

expression of ISGs in unstimulated and Mtb WCL-stimulated PBMCs were normalized to 18S rRNA, ACTB and 

HPRT1(ΔCrt). Relative gene expression was calculated as 2-ΔCrt. Data are presented as median; each circle represents 

one participant. Kruskal-Wallis test was performed to assess differences between clinical phenotypes, * p< 0.05, ** 

p< 0.01, *** p≤0.001. Genes were listed according to Figure 14. Symbol color: red=HC, green=TST, blue=LTBI, 

purple=ATB. x-axis=clinical phenotype; y-axis=relative expression. 
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Figure 24: continued 
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Figure 24: continued 
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Figure 24: continued 
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3.3.4.3 Comparison of relative ISG expression between clinical groups following Mtb WCL 

stimulation 

For the expression of FCGR1A, IFI44, IFI44L, IFIT1, MSR1, and SECTM1 genes 

identified as differentially expressed across the four study groups using the Kruskal-Wallis test, 

pairwise comparisons using Dunn’s procedure were subsequently performed to identify the 

specific pairs of medians that differed significantly, followed by post hoc analysis using 

Bonferroni correction for multiple comparisons with statistical significance set at p< 0.05. 

Pairwise comparisons identified significant differences in FCGR1A between HC and both 

ATB (median: 0.000045 vs 0.000161; p=0.001), and LTBI (median: 0.000045 vs 0.000127; 

p=0.028); TST and both ATB (median: 0.000049 vs 0.000161; p=0.001) and LTBI (median: 

0.000049 vs 0.000127; p=0.019); and MSR1 between ATB and TST (median: 0.000180 vs 

0.000081; p=0.001); as shown in Table 10. IFI44 showed significant difference between LTBI and 

ATB (median: 0.002338 vs 0.001072; p=0.003); IFI44L between LTBI and both ATB (median: 

0.001605 vs 0.000489; p=0.003) HC (median: 0.001605 vs 0.000718; p=0.022); IFIT1 between 

ATB and both LTBI (median: 0.001528 vs 0.004762; p=0.005) and TST (median: 0.001528 vs 

0.003080; p=0.048); and SECTM1 between HC and ATB (median: 0.000886 vs 0.000734; 

p=0.031), LTBI (median: 0.000886 vs 0.000544; p=0.001) and TST (median: 0.000886 vs 

0.000566; p=0.007). 

Post hoc analysis at a threshold of p< 0.05 revealed statistically significant differences in 

median gene expression fold changes of FCGR1A between ATB and HC (0.000161 vs 0.000045; 

p=0.009) and between ATB and TST (0.000161 vs 0.000049; p=0.005); and of MSR1 between 

ATB and TST (0.000180 vs 0.000081; p=0.007) – both genes showed higher expression in ATB 

as can be seen in Figure 24 and Table S1. Significant differences were also found in the expression 

of IFI44 between LTBI and ATB (median: 0.002338 vs 0.001072; p=0.02); IFI44L between LTBI 

and ATB (median: 0.001605 vs 0.000489; p=0.016); and IFIT1 between LTBI and ATB (median: 

0.004762 vs 0.001528; p=0.031); - all with higher expression in LTBI. Significant differences 

were also observed in the expression of SECTM1 gene between HC and LTBI (median: 0.000886 

vs 0.000544; p=0.004) and between HC and TST (median: 0.000886 vs 0.000566; p=0.041) with 

higher expression in HC. 
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Table 10. Genes differentially expressed between clinical groups with Mtb WCL stimulation 

(relative expression). 

      Post hoc analysis 

Stimulation Gene N χ2 

p-

valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

Mtb WCL 

FCGR1A 42 17.323 0.001 

ATB-HC 0.001 0.009 

LTBI-HC 0.028 0.166 

ATB-TST 0.001 0.005 

LTBI-TST 0.019 0.115 

IFI44 61 8.92 0.03 LTBI-ATB 0.003 0.02 

IFI44L 61 10.476 0.015 
LTBI-ATB 0.003 0.016 

LTBI-HC 0.022 0.134 

IFIT1 61 8.539 0.036 
LTBI-ATB 0.005 0.031 

TST-ATB 0.048 0.29 

MSR1 59 10.983 0.012 ATB-TST 0.001 0.007 

SECTM1 61 12.407 0.006 

ATB-HC 0.031 0.187 

HC- LTBI 0.001 0.004 

HC-TST 0.007 0.041 

 

ATB-active tuberculosis; TST- Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom gene is detected. Comparisons of relative expression data between clinical 

groups using Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple 

comparisons. Bolded and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is 

the square of the difference between the observed values and the expected values. p-values: a – across groups p-value; 

c – pairwise comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple 

comparisons.b – the order in the comparison shows the direction of the difference with the higher expression listed 

first. 

 

 

3.3.4.4 Summary 

The objective in this section aimed to assess gene expression responses to stimulation with 

Mtb WCL in various M. tuberculosis infection states. We hypothesized that stimulation with Mtb 

WCL would suppress the expression of ISGs compared to that observed with stimulation with 

IFN-α and IFN-β. Mtb WCL contains proteins, lipids and carbohydrates present within M. 

tuberculosis H37Rv bacterial cell. PBMCs from healthy controls and individuals identified as 

TST, LTBI, and ATB were stimulated with Mtb WCL with an unstimulated control and then tested 
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using RT qPCR for the expression of selected ISG genes relative to the unstimulated control. The 

gene expression induced by Mtb WCL was higher than that at baseline but lower compared to that 

observed with IFN-α and IFN-β stimulation. Most of the genes tested demonstrated higher 

expression in LTBI than in ATB, supporting the sub-hypothesis of suppression of ISG expression 

in ATB. Genes differentially expressed between LTBI and ATB were IFI44, IFI44L, and IFIT1, 

with higher expression in LTBI; between ATB and TST, FCGR1A and MSR1 with higher 

expression in ATB; and between ATB and HC, FCGR1A, with higher expression in ATB. 

SECTM1 gene was differentially expressed between HC and LTBI, and HC and TST, with higher 

expression in HC. The FCGR1B gene was not induced in PBMCs stimulated with Mtb WCL.  

 

3.3.5 Comparison of ISG expression between clinical groups following Mtb WCL stimulation 

Following the assessment of relative gene expression responses (normalized gene 

expression) to Mtb WCL, fold changes were calculated using the 2-ΔΔCrt method. This method 

represents the expression of a gene of interest in a treated sample (in this section, samples treated 

with Mtb WCL) normalized to reference genes (18S rRNA, β-actin, and HPRT-1) and relative to 

an untreated control sample. Fold change indicates whether a gene is up-regulated or down-

regulated. Fold change was calculated as: 

Delta Crt (ΔCrt) = Crttarget gene – Crtreference gene 

Delta delta Crt (ΔΔCrt) = ΔCrtstimulated – ΔCrtunstimulated(414,417). 

 

3.3.5.1 Clustering analysis of gene expression fold changes in unstimulated and Mtb WCL 

stimulated samples 

To visualize whether the fold change data clusters by clinical groups, the gene expression 

data from Mtb WCL-stimulated samples were uploaded into Clustvis and log-transformed data. 

As can be seen in Figure 25, cluster analysis using PCA did not cluster genes stimulated with Mtb 

WCL by the clinical groups. 
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Figure 25. Principal component analysis of ISG expression fold changes in response to Mtb WCL. 

Mtb WCL-stimulated PBMCs from ATB, HC, LTBI, and TST were incubated for 4 hours, RNA extracted and 

processed using RT-qPCR for detection of 53 genes. Gene expression fold changes was calculated using the formula 

2-ΔΔCt. The original values for 52 genes were uploaded into Clutvis (http://biit.cs.ut.ee/clustvis/) and log transformed. 

The clinical groups are represented by shapes – red circle=ATB, blue square=HC, green triangle=LTBI, purple 

rhombus=TST. 

 

In addition to the PCS, gene clustering was also assessed using a heatmap. As can be seen 

in Figure 26, the pattern of gene expression varies considerably by individuals, with some showing 

strong responses but, similar to the relative expression data in Figure 23, there was no clustering 

of gene expression by clinical phenotypes after Mtb WCL stimulation. 
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Figure 26. Heatmap showing the unsupervised clustering of ISG expression fold changes in Mtb WCL 

stimulated samples. 

Peripheral blood mononuclear cells (PBMCs) from ATB, HC, LTBI, and TST were incubated with Mtb WCL or 

unstimulated for 4 hours, RNA extracted and processed using RT-qPCR for detection of 53 ISGs. Relative expression 

was calculated using the formula 2-ΔΔCrt. The original values for 52 ISGs were uploaded into Clutvis 

(http://biit.cs.ut.ee/clustvis/) and log-transformed. The rows show the genes – blue color indicates low expression; red 

color indicates high expression). Columns show the clinical phenotypes (red=ATB; blue=HC; green= LTBI; 

purple=TST). 

 

3.3.5.2 Comparison of ISG expression across clinical groups following Mtb WCL stimulation 

Following data visualization using PCA and the heatmap the data was interrogated at the 

individual gene level. The median log2 fold changes (FC) for each gene in the IFN-stimulated 

samples were tested using the Kruskal-Wallis test to assess for statistically significant differences 

across the median of the log2 FC values from Mtb WCL stimulation between clinical groups. 
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As can be seen in Figure 27 (presented as log2FC) and Table S2, using an absolute(log2FC) 

of |1| cut-off with log2FC ≥1.0 being upregulated, and ≤ -1.0 being downregulated, less than half 

the genes were upregulated in most of the clinical groups after Mtb WCL stimulation in contrast 

to the findings after IFN-α/β stimulation (HC-50.9%, TST-32.1%, LTBI-24.5%, ATB-26.4%).  

Most of the genes showed no regulation (HC-30.2%, TST-50.9%, LTBI-62.3%, ATB-60.4%).  

Only seven genes were upregulated in all clinical phenotypes: GBP4 gene had the largest 

upregulation in HC, then LTBI, ATB and TST [log2FC HC, TST, LTBI, ATB: 1.59, 1.13, 1.21, 

1.18 respectively], IFI44L gene in ATB then TST, HC, and LTBI [1.22, 1.36, 1.15, 1.89], IFIT1 

gene in HC, TST, LTBI, and ATB [2.45, 2.16, 1.88, 1.66], IFIT3 gene in HC, TST, ATB, and 

LTBI [2.34, 1.43, 1.14, 1.35], IL-10 gene in HC, ATB, TST, and LTBI [2.85, 2.54, 1.98, 2.79], IL-

1A gene in HC, ATB, LTBI, and TST [4.02, 3.50, 3.61, 3.86], and IL-1B gene in HC, LTBI, ATB, 

and TST [3.65, 2.95, 3.13, 2.98]. MSR1 gene was downregulated in all groups with the largest 

change in LTBI, then in ATB, TST, and HC [-1.51, -2.32, -2.47, -2.40]. More than half of the 

genes tested exhibited mixed responses of up- or down-regulated genes with expression in some 

groups showing no regulation, these included FCGR1A [-1.06, -1.36, 0.23, -0.51]; SOCS3 [1.10, 

0.86, 0.85, 1.07]; SECTM1 [1.99, 0.49, 0.53, 0.06]; and IFI44 [1.16, 1.44, 1.24, 0.82]. Others 

showed no change after Mtb WCL stimulation for all clinical phenotypes such as IRF9 [log2FC 

HC, TST, LTBI, ATB – 0.87, 0.34, 0.28, 0.23 respectively], TNFSF10 [0.96, 0.70, 0.30, -0.07]. 

FCGR1B gene was not detected in TST, LTBI, and ATB, and was only detected in one individual 

in HC after Mtb WCL stimulation making it ineligible for analysis. 

IFITM3, OAS3, SECTM1, STAT1, and TNFSF10 genes were being differentially expressed 

after Mtb WCL stimulation. The largest change in the expression of IFITM3 gene was in in ATB 

then LTBI, HC and TST (log2FC HC, TST, LTBI, ATB: -0.22, -0.18, -0.29, -0.86; p=0.019); that 

for OAS3 was largest in HC, followed by LTBI, ATB, and TST (log2FC HC, TST, LTBI, ATB: 

1.91, 0.87, 1.31, 0.91; p=0.045); for SECTM1 gene in HC, LTBI, TST, and lowest in ATB (log2FC 

HC, TST, LTBI, ATB: 1.99, 0.49, 0.53, 0.06; p< 0.001), as can be seen in Figure 27. The change 

in expression of STAT1 gene was largest in HC then TST, LTBI, and ATB (1.44, 0.69, 0.62, 0.49; 

p=0.024); and for TNFSF10 gene in HC, TST, LTBI, ATB (log2FC HC, TST, LTBI, ATB: 0.96, 
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0.70, 0.30, -0.07; p=0.044). The log2FC levels of IFITM3 and TNFSF10 genes were outside the 

cut-off of 1; those of SECTM1 and STAT1 genes were upregulated in HC only. 

 

 

Figure 27. Gene expression (fold changes) in Mtb WCL- stimulated samples. 

Genes enriched for (a) IFN-α/β signaling pathway, (b) IFN-γ signaling pathway, (c) IFN-α/β and IFN-γ signaling 

pathways, (d) IFN signaling, (e) IL-10 signaling pathway, and (f) Not classified. RT qPCR analysis of mRNA 

expression of ISGs in PBMCs with no stimulation or stimulated with Mtb WCL were normalized to 18S rRNA, β-

actin and HPRT1 (ΔCt). Fold change was calculated as 2-ΔΔCrt and presented in a log2 format. Data are presented as 

median; each circle represents one participant. Kruskal-Wallis test was performed to assess differences between 

clinical phenotypes, * p< 0.05, ** p< 0.01, ***p≤0.001. Genes were listed according to Figure 14. Bars in each section 

are labelled in the order HC (white), TST, LTBI, and ATB (dark gray). x-axis=clinical phenotype; y-axis= log2 fold 

change. 
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Figure 27: continued 
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Figure 27: continued 
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Figure 27: continued 
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3.3.5.3 Comparison of ISG expression between clinical groups following Mtb WCL stimulation 

For the expression of IFITM3, OAS3, SECTM1, STAT1, and TNFSF10 genes following 

Mtb WCL stimulation that were differentially expressed across the four study groups identified 

using the Kruskal-Wallis test, pairwise comparisons using Dunn’s procedure were subsequently 

performed to identify the specific pairs of medians that differed significantly, followed by post hoc 

analysis using Bonferroni correction for multiple comparisons with statistical significance set at 

p< 0.05.  

Pairwise comparisons identified significant differences in the Mtb WCL-induced fold 

changes in IFITM3 gene between ATB and LTBI (log2FC: -0.86 vs -0.29; p=0.005), and ATB and 

TST (log2FC: -0.86 vs  -0.18; p=0.024); in OAS3 gene between HC and ATB (log2FC: 1.91 vs 

0.91; p=0.007), and HC and TST (log2FC: 1.91 vs 0.87; p=0026); in SECTM1 gene between HC 

and ATB (log2FC: 1.99 vs 0.06; p<0.001), HC and LTBI (log2FC: 1.99 vs 0.53; p=0.002), and HC 

and TST(log2FC: 1.99 vs 0.49; p=0.001); in STAT1 between HC and ATB (log2FC: 1.44 vs 0.49; 

p=0.002); and in TNFSF10 between HC and ATB (log2FC: 0.96 vs -0.07), and HC and LTBI 

(log2FC: 0.96 vs 0.30) with larger fold change in HC. (Table 11).  

Following corrections for multiple comparisons statistically significant differences in 

median fold changes were observed in the expressions of IFITM3 between ATB and LTBI with 

larger fold changes in ATB; OAS3 between HC and ATB, SECTM1 gene between HC and ATB, 

HC and LTBI, and HC and TST, and STAT1 between HC and ATB with higher fold changes in 

HC after Mtb WCL stimulation as shown in Table 11. 
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Table 11. Differentially expressed genes with Mtb WCL stimulation between clinical groups (fold 

change). 

      

Post hoc analysis 

  

Stimulation Gene N χ2 

p-

valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

Mtb WCL 

IFITM3 60 9.937 0.019 

ATB-LTBI 0.005 0.03 

ATB-TST 0.024 0.142 

OAS3 60 8.033 0.045 

HC-ATB 0.007 0.04 

HC-TST 0.026 0.154 

SECTM1 59 21.056 < 0.001 

HC-ATB < 0.001 < 0.001 

HC-LTBI 0.002 0.012 

HC-TST 0.001 0.007 

STAT1 60 9.48 0.024 HC-ATB 0.002 0.013 

TNFSF10 60 8.108 0.044 

HC-ATB 0.009 0.053 

HC-LTBI 0.026 0.155 

 

ATB-active tuberculosis; TST- Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls 

N: total number of individuals in whom gene is detected. Comparisons of fold changes between clinical groups using 

Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple comparisons. Bolded 

and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is the square of the 

difference between the observed values and the expected values. p-values: a – across groups p-value; c – pairwise 

comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple comparisons.b – 

the order in the comparison shows the direction of the difference with the higher expression listed first. 

 

 

3.3.5.4 Summary 

The experiments in this section aimed to compare gene regulation responses to stimulation 

with Mtb WCL in different M. tuberculosis infection states. We hypothesized that stimulation of 

PBMCs with Mtb WCL would result in suppression of ISGs in ATB compared to LTBI. 

Stimulation with Mtb WCL resulted in upregulation of slightly over half the genes tested, with 

about a third of the genes showing little effect in LTBI and ATB. Even for the genes that were 

upregulated after stimulation, the induction was markedly reduced compared to that induced after 

IFN-α/β stimulation except for IL-1A and IL-1B genes that were upregulated after Mtb WCL 

stimulation but downregulated with IFN-α/β. For differentially expressed genes –OAS3, SECTM1, 



124 

 

and STAT1 - fold changes were highest in HC and higher LTBI than in ATB. The downregulation 

of IFITM3 expression was highest in ATB compared to the other groups.  

 

3.3.6 Comparison of ISG expression with IFN-α stimulation versus IFN-β stimulation within 

clinical groups 

IFN-α and IFN-β both signal through the IFN-α receptor (IFNAR). Differences in the 

binding affinities of these IFNs to the receptor have been observed. IFN-β shows a 20 to 30-fold 

higher affinity and lower dissociation rate for IFNAR and hence prolonged effects than IFN-α 

(303,305). A transcriptional profiling study of PBMCs extracted from healthy individuals and 

stimulated with type I IFNs observed similar expression of genes induced by IFN-α and IFN-β 

(390). Here differences in gene expression induced by IFN-α and IFN-β were assessed, as each 

PBMC sample from the participant groups HCs, TST, LTBI, and ATB were stimulated with either 

IFN-α or IFN-β. 

3.3.6.1 Comparison of the relative ISG expression following IFN-α versus IFN-β stimulation 

within clinical groups 

The relative expression for each ISG was calculated using the formula, Relative expression 

= 2-ΔCrt and the ISG responses induced by IFN-α compared with those induced by IFN-β within 

each clinical group using a Wilcoxon signed-rank test which tests whether a set of pairs (repeated 

measures on a single sample) differs significantly. 

Statistically significant differences were observed with the relative expression of several 

genes shown in Figure 28. Most genes showed higher expression with IFN-β than with IFN-α 

stimulation. The median values are presented as relative expression in IFN-α vs IFN-β.This was 

observed in the expression of BATF2 gene in LTBI (0.000768vs 0.001099;17 pairs; p< 0.0001)and 

in ATB (0.001109 VS 0.001343;18 pairs; p= 0.0483); CCL8 gene in LTBI (0.013818 vs 0.016775; 

17 pairs; p= 0.0013) and in ATB (0.022401 vs 0.028615; 19 pairs; p= 0.0005); CXCL10 gene in 

TST (0.055564 vs 0.056384; 12 pairs; p=0.0425), LTBI (0.057678 vs 0.062898; 17 pairs; 

p=0.0258)and in ATB (0.054174vs 0.076740; 18 pairs; p= 0.0095); FAM26F gene in ATB only 

(0.001771 vs 0.002338; 19 pairs; p= 0.0138); FCGR1A gene in LTBI only (0.000604 vs 0.000847; 

18 pairs; p= 0.0375); IFI44L gene in LTBI only (0.007206 vs 0.008172; 19 pairs; p=0.0258); IFIT1 
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gene in ATB only (0.038357 vs 0.041119; 19 pairs; p= 0.0230); IFIT2 gene in HC(0.016122 vs 

0.018386; 11 pairs; p=0.0137), TST (0.015750 vs 0.017674; 12 pairs; p= 0.0122), LTBI (0.016811 

vs 0.020819; 19 pairs; p= 0.0020) and ATB (0.017696 vs 0.021977; 19 pairs; p= 0.0204). Similar 

observations were made in the expression of IFIT3 gene in TST (0.034889 vs 0.034438; 12 pairs; 

p=0.0425); IRF9 gene in TST (0.002255 vs 0.002992; 12 pairs; p= 0.0425), and SERPING1 gene 

in ATB (0.001703 vs 0.001854; 19 pairs; p= 0.0401).  

Genes with higher expression with IFN-α than with IFN-β stimulation were IRF1 

(0.006818 vs 0.005943; 11 pairs; p= 0.0098), MX1 (0.057390 vs 0.042507; 11 pairs; p=0.0323), 

and OAS3 gene (0.022520 vs 0.022360; 11 pairs; p= 0.0137) in HC; and, IL-1A gene (0.000318 vs 

0.000203; 19 pairs; p= 0.0361), and IL-1B gene (0.017254 vs 0.013663; 19 pairs; p= 0.0046) in 

ATB (Figure 28). 
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Figure 28. Relative ISG expression of IFN-α versus IFN-β stimulation of PBMCs within clinical groups. 

Genes enriched for (a) IFN-α/β signaling pathway, (b) IFN-γ signaling pathway, (c) IFN-α/β and IFN-γ signaling 

pathways, (d) IFN signaling, (e) IL-10 signaling pathway, and (f) Not classified. Peripheral blood mononuclear cells 

(PBMCs) from 11 HC, 12 TST, 19 LTBI, and 19 ATB were cultured with IFN-α in parallel with IFN-β for 4 fours. 

RNA was extracted from the PBMC pellets and processed through RT-qPCR on the Quantstudio platform acquiring 

Crt values. Fold changes were calculated for each gene using the 2-ΔCrt method and comparisons between IFN-α and 

IFN-β responses done using the Wilcoxon signed-rank test. Data are presented as median values. p-value: * < 0.05; 

** ≤ 0.01; *** ≤ 0.001. IFN-α responses are represented by black symbols and IFN-β responses by red symbols. 
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Figure 28: continued 
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Figure 28: continued 
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Figure 28: continued 

 

 

 

3.3.6.2 Comparison of ISG fold changes following IFN-α versus IFN-β stimulation within clinical 

groups 

The fold change for each ISG was calculated using the formula, Fold change = 2-ΔΔCrt, and 

the ISG responses induced by IFN-α compared with those induced by IFN-β within each clinical 

phenotype using a Wilcoxon signed-rank test which tests whether a set of pairs (repeated measures 

on a single sample) differs significantly. 
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Significant differences were observed between IFN-α- and IFN-β- inducedexpression of 

several genes shown in Figure 29. Most genes showed higher expression with IFN-β than with 

IFN-α stimulation. The values are presented as log2FC in IFN-α vs IFN-β. This was observed in 

the expression of BATF2 gene in LTBI (3.62 vs 3.86; 12 pairs; p= 0.0005); CCL8 gene in LTBI 

(7.13 vs 7.37; 15 pairs; p= 0.0054) and in ATB (6.70 vs 7.19; 18 pairs; p= 0.0034); CXCL10 gene 

in ATB (6.71 vs 7.28; 19 pairs; p= 0.0095); CXCL11 gene in TST only (8.09 vs 8.25; 11 pairs; 

p=0.0322); FAM26F gene in ATB only (3.58 vs 3.89; 19 pairs; p= 0.0204); FCGR1A gene in LTBI 

only (2.96 vs 3.08; 15 pairs; p= 0.0413); IFIT1 gene in ATB only (6.21 vs 6.10; 19 pairs; p= 

0.0361); IFIT2 gene in TST (5.00 vs 5.07; 12 pairs; p= 0.0269), LTBI (4.84 vs 4.99; 18 pairs; p= 

0.0028) and ATB (5.86 vs 5.97; 19 pairs; p= 0.0323). Similar observations were made in the 

expression of IRF9 gene in TST (1.09 vs 1.44; 12 pairs; p= 0.0425). The expression of IL-1A gene 

(-1.69 vs -2.06; 19 pairs; p= 0.0483), and IL-1B gene (-1.32 vs -2.12; 19 pairs; p= 0.0004) in ATB 

showed higher downregulation with IFN-β stimulation than with IFN-α. 

Gene differentially expressed between IFN-α and IFN-β with higher expression after IFN-

α stimulation than after IFN-β stimulation were CXCL10 gene (5.59 vs 5.58; 12 pairs; p= 0.0342) 

and SOCS3 gene (0.44 vs 0.26; 12 pairs; p=0.0342) in TST; and IRF1 (1.22 vs 1.06; 11 pairs; p= 

0.0049), and OAS3 gene (4.99 vs 4.78; 11 pairs; p= 0.0420) in HC.  

Most genes showed similar trends between IFN-α and IFN-β induced gene expression with 

both relative expression and fold change calculations. These were observed in HC – IRF1 and 

OAS3 gene expression; in TST – CXCL10, IFIT2, and IRF9 gene expression; in LTBI – BATF2, 

CCL8, FCGR1A, and IFIT2 gene expression; and in ATB - CCL8, CXCL10, FAM26F, IFIT1, and 

IFIT2 gene expression. 
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Figure 29. Gene expression (fold changes) of IFN-α versus IFN-β stimulation of PBMCs within clinical groups. 

Genes enriched for (a) IFN-α/β signaling pathway, (b) IFN-γ signaling pathway, (c) IFN-α/β and IFN-γ signaling 

pathways, (d) IFN signaling, (e) IL-10 signaling pathway, and (f) Not classified. Peripheral blood mononuclear cells 

(PBMCs) from 11 HC, 12 TST, 19 LTBI, and 19 ATB were cultured with IFN-α in parallel with IFN-β for 4 fours. 

RNA was extracted from the PBMC pellets and processed through RT-qPCR on the Quantstudio platform acquiring 

Crt values. Fold changes were calculated for each gene using the 2-ΔΔCrt method and comparisons between IFN-α and 

IFN-β responses done using the Wilcoxon signed-rank test. Data are presented as median values. p-value: * < 0.05; 

** ≤ 0.01; *** ≤ 0.001. IFN-α responses are represented by black symbols and IFN-β responses by pink symbols. 
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Figure 29: continued 
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Figure 29: continued 
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Figure 29: continued 

 

 

3.3.6.3 Summary 

The experiments in this section aimed to compare gene expression induced by IFN-α and 

IFN-β. We, therefore, hypothesized that stimulation with IFN-α and IFN-β would drive similar 

transcriptional profiles in the M. tuberculosis infection states. PBMC samples from each study 

participant were tested in parallel, with one tube of PBMCs stimulated with IFN-α and the other 

with IFN-β. RT qPCR was run, and data was analysed using both the ∆Ct and the ∆∆Ct methods. 
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IFN-α and IFN-β signal through the same receptor, IFNAR, but show differences in binding 

affinities and in their binding sites on the receptor.  

Although the expression of the ISGs followed similar trends with IFN-α and IFN-β 

stimulation, statistically significant differences were observed in some of the ISGs between the 

responses induced by the IFNs in the four clinical groups. Most of the differentially expressed 

ISGs following IFN-α and IFN-β stimulation were common to both relative expression and fold 

change analyses with similar directionality. Most of the ISG responses were higher with IFN-β 

than with IFN-α when assessed with both relative expression and fold change except for IRF1, IL-

1A and IL-1B genes, which showed higher expression with IFN-α with both analyses. Although 

most of the genes supported the sub-hypothesis that stimulation with IFN-α and IFN-β would drive 

similar transcriptional profiles in the M. tuberculosis infection states, a number of genes showed 

differences in the expression levels between the stimulations in the infection states. 

 

3.4 Analysis of cytokines in clinical samples 

The interaction between the production of type I IFNs and cytokines in the immune 

response to M. tuberculosis infection has been studied both in vivo in mouse-models of infection 

and in in vitro cell cultures. These studies have shown that type I IFNs suppress Th1 responses in 

M. tuberculosis infection with reduced activity of TNF-α, IFN-γ, IL-12, IL-1α, IL-1β and IL-6 

(26,366,367,372,418–420). In these studies, the immunoregulatory cytokine, IL-10, shows 

contrasting effects; some studies demonstrate increased IL-10 production induced by type I IFNs, 

while others show reduced IL-10 production.  

To better understand the effect of IFN-α and IFN-β on the immune response in different 

M. tuberculosis infection phenotypes, in addition to the gene expression analysis, we also 

characterized the cytokine profile in cultures of unstimulated PBMCs from 10 HC, 12 TST, 18 

LTBI, and 16 ATB. The PBMCs were cultured unstimulated for 16 to 18 hours as described in 

section 2.6.5. Supernatants from the cultured PBMCs were analysed for 33 cytokines, listed in 

Table 5, using Milliplex® MAP Human Cytokine / Chemokine kits (EMD Millipore, USA).  
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3.4.1 Comparison of cytokine levels between clinical groups at baseline 

A total of 23 cytokines that had at least 60% detectability were analysed, excluding the 

remaining nine cytokines – FGF-1, GM-CSF, IL-1α, IFN-γ, IL-12p40, IL-12p70, IL-13, IL-2, IL-

4, VEGF -from further analysis in all samples, and IFN-γ from further analysis in the unstimulated 

samples. Using REACTOME enrichment analysis from STRING analysis (https://string-db.org/), 

we identified cytokines involved in signaling pathways. 15 of the tested cytokines were involved 

in “Signaling by ILs” with most of the 15 overlapping with other signaling pathways – “Cytokine 

signaling in immune system”, “IL-10 signaling”, “IL-4 and IL-13 signaling” pathways. The 

cytokines that did not overlap with other pathways included fractalkine and EGF in “Signal 

transduction, IFN-α2 and sCD40L in “Cytokine signaling in immune system” and MDC that was 

not involved in any signaling pathway.  

The median levels for each cytokine at baseline for the four study groups are shown in 

Table S3 and in Figure 30. Higher cytokine level in ATB compared to HC was observed for eotaxin 

(median level for ATB vs HC: 7.56pg/ml vs 6.65pg/ml), fractalkine (31.14pg/ml vs 23.98pg/ml), 

MCP-3 (298.36pg/ml vs 119.53pg/ml), MCP-1 (3233.34pg/ml vs 1743.05pg/ml), IL-8 

(5157.91pg/ml vs 2915.97pg/ml), and RANTES (568.39pg/ml vs 453.30pg/ml), PDGF-AA 

(49.37pg/ml vs 25.33pg/ml), PDGF-AB/BB (140.18pg/ml vs 93.18pg/ml), IL-1β (34.99pg/ml vs 

28.80pg/ml), IL-6 (100.69pg/ml vs 70.20pg/ml), sCD40L (15.78pg/ml vs 9.90pg/ml), and IL-1RA 

(195.41pg/ml vs 189.64pg/ml); the remaining cytokines were higher in HC. Cytokine levels were 

higher in ATB compared to LTBI for GRO (1769.38pg/ml vs 1567.68pg/ml), IL-8 (5157.91pg/ml 

vs 4057.15pg/ml), PDGF-AA (49.37pg/ml vs 37.68pg/ml), PDGF-AB/BB (140.18pg/ml vs 

112.10pg/ml), and sCD40L (15.78pg/ml vs 12.50pg/ml); the remaining cytokines were higher in 

LTBI. 

A Kruskal Wallis test conducted to assess for significant differences between the median 

cytokine levels across the study groups found none of the analyte levels differed. 

 

 

 

https://string-db.org/
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Figure 30. Cytokine levels in baseline samples from HC, TST, LTBI, and ATB. 

Cytokine levels were measured in baseline PBMCs from HC, TST, LTBI, and ATB using a multiplex bead assay. 

Data are presented as median values. Each dot represents one participant. Kruskal-Wallis test was performed to assess 

differences between clinical phenotypes. (blue=HC, red=TST, green=LTBI, purple=ATB). 

 

3.4.1.1  Summary 

The experiments in this section aimed to assess the production of cytokines at baseline, 

without stimulation, in the M. tuberculosis infection states (TST reactive, LTBI, and ATB) and in 

healthy controls. We hypothesized that the levels of pro-inflammatory cytokines are higher in ATB 

than in other clinical phenotypes.  

None of the cytokines were statistically significant between clinical phenotypes in the 

baseline samples. Nevertheless, the levels of the chemokines, IL-8 and GRO, and the growth 

factors PDGF-AA and PDGF-AB/BB were higher in ATB compared to LTBI. The 

proinflammatory cytokines - IL-6 and IL-1β; the chemokines-eotaxin, fractalkine, MCP-1, MCP-

3, IL-8, and RANTES - some of which have pro-inflammatory activity, including IL-8 and MCP-

1; the growth factors-PDGF-AA and PDGF-AB/BB; and the anti-inflammatory receptor 

antagonist-IL-1RA were all higher in ATB compared to HC.  

 

3.4.2 Comparison of cytokine levels between clinical groups following IFN-α or IFN-β 

stimulation  

Next, each PBMC stimulation sample was tested for differences in cytokine profiles in 

response to IFN-α or IFN-β stimulation. Samples from the study groups HCs, TST, LTBI, and 

ATB were stimulated with either 1000IU/ml IFN-α or 10ng/ml IFN-β for 16 to 18 hours. 

Supernatants were processed using the Milliplex® MAP Human Cytokine / Chemokine kits as 

described in 2.5.5. 

The expression of most of the cytokines were not affected by IFN-α and IFN-β stimulation 

(Figure 31). Compared to baseline in which IFN-α2 level was highest in  HC, then LTBI, ATB, 

and TST (26.76pg/ml in HC, 6.78pg/m in TST, 13.65pg/ml in LTBI, 11.20pg/ml in ATB), with a 

similar trend after IFN-β stimulation (35.31pg/ml in HC, 5.86pg/ml in TST, 18.98pg/ml in LTBI, 

9.96pg/ml in ATB), IFN-α2 was markedly induced after IFN-α stimulation as expected–with the 
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highest level in LTBI followed by ATB, TST, and lowest in HC (2316.63pg/ml in HC, 

2408.81pg/ml in TST, 2671.14pg/ml in LTBI, 2477.62pg/ml in ATB). IL-1RA and IP-10 levels 

were elevated with both IFN-α (IL-1RA: 402.06pg/ml in HC, 427.06pg/ml in TST, 592.47pg/ml 

in LTBI, 702.54pg/ml in ATB; IP-10: 2348.46pg/ml in HC, 3080.27pg/ml in TST, 2455.20pg/ml 

in LTBI, 2550.82pg/ml in ATB) and IFN-β (IL-1RA: 544.69pg/ml in HC, 610.33pg/ml in TST, 

764.58pg/ml in LTBI, 920.51pg/ml in ATB; IP-10: 4542.90pg/ml in HC, 3933.30pg/ml in TST, 

4737.47pg/ml in LTBI, 6753.43pg/ml in ATB) compared to baseline levels (IL-1RA: 189.64pg/ml 

in HC, 293.56pg/ml in TST, 231.32pg/ml in LTBI, 195.41pg/ml in ATB; IP-10: 124.52pg/ml in 

HC, 139.96pg/ml in TST, 120.14pg/ml in LTBI, 69.22pg/ml in ATB) with higher IL-1RA and IP-

10 levels induced by IFN-β in all study groups.  

GRO and IL-8 were reduced after both IFN-α (GRO:272.72pg/ml in HC, 348.28pg/ml in 

TST, 333.38pg/ml in LTBI, 283.84pg/ml in ATB; IL-8: 1342.96pg/ml in HC, 2342.00pg/ml in 

TST, 2288.06pg/ml in LTBI, 2566.52pg/ml in ATB) and IFN-β stimulation (GRO: 183.39pg/ml 

in HC, 265.34pg/ml in TST, 233.83pg/ml in LTBI, 237.59pg/ml in ATB; IL-8: 980.74pg/ml in 

HC, 1059.28pg/min TST, 912.90pg/ml in LTBI, 1256.40pg/ml  in ATB) compared to baseline 

levels (GRO: 1771.44pg/ml in HC, 1369.67pg/ml in TST, 1567.68pg/ml in LTBI, 1769.38pg/ml 

in ATB; IL-8:  2915..97pg/ml in HC, 4591.42pg/min TST, 4057.15pg/ml in LTBI, 5157.91pg/ml  

in ATB) with more reduction with IFN-β stimulation as can be seen on Figure 31 and Table S3.  

To better understand the responses of individual cytokines, the median levels for each 

cytokine in the IFN-stimulated samples were compared using a Kruskal-Wallis test to assess for 

significant differences across the median of the expression values from IFN-stimulation between 

clinical groups. Following IFN-α stimulation, significant differences in levels across clinical 

groups were identified for several cytokines – IL-10, MCP-3, MIP-1β, and PDGF-AB/BB (Figure 

31 and Table S3). The highest levels of these four cytokines were in LTBI compared to the other 

clinical groups. the level of IL-10 was highest in LTBI, and lowest in ATB (57.03pg/ml in HC, 

40.97pg/ml in TST, 81.89pg/ml in LTBI, 29.06pg/ml in ATB; p=0.036); MCP-3 level was highest 

in LTBI, followed by ATB, TST, and lowest in HC (349.84pg/ml in HC, 509.59pg/ml in TST, 

927.37pg/ml in LTBI, 674.46pg/ml in ATB; p=0.046), MIP-1β level was highest in LTBI, then in 

TST and HC, and lowest in ATB(388.94pg/ml in HC, 363.92pg/ml in TST, 485.71pg/ml in LTBI, 

294.13pg/ml in ATB; p=0.048), and PDGF-AB/BB level was highest in LTBI followed by ATB, 

HC, and lowest in TST (50.89pg/ml in HC, 32.17pg/ml in TST, 94.20pg/ml in LTBI, 104.35pg/ml 
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in ATB; p=0.019). Following IFN-β stimulation, only the level of IL-10 showed significant 

difference between study groups, being highest in HC followed by LTBI, TST, and lowest in ATB 

(98.54pg/ml in HC, 38.81pg/ml in TST, 83.70pg/ml in LTBI, 27.18pg/ml in ATB; p=0.034).  
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Figure 31. Cytokine levels in baseline, IFN-α-, or IFN-β- stimulated samples. 

Cytokine levels were measured from unstimulated, IFN-α- (α), IFN-β-(β) stimulated PBMCs using a multiplex bead 

assay. Comparisons between clinical groups were made using Kruskal-Wallis test followed by post hoc analysis with 

Bonferroni correction. Data are presented as median values. Each dot represents results from one individual. Multiple 

corrections p-value: * < 0.05; ** ≤ 0.01; *** ≤ 0.001. Symbol color: red=HC, green=TST, blue=LTBI, purple=ATB. 

x-axis=clinical phenotype; y-axis=cytokine concentrations. 

 

 

3.4.2.1 Comparison of cytokine levels between clinical groups following IFN-α or IFN-β 

stimulation 

For the levels of IL-10, MCP-3, MIP-1β and PDGF-AB/BB that were differentially 

expressed across the four study groups following IFN-α or IFN-β stimulation, pairwise 

comparisons using Dunn’s procedure were subsequently performed to identify the specific pairs 

of medians that differed significantly, followed by post hoc analysis using Bonferroni correction 

for multiple comparisons with statistical significance set at p< 0.05.  

3.4.2.1.1 IFN-α stimulation 

Pairwise comparisons identified significant differences between clinical groups with IFN-

α stimulation for the chemokines MCP-3 (CCL7) between LTBI and HC (median: 927.37pg/ml 

vs 349.84pg/ml; p=0.046), MIP-1β (CCL4) between LTBI and ATB(median: 485.71pg/ml vs 

294.13pg/ml; p=0.048); the immunoregulatory cytokine IL-10 between LTBI and ATB, and 

between HC and ATB (median: 81.89pg/ml vs 29.06pg/ml, and 57.03pg/ml vs 29.06pg/ml; 

p=0.036); and the growth factor PDGF-AB/BB between both ATB and LTBI with TST (median: 

104.35pg/ml vs 32.17pg/ml, and 94.20pg/ml vs 32.17pg/ml; p=0.019) listed in Table 12. 

Following correction for multiple comparisons, IL-10 was differentially expressed between LTBI 

and ATB (median: 81.89pg/ml vs 29.06pg/ml; p=0.032), MCP-3 between LTBI and HC (median: 

927.37pg/ml vs 349.84pg/ml; p=0.032), and PDGF-AB/BB between ATB and TST (median: 

104.35pg/ml vs 32.17pg/ml; p=0.025) as shown in Table 12. 

3.4.2.1.2 IFN-β stimulation 

Pairwise comparisons identified significant differences in IL-10 between LTBI and ATB, 

and between HC and ATB with IFN-β stimulation (median: 83.70pg/ml vs 27.18pg/ml, and 

98.54pg/ml vs 27.18pg/ml; p=0.034). Following correction for multiple comparison, IL-10 
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expression remained statistically significant between LTBI and ATB (median: 83.70pg/ml vs 

27.18pg/ml; p=0.048) (Table 12). 

 

Table 12. Cytokine level differences with IFN-α or IFN-β stimulation. 

      Post hoc analysis 

Stimulation Cytokine N χ2 

p-

valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

IFN-α 

IL-10 55 8.541 0.036 
HC-ATB 0.049 0.292 

LTBI-ATB 0.005 0.032 

MCP-3 54 8.017 0.046 LTBI-HC 0.005 0.032 

MIP-1β 56 7.906 0.048 LTBI-ATB 0.012 0.075 

PDGF-

AB/BB 
54 9.945 0.019 

ATB-TST 0.004 0.025 

LTBI-TST 0.024 0.143 

IFN-β IL-10 55 8.700 0.034 
LTBI-ATB 0.008 0.048 

HC-ATB 0.019 0.116 
 

ATB-active tuberculosis; TST-Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom each gene is detected. Comparisons of cytokine levels between clinical groups 

using Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple comparisons. 

Bolded and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is the square of 

the difference between the observed and the expected values. p-values: a – across groups p-value; c – pairwise 

comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple comparisons. b – 

the order in the comparison shows the direction of the difference with the higher expression listed first. 

 

 

3.4.2.1.3  Summary 

The experiments in this section aimed to compare the induction of cytokines in response 

to IFN-α and IFN-β stimulation in M. tuberculosis infection states (LTBI and ATB). We 

hypothesized that the IFNs would suppress the expression of pro-inflammatory cytokines in ATB 

while increasing anti-inflammatory cytokines.  

The immunoregulatory/ anti-inflammatory cytokine IL-10 was differentially expressed 

between LTBI and ATB, with higher expression in LTBI following IFN-α and IFN-β stimulation 

which did not support the sub-hypothesis. The chemokine MCP-3 was differentially expressed 

between LTBI and HC with higher expression in LTBI and PDGF-AB/BB between ATB and TST 
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with higher expression in ATB with IFN-α stimulation. Aside from the increased expression of IP-

10 with both IFN-α and IFN-β stimulation and of IFN-α2 observed with IFN-α stimulation, most 

of the cytokines did not show a clear difference in the IFN-stimulated expression compared to the 

baseline expression. Although not statistically significant, the expression of pro-inflammatory 

cytokines – IL-1β, IL-6, and TNF-α – was lower in ATB compared to LTBI following IFN-α or 

IFN-β stimulation. 

 

3.4.2.2 Comparison of cytokine fold changes between clinical groups following IFN-α or IFN-β 

stimulation  

Next, the cytokine fold changes were calculated to assess the quantity of change in cytokine 

responses with stimulation compared to baseline. This was calculated as the ratio of cytokine level 

in stimulated sample/cytokine level in unstimulated sample for each IFN stimulation condition. 

This fold change demonstrated whether a cytokine was up-regulated or down-regulated following 

stimulation.  

 

3.4.2.2.1 Comparison of cytokine expression (fold changes) across clinical groups following 

IFN-α or IFN-β stimulation  

To determine differences at the single cytokine level, the median fold changes in Table S4 

in the IFN-stimulated samples from the four clinical groups were compared. For this comparison 

a cut-off absolute(log2FC) of |1| was used, with log log2FC ≥ for upregulated and log2FC ≤ -1 for 

downregulated. Overall, the majority of the cytokines showed little change following IFN-α and 

IFN-β, as seen in Figure 32 and Table S4. IFN-α stimulation up-regulated the expression of IFN-

α2 in all groups with the largest change in TST, followed by LTBI, ATB and HC (log2FC for HC, 

TST, LTBI, ATB: 6.39, 8.32, 7.84, 7.19); MCP-3 in HC and ATB with the largest change in HC 

(log2FC for HC, TST, LTBI, ATB: 1.49, 0.82, 0.83, 1.01), IL-1RAin all groups with the largest 

change in ATB, LTBI, HC then TST (log2FC for HC, TST, LTBI, ATB: 1.41, 1.10, 1.49, 1.61),and 

IP-10 in all groups with the largest change in ATB followed by LTBI, TST and HC (log2FC for 

HC, TST, LTBI, ATB: 3.87, 4.06, 4.66, 4.83). IFN-α stimulation down-regulated the expression 

of GRO in all groups with the largest change in ATB followed by both LTBI and TST, then HC 
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(log2FC for HC, TST, LTBI, ATB:-2.12, -2.25, -2.25, -2.64), MDC in all groups with the largest 

change in ATB followed by TST then both LTBI and HC (log2FC for HC, TST, LTBI, ATB: -

1.89, -1.94, -1.89, -2.25), and IL-8 only in ATB and TST with the largest change in ATB (log2FC 

for HC, TST, LTBI, ATB: -0.97, -1.18, -0.84, -1.36). The remaining cytokines showed no 

regulation after IFN-α stimulation. 

Almost similar responses were observed following IFN-β stimulation in which MCP-3 was 

upregulated in all groups with the largest change in HC followed by LTBI, ATB and TST (log2FC 

for HC, TST, LTBI, ATB: 1.68, 1.08, 1.20, 1.17); IL-1RA with the largest change in  ATB then 

HC, LTBI and TST  (log2FC for HC, TST, LTBI, ATB: 1.87, 1.49, 1.85, 2.22); and IP-10 with the 

largest change in ATB then LTBI, HC and TST (log2FC for HC, TST, LTBI, ATB: 5.29, 5.11, 

5.61, 6.03); the exception was the expression of IFN-α2 that showed no regulation (log2FC for HC, 

TST, LTBI, ATB: 0.10, -0.17, -0.06, -0.10). IFN-β stimulation downregulated the expression of 

GRO in all groups with the largest change in ATB then LTBI, TST and HC (log2FC for HC, TST, 

LTBI, ATB: -2.64, -2.74, -2.94, -3.18); MDC in all groups with the largest change in ATB 

followed by TST, HC, and LTBI (log2FC for HC, TST, LTBI, ATB: -2.47, -2.64, -2.25, -2.94); 

and IL-8 in all groups with the largest change in ATB followed by TST, HC and LTBI (log2FC for 

HC, TST, LTBI, ATB: -1.32, -1.40, -1.15, -2.00). The remaining cytokines showed no regulation 

(Table S4). 

The cytokines IL-10, IL-1α, IL-1β, and IP-10 were also assessed at gene level. The 

expression of the cytokine IL-10 showed no change with both IFN-α (log2FC for HC, TST, LTBI, 

ATB: 0.36, -0.03, 0.57, -0.03) and IFN-β stimulation (log2FC for HC, TST, LTBI, ATB: 0.40, 

0.01, 0.45, 0.00) (Table S4). Likewise, the IL-10 gene expression showed no change for almost all 

groups with IFN-α (log2FC for HC, TST, LTBI, ATB: 0.77, 0.23, 0.58, 0.37) and IFN-β 

stimulation (log2FC for HC, TST, LTBI, ATB: 1.01, -0.07, 0.28, -0.04) except for HC with IFN-β 

stimulation (Table S2). The expression of the cytokine IL-1β showed no change with IFN-α 

(log2FC for HC, TST, LTBI, ATB: -0.10, -0.79, 0.38, 0.14) and IFN-β stimulation (log2FC for HC, 

TST, LTBI, ATB: -0.29, -0.81, 0.11, 0.16) although that of the IL-1B gene was downregulated 

with both stimulations - IFN-α (log2FC for HC, TST, LTBI, ATB: -1.51, -1.69, -1.69, -1.32) and 

IFN-β stimulation (log2FC for HC, TST, LTBI, ATB: -2.25, -2.00, -1.84, -2.12) (Tables S4 and 

S2). CXCL10 (IP-10) was upregulated at both cytokine level - IFN-α (log2FC for HC, TST, LTBI, 

ATB: 3.87, 4.06, 4.66, 4.83) and IFN-β (log2FC for HC, TST, LTBI, ATB: 5.29, 5.11, 5.61, 6.03) 
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(Table S4), and at gene level - IFN-α (log2FC for HC, TST, LTBI, ATB: 7.60, 5.59, 6.49, 6.71) 

and IFN-β (log2FC for HC, TST, LTBI, ATB: 7.69, 5.58, 6.73, 7.28) (Table S2). 

A Kruskal-Wallis test was then carried out to assess differences in cytokine expression 

between the clinical groups. None of the cytokines up-regulated or down-regulated following IFN-

α stimulation were differentially regulated. Significant differences across the four study groups 

were identified in the fold changes for G-CSF that was highest in LTBI, followed by ATB, HC, 

and lowest with TST (log2FC for HC, TST, LTBI, ATB: -0.22, -0.64, -0.06, -0.18; p=0.031); IL-

10 expression was highest in LTBI, followed by HC, and lowest in ATB and TST (log2FC for HC, 

TST, LTBI, ATB: 0.36, -0.03, 0.57, -0.03; p=0.022), PDGF-AB/BB expression was highest in 

ATB then in LTBI, TST, and HC (log2FC for HC, TST, LTBI, ATB: -0.81, -0.43, -0.12, -0.15; 

p=0.017) and IL-1β expression was highest in LTBI, followed by ATB, HC, and TST (log2FC for 

HC, TST, LTBI, ATB: -0.10, -0.79, 0.38, 0.14; p=0.033) with IFN-α stimulation; and in the 

expression of IP-10 following IFN-β stimulation with the highest expression in ATB, followed by 

LTBI, HC, and TST (log2FC for HC, TST, LTBI, ATB: 5.29, 5.11, 5.61, 6.03; p=0.029) (Figure 

32). Although the differences in the expression of G-CSF, IL-10, and IL-1β after IFN-α stimulation 

were statistically significant, the expression levels did not meet the absolute (log2FC) of |1| cut-

off.  
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Figure 32. Cytokine expression (fold change) responses to IFN-α- or IFN-β- stimulation 

Cytokine levels were measured from unstimulated, IFN-α- (α), or IFN-β-(β) stimulated PBMCs using a multiplex 

bead assay. Fold changes were calculated by dividing each participant’s cytokine level from stimulated PBMCs by 

the level from unstimulated PBMCs. Comparisons of fold changes between clinical groups were made using Kruskal-

Wallis test followed by post hoc analysis with Bonferroni correction. Data are presented as median values. Multiple 

corrections p-value: * < 0.05; ** ≤ 0.01; *** ≤ 0.001.   Bars in each section are in the order HC (white), TST, LTBI, 

and ATB (dark gray).x-axis= clinical phenotype; y-axis=log2fold change. 

 

 

3.4.2.2.2 Comparison of cytokine expression (fold changes) between clinical groups 

following IFN-α or IFN-β stimulation  

For the fold changes of G-CSF, IL-10, IL-1β and PDGF-AB/BB that were differentially 

expressed across the four study groups following IFN-α or IFN-β stimulation, pairwise 

comparisons using Dunn’s procedure were subsequently performed to identify the specific pairs 

of medians that differed significantly, followed by post hoc analysis using Bonferroni correction 

for multiple comparisons with statistical significance set at p< 0.05.  

3.4.2.2.2.1 IFN-α stimulation 

Following IFN-α stimulation, significant differences were identified for G-CSF between 

TST and HC (log2FC: -0.64 vs -0.22; p=0.037) and between TST and LTBI (log2FC: -0.64 vs -

0.06; p=0.004) with a larger change in TST; IL-10 between LTBI and ATB (log2FC: 0.57 vs -0.03; 

p=0.002); PDGF-AB/BB between HC and ATB (log2FC: -0.81 vs -0.15; p=0.021), HC and LTBI 

(-0.81 vs -0.12; p=0.009) with larger fold change in HC, and between TST and LTBI (log2FC: -

0.43 vs -0.12; p=0.035) with larger changes in TST; and IL-1β between ATB and TST (log2FC: 

0.14 vs -0.79; p=0.040) being higher in ATB, between TST and HC (log2FC: -0.79 vs -0.10; 

p=0.026) with larger change in TST, and between LTBI and TST (log2FC: 0.38 vs -0.79; p=0.005) 

with larger change in LTBI. Bonferroni correction for multiple comparisons was then conducted 

setting the adjusted p-value for significance at p<0.05. Following correction for multiple 

comparisons, G-CSF was differentially expressed between TST and LTBI (log2FC: -0.64 vs -0.06; 

p=0.022), IL-10 between LTBI and ATB (log2FC: 0.57 vs -0.03; p=0.012), and IL-1β between 

LTBI and TST (log2FC: 0.38 vs -0.79; p=0.029), as shown in Table 13. 
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3.4.2.2.2.2 IFN-β stimulation 

With IFN-β stimulation, significant differences were identified for IP-10 between ATB and 

TST (log2FC: 6.03 vs 5.11; p=0.008) and ATB and HC (log2FC: 6.03 vs 5.29; p=0.032). 

Bonferroni correction for multiple comparisons was then carried out setting the adjusted p-value 

for significance at p<0.05. As shown in Table 13, IP-10 was differentially expressed between ATB 

and TST (log2FC: 6.03 vs 5.11; p=0.046). 

 

Table 13. Differentially expressed cytokines between clinical groups with IFN-α or IFN-β 

stimulation (fold change). 

      Post hoc analysis 

Stimulation Cytokine N χ2 

p-

valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

IFN-α 

G-CSF 54 8.886 0.031 
TST-HC 0.037 0.221 

TST-LTBI 0.004 0.022 

IL-10 55 9.612 0.022 LTBI-ATB 0.002 0.012 

IL-1β 48 8.734 0.033 

ATB-TST 0.04 0.239 

TST-HC 0.026 0.153 

LTBI-TST 0.005 0.029 

PDGF-

AB/BB  
54  10.153  

 

0.017  

HC-ATB 0.021 0.124 

HC-LTBI 0.009 0.052 

TST-LTBI 0.035 0.211 

IFN-β IP-10 48 8.987 0.029 
ATB-TST 0.008 0.046 

ATB-HC 0.032 0.195 

 

ATB-active tuberculosis; TST- Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom each gene wass detected. Comparisons of fold changes between clinical groups 

using Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple comparisons. 

Bolded and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is the square of 

the difference between the observed and the expected values. p-values: a – across groups p-value; c – pairwise 

comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple comparisons.b – 

the order in the comparison shows the direction of the difference with the higher expression listed first. 
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3.4.2.3 Summary 

The experiments in this section aimed to compare the induction of cytokines in response 

to IFN-α and IFN-β stimulation in M. tuberculosis infection states (TST reactive, LTBI, and ATB). 

We hypothesized that stimulation with type I IFNs would suppress the expression of pro-

inflammatory cytokines in ATB while increasing that of anti-inflammatory cytokines. 

Stimulation with IFN-α or IFN-β either suppressed or down-regulated the expression of 

the pro-inflammatory cytokine, IL-1β, TNF-α, and IL-6, compared to the unstimulated samples 

and up-regulated the expression of IL-1RA and IP-10 in all clinical groups which supported the 

sub-hypothesis. The expression of IL-10 was highest in LTBI but was suppressed in TST and ATB, 

which did not support the sub-hypothesis. The differences between median values for IL-10 

between ATB and LTBI and PDGF-AB/BB between LTBI and TST were observed with both the 

cytokine levels and the fold changes.  

 

3.4.3 Comparison of cytokine levels across clinical groups following Mtb WCL-stimulation  

Differences in cytokine responses following Mtb WCL stimulation of PBMCs from our 

study participants were also analysed. PBMC stimulation samples from the participant groups 

HCs, TST, LTBI, and ATB were stimulated with Mtb WCL for 16 to 18 hours with an unstimulated 

control for each sample. Supernatants were processed using the Milliplex® MAP Human Cytokine 

/ Chemokine kits as described in 2.5.5. 

Compared to unstimulated samples, most of the cytokines showed increased levels with 

Mtb WCL stimulation – eotaxin, G-CSF, fractalkine, IFN-α2, IFN-γ, IL-10, IL-6, IL-7, IP-10, IL-

1RA, IL-1β, MIP-1α, MIP-1β, RANTES, and TNF-α – as can be seen in Figure 33. MCP-3 levels 

were reduced in stimulation with Mtb WCL. A Kruskal-Wallis analysis was conducted to 

determine whether there were differences in cytokine levels between study groups with Mtb WCL 

stimulation. Statistically significant differences were identified across clinical groups for the 

growth factors PDGF-AA, PDGF-AB/BB, and the pro-inflammatory cytokine IL-1β (Figure 

32).The levels of PDGF-AA were highest in ATB compared to LTBI and TST(median levels in 

HC, TST, LTBI, ATB: 26.99pg/ml, 13.80pg/ml, 38.90pg/ml, 72.13pg/ml; p=0.029); PDGF-

AB/BB was elevated in ATB compared to HC and LTBI (median levels in HC, TST, LTBI, ATB: 



151 

 

126.14pg/ml, 118.88pg/ml, 178.43pg/ml, 244.34pg/ml; p=0.010); additionally, levels of IL-1β 

were highest in ATB compared to LTBI (median levels in HC, TST, LTBI, ATB: 1442.62pg/ml, 

1188.98pg/ml, 1609.01pg/ml, 2748.40pg/ml; p=0.045).  
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Figure 33. Cytokine levels in baseline and Mtb WCL stimulated samples. 

Cytokine levels were measured from unstimulated or Mtb WCL (Mtb) stimulated PBMCs using a multiplex bead 

assay. Comparisons between clinical groups were made using Kruskal-Wallis test followed by post hoc analysis with 

Bonferroni correction. Data are presented as median values. The p-value indicated is the overall  for the stimulation 

calculated using the Kruskal-Wallis test. Multiple corrections p-value: * < 0.05; ** ≤ 0.01; *** ≤ 0.001. (blue=HC, 

red=TST, green=LTBI, purple=ATB). x-axis= clinical phenotype; y-axis=cytokine levels (pg/ml)



154 

 

Figure 33: continued 
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3.4.3.1 Comparison of cytokine levels between clinical groups following Mtb WCL-stimulation  

For the level of IL-1β, PDGF-AA, and PDGF-AB/BB that were differentially expressed 

across the four study groups following Mtb WCL stimulation, pairwise comparisons using Dunn’s 

procedure were subsequently performed to identify the specific pairs of medians that differed 

significantly, followed by post hoc analysis using Bonferroni correction for multiple comparisons 

with statistical significance set at p< 0.05.  

Pairwise comparisons revealed differences in the levels of the growth factors PDGF-

AB/BB between ATB and HC (244.34pg/ml vs 126.14pg/ml; p=0.007) and ATB and TST 

(244.34pg/ml vs 118.88pg/ml; p=0.003); PDGF-AA between ATB and TST(72.13pg/ml vs 

13.80pg/ml p=0.004) and between LTBI and TST (38.90pg/ml vs 13.80pg/ml; p=0.021); and of 

the pro-inflammatory cytokine IL-1β between ATB and HC (2748.40pg/ml vs 1442.62pg/ml; 

pp=0.022) and between ATB and TST (2748.40pg/ml vs 1188.98pg/ml; p p=0.013). Post hoc 

analysis with Bonferroni correction did not reach statistical significance (p<0.0083) for the 

cytokines analysed as shown on Table 14. 

 

Table 14. Cytokine level differences with Mtb WCL stimulation. 

      Post hoc analysis 

Stimulation Cytokine N χ2 

p-

valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

Mtb WCL 

IL-1β 53 8.061 0.045 

ATB-HC 0.022 0.139 

ATB-TST 0.013 0.079 

PDGF-AA 55 9.021 0.029 

ATB-TST 0.004 0.023 

LTBI-TST 0.021 0.126 

PDGF-

AB/BB 55 11.284 0.01 

ATB-HC 0.007 0.045 

ATB-TST 0.003 0.02 

 

ATB-active tuberculosis; TST-Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom gene was detected. Comparisons of cytokine levels between clinical groups 

using Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple comparisons. 

Bolded and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is the square of 

the difference between the observed values and the expected values. p-values: a – across groups p-value; c – pairwise 

comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple comparisons.b – 

the order in the comparison shows the direction of the difference with the higher expression listed first. 
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3.4.3.2 Comparison of cytokine expression (fold changes) across clinical groups following Mtb 

WCL stimulation  

Next, cytokines' fold changes were evaluated to assess the cytokine responses with 

stimulation above the unstimulated sample. This was calculated by dividing the cytokine levels in 

supernatants from Mtb WCL-stimulated cell cultures by cytokine levels from baseline cell cultures 

from the same individual.  

Following stimulation with Mtb WCL, most cytokines were either up-regulated – HC 

(43.5%), TST (65.2%), LTBI (60.9%), and ATB (60.9%), or showed no regulation - HC (56.5%), 

TST (30.4%), LTBI (34.8%), and ATB (34.8%) (Figure 34). Cytokines that were upregulated in 

all clinical groups with this stimulation included G-CSF, IL-10, IL-1RA, IL-1β, IP-10, MIP-1α, 

MIP-1β, RANTES and TNF-α with the highest fold change in ATB followed by LTBI, while IFN-

α2 expression was highest in LTBI, and IL-6 expression was highest in HC.  

The fold change of IFN-α2 was higher with Mtb WCL stimulation (log2FC in HC, TST, 

LTBI, ATB: 1.41, 2.57, 3.00, 2.04) compared to that with IFN-β (log2FC in HC, TST, LTBI, ATB: 

0.10, -0.17, -0.06, -0.10) but lower than that after IFN-α stimulation (log2FC in HC, TST, LTBI, 

ATB: 6.39, 8.32, 7.84, 7.19). The expression of the cytokine IL-10 was upregulated with Mtb 

WCL stimulation at both protein (log2FC for HC, TST, LTBI, ATB: 5.90, 5.70, 6.16, 6.77) (Table 

S4) and gene level (log2FC for HC, TST, LTBI, ATB: 2.85, 2.54, 1.98, 2.79) (Table S2), both with 

higher expression in ATB than in LTBI.  

Some of the cytokines assessed were also analysed at the gene level. IL-10 protein and IL-

10 gene fold changes were higher after Mtb WCL stimulation than after IFN-α/β stimulation. The 

expression of the cytokine IL-1β showed upregulation with Mtb WCL at protein level (log2FC for 

HC, TST, LTBI, ATB: 5.53, 5.31, 6.26, 6.66) (Table S4) and for the IL-1B gene (log2FC for HC, 

TST, LTBI, ATB: 3.65, 2.95, 3.3, 2.98) (Table S2). Similar to IL-10 expression, both IL-1β protein 

and IL-1B gene fold changes were higher after Mtb WCL stimulation than after IFN-α/β 

stimulation.  However, the similarities between protein and gene expression were not observed 

with CXCL10 (IP-10) which was upregulated at protein level (log2FC for HC, TST, LTBI, ATB: 

2.31, 2.56, 2.53, 2.92) (Table S4), but not at gene level except in ATB (log2FC for HC, TST, LTBI, 
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ATB: 0.75, 0.07, 0.49, 1.18) (Table S2). The fold changes of both CXCL10/IP-10 protein and gene 

were lower after Mtb WCL stimulation than after IFN-α/β stimulation. 

A Kruskal-Wallis test was then carried out to identify differences in soluble analyte 

expression between the clinical groups and identified significant differences between the median 

log2FC of IL-1β (HC, TST, LTBI, ATB: 5.53, 5.31, 6.26, 6.66; p=0.019) with Mtb WCL 

stimulation (Figure 34). 
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Figure 34. Cytokine expression (fold change) responses to Mtb WCL stimulation. 

Cytokine levels were measured from unstimulated, and Mtb WCL (Mtb) stimulated PBMCs using a multiplex bead 

assay. Fold changes were calculated by dividing the stimulated levels by the unstimulated levels. Comparisons of fold 

changes between clinical groups were made using Kruskal-Wallis test followed by post hoc analysis with Bonferroni 

correction. Data are presented as median values. The p-value indicated is the overall for the stimulation calculated 

using the Kruskal-Wallis test. Multiple corrections p-value: * < 0.05; ** ≤ 0.01; *** ≤ 0.001. Bars in each section are 

labelled in the order HC (white), TST, LTBI, ATB (dark gray).x-axis=clinical phenotype; y-axis=log2 fold change 
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3.4.3.3 Comparison of cytokine expression (fold change) between clinical groups following Mtb 

WCL stimulation  

For the fold changes of IL-1β that were differentially expressed across the four study 

groups following Mtb WCL stimulation, pairwise comparisons using Dunn’s procedure were 

subsequently performed to identify the specific pairs of medians that differed significantly, 

followed by post hoc analysis using Bonferroni correction for multiple comparisons with statistical 

significance set at p< 0.05. Significant differences were identified for IL-1β between LTBI and 

TST (log2FC: 6.26 vs 5.31; p=0.030), ATB and TST (log2FC: 6.66 vs 5.31; p=0.006), and between 

ATB and HC (log2FC: 6.66 vs 5.53; p=0.035). Bonferroni correction for multiple comparisons 

was then carried out setting the adjusted p-value for significance at p<0.05. As shown in Table 15, 

IL-1β was differentially expressed between ATB and TST (log2FC: 6.66 vs 5.31; p=0.034). 

 

Table 15. Differentially expressed cytokines between clinical groups with Mtb WCL stimulation 

(fold change). 

   
 

   Post hoc analysis 

Stimulation Cytokine N 

 

χ2 

p-

valuea Comparisonb 

p-

valuec 

adjusted 

p-valued 

Mtb WCL IL-1β 48 

 

9.948 0.019 

ATB-HC 0.035 0.213 

 ATB-TST 0.006 0.034 

 LTBI-TST 0.03 0.183 
ATB-active tuberculosis; TST-Tuberculin skin test positive; LTBI-latent tuberculosis infection; HC-healthy controls. 

N: total number of individuals in whom gene is detected. Comparisons of cytokine fold changes between clinical 

groups using Kruskal-Wallis test with post hoc pairwise comparisons and Bonferroni correction for multiple 

comparisons. Bolded and yellow highlighted p-values are significant after Bonferroni correction. Chi square (χ2) is 

the square of the difference between the observed and the expected values. p-values: a – across groups p-value; c – 

pairwise comparison (between groups) p-value; d – adjusted p-value using Bonferroni correction for multiple 

comparisons. b – the order in the comparison shows the direction of the difference with the higher expression listed 

first. 

 

3.4.3.4 Summary 

The experiments in this section aimed to compare cytokine responses to Mtb WCL 

stimulation in different M. tuberculosis infection states (TST reactive, LTBI, and ATB). We 
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hypothesized that the Mtb WCL would increase the expression of pro-inflammatory cytokines in 

TB while suppressing anti-inflammatory cytokines. We observed increased expression of pro-

inflammatory cytokines (IL-1β, IL-6 and TNF-α) in ATB which supported the sub-hypothesis. 

Increases expression was also observed for chemokines (fractalkine, MIP-1-α, MIP-1β and 

RANTES) and of the immunoregulatory IL-10 with a more prominent increase in ATB for most 

of these cytokines. IL-1RA was increased in ATB. The increased expression of the anti-

inflammatory cytokines did not support the sub-hypothesis. IP-10 levels were suppressed after 

Mtb WCL stimulation compared to those induced by type I IFNs, but higher than in the 

unstimulated samples. IL-10 and IL-1β were both upregulated at both gene and protein level after 

Mtb WCL stimulation, while CXCL10/IP-10 showed no regulation at gene level but was 

upregulated at protein level. 

 

3.4.4 Comparison of cytokine expression (fold change) with IFN-α versus IFN-β stimulation 

across clinical groups 

To assess for differences in cytokine fold changes induced by IFN-α and IFN-β, each 

PBMC sample from the participant groups HCs, TST, LTBI, and ATB was stimulated in parallel 

with either IFN-α or IFN-β. Calculated fold changes were used to compare the cytokine responses 

induced by IFN-α with those induced by IFN-β within each clinical phenotype using a Wilcoxon 

signed-rank test. 

The median values are presented as log2FC in IFN-α vs IFN-β. Higher expression after 

IFN-β stimulation compared to after IFN-α  stimulation was observed in the expression of EGF in 

HC (-0.32 vs -0.07; 8 pairs; p= 0.0078); IL-1RA gene in HC (1.41 vs 1.87; 10 pairs; p= 0.0137), 

TST (1.10 vs 1.49; 12 pairs; p= 0.0005), LTBI (1.49 VS 1.85; 17 pairs; p=0.0004) and in ATB 

(1.61 VS 2.22; 16 pairs; p=0.0063); IP-10 in HC (3.87 vs 5.29; 9 pairs; p =0.0078), TST (4.06 vs 

5.11; 8 pairs; 0.0078), LTBI (4.66 vs 5.61; 15 pairs; p=0.0001), and ATB (4.83 vs 6.03; 14 pairs; 

p=0.0004) (Figure 35). Some demonstrated higher downregulation after IFN-β stimulation 

compared to after IFN-α  stimulation as observed in the expression of MDC in TST (-1.94 vs -

2.64; 12 pairs; p=0.0010), LTBI (-1.89 vs -2.25; 17 pairs; p=0.0021), and ATB (-2.25 vs -2.94; 16 

pairs; p=0.0001); GRO in LTBI (-2.25 vs -2.94; 16 pairs; 0.0052) and ATB (-2.64 vs -3.18; 13 
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pairs; p=0.0024); IL-8 in TST (-1.18 vs -1.40; 9 pairs; p=0.0078) and ATB (-1.36 vs 2.00; 12 pairs; 

p=0.0122). 

Higher expression after IFN-αstimulation compared to after IFN-β stimulation was 

observed in the expression of IFN-α2 in HC (6.39 vs 0.10; 7 pairs; p=0.0156), TST (8.32 vs -0.17; 

6 pairs; p=0.0313), LTBI (7.84 vs -0.06; 8 pairs; p=0.0078) and ATB (7.19 vs -0.10; 6 pairs; 

p=0.0313); MIP-1β in HC (0.56 vs 0.28; 10 pairs; p=0.0020); and TNF-α in HC (0.23 vs 0.00; 10 

pairs; p=0.0371) and ATB (0.14 vs -0.06; 16 pairs; 0.0386) (Figure 35). Similar differences were 

also observed for eotaxin in LTBI (0.04 vs -0.42; 13 pairs; p=0.0081) and ATB (-0.01 vs -0.27; 10 

pairs; 0.0039); and fractalkine in ATB (0.00 vs -0.22; 13 pairs; p=0.0049) 

 

3.4.4.1 Summary 

The experiments in this section aimed to compare cytokine expression induced by IFN-α 

and IFN-β. PBMC samples from each study participant were tested in parallel, with one tube of 

PBMCs stimulated with IFN-α and the other with IFN-β, with an unstimulated control. 

Supernatants were processed for cytokine levels. Fold changes were calculated by dividing the 

cytokine level in the stimulated sample by that in the unstimulated sample. Although the different 

type I IFNs signal through the same receptor, IFNAR, differences in their binding sites and 

affinities to the receptor suggest functional differences. We, therefore, hypothesized that 

stimulation with IFN-α and IFN-β would drive similar cytokine profiles in the M. tuberculosis 

infection states.  

As expected, IFN-α2 was differentially expressed with exogenous IFN-α in all clinical 

groups; IL-1RA and IP-10 were also differentially expressed in all clinical groups. Other cytokines 

differentially expressed in HC were EGF, and the chemokine MIP-1β, and TNF-α; in TST – the 

chemokines MDC and IL-8; in LTBI – the chemokines MDC, eotaxin, and GRO; and in ATB - 

TNF-α, and the chemokines MDC, IL-8, eotaxin, GRO and fractalkine. Although most of the 

cytokines tested supported the sub-hypothesis that stimulation with IFN-α and IFN-β would drive 

similar cytokine profiles in the M. tuberculosis infection states, several genes showed differences 

in the expression levels between the stimulations in the infection states. 
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Figure 35. Cytokine expression (fold changes) with IFN-α versus IFN-β stimulation of PBMCs within clinical 

phenotypes 

PBMCs from healthy control (HC), tuberculin skin test (TST), latent TB infection (LTBI), and active TB (ATB) were 

stimulated for 16-18 hours with IFN-α or IFN-β with an unstimulated control. Cytokine levels were measured from 

unstimulated, IFN-α- (α) or IFN-β-(β) stimulated PBMCs using a multiplex bead assay. Fold changes were calculated 

by dividing the stimulated level by the unstimulated level. Data are presented as the median values. The p-value 

indicated is overall for the stimulation calculated using the Wilcoxon signed-rank test. Adjusted p-value: * < 0.05; ** 

≤ 0.01; *** ≤ 0.001. (black open circles=IFN-α responses, red open circles= IFN-β responses).
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Figure 35: continued 
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3.5 Assessing associations between differentially expressed genes and participant 

epidemiological characteristics and cytokines 

 

3.5.1 Assessing the association between differentially expressed genes and participant 

epidemiologic characteristics  

Following the identification of seven genes identified as differentially expressed by the 

fold change method between clinical groups with IFN-α or IFN-β or Mtb WCL stimulation – IRF9, 

MSR1, SOCS3, IFITM3, OAS3, SECTM1, and STAT1 listed in Table 9 and Table 11, I evaluated 

the relationship between the expression of these genes and the participant characteristics. The goal 

was to determine whether the observed differences in gene expression induced by these 

stimulations in the different clinical groups were confounded by epidemiological or clinical 

factors. This sought to determine whether there was a significant association between the variables 

listed in Table 6 (demographic and clinical characteristics of study participants) and the magnitude 

of the change in gene expression, the fold change, in the clinical phenotypes of M. tuberculosis 

infection–LTBI and ATB for each stimulation using Spearman’s correlation analysis.  

First, the relationship between sex and the expression of the seven genes by IFN-α, IFN-β, 

and Mtb WCL was assessed (Table 16). In the ATB group, sex showed a moderate positive 

correlation with the expression of IFITM3 and MSR1 genes following IFN-α stimulation with 

females showing stronger responses for both genes – for IFITM3 12.46-fold, compared to 6.84-

fold in males (r= 0.520, p=0.023) and for MSR1 12.00-fold, compared to 6.88-fold in males (r= 

0.539, p=0.017). None of the genes showed association with sex following IFN-β and Mtb WCL 

stimulation. Age showed a moderate positive correlation with IFITM3 gene expression in ATB (r= 

0.573, p=0.010), and a moderate negative correlation with LTBI (r= -0.056, p=0.032) following 

Mtb WCL stimulation. There was no relationship observed between genes induced by IFN-α or 

IFN-β stimulation and age.  

Correlation analysis revealed relationships between ethnicity and several genes following 

IFN-α and IFN-β stimulations in LTBI and after Mtb WCL stimulation in ATB. Following IFN-α 

stimulation, a strong positive association was observed with IFITM3 gene expression with the 

strongest responses in Canadian-born non-Indigenous, 29.27-fold, Canadian-born Indigenous, 

28.36-fold, and then Foreign-born, 12.92-fold (r= 0.714, p=0.001); a moderate positive association 
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in IRF9 gene expression with the strongest responses in Canadian-born Indigenous, 6.00-fold, 

Canadian-born non-Indigenous, 5.14-fold, and Foreign-born, 2.37-fold, (r= 0.532, p=0.023) and 

STAT1 gene expression with the strongest responses in Canadian-born Indigenous, 11.02-fold, 

Canadian-born non-Indigenous, 10.48-fold, and Foreign-born, 5.94-fold (r= 0.599, p=0.009). 

Conversely, there was a low positive association between ethnicity and the expression of OAS3 

with the strongest responses in Canadian-born Indigenous, 130.21-fold, Canadian-born non-

Indigenous, 103.34-fold, and Foreign-born, 16.09-fold (r= 0.478, p=0.045). A similar pattern was 

observed following IFN-β stimulation - a strong positive association with IFITM3 gene expression 

with the strongest responses in Canadian-born non-Indigenous, 28.80-fold, Canadian-born 

Indigenous, 22.97-fold, and then Foreign-born, 7.18-fold (r= 0.721, p=0.001); a moderate positive 

association in IRF9 gene expression with the strongest responses in Canadian-born non-

Indigenous, 6.20-fold, Canadian-born Indigenous, 2.91-fold, and Foreign-born, 2.38-fold, (r= 

0.523, p=0.031), in STAT1 gene expression with the strongest responses in Canadian-born non-

Indigenous, 9.04-fold, Canadian-born Indigenous, 9.03-fold, and Foreign-born, 5.51-fold, (r= 

0.589, p=0.013), and in OAS3 gene expression with the strongest responses in Canadian-born 

Indigenous, 121.15-fold, Canadian-born non-Indigenous, 103.11-fold, and Foreign-born, 16.27-

fold (r= 0.523, p=0.031). Following Mtb WCL stimulation, a low negative association was 

observed in ATB between ethnicity and IFITM3 gene expression, with the strongest responses in 

Canadian-born non-Indigenous, 0.96-fold, then in Foreign-born, 0.84-fold, and Canadian-born 

Indigenous, 0.53-fold, (r= -0.473, p=0.041), and a moderate negative correlation with IRF9 

expression with the strongest expression in Foreign-born, 2.61-fold, followed by Canadian-born 

non-Indigenous, 1.35-fold, and Canadian-born Indigenous, 1.12-fold (r= -0.581, p=0.009). 

The BCG status of the study participants negatively correlated with the expression of genes 

only with IFN-α and IFN-β stimulation in LTBI. Following IFN-α stimulation, a moderate negative 

correlation was observed with BCG-negative individuals showing stronger responses for OAS3 

gene expression, 131.40-fold, compared to 16.09-fold in BCG-positive (r= -0.511, p=0.030), and 

for SOCS3 gene expression, 3.59-fold, compared to 1.49-fold in BCG-positive (r= -0.545, 

p=0.019). There was a low negative association with STAT1 with BCG-negative individuals 

showing stronger responses, 13.44-fold, compared to 6.34-fold in BCG-positive (r= -0.477, 

p=0.045). Following IFN-β stimulation a low negative correlation was observed with BCG-

negative individuals showing stronger responses for IFITM3 gene expression, 26.49-fold, 
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compared to 13.35-fold in BCG-positive (r= -0.484, p=0.049), a moderate correlation with BCG-

negative individuals showing stronger responses for IRF9 gene expression, 6.51-fold, compared 

to 2.39-fold in BCG-positive (r= -0.559, p=0.020), for OAS3 gene expression, 133.21-fold, 

compared to 16.27-fold in BCG-positive (r= -0.522, p=0.032), and for SOCS3 gene expression, 

2.63-fold, compared to 1.59-fold in BCG-positive (r= -0.559, p=0.020).  

Assessment of the relationship between the expression of the seven genes and chest X-ray 

results only showed association in the IFN-β-induced OAS3 expression in the LTBI group (Table 

16). The strongest responses were observed in study participants with no CXR done, followed by 

those with abnormal CXR and normal CXRs, 65.16-fold compared to 17.04-fold and 12.64-fold 

in the normal CXRs. 

None of the genes showed a correlation with TST results (positive or negative) or QFT 

results (positive or negative) by IFN-α, IFN-β, or Mtb WCL. QFT detects IFN-γ released from 

lymphocytes in whole blood when stimulated with M. tuberculosis-specific antigens (Antigen 

response), mitogen (Mitogen response), and an unstimulated control (Nil). The IFN-γ amount is 

calculated by subtracting the IFN-γ from the Nil tube from the IFN-γ in the Antigen response tube 

or the Mitogen response tube. Using manufacturer’s software that uses a predetermined cut-off, a 

test is positive when the TB antigen response is ≥0.35 IU/ml (Qiagen: www.QuantiFERON.com). 

Following Mtb WCL stimulation, a low negative correlation was observed between the TB antigen 

response and SECTM1 gene expression in ATB, with the strongest response in the QFT-negative 

(<0.35 IU/ml), 1.33-fold, compared to the QFT-positive (≥0.35 IU/ml), 00.75-fold. None of the 

genes showed significant association with the TB antigen response with IFN-α or IFN-β 

stimulations. 

3.5.1.1 Summary 

This section assessed the association between the fold changes in gene expression and the 

participant demographic and clinical characteristics. Sex showed a positive correlation with gene 

expression only in ATB following IFN-α stimulation with stronger responses in females. Ethnicity 

showed positive correlation with gene expression in LTBI following IFN-α or IFN-β stimulation 

but a negative correlation following Mtb WCL stimulation. BCG status showed a negative 

correlation with gene expression in LTBI following IFN-α or IFN-β stimulation but no correlation 

after Mtb WCL stimulation.  

http://www.quantiferon.com/
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Table 16. Association between differentially expressed genes and participant epidemiologic 

characteristics by type of stimulation. 

Stimulation Characteristic 

Study 

group Gene 

Correlation 

coefficient p-value 

IFN-α 

Sex ATB 
IFITM3 0.520 0.023 

MSR1 0.539 0.017 

Ethnicity LTBI 

IFITM3 0.714 0.001 

IRF9 0.532 0.023 

OAS3 0.478 0.045 

STAT1 0.599 0.009 

BCG LTBI 

OAS3 -0.511 0.030 

SOCS3 -0.545 0.019 

STAT1 -0.477 0.045 

IFN-β 

Ethnicity LTBI 

IFITM3 0.721 0.001 

IRF9 0.523 0.031 

OAS3 0.523 0.031 

STAT1 0.589 0.013 

BCG LTBI 

IFITM3 -0.484 0.049 

IRF9 -0.559 0.020 

OAS3 -0.522 0.032 

SOCS3 -0.559 0.020 

Chest Xray LTBI OAS3 0.482 0.050 

Mtb WCL 

Age 

ATB 

IFITM3 

0.573 0.010 

LTBI -0.506 0.032 

TST -0.677 0.016 

Ethnicity ATB 
IFITM3 -0.473 0.041 

IRF9 -0.581 0.009 

TB antigen 

response 
ATB 

SECTM1 -0.490 0.039 

Assessment of association using Spearman’s correlation analysis. Values highlighted in yellow indicate positive 

correlations. 

 

 

3.5.2 Association between expression levels of ISGs and cytokines 

There is a paucity of data on the relationship between expression at the gene level and its 

downstream effects on cytokines in TB. Therefore, gene expression experiments were carried out 

in parallel with cytokine assays to assess the relationship between gene expression and cytokine 

profiles in specific clinical phenotypes of M. tuberculosis infection. For each of the 4-hour PBMC 

cultures set up for gene expression, a parallel 16-18-hour PBMC culture was set up for cytokine 

analysis.  
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To explore the potential effect of gene expression levels on the expression levels of 

cytokines, we ran a correlation analysis of the data focusing on the seven differentially expressed 

ISGs - IRF9, MSR1, SOCS3, IFITM3, OAS3, SECTM1, and STAT1, with gene expression as the 

independent/ predictor variable and cytokine expression as the dependent/ outcome variable. Here 

only the significant correlation results between cytokine expression and gene expression in ATB 

and LTBI are shown. 

3.5.2.1 IFN-α stimulation 

In ATB, the expression of fractalkine showed a moderate negative correlation with 

IFITM3, OAS3, and STAT1 gene expression; MDC with SOCS3 expression, and G-CSF with 

MSR1 expression; and a moderate positive correlation between the expression of RANTES and 

IRF9 gene, and between IP-10/CXCL10 and SECTM1 gene expression (Table 17). In LTBI, a 

strong negative correlation was observed between IFN-α2 expression and MSR1 gene and between 

PDGF-AA and SOCS3 gene expression.  

3.5.2.2 IFN-β stimulation 

In contrast to the observations with IFN-α stimulation in ATB, fractalkine expression 

showed a positive correlation with OAS3, STAT1, and IRF9 (Table 17). PDGF-AA expression 

showed a moderate negative correlation with IFITM3, MSR1, and STAT1 genes, and sCD40L 

expression with SOCS3 gene expression. In LTBI, a strong negative correlation was observed 

between the expression of PDGF-AA and IFITM3 and a moderate negative correlation with OAS3, 

STAT1, and SECTM1 genes; PDGF-AB/BB and IFITM3 and STAT1 genes; EGF and SECTM1 

gene; and a moderate positive correlation between G-CSF and MSR1 gene.  

3.5.2.3 Mtb WCL 

In ATB, a moderate negative correlation was observed in the expression of G-CSF and 

IFITM3 and IRF9 gene expression. In LTBI, the expression of fractalkine, RANTES, PDGF-AA, 

and PDGF-AB/BB showed a positive correlation with MSR1 gene, IL-8 and sCD40L with 

SECTM1, whereas IFN-α2 showed a strong negative correlation with IFITM3 gene. 

3.5.2.4 Summary 

This section examined the association between the fold changes of gene expression and 

cytokine expression. The hypothesis tested was that there is an association between gene 
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expression and cytokine profiles in M. tuberculosis infection states. Gene expression showed 

association more commonly with chemokines in ATB following IFN-α and IFN-β stimulation and 

in LTBI following Mtb WCL stimulation. Differences were observed in correlation results with 

chemokines with IFN-α stimulation resulting in both positive and negative correlations, while IFN-

β stimulation resulted in positive correlations. The correlation of differentially expressed genes 

with differentially expressed cytokines was only observed following IFN-α stimulation between 

the MSR1 gene and G-CSF protein. These findings support the hypothesis of an association 

between the levels of gene expression and cytokine levels. 
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Table 17. Significant associations between differentially expressed genes and cytokine expression by 

clinical phenotype grouping. 

Stimulation Study group Cytokine  Gene Correlation 

coefficient  

p-value 

IFN-α ATB Fractalkine IFITM3 -0.695 0.006 

OAS3 -0.600 0.023 

STAT1 -0.668 0.009 

RANTES IRF9 0.529 0.035 

IP-10 SECTM1 0.653 0.011 

MDC SOCS3 -0.556 0.025 

G-CSF MSR1 -0.611 0.016 

LTBI IFN-α2 MSR1 -0.867 0.002 

PDGF-AA SOCS3 -0.588 0.013 

TST IP-10 IFITM3 0.900 <0.001 

Eotaxin MSR1 0.580 0.048 

SOCS3 0.825 0.001 

IL-8 OAS3 -0.883 0.002 

 

Stimulation Study 

group 

Cytokine  Gene Correlation 

coefficient  

p-value 

IFN-β ATB Fractalkine IRF9 0.646 0.017 

OAS3 0.677 0.011 

STAT1 0.633 0.020 

PDGF-AA IFITM3 -0.547 0.028 

MSR1 -0.629 0.009 

STAT1 -0.529 0.035 

sCD40L SOCS3 -0.609 0.047 

LTBI PDGF-AA IFITM3 -0.711 0.001 

OAS3 -0.632 0.006 

STAT1 -0.566 0.018 

SECTM1 -0.632 0.006 

PDGF-

AB/BB 

IFITM3 -0.527 0.030 

STAT1 -0.596 0.012 

G-CSF MSR1 0.550 0.027 

EGF SECTM1 -0.640 0.014 

TST IL-1β STAT1 -0.770 0.009 

IL-8 STAT1 -0.883 0.005 

OAS3 -0.817 0.007 

MIP-1β IRF9 0.608 0.036 

G-CSF SECTM1 0.629 0.028 

EGF IRF9 0.857 0.014 
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Stimulation Study group Cytokine  Gene Correlation 

coefficient  

p-value 

Mtb WCL ATB G-CSF IFITM3 -0.629 0.028 

  IRF9 -0.692 0.013 

LTBI Fractalkine MSR1 0.566 0.044 

RANTES 0.596 0.019 

PDGF-AA 0.571 0.026 

PDGF-

AB/BB 

0.600 0.018 

IFN-α2 IFITM3 -0.893 0.007 

IL-8 SECTM1 0.900 0.037 

sCD40L SECTM1 0.593 0.033 

TST IL-1β IFITM3 0.709 0.022 

IL-1RA MSR1 -0.629 0.028 

IFN-α2 OAS3 0.929 0.003 

PDGF-AA SECTM1 0.673 0.023 

Significant associations between continuous data done using Spearman’s correlation analysis. Values highlighted in 

yellow indicate positive correlations. 
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CHAPTER 4: DISCUSSION 

More than a hundred years after the discovery of M. tuberculosis as the causative agent of 

TB, its relationship with the host immune system is still not fully understood. Ex-vivo whole blood 

and PBMCs from ATB demonstrate a transcriptional profile enriched for type I IFN-inducible 

genes (189,352,377,398). However, the specific drivers of this observed transcriptional profile 

remain unidentified. The role of distinct type I IFN subtypes and M. tuberculosis-specific antigens 

on the expression of IFN-stimulated genes (ISG) in TB has not been studied. Therefore, the 

primary objective of this study was to characterize responses to type I IFN stimulation in clinical 

phenotypes of M. tuberculosis infection (ATB and LTBI), TST reactive individuals and healthy 

controls. Response to M. tuberculosis-specific stimulation was also assessed to identify linkages 

to the observed signature. The central hypothesis tested was that IFN-α- and/or IFN-β-driven 

transcriptomic signatures and cytokine responses can distinguish clinical TB states. The 

research presented aimed to identify similarities or differences in individual gene responses to 

IFN-α, IFN-β and M. tuberculosis-specific stimulation in order to define the drivers of the selected 

ISGs tested in this thesis. Identification of the drivers of the immunopathogenesis in TB will help 

discriminate immunologic processes that distinguish LTBI and ATB, which can lead to 1) better 

identification of individuals with LTBI at high risk of reactivation through the development of 

discriminant diagnostics and 2) the development of new therapeutics to treat LTBI and prevent the 

process of reactivation.  

Various transcriptional studies have previously identified type IFN signatures that 

discriminate between ATB and LTBI and between ATB and HC. These include a 393-gene 

signature for ATB and an 86-gene signature that distinguishes ATB from other inflammatory and 

infectious disorders (189), a 380-gene signature that distinguishes ATB from HC (386,397), a 27-

gene signature that distinguishes ATB from LTBI, and a 44-gene signature that distinguishes TB 

from other diseases (401), and a 2-gene set for that distinguishes ATB from other pulmonary 

diseases (421). A 4-gene set (422) and a 16-gene set (357) signature predictive of progression to 

active disease have also been identified, highlighting the importance of the transcriptional 

signature in TB pathogenesis. However, discordances have been observed in the individual genes 

identified in these studies; in an assessment of three gene sets that distinguish ATB from healthy 

controls that included LTBI - a 393-gene signature, a 27-gene signature, and a 42-gene signature 
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– only one gene was common to the three gene sets. Similarly, an assessment of four gene sets that 

distinguish ATB from other pulmonary diseases – a 144- gene signature, a 44-gene signature, an 

86-gene signature, and a 51-gene signature found that none of the genes was common to all gene 

sets (189,356,401,423,424). These studies highlight the limited reproducibility of these signatures, 

possibly due to the impact of comorbidities, concomitant drug therapy, and genetics on the 

transcriptional profiles. This identifies a need for more studies, and the use of stimulations may 

mask some of the underlying variability of transcriptional profiles in ex vivo whole blood and 

PBMCs. No other study has utilized responses to type I IFN directly to assess the gene components 

of the type I IFN signature. For this thesis research, a set of 51 significant ISGs previously 

identified from our unpublished data and other transcriptional studies was utilized (189,425,426) 

to assess the transcription profiling, after stimulation, of the various clinical phenotypes in parallel 

with cytokine analysis to understand the patterns of immune responsiveness in clinical groups. 

This study sought to identify the drivers of the observed type I IFN response and determine whether 

differences in these responses are driven by distinct type I IFNs.  

 

4.1 ISG responses to stimulation amongst M. tuberculosis infection states 

In order to determine the effect of stimulation with IFN-α, IFN-β or M. tuberculosis whole 

cell lysate on the expression of ISGs in M. tuberculosis infection states, PBMCs from each study 

participant were divided into four parts and cultured with either IFN-α, IFN-β or M. tuberculosis 

WCL with an unstimulated control. For this section, the hypotheses tested was that in 

comparison to LTBI, ISG expression in ATB would be higher following IFN-α/β stimulation 

and lower following Mtb WCL stimulation and that the ISG expression would not differ 

between IFN-α and IFN-β.  

 

4.1.1 Differentially expressed ISGs at baseline show higher expression in ATB  

Previous studies have shown an overrepresentation of genes downstream of type I and II 

IFN signaling pathways in whole blood and PBMCs (189,233,352,375–377,398). Type I IFN-

inducible genes identified from these studies demonstrate an increased expression in ATB 

compared to either controls or LTBI and clustered the groups by their expression patterns. While 
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baseline gene expression was not the primary focus of this study, analysis of gene expression at 

baseline was done to assess the expression of these genes and identify genes in our panel that could 

distinguish between clinical groups. A comparison of the expression of ISGs between the four 

study groups confirmed the hypothesis that the expression of ISGs at baseline would be higher in 

ATB than in LTBI and HC, as observed from the trends for most of the ISGs tested. 

The trends of higher expression in ATB observed for most ISGs agreed with findings from 

other transcriptional studies (189,425). The relative expression of three of the 51 genes FCGR1A, 

MSR1, and SECTM1 differed significantly between the four study groups (Table 18). Interestingly, 

previous studies have identified FCGR1A as differentially expressed in TB with increased 

expression in ATB compared to LTBI and healthy controls, and also discriminates between ATB 

and other pulmonary diseases (233,387,425,427–432). In agreement with our findings at baseline, 

MSR1 and SECTM1 have previously been shown to distinguish TB from LTBI or HC but not as 

components of type I IFN signature (387,432,433).  
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Table 18: Summary of differentially expressed genes 

Gene Unstim 

relative 

IFN-α stim 

relative 

IFN-α stim 

FC 

IFN-β stim 

relative 

IFN-β 

stim FC 

Mtb 

WCL 

stim 

relative 

Mtb 

WCL 

stim FC 

FCGRIA Up ATB v 

all 

Up ATB v 

HC, LTBI 

  Up ATB v all   Up ATB v 

HC, TST         

  

SECTM1 Up ATB v 

HC, LTBI 

        Up HC v 

TST, 

LTBI  

Up HC v 

all 

MSR1 Up ATB v 

HC, TST 

 
Up HC v 

ATB        

   Up ATB v 

TST 

  

ANKRD22   Up ATB v 

TST 

  Up ATB v 

TST 

      

FCGR1B   
 

  Up ATB v all       

IRF-9     Up HC v 

TST 

        

SOCS3         Up 

LTBI vs 

ATB 

    

IF144           Up LTBI 

vs ATB 

  

IF144L           Up LTBI 

vs ATB 

  

IFIT1           Up LTBI 

vs ATB  

  

IFITM3             Down 

ATB v 

LTBI 

OAS3             Up HC v 

ATB   

STAT1             Up HC v 

ATB   

ATB-active tuberculosis; TST- Tuberculin skin test; LTBI-latent tuberculosis infection; HC-healthy controls. Table 

summarizes differentially expressed genes in the stimulation condition in which the adjusted p-value <0.05. Column 

color codes: gray – unstimulated relative expression, green – IFN-α relative expression and fold change (FC), purple 

– IFN-β relative expression and fold change (FC), blue – Mtb WCL relative expression and fold change (FC). The 

bolded group showed the higher expression. 

 

The similarities in trends we observed with our targeted PCR results for some of the genes 

confirmed our choice of methodology. Most studies that described the IFN signature in TB used 
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microarray platforms that have the advantage of screening many genes at a time compared to PCR. 

For the studies that used microarrays, the individual genes identified in each gene list of the IFN 

signature varied between studies (423,434). Several factors may also have contributed to the 

differences in our findings. These include the type of samples, which have been shown to affect 

the transcriptional profile with differences in gene expression observed between whole blood and 

PBMCs (435). These differences may be due to the absence of neutrophils from PBMCs, cells that 

have been found to play a significant role in driving the IFN-inducible signature in TB (189). Gene 

expression levels also show variation depending on the stage of the disease, with low levels in 

LTBI that increase through the different stages in progression to ATB (434). Other factors that 

may have contributed to the differences in our findings include population differences such as 

gender and ethnicity that play a role in the immune response to infection (106). These factors are 

discussed further in section 4.7. 

In this analysis of the baseline samples, we hypothesized that the expression of ISGs at 

baseline would be higher in ATB compared to LTBI and healthy individuals. Although no clear 

type I IFN-inducible transcriptional pattern was observed, we identified three ISGs FCGR1A, 

MSR1 and SECTM1, which distinguished ATB from the other study groups.  

  

4.1.2 IFN-α or IFN-β upregulate the expression of most ISGs in active TB. 

IFN-α and IFN-β play a critical role in driving the innate and adaptive immune responses. 

The type I IFN signaling pathway leads to the production of ISGs, the effector molecules 

associated with the downstream effects of IFN-α and IFN-β signaling. Although genes in this 

pathway are overrepresented in the gene signature previously identified in ATB patients 

(189,352,375–377), the drivers of this effect are not known. The effects of IFN-α and IFN-β 

stimulation on individual genes and whether these effects differ between M. tuberculosis infection 

states remains unclear. We, therefore, set out to explore the specificity of IFN-α and IFN-β on ISG 

expression in M. tuberculosis infection states and hypothesized that stimulation of PBMCs with 

IFN-α or IFN-β would result in the upregulation of distinct ISGs in ATB compared to LTBI. No 

studies have explored differential outcomes of transcriptional profiles following stimulation with 

IFN-α or IFN-β as they relate to TB pathogenesis. A literature search revealed a paucity of studies 

investigating the effect of exogenous IFN-α/β stimulation on ISG expression in TB. Hence most 
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of the inferences we make on the effects of differentially expressed genes in this thesis research 

were based on previous findings from either unstimulated samples or other diseases.  

In comparing the effect of IFN-α or IFN-β on ISG expression in M. tuberculosis infection 

states, there was an expected increase in the expression of most of our ISGs compared to that from 

unstimulated samples. The relative expression of three genes, ANKRD22, FCGR1A and FCGR1B 

differed between study groups after IFN-α/β stimulation (Table 18). The literature shows that these 

three genes have been described in previous ex vivo transcriptional profiling studies in TB, but 

this is the first time describing these genes' regulation by IFN-α and IFN-β. Previous ex-vivo 

transcriptional studies have shown ANKRD22 to discriminate between ATB and LTBI 

(189,401,436) and between ATB and HC (386,426). Higher expression of ANKRD22 has been 

observed in disease progressors in humans and mouse- and macaque-models of TB (357,437). Our 

data shows that FCGR1A gene expression is higher in ATB at baseline and after IFN-α/β 

stimulation. Similarly, the FCGR1A gene is a component of several gene signatures identified in 

TB. These include the 393-gene signature that discriminates LTBI from ATB described in a cohort 

from London (189); a 10-gene signature described in an Indian cohort (425); a 27-gene set from 

an African cohort (401); and even in a 16-gene signature that predicts risk of progression to ATB 

in a South African population (357). The observed expression of FCGR1B also agreed with 

findings from baseline expression in previous studies (233,234,426,428,436,438). Both FCGR1A 

and FCGR1B have been identified as the most stable genes with increased expression in ATB 

(233,375,386,400,425,427–429,432).  

The ANKRD22 gene encodes the protein ANKRD22, which induces macrophage apoptosis 

in TB, a process that has recently been shown with virulent strains of M. tuberculosis, leading to 

cell-to-cell spread through the ESX-1 system and resulting in dissemination  (439–441). From this, 

it can be inferred that a higher expression of ANKRD22 may induce apoptosis of M. tuberculosis-

infected macrophages would cause bacillary dissemination leading to disease progression, which 

is supported by the upregulation of ANKRD22 observed in TB progression (422).  

The FCGR1A and FCGR1B genes are induced by IFN-γ and encode the high-affinity and 

low-affinity FCγR1, respectively. The high-affinity FCγR1 is an activating receptor expressed on 

immune cells such as DCs and macrophages, but not in AECs,  that recognizes IgG-coated bacteria 

and induces phagocytosis  (442–445). However, the low-affinity FCγR1 is not well characterized. 
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FCγR1 has been shown to reduce inflammation through its downregulation by microRNA 127 

(miR-127) in lung injury. Our observation of increased FCGR1A and FCGR1B in ATB compared 

to LTBI suggests that higher expression of FCγR1 may induce inflammation which may be 

beneficial in early infection but cause tissue injury if persistent with potential for disease 

progression (446). Increased FCγR1 expression would also increase PRR signaling and subsequent 

phagocytosis, promoting bacterial clearance in early infection. However, where bacillary 

replication persists, this would cause macrophage necrosis that enhances further bacterial 

replication increasing the bacillary burden and leading to disease progression (447,448). Lower 

expression in LTBI compared to ATB would result in reduced phagocytosis and bacillary 

clearance, increasing the possibility of disease progression (Figure 36). 

We have used both relative expression and fold change methods to describe differences in 

expression between study groups throughout our analysis. While the relative expression method 

gives the normalized gene expression and uses the difference in Crt values between a target gene 

and a reference gene(s), enabling gene expression analysis for all stimulation conditions, including 

the unstimulated samples, fold change assess the differences (gain or loss) in gene expression 

between the stimulated and the unstimulated samples. 

Interestingly, the calculation of gene expression following IFN-α or IFN-β stimulation 

using the fold change method revealed a different set of genes – IRF9 and MSR1 following IFN-α 

stimulation, SOCS3 following IFN-β stimulation only. The higher expression of IRF9 in LTBI 

progressors compared to LTBI has previously been described only in unstimulated samples and 

not in IFN-α/β stimulated samples (357). However, stimulation with IFN-α/β would upregulate 

IRF9 expression by inducing the IFN signaling pathway. The body of literature shows that MSR1 

gene expression discriminates ATB from LTBI, in contrast to our findings (432). The pattern of 

MSR1 expression observed in our study is similar to what was observed in unstimulated samples 

in which the highest basal expression was in ATB, suggesting that stimulation with both IFN-α/β 

upregulates MSR1 expression in all the clinical phenotypes, but the fold change is lower in ATB 

compared to the other clinical phenotypes because of its increased expression at baseline. In 

agreement with our findings, the ability of the SOCS3 gene to discriminate between LTBI and 

ATB has also previously been described in unstimulated samples but not previously linked to 

specific IFN stimulation (449). 
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IRF9 is a transcription factor that is an integral part of the IFN signaling pathway and a 

component of the IFN stimulated gene factor 3 (ISGF3) complex found upstream in the IFN 

signaling pathway. IRF9, induced by type I and II IFNs, binds to the STAT1-STAT2 dimer to form 

the ISGF3 that binds to the IFN-stimulated response elements in the nucleus, driving transcription 

of ISGs. IRF9 plays a role in the production of type I IFNs, regulates the expression of downstream 

ISGs, and IRF7, and has been shown to determine the type I IFN-directed cellular responses by 

driving the transcriptional profile (450–452). The specific role of IRF9 in TB has not been defined. 

In viral infections, IRF9 inhibits viral replication and spread in early infection but is also needed 

for CD8+ T cell responses leading to viral clearance and preventing the establishment of chronic 

infection, a protective role (451). From this, it can be inferred that IRF9 plays a role in 

pathogenesis, regulated specifically by IFN-α based on our findings of differential expression 

driven by IFN-α stimulation and not by IFN-β. Its downstream effects may be related to its 

expression since IRF9 is also an ISG or to the ISG profile induced. 

The MSR1 gene is induced by type I IFNs and IFN-γ and encodes a pattern recognition 

receptor (PRR), MSR1, also known as CD204 or macrophage scavenger receptor class A1 (SR-

A1), a receptor located in the plasma membrane and Golgi apparatus of macrophages; the receptor 

is also not expressed on AECs (453,454). MSR1 belongs to a family of scavenger receptors that 

have a wide array of ligands. Although the ligands in M. tuberculosis are unknown, a glycolipid 

trehalose 6,6’-dimycolate is recognized by a closely related receptor MARCO and CpG DNA by 

other members of the family (455). MSR1 suppresses the nuclear translocation of IRF5, shifting 

macrophage polarization from the pro-inflammatory M1 to the anti-inflammatory M2 macrophage 

phenotype switching from a Th1 immune response to a Th2 response which leads to a loss of the 

protection conferred by the Th1 response in M. tuberculosis infection (390,456,457). Conversely, 

the deficiency of this receptor drives an M1 macrophage polarization and appears to protect against 

M. tuberculosis infection (458,459). The stepwise increase in the expression of MSR1 from HC to 

TST, LTBI with the highest expression in ATB suggests that its expression increases with disease 

progression. Higher upregulation of the MSR1 gene induced by IFN-α stimulation in LTBI would 

drive macrophage polarization to the M2 phenotype, which drives a Th2 immune response, and 

suppress Th1 cytokines, particularly TNF-α, that are key in the formation and maintenance of the 

granuloma (5,211,244). In the absence of this protection, infected phagocytic cells in the centre of 

the granuloma die releasing the bacilli that get disseminated. Macrophages with increased MSR1 
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expression would, therefore, likely show increased bacterial uptake and intracellular replication 

within the macrophage that may result in further cell death releasing more bacilli that spread 

leading to disease progression.  

SOCS3 is expressed on Th2 cells and negatively regulates type I and II IFNs (460). The 

lower expression of the SOCS3 gene in ATB would remove its inhibitory effect on type I IFN 

production driving IFN-α/β production. SOCS3 has also been shown to regulate macrophage 

polarization driving an M1 macrophage phenotype in contrast to MSR1 (461) and boosting the 

phagocytic function of M1 macrophages (462) (Figure 36). The expression of SOCS3 also plays a 

protective role against M. tuberculosis infection by curtailing the inhibitory effects of IL-6 on the 

production of TNF and IL-12 in myeloid and lymphoid cells (463). The magnitude of expression 

was greater in LTBI than in ATB, which may imply a protective role in LTBI. It also implies that 

the basal expression of this gene is lowest in LTBI and HC compared to ATB. While this pattern 

was also observed in our unstimulated comparison, it did not reach statistical significance. 

Taken together, we observed a paucity of studies assessing the effect of distinct type I IFNs 

on ISG expression in TB despite a significant body of evidence identifying a type I IFN-driven 

signature contributing to TB pathogenesis. We hypothesized that stimulation of PBMCs with IFN-

α or IFN-β would result in upregulation of ISGs in ATB compared to LTBI, which was observed 

for most genes. An almost equal number of genes had higher expression in ATB than LTBI and 

vice versa with the relative expression method and the fold change method. The findings from ISG 

expression following IFN-α/β suggest that some the genes may induce protective effects such as 

SOCS3 expression or FCGR1A expression in early infection. In contrast, the expression of other 

ISGs such as ANKRD22, MSR1, and FCGR1A may drive disease progression. The specific 

mechanisms of these ISGs in M. tuberculosis infection are not known. Although the SECTM1 gene 

was observed in baseline samples, the gene was not differentially expressed following IFN-α or 

IFN-β stimulation suggesting its expression is possibly regulated by alternative mechanisms; the 

gene is differentially expressed following Mtb WCL stimulation. For the first time, we show that 

IFN-α/β stimulation drives a myriad of distinct ISG responses in our TB groups, both protective 

and detrimental, including macrophage polarization to either M1 or M2 phenotype, macrophage 

apoptosis, and inflammation. The outcome of IFN-α and IFN-β activity in infection may depend 

on the balance of the gene components of the ISG profile induced. Although most ISGs showed 
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similar responses following stimulation with IFN-α and IFN-β, some differed. The within-study 

group ISG responses to IFN-α and IFN-β were assessed and are discussed in section 4.1.4. The 

differences in ISG expression may be related to differences in binding affinities to IFNAR 

observed with IFN-α and IFN-β (304,305).  

 

4.1.3 Mtb WCL downregulates the expression of most ISGs in TB  

Previous microarray testing of PBMCs from ATB, LTBI, and HC stimulated with M. 

tuberculosis-specific antigens failed to identify genes enriched for type I IFN signaling pathway 

(384,385). Therefore, aside from the stimulation with IFN-α and IFN-β, we also stimulated 

samples with Mtb WCL to determine its effect on the expression of the ISGs. The lysate contains 

the bacillary cell wall components - proteins, lipids, and carbohydrates – and was used as a 

surrogate for infection with M. tuberculosis and represented the events at the site of bacterial 

replication and enabled us to compare the immune responses to those observed with IFN-α/β. In 

addition, based on the findings from previous genome-wide transcriptome analysis from PBMCs 

stimulated with ESAT-6/CFP-10 or PPD, we expected that Mtb WCL would suppress the 

expression of ISGs in ATB more than in LTBI. 

The relative expression method identified IFI44, IFI44L, IFIT1, FCGR1A, MSR1, and 

SECTM1 genes were identified as differentially expressed following Mtb WCL stimulation (Table 

18). The fold change method revealed more unique differences between clinical phenotypes in the 

expression of IFITM3, OAS3, SECTM1, and STAT1, which showed higher expression in LTBI 

than in ATB. Aside from FCGR1A, MSR1, and SECTM1, the remaining genes were only observed 

following Mtb WCL stimulation and not at baseline or after IFN-α/β stimulation.  

In agreement with our findings, previous transcriptional studies of unstimulated samples 

show that the expression of IFI44 and IFI44L genes can discriminate between ATB and both LTBI 

and HC and decline with LTBI treatment (189,375,425,464). However, in contrast with these 

studies in which higher IFI44 and IFI44L gene expression were observed in ATB, the expression 

in our study was higher in LTBI following Mtb WCL stimulation, a difference that may be due to 

the stimulation. In a study on TST-reactive individuals, IFI44L shows higher expression in IGRA-
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negative individuals than in IGRA-positive, whereas no differences are observed in IFI44 gene 

expression (465). 

IFI44 gene encodes for the protein IFI44 while the IFI44L gene encodes the protein IFI44L, 

which shows antiproliferative activity and inhibits viral replication (466–468). In M. tuberculosis 

infection, IFI44L is upregulated and demonstrates antimicrobial activity in macrophages showing 

potential as a marker for treatment monitoring (469). The IFI44L is accompanied by the production 

of chemokines, including CXCL10 and CXCL11, and the pro-inflammatory cytokines IL8 and 

IL18, compared to non-infected macrophages. IFI44 also induces latency in HIV-1 infection (468). 

Our findings of significant difference between LTBI and ATB with Mtb WCL stimulation, with 

lower expression in ATB, may suggest a protective role for IFI44 and IFI44L in TB, especially 

since the genes negatively regulate type I IFN responses (470). The higher expression in LTBI 

may induce antiproliferative activity similar to what has been observed in viruses such as HIV and 

RSV (466–468). Higher expression of the IFI44L gene in LTBI may also play a protective role by 

enhancing bacterial clearance, as observed in the M. tuberculosis-infected macrophages, thereby 

preventing disease progression (469). 

Upon stimulation with Mtb WCL, the expression of the IFIT1 gene was higher in LTBI 

than in ATB and differentially expressed between LTBI and ATB. IFIT1 is upregulated in alveolar 

macrophages and in primary bronchial epithelial cells infected in vitro with M. tuberculosis but 

downregulated in bone marrow-derived macrophages infected with the virulent M. tuberculosis 

H37RV strain (471–473). The IFIT1 (ISG56) gene encodes the protein P56 and is induced by IFNs 

(primarily IFN-α/β, but also by IFN-γ), LPS, dsRNA, and viruses, and binds to the stimulator of 

IFN genes (STING), inhibiting its activation of the TBK1 (474,475). Overexpression of the gene 

has been found to inhibit activation of IRF3 and NFκB and inhibition of IFN-β production, 

dampening the innate immune responses in viral infection (460,475). IFIT1 also inhibits 

translation initiation resulting in cell growth inhibition and impeding viral replication, negatively 

regulates the production of pro-inflammatory cytokines, including TNF-α, and induces IFN-B gene 

expression and downstream expression of ISGs (460,474–476). The higher expression in LTBI 

may be associated with inhibition of replication or IFN-β production, hence protective. On the 

other hand, higher levels of IFT1 in LTBI may also suppress pro-inflammatory cytokines such as 

TNF-α, which is crucial for maintaining the granuloma structure, possibly leading to reactivation 
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and disease progression. Nevertheless, the specific mechanism and role in M. tuberculosis 

infection remain unknown. 

FCGR1A gene expression was highest in ATB following Mtb WCL stimulation, showing 

a similar pattern to that observed at baseline. The gene was differentially expressed between ATB 

and HC and ATB and TST, suggesting a potential detrimental role for FCGR1A in TB. The 

progression from latency resulting from the higher expression in ATB compared to LTBI increases 

the bacterial burden. Increased FCGR1A expression and the FCγR1 would result in increased 

phagocytosis and cell necrosis leading to bacterial replication and disease progression. Although 

the high-affinity FCGR1A was induced following Mtb WCL stimulation, the low-affinity 

FCGR1B, commonly identified in ATB, was not induced in any of the clinical phenotypes with 

Mtb WCL stimulation. In a similar study in which PBMCs were stimulated with the M. 

tuberculosis antigen PPD, the gene was induced though not differentially expressed between TB 

clinical phenotypes (385). The mechanism by which the FCGR1B gene was not induced following 

stimulation with Mtb WCL is not known but may suggest differences in the stimulation ability of 

M. tuberculosis-specific antigens with undetectable induction or inhibition by Mtb WCL. 

The expression of the MSR1 gene after Mtb WCL stimulation was also highest n in ATB 

as seen in baseline expression and with IFN-α/β stimulation. Mtb WCL stimulation repressed the 

expression of the MSR1 gene in all clinical groups compared to the unstimulated condition. The 

gene was differentially expressed between TST and ATB with higher expression in ATB, 

suggesting a detrimental role for MSR1 in TB, as discussed in section 4.1.2.  

The expression of the IFITM3 gene showed little change for all clinical phenotypes with 

Mtb WCL stimulation but was differentially expressed between LTBI and ATB, with higher 

expression in LTBI. Previous studies showed upregulation of this gene in ATB in unstimulated 

samples (189,375,399,426). The expression of IFITM3 is induced by M. tuberculosis and TLR 2 

and 4. The gene encodes the IFITM3 protein that restricts the bacillary intracellular growth by 

increasing endosomal acidification (477). Although the role of IFITM3 in TB is not established, 

the higher induction of the IFITM3 gene with Mtb WCL stimulation in LTBI than in ATB may 

suggest it plays a protective role by restricting bacillary burden and maintaining latency. 

OAS3 gene expression was highest in HC. OAS3 and other related genes, OAS1 and OAS2, 

have been described in several transcriptional signatures in TB, with their upregulation 
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discriminating between ATB and LTBI and between HC and ATB (189,233,352,426)(426). The 

expression of the OAS3 gene is induced by type I and II IFNs with downstream inhibition of 

apoptosis, protein synthesis in viral infections, intracellular replication of mycobacteria, and 

enhanced production of pro-inflammatory cytokines – TNF-α, IL-1β, and MCP-1 (478,479). The 

suppression of OAS3 by Mtb WCL in ATB observed in our study may therefore drive bacillary 

replication and suppress the synthesis of pro-inflammatory cytokines required for controlling early 

M. tuberculosis infection.  

The expression of the SECTM1 gene was highest in HC with Mtb WCL stimulation, and 

the gene was differentially expressed with both the relative expression method and the fold change 

method. This SECTM1 gene expression trend differed from that observed at baseline, in which the 

gene was differentially expressed with the highest expression in ATB. However, SECTM1 was not 

differentially expressed with IFN-α/β, suggesting that alternative mechanisms regulate its 

expression. A literature search shows that in unstimulated whole blood samples, SECTM1 is 

upregulated in ATB compared to HC (426,438). The SECTM1 gene is induced by type I IFNs and 

IFN-γ and encodes the SECTM1 protein, a ligand for CD7 expressed on NK cells and T cells that 

acts as a co-stimulatory ligand for the proliferation of CD4 and CD8 T lymphocytes and production 

of pro-inflammatory cytokines, and a chemoattractant for monocytes (433,480–482). In TB, the 

SECTM1 chemoattractant role would be necessary for granuloma formation, which has a core of 

monocyte-derived macrophages and in the macrophage-related control of infection, a role that has 

not been established. SECTM1 is also induced in lung epithelial cells during pneumococcal 

pneumonia, a process that requires type I IFN signaling. In early infection, the SECTM1 binds to 

neutrophils in the infected lung and induces the expression of CXCL2, a neutrophil 

chemoattractant that drives the influx of neutrophils to the infection site, and that is involved in 

IL-1β production leading to bacterial clearance (483,484). The lower expression in LTBI and ATB 

following Mtb WCL stimulation possibly suggests that this stimulation suppresses CXCL2 

expression, neutrophil influx and bacterial clearance resulting in failure of early infection control. 

However, this remains an unstudied area in TB. 

STAT1 gene was differentially expressed between HC and ATB with higher expression in 

LTBI. This gene has previously been found upregulated in ATB (189,375,387,425,426). The 

STAT1 gene encodes the STAT1 protein, a transcriptional regulator that is a component of type I 

IFN and IFN-γ signaling pathways. Early in M. tuberculosis infection, phosphorylation of STAT1 
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activates apoptotic factors leading to bacillary elimination. Over time, there is an accumulation of 

non-phosphorylated STAT1 that inhibits cellular apoptosis allowing for bacillary evasion (485). 

STAT1 has also been shown to promote macrophage polarization to the M1 phenotype, which is 

involved in eliminating the bacilli (486). These defensive roles of STAT in M. tuberculosis 

infection may explain the higher expression of the gene in LTBI rather than in ATB. 

In summary, we hypothesized that stimulation of PBMCs with M. tuberculosis WCL would 

suppress ISGs to a greater extent in ATB than LTBI. In LTBI and ATB, most of the genes showed 

little effect following Mtb WCL stimulation being outside the absolute(log2FC) of |1| cutoff. They 

would therefore not be defined as either up-regulated or down-regulated. This is in agreement with 

the studies that failed to identify the IFN signature in PBMCs stimulated with ESAT-6/CFP-10 or 

PPD (384,385), but in contrast to the expression of the same gene panel in response to IFN-α/β 

stimulation in which most genes were upregulated in all clinical phenotypes. The kinetics of gene 

expression has been shown to vary between genes and depend on the stimulation used, its signaling 

pathway, and the cell type (487). This was demonstrated in fibrosarcoma cells in which stimulation 

with IFN-β resulted in high levels of IFIT1 (ISG56) mRNA and IFIT2 (ISG54) mRNA at 6 hours 

with sustained IFIT1 mRNA but reduced IFIT2 mRNA at 24 hours post-stimulation whereas TLR3 

stimulation using dsRNA caused a decline in the two genes between 12 to 24 hours; and infection 

with Sendai virus causes a rapid decline by 12 hours (487). Following stimulation of THP-1 cells 

with IFN-α, a strong type I IFN signal was observed, whereas infection of the cell-line with M. 

tuberculosis led to increased negative regulation of IFN-α/β that led to a low type I IFN signal 

(488). The findings from these studies suggest an inhibitory effect of M. tuberculosis on the type 

I IFN signal and ISGs, although the specific mechanism induced by stimulation has not been 

defined. 

The findings from ISG expression following Mtb WCL stimulation suggest that some of 

the genes may induce protective effects, such as IFI44, IFI44L, IFITM3, and STAT1 genes, while 

the expression of other ISGs such as FCGR1A, MSR1, SECTM1, and OAS3 genes may drive 

disease progression (Figure 36). However, the specific mechanisms of these ISGs in M. 

tuberculosis infection are not known. 
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4.1.4 IFN-α and IFN-β-induced differential ISG expression within clinical groups 

The previous sections assessed differential responses to IFN-α or IFN-β stimulation 

between TB clinical groups following either IFN-α or IFN-β stimulation. It is also important to 

consider within-group differences to determine whether in ATB or LTBI, responsiveness to either 

of the IFNs predominates. In this section, ISG expression was compared between IFN-α and IFN-

β stimulation within each study group. These better highlights any distinct differences between the 

two stimulations and answers the question whether, within a study group, the two IFNs stimulated 

similar or different ISG gene expression patterns. 

In section 4.1.2, IFN-α and IFN-β showed a similar but not exact profile for the majority 

of the 51 differentially expressed genes interrogated but importantly, some of the ISGs did show 

significant differences and specificity to IFN-α or IFN-β. In agreement with some of our findings 

in HC, a study that compared the effects of type I IFN subtypes stimulation on ISGs in healthy 

donors found no differences in IFN-α versus IFN-β in the expression of OAS1, MSR1, CCL8, 

CXCL10, CXCL11, IFITM1, IFITM2, IFITM3, IFIT1, and IFI44 genes (390). However, in this 

thesis research, differences were observed in the expression of ISGs tested between IFN-α and 

IFN-β in all clinical phenotypes, with most genes showing higher expression with IFN-β than IFN-

α. This may be related to the high binding affinity of IFN-β for IFNAR and previous observation 

in HSV-2 infected mice that IFN-β regulates the production of IFN-α (304,305,309,314). 

Differences in the induction of ISG expression between IFN-α and IFN-β would suggest that the 

components of the type I IFN signature may be driven by either IFN-α or IFN-β. This is important 

if modulation of specific IFN-α or IFN-β induced ISGs are identified as potential therapeutic 

targets in TB, then treatment monitoring can utilize specific ISG detection. 

In summary, we identified a set of ISGs that differentiated LTBI from ATB at baseline 

FCGR1A and SECTM1 genes; following IFN-α stimulation FCGR1A gene; following IFN-β 

stimulation FCGR1A, FCGR1B, and SOCS3 genes; and following Mtb WCL stimulation IFITM3, 

IFI44, IFI44L and IFIT1 genes (Figure 36). These roles of these genes have not been identified in 

TB pathogenesis but have been inferred from roles in other diseases; these genes play a protective 

role in disease through various mechanisms. The protective roles of SECTM1 and FCGR1A genes 

appear to be in early infection, but the ISGs also show a potential role in disease progression. This 

thesis work also identified a set of ISGs involved in macrophage polarization MSR1, STAT1, and 
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SOCS3 genes that differentiated HC/TST or LTBI from ATB and drive M1 polarization (STAT1 

and SOCS3 genes) or M2 polarization (MSR1 gene). Some genes showed significant differences 

in expression between IFN-α and IFN-β stimulation. Stimulation with IFN-α/β enhances the 

expression of most ISGs. In contrast, stimulation with Mtb WCL has little effect on most ISGs but 

suppresses MSR1 gene expression, which would be protective in M. tuberculosis infection. The 

data suggest that ISGs show specificity to IFN-α or IFN-β, and the individual genes induced in an 

ISG profile possibly determine M. tuberculosis infection outcomes. Most of the genes induced by 

IFN-α/β during infection may drive disease progression, while genes induced by M. tuberculosis 

were protective. However, the specific mechanisms have not been elucidated. 

 

4.2 Cytokine responsiveness to stimulation amongst M. tuberculosis infection states 

In addition to assessing select transcript regulation to our stimulation panel, we also looked 

at cytokine production in response to stimulation using Milliplex® MAP Human Cytokine / 

Chemokine kits. 

To quantify cytokine responses to IFN-α, IFN-βor M. tuberculosis whole cell lysate in 

various M. tuberculosis infection states, PBMCs from each study participant were cultured for 16 

to 18 hours with either IFN-α, IFN-β or M. tuberculosis WCL and an unstimulated control. The 

hypotheses tested were that compared to LTBI, pro-inflammatory cytokine responses in ATB 

would be suppressed by IFN-α/β and increased by Mtb WCL stimulation and would not 

differ between IFN-α and IFN-β stimulation.  

 

4.2.1 Unstimulated PBMCs showed no differences in cytokine levels between M. tuberculosis 

phenotypes 

In assessing cytokine levels following culture with no stimulation, none of the cytokines 

assessed showed significant differences between the clinical phenotypes (Table 19). Similar results 

were observed in a study that analysed cytokines from unstimulated plasma cultured for 16 to 24 

hours from culture-confirmed TB patients in which no differences were observed between the TB 
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patients and HC (489). This may be related to the length of culture, which was between 16 and 18 

hours in our study.  

Table 19: Summary of cytokine expression 

Cyokine Unstim IFN-α 

stim 

level 

IFN-α 

stim FC 

IFN-β 

stim 

level 

IFN-β 

stim FC 

Mtb 

WCL 

stim level 

Mtb 

WCL 

stim FC 

IL-10   Up 

LTBI v 

ATB 

Up LTBI 

v ATB 

Up 

LTBI v 

ATB 

      

MCP-3   Up 

LTBI v 

HC 

          

PDGF-

AB/BB 

  Up ATB 

v TST                

 
    Up ATB v 

HC, TST   

  

PDGF-AA           Up ATB v 

TST       

  

G-CSF     Down 

TST v 

LTBI  

        

IP-10         Up 

ATB v 

TST 

    

IL-1β     Up LTBI 

v TST  

    
 

Up ATB v 

TST 

ATB-active tuberculosis; TST- Tuberculin skin test; LTBI-latent tuberculosis infection; HC-healthy controls. Table 

summarizes differentially expressed genes in the stimulation condition in which the comparison adjusted p-value 

<0.05. Column color codes: gray – unstimulated relative expression, green – IFN-α relative expression and fold change 

(FC), purple – IFN-β relative expression and fold change (FC), blue – Mtb WCL relative expression and fold change 

(FC). The bolded group showed the higher expression. 
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4.2.2 IFN-α and IFN-β suppresses the expression of pro-inflammatory cytokines in TB 

Previous studies in mice and human macrophages show that infection with M. tuberculosis 

drives the production of type I IFNs. In TB, type I IFNs suppress or inhibit the production of 

protective cytokines such as IFN-γ, IL-12, IL-1, TNF-α, and IL-6 (26,366,367,420,490,491). In 

these studies, in which human or murine cells were infected with M. tuberculosis and then treated 

with type I IFNs, the effects of type I IFNs on IL-10 differed, showing a reduction in production 

in some studies and enhanced production in others. 

In our study, following IFN-α and IFN-β stimulation, IL-10 was interestingly higher among 

the LTBI group as compared to the other groups (Table 19). In this study, IFN-α stimulation 

showed little effect on the expression of IL-10, although the cytokine was differentially expressed 

between LTBI and ATB. These mirrored the findings at the transcriptional level, where we found 

higher expression of the IL-10 gene was observed in LTBI compared to ATB. However, the 

difference in gene expression did not reach statistical significance. Increased levels of IL-10 have 

previously been reported in ATB from pleural fluid, PBMCs, serum, bronchoalveolar lavage cells 

and M. tuberculosis-stimulated cell culture supernatants, whereas higher levels in LTBI compared 

to ATB have also been reported from M. tuberculosis-specific antigen-stimulated whole blood cell 

culture supernatants (492–495). IL-10 is an immunoregulatory cytokine produced by many cell 

types, including macrophages, neutrophils, all CD4+ T cell subsets, and B cells (496). In M. 

tuberculosis-infected macrophages, IFN-α/β induces the production of IL-10, which inhibits the 

production of the pro-inflammatory cytokines IL-12 and TNF-α, phagocytosis, and the production 

of reactive intermediates, ROIs and RNIs, processes that are crucial for clearing M. tuberculosis 

(263,496–498). The cytokine impairs the host immune response against M. tuberculosis at all 

stages of infection (364). In a mouse model of infection, IL-10 expression in early infection was 

not associated with increased susceptibility to infection; in latent infection, however, expression 

was associated with increased lung bacterial burden and reactivation (499). Therefore, the higher 

levels of IL-10 induced after stimulation with IFN-α and IFN-β in LTBI could potentially drive 

disease progression by suppressing the immune response necessary for clearance of the bacilli.  

PDGF-AB/BB level was higher in the ATB group compared to the other groups following 

IFN-α stimulation but not with IFN-β stimulation, and similar to the response following Mtb WCL 



191 

 

stimulation (Table 19). Differences in the levels of PDGF-AB/BB were observed between TST 

and ATB with IFN-α with higher expression in ATB. Elevated levels of PDGF-BB in serum from 

ATB patients have been observed previously, and increased levels have been observed in ATB 

compared to HC. However, no study has linked these increased levels directly to type I IFN 

responsiveness (500,501). There is scarce information on PDGF-AB/BB responses in different 

phenotypes of M. tuberculosis infection. PDGF-AB/BB is an angiogenic growth factor produced 

by platelets and macrophages that negatively affects M. tuberculosis growth (502). The role of this 

cytokine in TB is not well defined, but its release from alveolar macrophages induces the 

proliferation of myofibroblasts and drives fibrogenesis leading to fibrosis in disorders with chronic 

lung inflammation (503,504), which is possibly related to the higher expression in ATB in our 

study. IFN-γ and IL-1β induce the expression of PDGF-B and PDGF-AA, respectively (505). 

However, the link between this cytokine and type I IFNs in TB is not established. In dermal 

fibrosis, monocyte/ macrophage recruitment, tissue injury, and effect on blood vessels appear to 

be dependent on IFNAR (506). This is the first study to identify a specificity of PDGF in response 

to IFN-α; more studies on a possible interaction of type I IFNs and PDGFs and the role of PDGFs 

in TB are required. 

After stimulation with IFN-α, the MCP-3 level was highest in LTBI, followed by ATB, 

TST, and lowest in HC (Table 19). The cytokine level showed differences between HC and LTBI 

for MCP-3 with higher expression in LTBI. The levels of MCP-3 were also higher in LTBI than 

in ATB, as previously described (507), although this difference was not statistically significant. 

MCP-3/ CCL7 is a chemokine produced by macrophages that recruits monocytes and neutrophils 

to the site of infection (508). Increased MCP-3 levels have been observed in ATB compared to 

LTBI and HC in both unstimulated and M. tuberculosis-specific antigen-stimulated samples (509–

511). Increased levels in ATB increase the cellular immune responses leading to bacillary 

clearance. In addition, increased expression of MCP-3 has been observed in type I IFN-driven 

diseases such as systemic lupus erythematosus (SLE), in which the cytokine is associated with 

systemic inflammation (512). Similar observations are found in PBMCs cultured with either 

measles virus, dsRNA, IFN-α, or IFN-β, all of which induced MCP-3 (513). This is the first study 

to link MCP-3 levels to IFN-α in TB. 
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The expression of IL-1β protein showed little change in all clinical groups following 

stimulation with both IFN-α and IFN-β. It was differentially expressed between LTBI and TST 

with IFN-α stimulation with the highest expression in LTBI (Table 19). In contrast to our findings, 

a recent study demonstrated higher levels of IL-1β in ATB compared to LTBI in unstimulated 

samples and identified an association between IL-1β and disease severity (514). The trend in 

protein data also differed from our transcriptional data in which IFN-α stimulation downregulated 

the IL-1B gene in all clinical phenotypes with the largest change in ATB. This suppressive effect 

of type I IFNs on IL-1β has previously been described in cells exposed to M. tuberculosis and IFN-

β (419,490). IL-1β is secreted by a wide range of cells, including mononuclear phagocytes and T 

and B lymphocytes. It is a pro-inflammatory cytokine that is crucial for controlling M. tuberculosis 

infection. The higher expression in LTBI compared to ATB at protein level may be an attempt to 

control disease progression by preventing reactivation, although a study in a mouse-model of 

infection observed no increase in reactivation with individual neutralization of IL-1β (and IL-1α) 

(268).  

Stimulation with IFN-α showed little effect on G-CSF production with fold change 

differences between TST and LTBI (Table 19). Tumor immune surveillance studies in mice 

downregulated the expression of G-CSF following IFN-α stimulation (515,516). G-CSF drives the 

survival of neutrophils, their differentiation and proliferation. It is also an immune cell chemotactic 

factor recruiting cells to injury sites (517). In M. tuberculosis infection, neutrophils may be 

involved in controlling early infection by their participation in granuloma formation and the 

formation of effector T cells (185). Neutropenia resulting from G-CSF downregulation by type I 

IFNs in LTBI may affect granuloma formation and the adaptive immune response to infection 

leading to disease progression. 

IP-10/ CXCL10 was differentially expressed between TST and ATB with IFN-β 

stimulation with higher expression in ATB (Table 19). Although not statistically significant, a 

similar trend was observed with IFN-α stimulation. IP-10 has been assessed as a potential 

biomarker for TB in various studies and has shown the potential to discriminate between ATB and 

both LTBI and HC with higher expression in ATB, and between LTBI and both ATB and HC with 

higher levels in LTBI in unstimulated samples (518,519). A correlation between IP-10 levels and 

disease severity was observed, with extensive disease presenting higher levels than localized 
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disease. In samples stimulated with M. tuberculosis-specific antigens, IP-10 discriminates between 

LTBI and ATB (507,520–522). IP-10 levels are higher in ATB than in household contacts, in HIV-

positive TB patients than in HIV-negative patients, and in QFT-positive than in QFT-negative 

(507,523). Indeed, IP-10 has higher levels than IFN-γ in TB and shows more reproducible results 

than QFT, which is CD4+ T cell-dependent (524). IP-10/ CXCL10 is a chemokine secreted by 

many cells, including leukocytes, neutrophils, and monocytes, in response to IFN-α, IFN-β, and 

IFN-γ (525,526). It induces the migration of macrophages, DCs, NK cells and leukocytes to the 

infection site, their binding to and activation of the CXCR3 receptor, apoptosis, and cell growth 

inhibition (527). In M. tuberculosis-infected human DCs, type I IFN induced by the infection 

drives the production of IP-10, as confirmed by its downregulated when the IFNs were neutralized 

(525). Increased IP10 protein in ATB may therefore have a role to play in the elimination of M. 

tuberculosis that our data would indicate is driven by IFN-β and not by IFN-α or Mtb WCL.  

Previous studies demonstrated that high levels of type IFNs induced during infection drive 

the production of the regulatory cytokine, IL-10, and inhibit protective pro-inflammatory cytokines 

including IL-1α, IL-1β, TNF-α, and IL-12 (364,366,367,369,373,490). However, few studies have 

assessed the effect of distinct type I IFNs on cytokine expression in TB. We hypothesized that 

stimulation of PBMCs with IFN-α or IFN-β would suppress pro-inflammatory cytokines in ATB 

compared to LTBI and observed the suppression of the pro-inflammatory cytokines –IL-1β, IL-6, 

and TNF-α – in ATB compared to LTBI although these differences were not statistically 

significant. Following IFN-α or IFN-β stimulation, IL-10 was the only cytokine that was 

differentially expressed between LTBI and ATB, which in LTBI would drive reactivation and 

disease progression (499).  

4.2.3 Mtb WCL drives pro-inflammatory cytokines in TB 

Most cytokines tested showed little change after stimulation with IFN-α and IFN-β, but 

stimulation with Mtb WCL upregulated the expression of most cytokines in ATB and LTBI. 

Stimulation with Mtb WCL resulted in trends of increased expression of the pro-inflammatory 

cytokines IL-1β, IL-6, and TNF-α in ATB compared to LTBI; increased expression of the anti-

inflammatory cytokines IL-1RA and IL-10 in ATB compared to LTBI; and showed different 

effects on chemokines with upregulation of IP-10, MIP-1α, MIP-1β, and RANTES, and little 

change on MCP-3, eotaxin, and MDC. Most of these cytokines showed higher expression in ATB 
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compared to LTBI. However, these differences in fold changes observed between ATB and LTBI 

did not reach statistical significance for any of the cytokines.  

The PDGF-AA and PDGF-AB/BB levels differed between ATB and HC or TST. As 

described in section 4.2.2, there is scarce evidence on the role of these cytokines in TB, but they 

have been shown to drive fibrogenesis in chronic lung disease, causing lung fibrosis (503,504). 

Pulmonary fibrosis is a feature of chronic TB or resolving disease commonly occurring post-TB 

treatment  (18,528,529). However, the possible role of PDGFs in lung fibrosis in TB has not been 

elucidated. 

Only IL-1β protein was differentially expressed in our study in the fold change method 

analysis (Table 19). IL-1β expression was upregulated and differentially expressed between TST 

and ATB with Mtb WCL with the largest fold change in ATB. This finding was the opposite effect 

from what we observed following stimulation with IFN-α/β, whereby the expression of IL-1β 

protein was suppressed, and that of the IL-1B gene downregulated. Our findings agree with those 

observed with both live M. tuberculosis and its product, ESAT-6, inducing the production of IL-

1β from macrophages (530). The role of IL-1β in TB is discussed in 4.2.2.   

Increased expression of the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α was 

observed in ATB compared to LTBI, confirming our hypothesis that Mtb WCL drives a pro-

inflammatory cytokine milieu in M. tuberculosis infection states, although this difference was only 

significant for IL-1β.  

  

4.2.4 Differences between IFN-α and IFN-β-induced cytokine expression within clinical groups 

To further define the effect of the individual IFNs used in this study, the expression of the 

cytokines in each clinical phenotype was compared between IFN-α and IFN-β stimulation. As we 

observed in a similar gene expression analysis described in section 4.1.4, most of the cytokines 

that showed significant differences between IFN-α and IFN-β stimulation had higher expression 

following IFN-β stimulation. Cytokines that showed higher expression following IFN-β 

stimulation in ATB included chemokines IP-10, MDC, GRO, IL-8, and anti-inflammatory 

cytokines IL-1RA; in LTBI, they included chemokines IP-10, MDC and GRO, and the anti-

inflammatory cytokine IL-1RA. Similarly, this could be related to the high binding affinity and 



195 

 

slow dissociation rate of IFN-β that is associated with more prolonged induction of ISGs and the 

regulation of IFN-α production by IFN-β  

 

In summary, IL-10 protein showed the ability to differentiate LTBI from ATB following 

IFN-α and IFN-β stimulation (Figure 36). IL-10 is an immunoregulatory cytokine that could drive 

disease progression by suppressing the immune response to infection. Notably, stimulation with 

IFN-α and IFN-β had little effect on most cytokines tested, whereas stimulation with Mtb WCL 

upregulated cytokine expression. These findings were in contrast to what we observed in ISG 

expression, whereby IFN-α and IFN-β upregulated ISG expression while Mtb WCL had little 

effect on most ISGs. Stimulation with IFN-α and IFN-β suppressed the expression of IL-1β, IL-6 

and TNF-α in ATB, which would be detrimental. In contrast, stimulation with Mtb WCL 

upregulated the expression of these pro-inflammatory cytokines in ATB, which would be 

protective.  The difference between groups was not significant except for IL-1β. Differences in 

cytokine expression were also observed between IFN-α and IFN-β stimulation. In agreement with 

our findings in the gene expression study, IFN-α/β may drive disease progression while Mtb WCL 

stimulation induces protective responses. 

 

4.3 Differentially expressed genes show association with cytokine expression 

The effects of type I IFNs in TB are partly related to their downstream effects on the 

production of other cytokines. These include their inhibition of pro-inflammatory cytokines such 

as IL-1, IL-12, TNF-α, and IFN-γ; and enhanced production of anti-inflammatory cytokines such 

as IL-10 that play a role in the aforementioned inhibition of pro-inflammatory cytokines. The 

association between the expression of ISGs and their downstream cytokine effects has, however, 

not been investigated in TB. For the first time, we assessed the association between ISG and 

cytokine responses to IFN-α, or IFN-β, or Mtb WCL stimulation in M. tuberculosis infection states. 

Spearman’s correlation analysis revealed that the expression of multiple ISGs correlated 

with chemokines that differed by stimulation conditions, with the majority of the ISG-chemokine 

correlation observed in ATB following IFN-α/β stimulation but in LTBI following Mtb WCL. 

Differences were also observed in the correlations identified with IFN-α and IFN-β. Following 
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IFN-α stimulation in ATB, the expression of ISGs correlated mainly with chemokines with 

fractalkine and MDC showing a negative correlation, whereas RANTES and IP-10 showed a 

positive correlation; following IFN-β stimulation in ATB, ISG expression showed a positive 

correlation with fractalkine; and following Mtb WCL stimulation in LTBI, ISG expression showed 

a positive correlation with fractalkine, RANTES, and IL-8. Chemokines are known for cell 

migration but also play a role in the differentiation and polarization of macrophages. For instance, 

in obesity, CCR5, the receptor for RANTES, has been shown to regulate macrophage polarization 

to an M2 phenotype similar to the MSR1 gene, with which the cytokine showed a moderate positive 

correlation in LTBI following Mtb WCL stimulation (456,457,531). RANTES is chemotactic for 

and induces activation and proliferation of mononuclear cells such as T cells and macrophages, is 

involved in granuloma formation, and suppresses the intracellular growth of M. tuberculosis in 

macrophages (532). In our study following Mtb WCL stimulation, the MSRI gene was 

downregulated more in LTBI, suggesting polarization to the M1 phenotype in LTBI that is 

protective. At the same time, RANTES was upregulated in LTBI, suggesting an M2 phenotype. 

Given that the MSR1 gene showed a positive correlation with RANTES following stimulation with 

Mtb WCL but appears to drive different macrophage phenotypes, the mechanism and outcome of 

this potential interaction in TB require further investigation.  

IL-8, a neutrophil chemoattractant, showed a positive correlation with SECTM1 gene 

expression, a gene that binds to neutrophils and induces the expression of MIP-2α/ CXCL2, a 

neutrophil chemoattractant of the IL-8/CXCL8 family (483,484,533). The expression of both IL-

8 and SECTM1 were higher in LTBI, which would increase the influx of neutrophils, cells that are 

a structural component of the granuloma. In addition, neutrophils are a source of CXCL10, a 

chemokine that showed a positive correlation with SECTM1 gene expression in ATB. 

Our findings show associations between ISG expression and cytokine expression. These 

associations between ISG expression and downstream cytokine production require further 

investigation to determine the role of specific ISGs in the cytokine response and whether the effects 

are protective or detrimental in TB.  
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4.4 Major findings 

The research in this thesis examined the effects of type I IFN, IFN-α/β, and an M. 

tuberculosis-specific antigen, Mtb WCL, on the expression of ISGs and soluble immune responses 

in individuals who had ATB disease, LTBI as defined by the QFT test, TST-reactive but QFT 

negative, and in healthy controls. The major findings uncovered by this research are as follows: 

4.4.1 IFN-α and IFN-β-driven ISGs and cytokine responses can distinguish clinical states of TB 

Comparisons between ISG expression from the clinical groups identified three ISGs that 

differentiated LTBI from ATB following stimulation. These were the FCGR1A gene following 

IFN-α stimulation and the FCGR1A, FCGR1B and SOCS3 genes following IFN-β stimulation 

(Figure 36). The FCGR1A and FCGR1B genes have been described as the most stable genes in 

transcriptional studies in TB with high expression in ATB, and our study identifies that both IFN-

α and IFN-β can drive regulation of these genes (233,375,400,425,427–429,432,534). The 

expression of SOCS3 has shown variation in TB studies, some show higher expression in ATB, 

while the gene has also been found downregulated in TB progressors, and our study identifies that 

IFN-β can drive regulation of this gene (535–537). IL-10 expression distinguished LTBI from 

ATB in cytokine analysis following both IFN-α and IFN-β stimulation. IL-10 as a biomarker to 

distinguish between LTBI and ATB has previously been demonstrated at baseline; our data 

identifies both IFN-α and IFN-β as drivers of this important immunomodulatory cytokine (538). 

Various factors may be responsible for the differences in the response patterns observed between 

LTBI and ATB. These could include differences between the clinical phenotypes in bacterial 

burden, IFNAR expression, and innate imprinting. ATB shows a higher bacterial load while 

bacterial load is not detectable in LTBI (539). The association of bacterial load with virulence 

suggests different mechanisms by which IFNs may act in M. tuberculosis infection. In vivo studies 

using ifnar-/- mice infected with M. tuberculosis show reduced bacterial burden and pathology  

(323,420,540,541). Hence, type I IFN signaling may be a factor in progression from LTBI to active 

TB. Elevated  ISG expression have been detected up to 18 months prior to TB diagnosis and to 

differentiate LTBI from ATB (542). Given that the available IGRAs cannot distinguish ATB from 

LTBI, these and other IFN-α and IFN-β-driven ISGs and cytokines should be further assessed for 

TB diagnostics.  
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Differences have also been observed in other aspects of innate memory in LTBI and ATB. 

For instance, memory-like NK cells expansion is observed in individuals with LTBI but not in 

ATB (190,543,544). Antibodies from LTBI demonstrate a higher FCγRIII binding ability 

compared to ATB, leading to effector functions of macrophages and NK cells. This difference in 

binding affinity is related to unique Fab domain glycosylation patterns  that differ between the two 

clinical phenotypes of infection (227,544). 
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Figure 36. Model of ISGs and cytokines that distinguish LTBI from ATB. 

At baseline, lower SECTM1 gene expression in LTBI suppresses CXCL2 expression which decreases neutrophil and 

monocyte influx to the infection site and reduces production of pro-inflammatory cytokines (IL-1β), leading to loss 

of infection control, breakdown of the granuloma and bacillary replication resulting in disease progression. Lower 

expression FCGR1A and FCGR1B genes in LTBI decreases antibody production leading to reduced opsonization of 

M. tuberculosis with subsequent reduction in phagocytosis and bacterial clearance resulting in disease progression. 

IFN-α or IFN-β stimulation reduces FCGR1A gene expression, and IFN-β stimulation reduces FCGR1B gene 

expression. This decreases antibody production leading to reduced opsonization of M. tuberculosis with subsequent 

reduction in phagocytosis and bacterial clearance resulting in disease progression. IFN-β stimulation increases SOCS3 

expression in LTBI that drives M1 macrophage phenotype producing pro-inflammatory cytokines and controlling 

infection. IFN-α and IFN-β stimulation increases IL-10 protein expression suppressing production of pro-

inflammatory cytokines, inhibits phagocytosis, and inhibits ROI and RNI production, leading to disease progression. 

Mtb WCL stimulation increases IFITM3 expression that induces acidification of the endosome leading to restricted 

bacillary growth and intracellular killing controlling or clearing infection. Increased IFI44 and IFI44L induce an 

antiproliferative state inhibiting growth, and production of chemokines ad pro-inflammatory cytokines that increase 

intracellular killing leading to clearance or control of infection. Increased IFIT1 inhibits production of pro-

inflammatory cytokines leading to disease progression. IFIT1 increases ISG production which may lead to either 

protection or disease progression depending on the ISG profile induced. (Blue boxes represent genes with lower 

expression in LTBI than in ATB, red boxes represent genes/ cytokines with higher expression in LTBI than in ATB, 

red arrows represent disease progression, blue arrows represent controlled infection; red font – mechanisms for disease 

progression, blue font – protective mechanisms). Created with BioRender.com 

 

 

4.4.2 Expression of genes involved in macrophage polarization in TB   

Three genes, MSR1, SOCS3, and STAT1, with a role in macrophage polarization, were also 

found to have the potential to differentiate between ATB and either LTBI or HC. MSR1 shifts 

macrophage polarization from the M1 pro-inflammatory phenotype to the M2 anti-inflammatory 

phenotype resulting in a Th2 immune response that leads to disease progression that could explain 

the higher expression of this gene observed in ATB at baseline and after IFN-α stimulation  (165). 

SOCS3 and STAT1 drive polarization to the M1 macrophage phenotype, which in early M. 

tuberculosis infection has a protective role by promoting the granuloma formation and enhancing 

the phagocytic and bactericidal functions of the granuloma resulting in bacterial elimination 

(Figure 36) (164,460,545,546). The expression of SOCS3 and STAT1 genes was higher in LTBI in 

response to IFN-β and Mtb WCL stimulation, respectively. IFN-α via MSR1 drives a detrimental 

M2 phenotype, whereas IFN-β via SOCS3 and Mtb WCL via STAT1 drive a protective M1 
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phenotype. This demonstrates divergent responses with direct implications on M. tuberculosis 

pathogenesis that have not previously been described particularly for the roles of IFN-α and IFN-

β in TB pathogenesis. 

4.4.3 IFN-α/β and Mtb WCL stimulate divergent immune responses 

For the first time, the effects of IFN-α/β and Mtb WCL stimulation on ISGs and cytokines 

were compared. Differences were observed in immune responses induced in response to IFN-α/β 

and Mtb WCL with IFN-α/β upregulated expression of most ISGs, whereas Mtb WCL showed 

little effect for most ISGs. Differences were also observed in cytokine responses to IFN-α/β and 

Mtb WCL stimulation, with most of the cytokines showing little effect in response to IFN-α/β 

stimulation while Mtb WCL stimulation upregulated most cytokines. These findings suggest a 

polyfunctional immune response in which the kinetics and outcomes of the response are dependent 

on the stimulation. IFN-β via SOCS3 (Figure 36) and Mtb WCL via IFI44 and IFI44L drive a 

protective role, whereas IFN-α and IFN-β via ANKRD22, IFN-α via IRF9 and MSR1, and Mtb 

WCL via MSR1 drive disease progression. These findings demonstrate the effects of type I IFNs 

on ISGs not previously described in the pathogenesis of M. tuberculosis. These genes can be 

investigated further for therapeutic application, for instance, using clustered regularly interspaced 

short palindromic repeats (CRISPR) gene editing targeting specific genes for therapy.  

4.4.4 IFN-α and IFN-β -induced responses show similarities and differences  

Comparing IFN-α and IFN-β-induced responses in the LTBI and ATB groups revealed 

similar effects in the expression of most ISGs except for BATF2, FCGR1A, and IFIT2 genes in 

LTBI, and CCL8, FAM26F, IFIT1, IFIT2, IL-1A, and IL-1B genes in ATB that showed differences 

in expression with higher expression following IFN-β stimulation compared to IFN-α. Similarly, 

we also observed differences in cytokine expression between IFN-α and IFN-β, most of which had 

higher expression following IFN-β stimulation, including IL-1RA, IP-10, MDC, and GRO in 

LTBI, and IL-1RA, IP-10, MDC, IL-8, and GRO in ATB. These findings may be related to the 

higher binding affinity and lower dissociation rate of IFN-β, leading to the larger effects on ISG 

expression, although the impact of higher ISG response following IFN-β stimulation versus with 

IFN-α stimulation is not clear.  IFN-α/β have been used as therapeutic agents for viral infections 

such as viral hepatitis B and C and in cancers such as melanoma, in preventive therapy of viral 

infections such as herpes therapy, and are also under investigation for use as vaccine adjuvants  
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(547). However, their use was accompanied by adverse effects that included the reactivation of 

LTBI (548–551). Additional studies are needed to understand the effect of these unique ISG 

differences, the effect of the distinct type I IFNs on ISGs and their effect on the immune response 

to M. tuberculosis infection and whether the response is protective or detrimental in cases where 

IFN-α/β therapy is necessary, and to define which ISGs define successful therapy. This knowledge 

can be applied in the development of diagnostic tests and of host-directed therapy. 

 

4.5 Conclusion 

Type I IFNs play a role in TB that is not fully understood. Transcriptional profiling studies 

have shown a potential for using ISGs in TB diagnosis, identification of individuals at risk of 

disease progression, and treatment monitoring. Each stimulant used in this study appears to play a 

significant part in TB pathogenesis with distinct downstream effects that have not been previously 

elucidated. This thesis research found that PBMC stimulation with IFN-α or IFN-β drives ISG and 

cytokine responses that can distinguish LTBI and ATB (Figure 36). The results also showed that 

IFN-α drives a detrimental M2 phenotype through the MSR1 gene while IFN-β or Mtb WCL drive 

a protective M1 phenotype through SOCS3 and STAT1 genes, respectively (Figure 36). The 

immune responses induced by IFN-α/β or Mtb WCL stimulation were divergent, with IFN-α/β 

largely showing upregulated ISGs and little effect on cytokines. In contrast, Mtb WCL showed 

little effect on ISGs but upregulated cytokines. IFN-α and IFN-β induced similar responses for 

most but not all ISGs, a difference that may affect their potential use as therapeutic agents. 

Therefore, the specific components of an ISGs profile may determine the outcome of M. 

tuberculosis infection.  

The IFN signature has been under investigation by many researchers but is not well 

understood. Studying the individual ISGs may determine differences in their responses that can be 

used to better define the roles the ISGs play in different M. tuberculosis infection states. 

Knowledge of the specific roles can be used to identify possible therapeutic targets, improve the 

use of ISGs to discriminate between different infection states and identify individuals with LTBI 

at high risk of reactivation. 
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4.6 Study limitations 

The assessment of the gene and cytokine responses in this thesis research was done in vitro, 

which is not an exact replication of what occurs in the human body. Furthermore, unlike in these 

experiments where each stimulation was acting independently, in the human body, autocrine 

production of IFNs may include the production of many subtypes of IFNs, leading to a response 

different from what we found in these experiments.   

For the TST reactive group (remote TST-positive test but IGRA negative at recruitment), 

the TST results were accessed from records and not tested at the time of recruitment; this meant 

that the study participants in this group had previous exposure to TB or cross reactivity to the BCG 

vaccine. We could not confirm the participants’ current TST status at the time of sample collection, 

which may have re-classified some of the participants. The TST group was considered to be closest 

to the HC, but the expression of some genes IRF9 and SECTM1 differed between the two groups 

suggesting there were differences between the two populations. 

Differences may result from the nature of the samples used. Transcriptional profiling 

studies in TB have utilized PBMCs (352,377,385,400,552) or whole blood  

(189,233,355,356,375,398,399,401,537). A comparison of transcript expression between whole 

blood and PBMCs described larger expression differences for some of the genes in whole blood 

compared to PBMCs (435), differences that may be attributed to the contribution of cells, such as 

neutrophils, found in whole blood but that are removed in the isolation of PBMCs. Indeed, the 

transcriptional signature in TB has been shown to be driven primarily by neutrophils (189).  We 

also did not control for differences in the monocyte/ lymphocyte ratio (MLR) in the PBMCs a ratio 

that have been shown to contribute to the transcriptional changes observed in disease, with genes 

associated with the MLR enriched for IFN signaling (553). 

Other sources of differences in our findings could be population differences. Geographic 

location plays an important role because of the variation in microorganisms to which individuals 

are exposed. These include the microbiome that appears to relate to the susceptibility to and 

severity of the infection and correlates with host immune response and exposure to non-

tuberculous mycobacteria in the environment (106,554–556). Demographic factors such as gender 

and ethnicity may also have played a role in our findings (106). More than half of our study 
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population (70.5%) was female, in contrast to what is observed globally. For example, in 2019, 

adult females made up only 32% of cases, while adult males made up 56% (71). The impact of sex 

hormones on the transcriptional profile in TB has not been studied, considering that sex hormones 

affect immune cells and modulate immune responses in tuberculosis. Given that progesterone 

increases the production of PGE2 while testosterone inhibits it and that this hormone has a role in 

the inhibition of type I IFN production (72), its potential effect on the expression of ISGs warrants 

more research. Ethnicity also influences the host immune responses (557). Interestingly, 

transcriptional signatures from areas with high TB endemicity show low sensitivity and specificity 

in regions of low endemicity (423,558). For this study, we could not control for these potential 

confounders. 

Although we do not understand the potential impact of these limitations on our study 

results, we did identify differences in the expression of genes between clinical phenotypes. In the 

analysis of baseline gene expression, some of our findings were similar to those from previous 

studies regarding the identification of differentially expressed genes, while others showed similar 

trends but were not statistically significant. The differences in gene profiles identified in different 

studies  

 

4.7 Future Directions 

Based on the findings in this thesis, several experiments will be carried out in the future. 

We observed differentially expressed genes between the clinical phenotypes, including between 

HC and TST, that we expected to show similar responses. To validate our findings, transcriptional 

profiling will be carried out on whole blood and PBMCs from healthy controls (TST- and IGRA-

negative), LTBI-1 (TST-positive and IGRA-negative at enrolment), LTBI-2 (TST-negative and 

IGRA-positive at enrolment), LTBI-3 (TST-positive IGRA-positive at enrolment), and ATB 

(culture-positive). The samples will be cultured with IFN-α/β and Mtb WCL with an unstimulated 

control for each sample. RNA Seq will be used for analysis of the samples to identify a wider range 

of transcripts. This will further delineate the transcriptional profiles and identify potential gene 

sets that can define the different groups in the spectrum of M. tuberculosis infection.  
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Three genes – MSR1, SOCS3, and STAT1 – that were differentially expressed with the 

stimulation conditions have some interactions with macrophage polarization. The MSR1 gene was 

differentially expressed at baseline and with both IFN-α and Mtb WCL, whereas the SOCS3 gene 

was differentially expressed with IFN- β and STAT1 with Mtb WCL. The MSR1 gene drives an 

M2 macrophage phenotype, while SOCS3 and STAT1 drive an M1 phenotype. We hypothesize 

that in ATB, IFN-α suppresses MSR1 inhibiting M2 polarization, IFN-β suppresses SOCS3 

inhibiting M1 polarization, and Mtb WCL suppresses STAT1 inhibiting M1 polarization and set 

out to investigate the effect of type I IFNs on macrophage polarization in TB. Briefly, PBMCs will 

be isolated from healthy donors’ blood and monocytes will be extracted using the adherence 

method. Monocyte cultures will be set up with or without Mtb WCL and incubated for 6 hours, 

then washed and cultured with M-CSF ± IFN-, -, - or -all IFNs for 4 hours and 24 hours.  After 

the 4-hour cell cultures, the cells will be washed, and the cell pellet will be used for gene expression 

assays and the supernatant for cytokine assays. The 24-hour cell cultures will also be used for gene 

expression and cytokine assays. In addition, the 24-hour cell cultures will be used for flow 

cytometry analysis for the detection of markers for monocyte lineage - CD68, M1 phenotype – 

CD80, M1-like cells – CD197, M2 phenotype – CD163, M2-like cells – CD206, and MSR1 – 

CD204. Optimization tests were completed for all steps. These functional studies were to be a 

major component of this thesis research; however, due to the lockdown imposed due to the 

COVID-19 pandemic and restricted access to the laboratory, the objective was put on hold. These 

experiments could also be carried out on PBMCs from individuals with ATB and LTBI with HCs 

as controls. 

It is important to further characterize the effect of the stimulations with IFN-, -, -, and 

M. tuberculosis-specific antigens using platforms such as microarrays which allow for the study 

of a broader range of gene transcripts. Since neutrophils have been shown to drive the IFN 

transcriptional signature observed in TB (189), the effects of these stimulations should be assessed 

from whole blood and in individual cell populations to appreciate the main contributors to the type 

I IFN response at different stages of M. tuberculosis infection. For these experiments, stimulation 

with individual IFNs and IFN combinations can be used to investigate their effect on the immune 

responses since the individual IFNs do not act in isolation in the human body.  
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This research identified several potentially important ISGs not previously assessed for their 

role in TB pathogenesis. The functions of ISGs in TB have not been defined. These can be studied 

in knockout experiments using murine models of infection and may identify potential therapeutic 

targets against TB. The SECTM1 gene distinguished between HC and ATB or LTBI at baseline 

and following Mtb WCL stimulation, respectively. In pneumococcal pneumonia, the expression 

of the SECTM1 gene is associated with neutrophil influx, a relation that has not been studied in 

TB (483,484,559,560). The effect of the SECTM1 gene in TB can be studied using SECTM1 

knockout (KO) mice infected with M. tuberculosis with healthy mice as controls. The lungs can 

be assessed for infection using microscopy, and neutrophil accumulation in the lungs determined 

using flow cytometry and compared between infected SECTM1 KO mice, uninfected SECTM1 

KO mice, and infected and uninfected wild-type mice. Similar studies can also be applied to the 

functional analysis studies for other ISGs to define their roles in M. tuberculosis infection states, 

in LTBI and in ATB. 

Although this study provides pilot data, future studies can utilize replication studies. In 

replication studies, the research study is repeated using a different set of study participants to assess 

whether study findings are applicable in a different population, in larger sample sizes, or in a meta-

analysis. In addition, research can be extended to cover different geographical regions, especially 

TB-endemic countries and cohorts from different ethnicities. Finally, there is also a need to study 

the effect of different M. tuberculosis strains on the transcriptional profile and how these effects 

relate to the immune response.  These studies will build on the current knowledge of the immune 

response to TB. 

The interplay between cells in the respiratory tract also requires further research. For 

instance, whether type I IFNs act on AECs to affect other immune responses in the lung 

microenvironment in M. tuberculosis infection and the role in determining infection outcome 

(176). This can be studied using M. tuberculosis-infected AECs co-cultured with macrophages or 

DCs in the presence or absence of type I IFNs with mechanistic assessment of the infection 

pathway and transcriptional profiling of responses from the co-cultures. These experiments would 

better define the role of AECs in TB pathogenesis. 

 Future studies should aim to assess molecular profiles for stratification of subgroups of 

infection which would identify the role of specific pathways in different phases of the infection 
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spectrum. The understanding of these mechanisms at different stages of infection feeds into our 

knowledge of the immune response to M. tuberculosis infection but also to the pharmacological 

interventions leading to development of specific targeted therapies.  
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Appendix 1: Abbreviations 

ACTB Beta-actin 

ADCC Antibody-dependent cellular 

cytotoxicity 

AEC  Airway epithelial cell 

AIM2  Absent in melanoma 2 

ANKRD22 Ankyrin Repeat Domain 22 

APC  Antigen presenting cells 

APOL1 Apolipoprotein L1 

Arg1  Arginase 1 

ASL  Airway surface liquid 

ATB  Active tuberculosis 

BAL  Broncho-alveolar lavage 

BATF2 Basic Leucine Zipper ATF-

Like Transcription Factor 2 

β -ME  β-mercaptoethanol 

BMI  Body mass index 

BCG  Bacillus Calmette–Guérin 

CAMP Cathelicidin Antimicrobial 

Peptide 

CARD9 Caspase recruitment domain-

containing protein 9 

CCL Chemokine (C-C motif) 

ligand 

CXCL C-X-C Motif Chemokine 

Ligand 

CD  Cluster of Differentiation 

cDNA Complementary 

Deoxyribonucleic acid 

CFP-10 Culture filtrate protein 10 

cGAS  cyclic GMP-AMP synthase 

CLR  C-type lectin receptors 

CR  Complement receptors 

CRISPR Clustered regularly 

interspaced short palindromic 

repeats 

CXCL Chemokine (C-X-C motif) 

ligand 

DC  Dendritic cell 

DEG Differentially expressed 

genes 

DEPC Diethyl pyrocarbonate 

DMSO Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DsDNA Double-stranded 

Deoxyribonucleic acid 

DUSP2 Dual Specificity Phosphatase 

2 

EGF Epidermal growth factor 

EPTB  Extra-pulmonary tuberculosis 

ESAT-6 Early secretory antigen target  

ESRD  End-stage renal disease 

ESX-1 (ESAT)-6 secretion system-1 

ETV7 ETS Variant Transcription 

Factor 7 

FAM26F Family with Sequence 

Similarity 26 Member F 

FBS Fetal bovine serum 

FCγR Fc gamma receptors  

FGF-2 Fibroblast growth factor 2 

FM Fluorescence microscopy 

GBS Group B streptococci 

GBP Guanylate Binding Protein 

G-CSF Granulocyte colony-

stimulating factor 

γδ T cells Gamma-delta T cells 
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gDNA  Genomic Deoxyribonucleic 

acid 

GM-CSF Granulocyte-macrophage 

colony-stimulating factor 

GRO Growth-regulated protein 

HIV Human immunodeficiency 

virus 

HPRT1 Hypoxanthine 

phosphoribosyltransferase 1 

IFI Interferon Induced Protein 

IFI44L Interferon Induced Protein 44 

Like 

IFIT Interferon Induced Protein 

with Tetratricopeptide 

Repeats  

IFITM Interferon Induced 

Transmembrane Protein 

IFN   Interferon 

IFN-α  Interferon alpha 

IFN-β  Interferon beta 

IFN-γ  Interferon gamma 

IFNAR Interferon alpha receptor 

IFNGR Interferon gamma receptor 

IFNLR  Interferon lambda receptor 

IgG  Immunoglobulin G 

IGRA Interferon gamma release 

assay 

IL  Interleukin 

IL-1RA Interleukin 1 receptor 

antagonist 

IL-15RA Interleukin 15 Receptor 

Subunit Alpha 

iNKT  Invariant natural killer T cell 

iNOS Inducible nitric oxide 

synthase 

IP-10 Interferon gamma-induced 

protein 10 

IRAK  Interleukin-1 receptor-

associated kinase 

IRF Interferon regulatory factor 

ISG Interferon stimulated gene 

ISGF3 Interferon Stimulated Gene 

Factor 3 

ISRE Interferon-stimulated 

Response Element 

JAK  Janus kinase 

LAG3  Lymphocyte Activating 3  

LTBI  Latent tuberculosis infection  

MAIT Mucosal-associated invariant 

T cells 

MAPK Mitogen-activated protein 

kinase 

MARCO Macrophage receptor with 

collagenous structure 

MCP Macrophage-derived 

chemokine 

MGIT   Mycobacterial growth in tube 

MHC Major Histocompatibility 

Complex 

MIP-1 Macrophage inflammatory 

protein 1  

MLR Monocyte/ lymphocyte ratio 

MODS Microscopic observation drug 

susceptibility 

MR Mannose receptor 

MSMD Mendelian susceptibility to 

mycobacterial diseases 

MSR1 Macrophage Scavenger 

Receptor 

MTBC Mycobacterium tuberculosis 

complex 
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Mtb WCL Mycobacterium tuberculosis 

Whole cell lysate 

MX MX Dynamin-Like GTPase 

MyD88 Myeloid differentiation factor 

88 

NAAT Nucleic acid amplification 

test 

NET Neutrophil extracellular traps 

NFκB Nuclear Factor kappa-light-

chain-enhancer of activated B 

cells 

NK cells Natural killer cells 

NLR Nucleotide-binding and 

oligomerization domain 

(NOD)-like receptors 

NO Nitric oxide 

Nos2 Nitric Oxide Synthase 2 

NTM Non-tuberculous 

mycobacteria 

OAS 2'-5'-Oligoadenylate 

Synthetase  

OSM Oncostatin M 

P13K Phosphoinositide 3-kinases 

PAMP Pathogen-associated 

molecular patterns 

PBMC Peripheral blood 

mononuclear cells 

PBS Phosphate-buffered saline 

PCA Principal component analysis 

PCR  Polymerase chain reaction 

pDC  Plasmacytoid dendritic cell 

PDGF Platelet Derived Growth 

Factor 

PFMC Pleural fluid mononuclear 

cells 

PPD  Purified protein derivative 

PRR  Pattern recognition receptor 

PSMB8 Proteasome Subunit Beta 8 

PTB  Pulmonary tuberculosis 

QC  Quality control 

QFT  QuantiFERON test 

RANTES Regulated on Activation, 

Normal T Expressed and 

Secreted 

RD  Region of Difference 

RNA   Ribonucleic acid 

RNI Reactive nitrogen 

intermediates 

ROI Reactive oxygen 

intermediates 

Rpm Rotations per minute 

RPMI Roswell Park Memorial 

Institute 

RT-qPCR Reverse transcription-

quantitative Polymerase 

Chain Reaction 

SAGE Serial Analysis of Gene 

Expression 

SCARF1 Scavenger Receptor Class F 

Member 1 

sCD40L Soluble CD40 ligand 

SECTM1 Secreted and Transmembrane 

1 

SEPT1 Septin 4 

SERPING1 Serpin Family G Member 1 

SLE Systemic lupus 

erythematosus 

SOCS Suppressor Of Cytokine 

Signaling  

SR Scavenger receptor 

ssRNA single-stranded Ribonucleic 

acid 
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STAT Signal transducers and 

activators of transcription 

STING STimulator of Interferon 

Genes 

TAK1 Transforming growth factor-

β-activated kinase 1 

TAP1 Transporter 1, ATP Binding 

Cassette Subfamily B 

Member 

TB  Tuberculosis  

TbD1 Tuberculosis–specific 

deletion region 1 

TCR  T-cell receptor 

TDM  Trehalose 6′6-dimycolate 

Th  T helper 

TNF  Tumor necrosis factor 

TNFSF10 TNF Superfamily Member 10 

TRAFD1 TRAF-Type Zinc Finger 

Domain Containing 1 

TRAM TRIF-related adaptor 

molecule 

TRIF TIR-domain-containing 

adapter-inducing interferon-β 

TST Tuberculin skin test 

TYK  Tyrosine kinase 

UBE2L6 Ubiquitin Conjugating 

Enzyme E2 L6 

USP18 Ubiquitin Specific Peptidase 

18 

VEGF Vascular endothelial growth 

factor 

WHO   World Health Organization 

ZN  Ziehl-Neelsen staining 
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Appendix 2: Supplementary Tables 

Table S1. Median relative gene expression results in unstimulated, IFN-α -, IFN-β- and Mtb-

WCL-stimulated PBMCs 

 

 

Genes HC TST LTBI ATB p-value HC TST LTBI ATB p-value

ANKRD22 0.00011 0.000131 0.00015 0.000234 0.136 0.002588 0.002376 0.002482 0.003765 0.019

APOL1 0.000564 0.000584 0.000539 0.00048 0.833 0.00548 0.005767 0.005673 0.005006 0.783

BATF2 0.000564 0.00005 0.000057 0.000051 0.719 0.000647 0.000699 0.000768 0.001109 0.075

CAMP 0.000013 0.000086    

CCL8 0.000116 0.000175 0.000084 0.000222 0.091 0.015753 0.014111 0.013818 0.022401 0.046

CXCL10 0.000249 0.000928 0.000492 0.000527 0.323 0.039424 0.055564 0.057678 0.054174 0.816

CXCL11 0.000054 0.000117 0.000126 0.000077 0.638 0.055503 0.046279 0.041297 0.045151 0.912

CXCL9  0.000086 0.000047  0.001645 0.002309 0.002553 0.002781 0.164

ETV7 0.000043 0.000054 0.000069 0.000064 0.963 0.001193 0.000968 0.001213 0.000941 0.749

FAM26F 0.00012 0.000131 0.000132 0.000184 0.367 0.001443 0.001268 0.001124 0.001771 0.069

FCGR1A 0.000108 0.000116 0.000078 0.000239 0.001 0.000742 0.0007 0.000604 0.001381 0.008

FCGR1B 0.00005 0.000044 0.000032 0.000067  0.00009 0.000114 0.000122 0.000305 0.013

GBP1 0.003171 0.003786 0.004385 0.00466 0.158 0.043329 0.050718 0.060482 0.054715 0.433

GBP2 0.005688 0.005727 0.004646 0.005754 0.601 0.020685 0.019823 0.018834 0.017138 0.774

GBP4 0.001214 0.001264 0.001406 0.001366 0.793 0.013551 0.011843 0.015673 0.012629 0.404

GBP5 0.002819 0.003615 0.002967 0.003958 0.253 0.026405 0.031067 0.031576 0.032506 0.665

IFI35 0.000514 0.000655 0.000621 0.00064 0.551 0.007842 0.007452 0.009024 0.008171 0.581

IFI44 0.000629 0.000698 0.000913 0.000507 0.685 0.007139 0.007267 0.009396 0.008277 0.15

IFI44L 0.000279 0.000403 0.000637 0.000122 0.196 0.005681 0.005439 0.007206 0.005836 0.188

IFIT1 0.00055 0.000763 0.001051 0.000556 0.654 0.045927 0.032507 0.037956 0.038357 0.479

IFIT2 0.000306 0.00054 0.000696 0.000363 0.285 0.016122 0.01575 0.016811 0.017696 0.592

IFIT3 0.000799 0.00124 0.001134 0.00082 0.558 0.035667 0.034889 0.037251 0.035466 0.476

IFITM1 0.0096 0.011109 0.00774 0.007629 0.556 0.07033 0.06038 0.066242 0.062917 0.411

IFITM2 0.003429 0.003965 0.00382 0.003449 0.764 0.00725 0.007135 0.007772 0.007555 0.928

IFITM3 0.000746 0.001308 0.001192 0.001762 0.076 0.017227 0.02052 0.020051 0.022765 0.519

IL10 0.000087 0.000136 0.00012 0.000186 0.144 0.000156 0.000143 0.00023 0.000211 0.203

IL12B     

IL1A 0.000614 0.0009 0.001099 0.001177 0.482 0.000112 0.000186 0.00025 0.000318 0.165

IL1B 0.019846 0.027808 0.034321 0.04258 0.149 0.005867 0.009211 0.011542 0.017254 0.107

IRF1 0.003582 0.00314 0.00291 0.003361 0.743 0.006818 0.007148 0.007708 0.006891 0.359

IRF7 0.001497 0.001461 0.001776 0.001396 0.867 0.011922 0.010364 0.012225 0.011458 0.386

IRF9 0.000756 0.001109 0.001 0.000926 0.183 0.002319 0.002255 0.00283 0.00266 0.168

ISG15 0.000806 0.001039 0.001111 0.000695 0.776 0.026189 0.024768 0.027473 0.022801 0.955

LAG3 0.000079 0.000133 0.000063 0.000077 0.546 0.000674 0.0014 0.001284 0.00102 0.381

MSR1 0.000406 0.000575 0.000809 0.001292 0.002 0.008749 0.007011 0.008058 0.01169 0.039

MX1 0.002899 0.004824 0.003813 0.002563 0.902 0.05739 0.050541 0.054943 0.05197 0.627

MX2 0.002776 0.003126 0.002994 0.00203 0.854 0.036448 0.032262 0.039269 0.039301 0.445

OAS1 0.001177 0.001325 0.001168 0.000846 0.827 0.018486 0.01342 0.017537 0.01523 0.387

OAS3 0.000799 0.001577 0.001218 0.000882 0.551 0.02252 0.025872 0.027976 0.023716 0.615

OASL 0.005609 0.00462 0.006289 0.00658 0.474 0.03108 0.027698 0.031903 0.031941 0.344

PSMB8 0.001799 0.001954 0.001622 0.001763 0.931 0.005802 0.005855 0.006266 0.005427 0.738

SCARF1 0.000069 0.000062 0.000066 0.000078 0.467 0.000081 0.000143 0.000131 0.000126 0.746

SECTM1 0.000293 0.000413 0.000356 0.000587 0.002 0.003362 0.003956 0.003012 0.004438 0.289

SEPTIN4 0.000037 0.000038 0.00004 0.000042  0.000056 0.000038 0.000059 0.00006  

SERPING1 0.000056 0.000053 0.000054 0.000086 0.448 0.001128 0.001535 0.00144 0.001703 0.192

SOCS1 0.000557 0.000699 0.000721 0.000814 0.426 0.001257 0.001912 0.002079 0.001955 0.091

SOCS3 0.00511 0.004519 0.00379 0.005842 0.282 0.006572 0.006053 0.007316 0.006826 0.823

STAT1 0.007869 0.009211 0.007031 0.008607 0.523 0.051015 0.046615 0.048865 0.050301 0.562

TAP1 0.003352 0.003661 0.003723 0.004353 0.684 0.013332 0.013112 0.016349 0.016653 0.251

TNFSF10 0.000535 0.000615 0.000549 0.000756 0.415 0.016218 0.013778 0.014643 0.01848 0.186

TRAFD1 0.000874 0.00099 0.000913 0.001078 0.904 0.005231 0.004791 0.006006 0.005073 0.582

UBE2L6 0.004183 0.004692 0.004269 0.003404 0.618 0.028125 0.024986 0.029083 0.024952 0.258

USP18 0.000169 0.000119 0.000089 0.000117 0.701 0.004143 0.003456 0.004587 0.004365 0.634

unstimulated IFN-α
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HC: healthy controls; TST: TST+QFT-; LTBI: latent TB infection, ATB: active TB, Mtb WCL: M. tuberculosis whole 

cell lysate. Yellow highlighted and bolded p-values are statistically significant. Genes without a p-value had < 60% 

detectability in one or more clinical phenotypes. 

Genes HC TST LTBI ATB p-value HC TST LTBI ATB p-value

ANKRD22 0.00263 0.00213 0.00281 0.00469 0.024 0.00012 0.00015 0.00014 0.00023 0.055

APOL1 0.00486 0.00534 0.00628 0.00498 0.444 0.0011 0.00111 0.00126 0.00082 0.207

BATF2 0.00077 0.00071 0.0011 0.00134 0.1 7.4E-05 5.8E-05 0.00014 7.7E-05 0.209

CAMP

CCL8 0.02069 0.01684 0.01678 0.02862 0.045 .000073  5.1E-05 0.00005 6.5E-05

CXCL10 0.04644 0.05638 0.0629 0.07674 0.263 0.00047 0.00114 0.00105 0.0011 0.502

CXCL11 0.04623 0.03142 0.04792 0.04973 0.941 0.00013 0.00015 0.00025 0.00013 0.73

CXCL9 0.00155 0.00207 0.00287 0.00272 0.247 0.00016 0.0002 0.00025 0.0003 0.583

ETV7 0.00114 0.00106 0.0013 0.00101 0.884 0.00016 0.00012 9.1E-05 6.6E-05 0.211

FAM26F 0.00123 0.00131 0.00152 0.00234 0.036 0.00008 0.00011 8.3E-05 0.0001 0.581

FCGR1A 0.00063 0.00055 0.00085 0.00157 0.001 4.5E-05 4.9E-05 0.00013 0.00016

FCGR1B 7.8E-05 9.3E-05 0.00016 0.00032 0.001

GBP1 0.0505 0.04939 0.06743 0.06568 0.286 0.00497 0.00616 0.00791 0.00754 0.354

GBP2 0.0183 0.01872 0.02011 0.0194 0.798 0.00943 0.00949 0.01061 0.0101 0.889

GBP4 0.01274 0.01249 0.0151 0.0128 0.507 0.00368 0.00308 0.00342 0.0031 0.524

GBP5 0.02506 0.03066 0.03297 0.03184 0.371 0.0043 0.00699 0.00796 0.00657 0.222

IFI35 0.00823 0.00769 0.0089 0.00922 0.408 0.00109 0.00117 0.0013 0.00106 0.672

IFI44 0.00728 0.00765 0.00866 0.00811 0.378 0.00147 0.0017 0.00234 0.00107 0.03

IFI44L 0.00599 0.00671 0.00817 0.00535 0.377 0.00072 0.00092 0.00161 0.00049 0.015

IFIT1 0.05302 0.03516 0.04419 0.04112 0.185 0.00305 0.00308 0.00476 0.00153 0.036

IFIT2 0.01839 0.01767 0.02082 0.02198 0.357 0.00116 0.00115 0.00188 0.0008 0.077

IFIT3 0.03922 0.03444 0.04099 0.03793 0.467 0.0032 0.00367 0.00381 0.00181 0.096

IFITM1 0.06377 0.05934 0.06817 0.05099 0.389 0.01837 0.0182 0.02053 0.01494 0.058

IFITM2 0.00697 0.00802 0.00847 0.00704 0.928 0.00421 0.004 0.00428 0.00318 0.164

IFITM3 0.01559 0.01809 0.02095 0.02496 0.195 0.00082 0.00115 0.00196 0.00136 0.184

IL10 0.0002 0.00012 0.00022 0.00012 0.135 0.00102 0.00077 0.00071 0.00099 0.354

IL12B 0.00016 0.0001 0.00012 0.00009 0.578

IL1A 0.00016 0.00012 0.00022 0.0002 0.506 0.01051 0.01094 0.01353 0.01579 0.24

IL1B 0.00418 0.00729 0.01014 0.01366 0.2 0.31071 0.26943 0.29854 0.39398 0.061

IRF1 0.00594 0.00772 0.00797 0.00711 0.575 0.00566 0.0059 0.00589 0.00625 0.823

IRF7 0.00993 0.01028 0.01363 0.01064 0.35 0.00233 0.00244 0.00365 0.00216 0.305

IRF9 0.00249 0.00299 0.00326 0.00279 0.948 0.00103 0.00137 0.00144 0.00109 0.533

ISG15 0.02686 0.02353 0.02534 0.02472 0.964 0.00249 0.00232 0.00296 0.00131 0.125

LAG3 0.00091 0.00149 0.00144 0.00121 0.53 9.5E-05 0.00013 0.00017 0.00018 0.241

MSR1 0.00866 0.00727 0.00993 0.01322 0.041 0.00014 8.1E-05 0.00014 0.00018 0.012

MX1 0.04251 0.04648 0.05644 0.04247 0.537 0.0073 0.00692 0.01358 0.00621 0.426

MX2 0.03137 0.03391 0.0377 0.03663 0.518 0.00582 0.00596 0.00764 0.00368 0.178

OAS1 0.01655 0.01405 0.0179 0.01488 0.273 0.0026 0.00248 0.003 0.00161 0.153

OAS3 0.02236 0.02286 0.02931 0.02604 0.205 0.00281 0.00317 0.00366 0.00196 0.314

OASL 0.02745 0.02636 0.03165 0.03201 0.325 0.00805 0.00801 0.00949 0.00714 0.327

PSMB8 0.00558 0.00623 0.00733 0.00529 0.685 0.00215 0.00219 0.00265 0.00198 0.229

SCARF1 0.00012 8.2E-05 0.00011 0.00012 0.662 8.5E-05 0.00013 0.00013 0.00013 0.726

SECTM1 0.00367 0.00412 0.0039 0.00454 0.175 0.00089 0.00057 0.00054 0.00073 0.006

SEPTIN4 6.3E-05 5.3E-05 0.00004 6.6E-05 0.58 .000029  2.1E-05 3.7E-05 0.00004

SERPING1 0.00109 0.00129 0.0018 0.00185 0.178 .000044  0.00004 7.8E-05 7.6E-05

SOCS1 0.00146 0.00199 0.00203 0.00229 0.263 0.00114 0.00134 0.00153 0.00124 0.575

SOCS3 0.00619 0.00521 0.00717 0.00627 0.477 0.01048 0.00744 0.00955 0.01341 0.09

STAT1 0.05191 0.04843 0.05545 0.04856 0.934 0.01202 0.01417 0.01316 0.01142 0.423

TAP1 0.01267 0.01276 0.01589 0.01744 0.392 0.00598 0.00542 0.00569 0.00616 0.948

TNFSF10 0.01512 0.01503 0.01586 0.01602 0.457 0.00104 0.00088 0.00102 0.00091 0.914

TRAFD1 0.00499 0.00548 0.00645 0.00528 0.494 0.00136 0.00134 0.00177 0.00111 0.203

UBE2L6 0.02494 0.02517 0.02786 0.02317 0.644 0.00685 0.0068 0.0079 0.00588 0.208

USP18 0.0039 0.00396 0.00483 0.00407 0.539 0.00035 0.0004 0.00037 0.00023 0.132

Mtb WCLIFN-β
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Table S2. Median gene expression (fold changes) in IFN-α -, IFN-β- and Mtb-WCL-stimulated 

PBMCs 

 

HC TST LTBI ATB p-value HC TST LTBI ATB p-value

ANKRD22 4.75 4.38 4.17 4.23 0.91 4.66 4.39 4.18 4.44 0.862

APOL1 3.49 2.97 3.14 3.09 0.972 3.20 3.10 3.26 3.18 0.924

BATF2 3.59 3.62 4.76 3.75 3.86 5.14

CAMP

CCL8 7.12 6.67 7.13 6.70 0.718 7.23 6.73 7.37 7.19 0.821

CXCL10 7.60 5.59 6.49 6.71 0.461 7.69 5.58 6.73 7.28 0.318

CXCL11 8.26 8.09 8.66 8.69 0.743 8.51 8.25 8.42 8.78 0.613

CXCL9 5.71 4.77 5.79 5.66 0.422

ETV7 4.29 4.01 4.21 3.85 0.856 4.23 3.98 4.25 4.01 0.898

FAM26F 3.85 3.31 3.40 3.58 0.76 3.48 3.69 3.76 3.89 0.809

FCGR1A 2.77 2.72 2.96 2.59 0.541 2.39 2.19 3.08 2.62 0.454

FCGR1B 2.20 2.78

GBP1 4.38 3.99 3.84 3.62 0.194 4.27 3.94 3.63 3.88 0.453

GBP2 1.91 1.82 1.97 1.72 0.242 1.77 1.79 2.01 1.82 0.503

GBP4 3.52 3.29 3.33 3.35 0.888 3.16 3.14 3.28 3.18 0.961

GBP5 3.44 3.22 3.42 3.39 0.26 3.43 3.04 3.41 3.14 0.346

IFI35 4.01 3.12 3.60 3.71 0.251 4.07 3.33 3.54 3.73 0.144

IFI44 4.36 3.31 3.55 3.79 0.425 4.30 3.26 3.14 3.76 0.646

IFI44L 4.66 3.84 4.05 5.54 0.338 4.63 3.93 3.26 4.96 0.206

IFIT1 6.36 5.38 5.50 6.21 0.572 6.50 5.23 5.41 6.10 0.424

IFIT2 5.92 5.00 4.84 5.86 0.239 6.21 5.07 4.99 5.97 0.223

IFIT3 5.39 4.66 5.00 5.34 0.383 5.91 4.65 4.99 5.41 0.401

IFITM1 3.19 2.48 2.75 2.90 0.653 3.10 2.49 2.76 2.72 0.842

IFITM2 1.59 0.96 1.13 1.23 0.599 1.29 1.06 1.12 1.10 0.674

IFITM3 4.29 3.74 3.96 3.56 0.198 4.25 3.68 3.76 3.56 0.506

IL10 0.77 0.23 0.58 0.37 0.12 1.01 -0.07 0.28 -0.04 0.087

IL12B

IL1A -2.25 -2.12 -2.40 -1.69 0.789 -2.40 -2.47 -2.64 -2.06 0.964

IL1B -1.51 -1.69 -1.69 -1.32 0.994 -2.25 -2.00 -1.84 -2.12 0.481

IRF1 1.22 1.16 1.36 1.12 0.508 1.06 1.34 1.39 1.21 0.483

IRF7 2.88 2.88 3.04 3.22 0.93 3.03 2.99 2.98 2.87 0.875

IRF9 2.22 1.09 1.27 1.58 0.002 1.95 1.44 1.33 1.47 0.181

ISG15 5.08 4.39 4.66 4.96 0.632 5.25 4.50 4.31 4.97 0.332

LAG3 3.03 3.54 4.34 3.89 0.128 3.38 3.80 4.29 3.83 0.314

MSR1 4.09 3.59 3.38 3.36 0.013 4.08 3.84 3.62 3.39 0.09

MX1 4.22 3.42 3.73 3.61 0.566 4.19 3.08 3.60 3.66 0.634

MX2 3.97 3.39 3.65 3.87 0.682 3.97 3.37 3.51 3.84 0.503

OAS1 4.26 3.59 3.82 4.00 0.721 4.07 3.41 3.40 4.22 0.598

OAS3 4.99 3.99 4.20 4.82 0.607 4.78 3.72 4.09 4.21 0.573

OASL 3.10 2.57 2.45 2.62 0.401 2.82 2.56 2.32 2.62 0.412

PSMB8 1.83 1.60 1.80 1.63 0.416 1.84 1.65 1.76 1.73 0.619

SCARF1 0.21 0.94 0.90 0.29 0.497 1.11 0.79 0.69 1.28 0.716

SECTM1 3.26 3.02 3.22 2.78 0.055 3.58 3.26 3.39 3.09 0.106

SEPTIN4 0.28 0.25

SERPING1 4.01 4.41 4.87 4.18 0.307 4.02 4.42 4.81 4.38 0.616

SOCS1 1.74 1.45 1.73 1.55 0.643 1.90 1.69 1.71 1.58 0.862

SOCS3 0.63 0.44 0.68 0.40 0.069 0.66 0.26 0.90 0.19 0.043

STAT1 3.24 2.43 2.83 2.66 0.269 3.07 2.44 2.54 2.56 0.315

TAP1 1.98 1.86 2.08 2.01 0.536 1.95 1.82 2.01 2.15 0.416

TNFSF10 4.58 4.24 4.43 4.59 0.733 4.93 4.38 4.41 4.55 0.576

TRAFD1 2.70 2.26 2.59 2.31 0.458 2.63 2.41 2.57 2.61 0.555

UBE2L6 3.11 2.42 2.79 2.81 0.265 2.88 2.43 2.72 2.72 0.306

USP18 5.26 5.29 4.96 5.16 4.85 5.12 5.11 0.914

IFN-α

Genes

IFN-β
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HC TST LTBI ATB p-value

ANKRD22 0.10 1.40 -0.18 0.16 0.796

APOL1 0.96 1.03 0.72 0.69 0.426

BATF2 0.73 0.86

CAMP

CCL8 -1.74 -1.09

CXCL10 0.75 0.07 0.49 1.18 0.835

CXCL11 0.29 -0.47 0.18 0.75 0.616

CXCL9 0.92 1.88 2.24 0.56

ETV7 2.21 0.31 0.82 0.55 0.609

FAM26F -0.23 -0.71 -0.47 -0.81 0.79

FCGR1A -1.06 -1.36 0.23 -0.51 0.121

FCGR1B

GBP1 1.03 0.64 0.41 0.76 0.593

GBP2 1.06 0.83 0.81 0.83 0.165

GBP4 1.59 1.13 1.21 1.18 0.724

GBP5 1.16 1.00 0.92 1.01 0.836

IFI35 1.09 0.65 0.77 0.86 0.1

IFI44 1.16 1.44 1.24 0.82 0.055

IFI44L 1.22 1.36 1.15 1.89 0.818

IFIT1 2.45 2.16 1.88 1.66 0.125

IFIT2 2.07 1.51 0.91 1.18 0.18

IFIT3 2.34 1.43 1.14 1.35 0.278

IFITM1 0.93 0.96 0.86 0.64 0.15

IFITM2 0.18 0.18 0.23 0.06 0.25

IFITM3 -0.22 -0.18 -0.29 -0.86 0.019

IL10 2.85 2.54 1.98 2.79 0.34

IL12B

IL1A 4.02 3.50 3.61 3.86 0.403

IL1B 3.65 2.95 3.13 2.98 0.589

IRF1 1.00 0.99 0.86 1.04 0.812

IRF7 1.01 0.65 0.83 0.55 0.057

IRF9 0.87 0.34 0.28 0.23 0.345

ISG15 1.46 0.92 0.96 0.83 0.471

LAG3 0.59 0.68 1.37 1.10 0.32

MSR1 -1.51 -2.32 -2.47 -2.40 0.55

MX1 1.73 1.02 0.94 0.69 0.068

MX2 1.10 1.01 0.93 0.62 0.144

OAS1 1.38 0.99 1.27 0.67 0.252

OAS3 1.91 0.87 1.31 0.91 0.045

OASL 0.78 0.71 0.44 0.36 0.126

PSMB8 0.23 0.34 0.25 0.12 0.301

SCARF1 0.32 1.62 0.69 0.74 0.252

SECTM1 1.99 0.49 0.53 0.06 <0.001

SEPTIN4

SERPING1

SOCS1 1.21 1.21 0.93 0.90 0.436

SOCS3 1.10 0.86 0.85 1.07 0.84

STAT1 1.44 0.69 0.62 0.49 0.024

TAP1 0.84 0.62 0.57 0.45 0.271

TNFSF10 0.96 0.70 0.30 -0.07 0.044

TRAFD1 0.80 0.61 0.49 0.28 0.058

UBE2L6 1.00 0.78 0.56 0.58 0.103

USP18 1.60 1.40 1.38 0.99 0.357

Mtb WCL

Genes

  log2FC ≥ 1.0 

  -1.0 < log2FC >1.0 

  log2FC ≤ -1.0 

HC: healthy controls; TST: TST+QFT-; LTBI: 

latent TB infection, ATB: active TB, Mtb WCL: 

M. tuberculosis whole cell lysate. Yellow 

highlighted and bolded p-values are statistically 

significant. Genes without a p-value had < 60% 

detectability in one or more clinical phenotypes. 

Red-filled boxes – upregulated genes, blue-filled 

boxes – downregulated genes, white-filled boxes 

-no change. 
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Table S3. Median cytokine levels in supernatants from unstimulated, IFN-α -, IFN-β- and Mtb-

WCL-stimulated PBMCs 

 

  

Cytokine HC TST LTBI ATB p-value HC TST LTBI ATB p-value

EGF 14.91 7.49 16.71 13.27 0.819 13.53 6.37 15.46 11.14 0.452

Eotaxin 6.65 8.76 7.57 7.56 0.704 6.55 8.85 8.68 6.77 0.629

G-CSF 102.1 55.36 48.31 48.14 0.292 69.93 23.2 42.83 42.67 0.195

Fractalkine 23.98 35.55 38.03 31.14 0.205 25.78 31.79 39.25 36.46 0.127

IFNα2 26.76 6.78 13.65 11.2 0.368 2316.63 2408.81 2671.14 2477.62 0.541

IFN-γ 10.28 13.7 14.06 8.66 0.184

GRO 1771.44 1369.67 1567.68 1769.38 0.928 272.72 348.28 333.38 283.84 0.946

IL-10 61.5 40.06 54.31 31.53 0.387 57.03 40.97 81.89 29.06 0.036

MCP-3 119.53 418.64 415.09 298.36 0.212 349.84 509.59 927.37 674.46 0.046

MDC 465.7 485.57 390.3 253.29 0.429 88.35 116.83 111.9 48.1 0.155

PDGF-AA 25.33 14.13 37.69 49.37 0.174 19.98 10.39 28.85 36.83 0.177

PDGF-

AB/BB
93.18 48.79 112.1 140.18 0.127 50.89 32.17 94.2 104.35 0.019

sCD40L 9.9 7.7 12.5 15.78 0.48 6.73 6.48 11.05 8.41 0.518

IL-1RA 189.64 293.56 231.32 195.41 0.922 402.06 427.06 592.47 702.54 0.304

IL-1β 28.8 34.8 19.63 34.99 0.35 31.78 23.36 34.43 26.52 0.344

IL-6 70.2 154.02 128.2 100.69 0.493 124.89 140.1 196.12 152.2 0.22

IL-7 17.84 10.52 11.12 9 0.216 14.62 6.45 10.73 9.53 0.396

IL-8 2915.97 4591.42 4057.15 5157.91 0.195 1342.96 2342 2288.06 2566.52 0.768

IP-10 124.52 139.96 120.14 69.22 0.474 2348.46 3080.27 2455.2 2550.82 0.913

MCP-1 1743.05 3366.47 3290.3 3233.34 0.203 3325.97 3391.6 3736.77 3379.83 0.939

MIP-1α 45.11 131.3 59.61 36.11 0.365 82.57 78.12 122.76 40.14 0.052

MIP-1β 282.26 353.09 309.94 213.72 0.398 388.94 363.92 485.71 294.13 0.048

RANTES 453.3 360.66 600.22 568.39 0.173 414.2 301.54 634.05 430 0.055

TNFα 103.12 72.38 79.32 67.12 0.538 98.44 62.58 89.76 75.98 0.304

Unstimulated IFN-α
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HC: healthy controls; TST: TST+QFT-; LTBI: latent TB infection, ATB: active TB, Mtb WCL: M. tuberculosis whole 

cell lysate. Yellow highlighted and bolded p-values are statistically significant. 

  

Cytokine HC TST LTBI ATB p-value HC TST LTBI ATB p-value

EGF 16.33 7.58 17.05 15.79 0.648 12.54 8.61 11.59 19.49 0.67

Eotaxin 4.35 7.56 6.41 4.96 0.86 10.96 14.73 11.14 11.34 0.907

G-CSF 79.87 22.77 36.89 30.22 0.327 3597.62 2740.02 2799.77 3072.48 0.552

Fractalkine 25.78 31.48 38.23 29.9 0.72 57.66 84.66 60.24 81.92 0.147

IFNα2 35.31 5.86 18.98 9.96 0.583 72.13 43.92 64.17 39.22 0.169

IFN-γ 14.74 12.33 14.2 10.55 0.5 491.68 695.16 387.61 1094.29 0.268

GRO 183.39 265.34 233.83 237.59 0.95 6040.79 6495.61 1544.69 0.223

IL-10 98.54 38.81 83.7 27.18 0.034 3105.28 2179.16 2454.26 3602.12 0.471

MCP-3 389.14 544.95 885.76 687.35 0.323 146.64 107.07 157.93 209.7 0.477

MDC 65.27 80.82 88.46 27.37 0.148 375.95 407.9 468.71 359.92 0.855

PDGF-AA 20.27 11.54 29.2 45.55 0.244 26.99 13.8 38.9 72.13 0.029

PDGF-

AB/BB
93.53 51.87 91.29 113.94 0.205 126.14 118.88 178.43 244.34 0.01

sCD40L 10.92 7.7 10.66 12.52 0.948 12.34 10.87 10.37 20.18 0.177

IL-1RA 544.69 610.33 764.58 920.51 0.239 604.75 668.59 788.66 1380.03 0.094

IL-1β 22.67 19.19 24.52 23.36 0.807 1442.62 1188.98 1609.01 2748.4 0.045

IL-6 111.57 123.11 146.66 116.35 0.787 2566.5 2623.6 3000.23 3589.28 0.217

IL-7 8.69 7.22 10.3 6.49 0.338 33.94 40.2 34 34 0.674

IL-8 980.74 1059.28 912.9 1256.4 0.891 5714.12 6279.05 6281.61 5186.76 0.589

IP-10 4542.9 3933.3 4737.47 6753.43 0.256 441.34 974.09 1009.22 549.93 0.351

MCP-1 2731.41 3503.62 2870.76 3456.57 0.239 2164.86 2449.76 2571.36 3951.17 0.08

MIP-1α 59.23 69.95 94.98 36.1 0.165 837.48 1961.03 1535.86 1512.54 0.129

MIP-1β 348.82 322.25 409.01 272.57 0.133 2118.36 2758.79 2385.63 2830.02 0.188

RANTES 436 347.79 588.47 441.56 0.239 1022.46 942.91 1327.9 1677.04 0.132

TNFα 101.55 67.67 91.12 61.8 0.556 5591.92 3014.02 3934.04 5055.63 0.176

IFN-β Mtb WCL
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Table S4. Median cytokine expression (fold changes) supernatants from IFN-α -, IFN-β- and Mtb-

WCL-stimulated PBMCs 

 

HC TST LTBI ATB p-value HC TST LTBI ATB p-value

EGF -0.32 -0.23 -0.18 -0.22 0.425 -0.07 -0.17 -0.12 -0.12 0.517

Eotaxin 0.00 -0.15 0.04 -0.01 0.494 -0.17 -0.64 -0.42 -0.27 0.796

G-CSF -0.22 -0.64 -0.06 -0.18 0.031 -0.62 -0.76 -0.36 -0.51 0.738

Fractalkine 0.00 -0.32 -0.07 0.00 0.402 0.70 -0.22 -0.18 -0.22 0.130

IFNα2 6.39 8.32 7.84 7.19 0.645 0.10 -0.17 -0.06 -0.10 0.975

GRO -2.12 -2.25 -2.25 -2.64 0.433 -2.64 -2.74 -2.94 -3.18 0.304

IL-10 0.36 -0.03 0.57 -0.03 0.022 0.40 0.01 0.45 0.00 0.087

MCP-3 1.49 0.82 0.83 1.01 0.723 1.68 1.08 1.20 1.17 0.712

MDC -1.89 -1.94 -1.89 -2.25 0.802 -2.47 -2.64 -2.25 -2.94 0.419

PDGF-AA -0.36 -0.51 -0.27 -0.32 0.056 -0.25 -0.47 -0.17 -0.18 0.310

PDGF-AB/BB -0.81 -0.43 -0.12 -0.15 0.017 -0.06 -0.30 -0.27 -0.29 0.970

sCD40L -0.81 -0.47 -0.34 -0.47 0.788 -0.10 -0.25 -0.22 -0.38 0.730

IL-1RA 1.41 1.10 1.49 1.61 0.167 1.87 1.49 1.85 2.22 0.237

IL-1β -0.10 -0.79 0.38 0.14 0.033 -0.29 -0.81 0.11 0.16 0.268

IL-6 0.30 -0.18 0.52 0.24 0.187 0.11 -0.23 0.34 0.06 0.482

IL-7 0.01 -0.29 0.03 0.04 0.392 -0.06 -0.40 -0.20 -0.15 0.960

IL-8 -0.97 -1.18 -0.84 -1.36 0.860 -1.32 -1.40 -1.15 -2.00 0.403

IP-10 3.87 4.06 4.66 4.83 0.062 5.29 5.11 5.61 6.03 0.029

MCP-1 0.53 0.07 0.10 0.16 0.448 0.12 -0.03 -0.14 0.01 0.729

MIP-1α 0.95 -0.56 0.82 0.26 0.346 0.36 -0.58 0.72 0.16 0.719

MIP-1β 0.56 0.14 0.79 0.19 0.636 0.28 0.03 0.64 0.34 0.807

RANTES -0.22 -0.47 -0.09 -0.17 0.233 0.00 -0.04 -0.09 -0.20 0.747

TNFα 0.23 -0.10 0.30 0.14 0.166 0 -0.12 0.26 -0.06 0.313

Cytokines

IFN-α IFN-β
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HC: healthy controls; TST: TST+QFT-; LTBI: latent TB infection, ATB: active TB, Mtb WCL: M. tuberculosis whole 

cell lysate. Yellow highlighted and bolded p-values are statistically significant. Red-filled boxes – upregulated genes, 

blue-filled boxes – downregulated genes, white-filled boxes -no change. 

 

 

HC TST LTBI ATB p-value

EGF 0.16 0.01 -0.09 0.01 0.307

Eotaxin 0.70 0.38 0.53 0.57 0.655

G-CSF 5.14 5.73 5.87 6.08 0.368

Fractalkine 1.02 1.04 0.95 1.16 0.491

IFNα2 1.41 2.57 3.00 2.04 0.947

GRO -0.54 2.37 2.81 0.368

IL-10 5.90 5.70 6.16 6.77 0.110

MCP-3 0.07 -1.69 -1.15 -0.42 0.199

MDC 0.39 -0.01 0.08 0.42 0.613

PDGF-AA 0.15 0.11 0.11 0.30 0.207

PDGF-AB/BB 0.62 1.14 0.76 1.05 0.296

sCD40L 0.39 0.48 0.23 0.39 0.921

IL-1RA 1.96 1.29 2.25 2.30 0.085

IL-1β 5.53 5.31 6.26 6.66 0.019

IL-6 5.86 3.52 4.23 4.84 0.345

IL-7 0.91 1.66 1.56 1.85 0.153

IL-8 1.04 0.44 1.26 0.10 0.154

IP-10 2.31 2.56 2.53 2.92 0.526

MCP-1 -0.14 -0.15 -0.27 0.00 0.270

MIP-1α 2.94 3.96 4.18 5.62 0.629

MIP-1β 1.99 3.07 3.08 4.80 0.296

RANTES 1.34 1.33 1.57 1.70 0.209

TNFα 5.94 5.37 6.25 6.61 0.387

Mtb WCL

Cytokines

  log2FC ≥ 1.0 

  -1.0 < log2FC >1.0 

  log2FC ≤ -1.0 


