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1. My contribution to the publications 

1.1. Contribution to paper A 

The aim of the paper was to study the expression dynamics of phenotypic characteristics 

on MTB-specific CD4+ T-cells in relation to TB treatment and the severity of lung impair-

ment in microbiologically cured TB patients. I conceived the study, selected the patient 

samples for testing, designed and standardized the laboratory protocol as well as tested 

all samples. I analyzed the crude flow cytometry results using the FlowJo software and 

organized the data for statistical analysis using GraphPad prism. I performed statistical 

analyses, drafted the manuscript, and interacted with the supervisors and co-authors for 

review and support. I addressed their comments and submitted the paper to the scientific 

journal as a correspondent author. After receiving the reviewers' comments, I revised the 

manuscript accordingly. 

1.2. Contribution to paper B 

The aim of the paper was to describe the dynamics of selected plasma biomarkers in 

relation to HIV status and the severity of lung impairment in cured TB patients before and 

after receiving TB treatment. I conceived the study defining the objectives and methodol-

ogy, selecting the patients’ sample, and standardizing the laboratory protocol. I ran the 

laboratory experiments, validated the experiment results, and organized the database. 

Using GraphPad prism, I performed the statistical analyses and drafted the manuscript. I 

interacted with co-authors for review and addressed their comments. I also submitted the 

paper, as corresponding author to the scientific journal and revised it according to the 

reviewer’s comments. 
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2. Introductory summary 

2.1 Background 

2.1.1 Epidemiology of Tuberculosis and HIV coinfection 

Tuberculosis (TB) is a disease caused by Mycobacterium tuberculosis bacteria (MTB) [1]. 

Active TB (ATB) is among the most important HIV-associated opportunistic infections and 

particularly affecting HIV patients in Southern Africa [2]. It is estimated that 10.6 million 

people were diagnosed with TB in 2021, of which 23% occurred in Africa. In Africa, 8.0% 

of TB cases were HIV positive, while in Southern Africa more than 50% were co-infected 

with HIV [3]. In Mozambique, one of the 30 highest prevalence countries for TB, the inci-

dence of disease in the general population and in those coinfected with HIV is higher, 361 

and 90 per 100 000 habitants, respectively [3].  

 

Figure 2.1:TB incidence rate in 2021 (Source: WHO, 2022 [3]). 

One third of the global population is considered to have latent TB [1,4,5] of which approx-

imately 5-10% will develop active disease during their lifetime [4–7]. The other 95% are 

still at risk of developing ATB during their lifetime, especially if they become immunocom-

promised due to an HIV infection or other illness [8,9]. PLHIV and immunocompromised 

individuals have a higher probability of developing active disease [6]. An individual with 

latent TB, who becomes HIV infected has a 26 times higher probability to progress to 

active TB when compared with HIV negative individuals [10]. If treated, active TB has a 

relatively high cure rate of 95% with relapse rates of 5%, but if untreated active TB  has 

a probability 50% of death [9]. 
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Figure 2.2: TB disease cycle during the lifetime after MTB exposure (Source: Koul et al. 2011 [9]). 

 

2.1.2 Immune response to Tuberculosis and HIV coinfection 

The immune response to TB starts in the lungs when the MTB is phagocytized by the 

alveolar macrophages that trigger a bactericidal mechanism, such as production of reac-

tive nitrogen or oxygen intermediates [11,12] at the same time that induce the release of 

TNFα, IL12 and IL1, to activate the bacterial killing by macrophages; and IFNγ produced 

by CD4+ and CD8+ T-cells, Natural killer and dendritic cells [12]. Similar to macrophages, 

neutrophils releases reactive oxygen intermediates, peptides and enzymes that can lyse 

the MTB wall and its systemic reduction interfere the inhibition of bacteria growth [13]. 

The growth and proliferation of MTB can be controlled in the granuloma [12,14]. Granu-

loma is a cellular structure generated by the aggregation of infected macrophages, neu-

trophils, T and dendritic cells that inhibits the bacteria spreading, but also works as a 

reservoir [12,13,15,16]. Neutrophils mediators can influence the development of caseous 

necrotic granuloma that lead to ATB and MTB dissemination [13]. The chemokines and 

pro-inflammatory cytokines are crucial for the cellular recruitment, formation and stabili-

zation of granuloma [12,17], but environmental factors such as malnutrition or co-infec-

tions with HIV or other diseases can reactivate the disease [12,18].  

MTB-specific CD4+ T-cells plays an important role to control MTB growth and spread, 

and its early depletion from circulation or tissue-air interphase after HIV infection, contrib-

utes to the TB activation [2,19,20]. In early stages of HIV infection, the level of CD4 T-

cells is stable, the granuloma is preserved, but in advanced stages, the number of CD4 
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T-cell counts drop, the granuloma disorganized and the bacteria are disseminated [17]. 

The granuloma disruption can be due to increasing of HIV viral load that leads to depletion 

on total number of CD4 T-cells, dysfunctionality of macrophages and changes on function 

of MTB-specific T-cells [21,22]. Furthermore, the depletion of CD4+ T cells is associated 

to the risk to develop TB in three hypotheses: (i) MTB creates an environment for HIV 

replication and increases the HIV replication in stimulated macrophages; (ii) HIV repli-

cates at sites of MTB proliferation, reducing the bacteria containment; and (iii) HIV in-

creases MTB replication in tissues and systemic cells migrate to the lungs in response to 

MTB, appearing as a reduction in systemic responses but not indicate a loss of specific 

responses [2,21–26].   

 

 

Figure 2.3: Influence of HIV infection on functional impairment of MTB-specific CD4+ T-cells (Source: 

Hoerter et al. 2022 [18]). 

 

2.1.3 Laboratory diagnosis of Tuberculosis 

2.1.3.1 Smear microscopy 

The detection of MTB in sputum by smear microscopy for acid-fast bacilli is widely used 

at primary health care, is fast, simple and low cost, however has a very low sensitivity 

and is only positive in half of the patients with ATB with even lower sensitivity in children 

and PLHIV [27–29]. Furthermore, the efficacy of the test depends heavily on the operator 
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skills. The staining further is also not specific for MTB, but also detects other Mycobacteria 

[27,28]. Fluorescence light-emitting diodes (LED) microscopy, that use LED light sources 

was implemented to improve the sensitivity and efficacy of TB diagnosis [27], as is less 

expensive, require less power, can run on batteries and the bulbs do not release toxic 

products, but operator skills are still crucial [30]. Due the limitation for use of microscopy 

for TB diagnosis in children and PLHIV, as well as, low bacterial load 2-months post-TB 

treatment initiation, filtration and centrifugation of sputum samples is recommended to 

increase the sensitivity, although not usually conducted in limited resource settings 

[28,29,31].  

 

2.1.3.2 MTB Culture 

This method is the gold standard for TB diagnosis [27] and is approximately 50% [32] 

more sensitive than smear microscopy [28,33]. MTB culture is conducted in a high con-

tainment laboratory due the risk of MTB infection [34]. The bacterial growth is slow and 

can be in solid medium, taking up to 6 weeks, and in liquid medium taking up to 21 days 

[27,28,34]. MTB culture is useful for drug susceptibility tests specially for second line 

drugs in cases of multidrug resistance, and can allow TB treatment monitoring more effi-

ciently [34,35]. Liquid culture is more sensitive, bacteria rapidly growth but easy for con-

tamination. MTB culture contamination rate that can be a major issue, and the WHO rec-

ommends to use both growth media, where is possible [27,36].  

The limitations for this method for TB treatment monitoring are the need for biosafety level 

S3 infrastructure, highly skilled personal, long time to diagnosis, and quality control 

[28,35].  

 

2.1.3.3 Molecular tests 

Molecular tests allow the rapid detection of MTB DNA and drug resistance. Line Probe 

assays (LPA) is a molecular method that detects MTB DNA after bacteria culture and 

determines the resistance for rifampicin, isoniazid fluoroquinolones, ethambutol and ami-

noglycosides [28,35]. This test is performed in sputum samples with known positive re-

sult, making it not useful for TB diagnosis [28]. 
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GeneXpert (Cepheid) and Truenat MTB (Molbio Diagnostics) are other tests that detect 

bacterial DNA with a sensitivity and specificity are up to 85% and 90%, respectively 

[27,37,38]. Furthermore, these technologies are useful for paucibacillary TB cases in 

those smear negative or PLHIV [28,35]. 

The molecular tests are not recommended for TB treatment monitoring because these 

can detect both live and dead bacteria providing a positive result even if the patient is 

cured [39]. 

 

2.1.3.4 Whole and target genome sequencing 

The importance of this assay has been in public health discussions and so far remains 

an impractical tool for TB diagnosis, yet is useful to formulate public health policies for TB 

contact tracing in outbreaks [27]. Whole genome sequencing is used for transmission 

dynamics, to investigate the structure of MTB complex, and emergence of drug resistance 

in a population [40]. Target genome sequencing that use direct sputum, has short turna-

round time and is recommended to be used for monitoring of TB resistance [40]. A novel 

rifampicin gene mutation, not determined in the molecular assays described above, was 

discovered in Eswatini using this method [27,41]. This mutation was responsible for the 

MDR-TB outbreak between 2009 and 2010 in Eswatini, and leveraged the concern of an 

increase of false negatives for rifampicin resistance [27]. Limitation for use of TB genome 

sequencing is the need of highly skilled personnel, good infrastructure and the costs to 

maintain the equipment [40], as wells as is only useful for monitoring of TB drug-re-

sistance. 

 

2.1.3.5 Tuberculin Skin Test and Interferon Gamma release assays  

Tuberculin skin test (TST) and interferon gamma release assay (IGRA) is common used 

for diagnosis of latent TB [42]. TST and IGRA are indirect markers of MTB exposure and 

for detect persistent mycobacteria-specific T-cell responses [35,43]. TST is in-vivo assay 

which purified protein derivate (PPD) is intradermally injected in arm of patient. Induration 

reaction with more than 15 mm after two to three days is related to past and present MTB 

infections [35,42]. IGRA is another in-vitro assay that use whole blood to detect IFN after 

stimulation with mycobacterial antigens, early secretory antigenic target 6 (ESAT-6) and 



Inflammatory and prognostic biomarkers for TB treatment monitoring   11 

culture filtrate protein 10 (CFP-10) [35,42]. Only TST is influenced by BCG vaccination 

and exposure to environmental mycobacteria [42]. However, due to low sensitivity and 

inaccuracy to discriminate active and latent TB [43], these two assays are not useful for 

TB treatment monitoring. 

2.1.4 Blood-based biomarkers for TB infection, disease, and treatment monitoring 

The majority of assays for TB diagnosis and treatment monitoring are sputum-based, and 

there is a challenge to obtain good quality sample in patients without productive cough 

[44] or two months post-TB treatment initiation, as well as, in PLHIV [45] and children [46] 

who present paucibacillary TB [45,46]. Sputum production reduces with TB treatment and 

is a clinical signal of improvement [44]. Blood sample is an alternative, is easier to collect 

and accessible than sputum, especially in patients without a productive cough [47]. 

Blood biomarkers or profiles to monitor TB treatment are urgently sought after [48–59]. In 

PLHIV, the diagnosis of TB is a challenge in those with advanced disease because 

changes in the clinical presentation of disease are observed, pulmonary TB can be initially 

asymptomatic or the disease can be extrapulmonary [60]. Wallis et al (2009) and Doherty 

et al (2009) revising the literature, highlighted that there was a need to validate candidate 

biomarkers that should assess the TB disease status or the risk to progress to disease or 

relapse [54,58].  

Activation, proliferation and maturation markers, expressed on MTB-specific T helper 1 

and 2 cells, are widely identified. Adekambi et al (2015) identified host-blood biomarkers 

on MTB-specific CD4+ T cells that discriminated between active and latent TB, and could 

be used for monitoring of TB treatment response [51]. Ahmed et al (2018), in addition to 

the previous study, found that maturation markers were also useful to monitor TB treat-

ment and showed that early decline in MTB-specific T cell activation correlates with the 

time to culture negativity [48]. Recent studies done in sub-Saharan Africa, endemic set-

tings for TB/ HIV coinfection, showed that co-expression of activation markers on MTB-

specific CD4+ T cells can be used for TB diagnosis, regardless of HIV status [56], and 

could distinguish recent QUANTIFERON-TB conversion and those with disease progres-

sion [55]. Most recently, Kroidl et al (2022) showed that MTB-specific CD4+ T-cell activa-

tion identifies 63% of incipient TB cases in PLHIV at 6 months before actual diagnosis 

based on GeneXpert and clinical symptoms [53]. 
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Plasma and serum immunological proteins can also be an option to diagnose or monitor 

TB infection, mainly in pulmonary TB cases. Chemokines have been described as pre-

dictors of bacterial burden increase and delay in TB culture conversion [61]. In individuals 

living without HIV, plasma levels of vascular endothelial growth factor measured at the 

start of TB treatment could predict sputum culture conversion [62], while in those living 

with HIV, plasma biomarkers of acute inflammation and microbial translocation are iden-

tified as predictors of progression to and recurrence of TB disease [59]. These studies 

have been relevant as the results could guide future development of simple to use, point-

of-care TB diagnostic tests based on immunological biomarkers [63]. 

2.1.5 Lung impairment in tuberculosis infection 

Approximately 40% of cured TB patients are susceptible to develop lung impairment even 

after successful completion of their TB treatment [64,65]. Lung impairment is measured 

using spirometry test or X-ray radiography and is an essential clinical measurement [66] 

to evaluate the lung function or damage. Although both tests are crucial for clinical follow 

up of the TB cured patients, there are limitations for spirometry use at primary healthcare 

in constraint-resource settings because of: (i) duration of the test that can increase the 

time spent by the patient in the health facilities, (ii) difficulties to interpret the results of the 

test and needs of highly skilled professionals, and (iii) the needs of a dedicate consultation 

or task delegation for other healthcare workers versus the lack of the healthcare workers 

[67].  

The TB-associated lung impairment is characterized by lung cavitation, fibrosis or func-

tional impairment and is driven by the host genetic and immunological response [68]. The 

host genetic is responsible for regulating the immunological response that is character-

ized by intense activity of neutrophils, CD4+ T-cells, cytokines, chemokines, and matrix 

metalloproteinases [68]. An impaired MTB-specific Th1 response [69], described by MTB-

specific CD4+ T-cell activation and maturation profiles pre-TB treatment, correlates with 

disease extent determined in a chest radiograph [70]. The phenotypic profile of neutro-

phils was also described as predictors of lung pathology as well as lung recovery before 

and after TB treatment [71]. Systemic levels of cytokines and chemokines were other 

biomarkers used for lung impairment. Serum levels of infection, inflammation, metabolism 

biomarkers, and the levels of hypo-albunemia are associated with radiographic measures 

of disease severity [57] or poor outcome of TB treatment [72]. Neutrophils-based matrix 
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metalloproteinases (MMP) and peroxidases (MPO) are proteins potentially contributing 

to lung impairment that can trigger lung damage and tissue injury after MTB infection. 

While the systemic levels of MMPs and MPO are reduced in patients with good outcome 

of TB treatment, the sputum levels increase among patients with lung damage at baseline 

visits [61,73,74], and this is correlated to the levels of circulating neutrophils. This is also 

observed in PLHIV under ART treatment with lung impairment post-TB cure [68,73]. Im-

pairment of lung function is observed in other lung diseases such COPD which a combi-

nation of plasma biomarkers improve the predictive value of disease severity and mortal-

ity [75]. 

2.1.6 HIV and HIV Antiretroviral therapy on risk for TB 

The use of antiretroviral therapy (ART) to control the HIV infection mitigate the risk for TB 

development by 54 to 90% [17] but even under ART, in general population, the risk to 

develop TB in HIV individuals is 2 to 5 times increased during early stages of HIV infection 

and more than 20 times increased in advanced stages of HIV infection [76]. In high TB 

burden countries, in PLHIV, even those with higher CD4+ T-cell counts, the risk for TB is 

4.4 higher compared to those without HIV [17]. PLHIV has higher risk to develop TB prob-

ably due to the persistent functional impairment of the CD4+ T cell response or due to the 

fact that CD4+ T cells subsets do not recover quantitatively [17,77].  

The standard TB treatment for all patients with drug sensitive TB above 12 years, regard-

less to the severity of TB or HIV status [78], consists of either a 6-month treatment regi-

men composed by two months of rifampicin, isoniazid, ethambutol and pyrazinamide, 

followed by four months of isoniazid and rifampicin, or a four months regimen composed 

by two months of rifampicin, rifapentine, moxifloxacin and pyrazinamide, followed by two 

months of rifapentine, isoniazid and moxifloxacin. The selection of the treatment depends 

on the availability of drugs, but in PLHIV receiving efavirenz ART is recommended to use 

rifampicin because this drug reduces the plasma concentration of nevirapine and prote-

ases inhibitors [78]. 
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2.2 Rationale 

Characterizing the profile of cellular and soluble blood-based biomarkers is crucial for the 

understanding of the immune response to TB infection [2,71]. A better understanding of 

the host factors affecting the lung impairment and clinical outcome of pulmonary tubercu-

losis is important to design evidence-based strategies for improved and more personal-

ized therapeutic intervention [79,80], as well as to predict pulmonary outcomes in patients 

initiating TB treatment [48,53,55,56]. Different studies described that host immune re-

sponse-based biomarkers can be used to discriminate between ATB and latent TB infec-

tion (LTBI), for TB treatment monitoring [48,51,70,81], for early detection of progression 

to TB disease [53] and to measure the severity of pulmonary impairment [61,73,82]. The 

reduction of MTB-specific CD4+ T cells expressing activation and proliferation markers 

post-TB treatment initiation and the association of blood-based neutrophil inflammatory 

mediators with bacterial load, indicate that these biomarkers could serve as a TB treat-

ment monitoring tool [50,56,77]. Studies to explore or validate these inflammatory bi-

omarkers in higher burden countries for HIV and TB using blood samples are needed. 

These samples are a feasible option, easy to access and collect, and is not depended on 

the clinical status of patients. 

2.3 Objectives  

Based on the rationale, I hypothesized that HIV coinfection impacts the expression of 

activation and maturation markers by the MTB-specific CD4+ T-cells, and the plasma 

levels of neutrophils-based biomarkers after TB treatment initiation. In this PhD thesis, I 

aimed to describe and analyze the host response to MTB infection with a particular focus 

on HIV and lung impairment. The specific objectives were:  

⮚ To study phenotypic changes of MTB-specific CD4+ T-cells in relation to TB treat-

ment outcome and severity of lung impairment in HIV and TB coinfected subjects. 

⮚ To investigate the dynamic changes in plasma concentrations of neutrophil-de-

rived inflammatory mediators during TB treatment in context of HIV infection and 

severity of lung impairment. 
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