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ABSTRACT
Tuberculosis (TB) remains a global public health emergency with over 1.6 million
people dying from the disease every year. TB is caused by a group of closely related
bacteria known as the Mycobacterium tuberculosis complex (MTBC). Within the MTBC, the
human adapted TB-causing bacteria are further divided into seven lineages, which exhibit
a strong phylogeographical structure. These seven lineages encompass Mycobacterium
tuberculosis and Mycobacterium africanum. An increasing number of experimental studies
demonstrate that MTBC clinical strains differ in virulence and immunogenicity, and
epidemiological studies show differences also in transmissibility and clinical features of the
disease. However, despite the growing body of evidence supporting a functional relevance
for MTBC diversity, this is only seldom included in TB research.
In this thesis, I explored the importance of the genetic diversity of MTBC members
for host-pathogen interactions and disease manifestation. In the first study, I characterized
a cohort of TB patients from Porto to guide the selection of clinically relevant isolates of M.
tuberculosis for future functional studies. The overarching goal of the study was to elucidate
whether diverse M. tuberculosis isolates manipulate the immune response to drive specific
TB severities. To that end, I started to stratify the clinical manifestation of TB in mild,
moderate and severe disease. This stratification was studied across 3 groups of patients:
those who had no known comorbidities, those who were HIV co-infected (HIV-TB) and those
who were diabetic (DM-TB). In parallel, I studied the respective infecting bacteria in terms
of their distribution in MTBC lineages and sublineages. Globally, this first study showed a
high prevalence of moderate forms of TB and of the lineage 4 in our cohort of TB patients.
It also showed that both HIV and DM influenced the clinical presentation of TB and disturbed
to some extent the host-pathogen sympatry seen in the population. Thus, the data
presented led to the important conclusion that the selection of M. tuberculosis for
subsequent functional studies must exclude patients with common comorbidities.
The second study was dedicated to the study of M. africanum. This pathogen is
much less studied than M. tuberculosis, despite being a cause of TB in certain areas of the
globe, specifically in West Africa. Using in vitro models, I showed that a clinical isolate of M.
africanum induced a cytokine response across a variety of cells. Then, I moved to the
mouse model of aerosol infection to study the course of infection by M. africanum.
Interestingly, the in vivo data revealed a limited virulence for this pathogen, as low lung
bacterial

burdens

and

modest

tissue

pathology

were

observed,

even

in

immunocompromised mice. However, M. africanum was able to disseminate to the spleen
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and the liver of the infected mice. These data raise fundamental questions to be pursued in
the future, namely the mechanisms underlying this possible attenuation of M. africanum in
mice, how they articulate with specific immune responses and how they allow the pathogen
to disseminate. Most importantly, it will be key to in the future move the study of M.
africanum to humans, something that I have started in Guinea Bissau, a country with a high
incidence of M. africanum-caused TB.
Collectively, this thesis developed an innovative strategy to integrate clinical and
genetic ancestry data of both host and pathogen in a cohort of TB patients, which was
subsequently combined with in silico analysis and in vitro models of host-pathogen
interactions, to dissect how M. tuberculosis evolves to modulate specific host molecular
pathways and how this modulation may articulate with different TB severities. The second
important contribution of this thesis relates to the work with M. africanum. Disclosing why
M. africanum causes TB and yet appears to be of limited virulence may unveil important
pathways to target in the context of M. tuberculosis infections. Finally, the data presented
here illustrates the complexity of TB and of its causing bacteria, therefore calling for the
inclusion of more variables in TB research.
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RESUMO
A tuberculose (TB) continua a ser uma emergência global da saúde pública. Só em
2017, mais de 1,6 milhão de pessoas perderam a vida divido a esta doença. A TB é
causada por um grupo de bactérias geneticamente relacionadas, pertencentes ao
complexo Mycobacterium tuberculosis (MTBC). Dentro do MTBC, as bactérias causadoras
de TB nos humanos estão divididas em sete linhagens, que exibem uma forte estrutura
filogeográfica.

Estas

sete

linhagens

abrangem

Mycobacterium

tuberculosis

e

Mycobacterium africanum. Um número crescente de estudos experimentais demonstrou
que os isolados clínicos do MTBC diferem em virulência e imunogenicidade, e estudos
epidemiológicos também mostram diferenças na transmissibilidade e nas características
clínicas da doença. No entanto, apesar do crescente conjunto de evidências que sustentam
a relevância funcional para a diversidade do MTBC, raramente é incluído nos estudos
efectuados em TB.
Nesta tese, explorei a importância da diversidade genética dos membros do MTBC
nas interações hospedeiro-patógeno e a sua consequência na manifestação da doença.
Na primeira parte, caracterizei uma coorte de doentes com TB no Porto, para orientar a
seleção de isolados de M. tuberculosis clinicamente relevantes para futuros estudos
funcionais. O objetivo principal do estudo foi elucidar se diversos isolados de M.
tuberculosis

manipulam

de

forma

diferente

a

resposta

imune

causando,

consequentemente, TB com severidades específicas. Assim, comecei por estratificar a
manifestação clínica da TB em doenças leves, moderadas e severas. Essa estratificação
foi estudada em três grupos de pacientes: aqueles que não tinham comorbidades
conhecidas, aqueles que estavam co-infectados pelo HIV (HIV-TB) e aqueles que eram
diabéticos (DM-TB). Paralelamente, estudei as respetivas bactérias infetantes em termos
de distribuição em linhagens e sub-linhagens de MTBC. Em suma, este primeiro estudo
mostrou uma alta prevalência de formas moderadas de TB e da linhagem 4 na nossa coorte
de doentes com TB. Também mostrou que o HIV e o DM influenciavam e perturbavam a
apresentação clínica da TB e, em certa medida, a simpatria patógeno-hospedeiro
observada na população. Assim, os dados apresentados levaram à importante conclusão
de que a seleção de M. tuberculosis para estudos funcionais subsequentes deve excluir
pacientes com comorbidades comuns conhecidas.
Na segunda parte dediquei-me ao estudo de M. africanum. Esse patógeno é muito
menos estudado que o M. tuberculosis, apesar de ser uma causa de TB em certas áreas
do globo, especificamente na África Ocidental. Usando modelos in vitro, mostrei que um
isolado clínico de M. africanum induzia uma resposta de citocinas em vários tipos de

xvii

células. Em seguida, mudei para o modelo de infeção por aerossol em murganhos para
estudar o curso da infeção por M. africanum. Curiosamente, os resultados do estudo in vivo
revelaram uma virulência limitada para esse patógeno, uma vez que foram observadas
baixas cargas bacterianas nos pulmões e modesta patologia nos tecidos, mesmo em
ratinhos imunocomprometidos. No entanto, M. africanum foi capaz de se disseminar para
o baço e o fígado dos ratinhos infetados. Esses dados levantam questões fundamentais a
serem investigadas no futuro, a saber, os mecanismos subjacentes a essa possível
atenuação de M. africanum em ratinhos, como se articulam com respostas imunes
específicas e como permitem a disseminação do patógeno. Para além disso, será essencial
para o futuro efectuar estudos de M. africanum em amostras humanas, algo que já comecei
a materializar na Guiné-Bissau, um país com uma das mais altas incidências de TB
causada por M. africanum.
Coletivamente, esta tese desenvolveu uma estratégia inovadora para integrar
dados de ancestralidade clínica e genética de hospedeiro e patógeno em uma coorte de
pacientes com TB. Esta foi posteriormente combinada com análises in silico e modelos in
vitro de interações hospedeiro-patógeno, para investigar como a M. tuberculose evolui de
forma a modular vias moleculares específicas do hospedeiro e como essa modulação pode
articular-se com diferentes gravidades da TB. A segunda contribuição importante desta
tese está relacionada ao trabalho com M. africanum. Desvendar o motivo pelo qual o M.
africanum causa TB, apesar de possuir virulência limitada, pode revelar importantes
caminhos a serem visados no contexto das infecções por M. tuberculosis. Finalmente, os
resultados apresentados aqui ilustram a complexidade da TB e de suas bactérias
causadoras, exigindo, portanto, a inclusão de mais variáveis nos estudos em TB.
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Chapter 1 – General Introduction

1.1. Overview of tuberculosis: past and present.
Tuberculosis (TB) is one of the oldest infectious diseases afflicting humankind,
causing disease and death likely since prehistoric times [1, 2]. Evidence of TB has been
found in mummies dating from more than 5000 years ago and DNA from Mycobacterium
tuberculosis (Mtb) has been amplified from archaeological relics [3]. In the XIXth century,
TB was a major cause of death, much promoted by the poor living conditions [4]. Major
breakthroughs made in the late 1800s and early 1900s, decisively contributed to a decrease
on TB incidence. Robert Koch’s historic announcement, in 1882, of a microbial cause of
phthisis [3, 4], or consumption, was followed by the isolation of tuberculin, thought by Koch
to be therapeutic against the disease, but ultimately playing an important diagnostic role.
Koch’s ideas were taken up across Europe and the USA, and by the end of the XIXth century,
most physicians accepted that TB was an infectious disease [3]. This opened avenues for
the development of a live, attenuated vaccine, the Bacillus Calmette-Guérin (BCG); followed
by the discovery and widespread use of streptomycin and others antimicrobials effective
against TB [3]. These antimicrobial agents effective against this once untreatable and highly
lethal infection were determinant for TB control at the time [5]. In the meantime, progress
has also been made in areas such as novel and rapid diagnostics, treatment, and TB
prevention [6]. Improvement in TB management by early, accurate case detection, together
with the rapid initiation of and adherence to effective treatment, have enhanced TB control
worldwide [7]. The declaration of TB as global public health emergency in 1993, by the
World Health Organization (WHO), has led to transforming programs, such as directly
observed treatment short course, or DOTS, which uses direct observation to improve
adherence to a rifampicin-based standardized treatment regimen of 6 to 9 months [8].
Despite all this progress in the battle against TB, many other challenges still impair
the global effort to end TB. The most important challenges are biological factors, such as
human immunodeficiency virus (HIV) coinfection and diabetes, the spread of drug
resistance, lack of a more efficient vaccine, and the huge and persistent reservoir of latent
TB infected individuals [9-11]. In 2018, TB remains the number one infectious disease killer
by a single agent in the world especially in low-income countries [7], thus remaining a global
public health emergency.

1.2. Tuberculosis epidemiology.
In 2018, the WHO report on TB [7] highlighted the fact that the disease burden is
falling in all WHO regions and also in most countries. Globally, the TB mortality rate has
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declined approximately 3% per year since 2000, or 42% overall between 2000 and 2017 [7,
11]. This decline reflects substantial progress in the number of patients diagnosed and
treated. Still, TB is responsible for more deaths than any other infectious disease [7].
Furthermore, the reduction in TB incidence is not fast enough to reach the first milestone of
the End TB strategy, which targets to reduce TB deaths by 95% and to cut new cases by
90%, between 2015 and 2035. To reach these milestones, the incidence of disease per 100
000 population/year must be falling at 4-5 % per year, and the case fatality ratio needs to
fall 10% [7].
The WHO 2018 TB report estimates that 10 million people became newly sick with
TB [7]. Although there were reported TB cases in all countries (Figure 1), two thirds of all
TB cases were in eight countries: India (27%), China (9%), Indonesia (8%), the Philippines
(6%), Pakistan (5%), Nigeria (4%), Bangladesh (4%) and South Africa (3%). These and 22
other countries enumerated in the WHO’s list of 30 high TB burden countries account for
87% of the world’s TB cases [7]. Thus, TB primarily affects the poorest people [12]. TB
affects all age groups, but 90% of TB cases were adults, 9% were people living with HIV,
72% of which live in Africa [7]. Among known risk factors for TB, HIV infection is the
strongest [13], being associated with 12% of all new active cases and 25% of all TB-related
deaths [7]. TB also affected more men (5.8 million), than women (3.2 million), in 2017.

Figure 1: Estimated TB incidence rates in 2017. From [7].
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A more recent threat to the TB control efforts is the emergence of drug-resistant
forms of TB [7]. In 2017, an estimated 558.000 individuals newly developed drug-resistant
TB, from whom 460.000 (82%) had multidrug-resistant (MDR) TB (resistance to both
rifampicin and isoniazid) and 98.000 (18%) had monoresistant TB [7, 14]. Therefore,
globally, 4·6% of patients with TB have MDR TB, but in some areas, like Kazakhstan,
Kyrgyzstan, Moldova, and Ukraine, this proportion exceeds 25% (Figure 2). Three countries
accounted for almost half of the world’s cases of MDR TB: India (24%), China (13%) and
the Russian Federation (10%) [7, 11]. MDR TB treatment regimens have a poor evidence
base, are long-lasting, use drugs of uncertain efficacy and are characterized by high toxicity
[15].

Figure 2: Global distribution of patients with MDR TB. From [14].

1.3. The spectrum of tuberculosis disease.
Transmission of Mtb occurs via inhalation of infectious bacteria, which once in the
lung establishes the infection and may lead to disease progression [10, 16]. Active TB
infection is characterized by productive cough with or without hemoptysis, fevers, night
sweats, and unintended weight loss. Productive cough is a strong indicator of lung
involvement [10]. Damage of minor blood vessels may accompany lung tissue destruction,
leading to the expectoration of small amounts of blood. Destructive inflammation of a
bronchial artery may present with massive hemoptysis in a quarter of active TB cases and
is usually associated with smear-positive and cavitary lung disease [17, 18]. Although TB is
mainly a pulmonary condition, extra-pulmonary disease can occur and can virtually
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implicate all organs. The diagnosis of active TB relies on the combination of different
methods, such as radiography (chest X-ray), sputum-microcopy, culture-based methods,
and finally molecular methods resorting to nucleic acid amplification tests [18].
Importantly, not all individuals who inhale Mtb develop active TB. Indeed, a striking
feature of TB relates to the many different possible outcomes to the infection. Once infected,
some individuals appear to clear infection, others develop latent TB infection (LTBI) and a
few progress to active disease [16]. During their lifetime, a percentage of latent TB infected
individuals undergo transition to active disease, thus becoming TB patients [16]. Diagnosis
of LTBI is based on the presence of memory T cell responses detected in the blood of the
individual. Two methods are currently used to diagnose LTBI: the tuberculin skin test (TST)
and the interferon gamma release assay (IGRA) [19]. Both methods are associated with
several problems, including a low level of detection in HIV-positive individuals, the
impossibility of distinguishing LTBI from active disease and, within LTBI, the failure to
predict likely progressors [20]. Clearly, new and more accurate methods to diagnose LTBI
are needed [19].
Recent data show that this classical division of TB infection in latent and active forms
does not correspond to reality [21]. Instead, a spectrum of disease occurs, with certain
individuals classified as LTBI actually presenting subclinical forms of disease. This was
seen for example within a cohort of HIV-1-infected LTBI individuals, where a subgroup of
asymptomatic participants presented lung lesions compatible with TB disease initiation,
being more likely to progress to active disease [22]. Furthermore, among active TB patients,
the clinical manifestation of disease is highly variable, with mild or extensive pulmonary
involvement, extrapulmonary or disseminated forms of TB [10]. Therefore, a continuous
spectrum of TB exists for both latent and active forms, for which clinical biomarkers of
progression are just starting to be unveiled. Also unknown are the precise molecular
mechanisms governing the transitions along the TB spectrum, although many observations
show the involvement of the generated immune response. Several factors favour the
transition from latent to active disease, including HIV co-infection, diabetes and
immunosuppression [23]. At the molecular level, whole blood transcriptomic analyses of TB
patients versus LTBI participants identified immune pathways with relevance to TB
pathogenesis, notably an interferon (IFN)-dominant signature that correlated with the extent
of radiological disease [24]. A distinct approach based on serological profiling identified
distinct glycosylation patterns of anti-Mtb antibodies in LTBI vs active TB patients [25].
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1.4. The immune response in tuberculosis.
The fundamental role of the immune system is protecting the host against
pathogenic microbes. However, whereas insufficient immune responses may enable the
infection to spread quickly, excessively aggressive immune responses may clear the
pathogen, but result in severe incidental tissue damage [26]. Therefore, a successful host
immune response is generally the result of balanced pro- and anti-inflammatory elements,
to clear the pathogen and limit host damage. The next sections are dedicated to a brief
overview of the main events and players leading the immune response in the context of TB
(Figure 3).

Figure 3: Multi-organ events following infection with M. tuberculosis. Mtb is inhaled into lungs
and engulfed by macrophages where intracellular replication occurs. DCs take up Mtb and traffic to
lung- draining lymph nodes via afferent lymphatics, where they prime T cells that have been recruited
from high endothelial venules (HEV). The differentiated effector T cells migrate to lungs via efferent
lymphatics and participate in granuloma formation and function by activating macrophages, secreting
cytokines, and participating in adaptive immune responses. From [27].
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1.4.1. Innate immunity to M. tuberculosis.
The innate immune system consists of cellular and biochemical mechanisms that
are already in place before infection and protect the host to the same extent, independently
of how many times it has previously encountered the same pathogen [28-31]. Following the
inhalation of airborne droplets carrying Mtb, infection of alveolar macrophages occurs.
These phagocytic cells are believed to be the first to encounter Mtb and play a key role in
the initiation of the local inflammatory response. Once Mtb accesses the lung parenchyma,
the innate immune response progresses with the recruitment of an increasing number of
other innate cells to the site of infection. These include neutrophils and DCs. Neutrophils
exert essential microbicidal functions, but if deregulated can cause severe pathology [32,
33]. DCs are key to transport Mtb to pulmonary lymph nodes for T cell priming [16, 34], as
detailed in the next section.
Activation of innate immune cells requires various pattern recognition receptors
(PRRs) that sense microbial components known as pathogen-associated molecular
patterns (PAMPs) [29]. PRRs such as toll-like receptors (TLRs), nucleotide-binding
oligomerization domain (NOD) and dectins, amongst others, have been shown to be
involved in the recognition of Mtb by macrophages and other antigen-presenting cells
(APCs) [29]. The mycobacterial cell wall contains numerous TLR2 ligands, including
lipoproteins, peptidoglycans, lipids and lipoarabinomannans [35]. Binding of these ligands
to TLR2 triggers the activation of common signaling pathways, leading to the activation of
the innate immune response through several cytokines and chemokines which play a
significant role in shaping the immune response to Mtb [36]. Although TLR2 has been
considered the main surface TLR activated by Mtb in macrophages infected in vitro, studies
by our group show that certain Mtb strains can also activate TLR4 [37, 38]. Activation of
both TLR2 and TLR4 lead the production of several immune mediators, such as tumour
necrosis factor (TNF), interleukin (IL)-12 and IL-10 [16, 35, 36, 39-42]. Interestingly,
activation of TLR4 leads additionally the production of type I interferon (IFN) [37, 38]. This
molecule is also triggered downstream the activation of cytosolic surveillance pathways,
such as cyclic GMP-AMP Synthase (cGAS) [43-45] and retinoic acid-inducible gene I (RIGI) [46]. The cytokine micro-environment that results from the recognition of Mtb by innate
immune cells promotes several effector mechanisms in macrophages, namely
phagosome/lysosome fusion [47], generation of reactive nitrogen (RNI) and reactive oxygen
intermediates (ROI) [48, 49] and apoptosis [50, 51]. Importantly, these mechanisms are
sustained through the action of the adaptive immune response, which is detailed below.
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1.4.2. Adaptive immunity to M. tuberculosis.
The adaptive immune system takes longer to respond, but is more specific than the
innate one, and it elicits memory to enhance protection to future infections with the same
pathogen. Adaptive immunity to Mtb is largely dependent on CD4 T helper (Th)1 cells [52,
53]. Upon arrival to the draining lymph nodes, DCs present antigens to naïve CD4 T cells,
whilst secreting IL-12 and thus creating the appropriate microenvironment for the
differentiation of Th1 cell responses [53]. Additionally, Mtb-specific Th17 cell responses are
differentiated, which are dependent on the presence of IL-6, IL-1β and IL-23 in the microenvironment [54]. Both Th1 and Th17 cells migrate back to the site of infection (the lung) to
exert their protective effects [55]. In particular, Th1 cells through their production of IFN-γ
are absolutely critical to protect the host and ensure its survival upon infection with Mtb [56].
Indeed, both in humans and in mouse models, genetic deficiencies impairing Th1 cell
differentiation, IFN-γ production or the cellular response to this molecule, severely
compromise the control of TB, leading to the premature death of the infected host [57, 58].
In humans these deficiencies are collectively known as Mendelian susceptibility to
mycobacterial disease (MSMD) and individuals harboring such immunodeficiencies are
highly susceptible to Mycobacteria [58]. The particular importance of IFN-γ seems to lie in
its ability to enhance the microbicidal function of macrophages, thus ensuring the efficient
killing of the bacteria [59]. Among the effector mechanisms potentiated by IFN-γ in infected
macrophages are the phagolysosome fusion, the production of nitric oxide (NO) and the
induction of autophagy [59-61]. Furthermore, IFN-γ is important to suppress inflammation
through two mechanisms. On one hand, IFN-γ inhibits Th17 cell responses, indirectly
regulating neutrophil recruitment [62, 63]. In addition, IFN-γ directly inhibits pathogenic
neutrophil accumulation in the infected lung and impairs neutrophil survival [64].
The role of CD8 T cells and of B cells in TB is much less explored than that of CD4
T cells. Human and murine expansion of CD8 T cells has been shown during TB [65] and
is furthermore regulated during infection [66]. Mtb-specific CD8 T cells are able to produce
IFN-γ and also GM-CSF [67], both protective cytokines in TB. However, the contribution of
CD8 T cells for protection is limited [68], which was suggested to be due to the inability of
specific CD8 T cells to recognize Mtb-infected macrophages and to restrict Mtb growth. Still,
depletion of CD8 T cells in infected mice, during the chronic stage of infection, resulted in
increased bacterial burdens, suggesting that these cells may be necessary for long-term
control of infection [68].
As for the role of B cells during TB, much is still to be learned. B cell depletion in
experimental Mtb infection failed to identify a major role for these cells in immunity to TB
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[69], but more recent evidence coming from human studies suggest that in fact B cells may
play a role in TB [70, 71]. Of special note, an unbiased antibody profiling approach has
recently shown that individuals with LTBI or active TB disease have distinct Mtb-specific
humoral

responses.

Most

importantly,

antibodies

from

LTBI

drove

enhanced

phagolysosome maturation, inflammasome activation, and macrophage killing of
intracellular Mtb [72].

1.5. The M. tuberculosis complex and its human-adapted species.
The causative agents of TB belong to the Mycobacterium tuberculosis complex
(MTBC), a group of phylogenetically related bacteria (Figure 4A) [73]. Based on wholegenome sequence (WGS) analysis, it is nowadays recognised that the MTBC includes
seven lineages of human-adapted TB-causing bacteria. Lineages 1, 2, 3, 4 and 7 are
composed by Mtb and lineages 5 and 6 by Mycobacterium africanum (Maf). Lineages 2, 3
and 4 are also known as “modern”, whereas lineages 1, 5 and 6, as well as all animal
adapted ones, are known as “ancestral” lineages [73, 74]. It is important to stress that the
“modern” versus “ancestral” denomination is not related to temporal connection, but instead
to the presence or absence of the TbD1 region, which is intact in the “ancestral” lineages
and deleted in the “modern” ones [73]. In addition to the 7 human-adapted lineages, the
MTBC includes several animal-adapted lineages, namely Mycobacterium bovis,
Mycobacterium caprae, Mycobacterium microti, Mycobacterium pinnipedii, Mycobacterium
origys, Mycobacterium mungi, Mycobacterium suricattae, the dassie bacillus and the
chimpanzee bacillus [75]. Finally, a group of bacilli known as Mycobacterium canettii are
also part of the MTBC, occasionally infecting humans [76, 77].
The human-adapted MTBC lineages follow a robust phylogeographic structure, with
some lineages displaying a global distribution and others a strong geographical restriction
(Figure 4B) [75]. This finding has led to the hypothesis that particular MTBC variants might
be locally adapted to specific human populations [78]. These adaptations are described as
a phenomenon in which a given pathogen genotype has higher fitness in a host population
with which it has co-evolved (sympatric association) than in a different host population
(allopatric association) [79]. In line with this hypothesis, Gagneux and colleagues have
demonstrated that in cosmopolitan settings, as in San Francisco, the MTBC lineages are
preferentially transmitted among sympatric hosts [80, 81]. A number of reports
demonstrated that even at the sublineage level, this local adaption is appreciated [82-84].
Interestingly, these sympatric transmissions are disrupted in the context of HIV infection
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[81], thus suggesting the immune system as a driving force of the parallel evolution between
the host and the pathogen in the context of TB. Among the human-adapted lineages of the
MTBC, lineage 4 is the most widely spread [82], and the one most prevalent in Portugal, as
further studied in Chapter 3.1 of this thesis. In contrast, lineages 5 and 6 of Maf are highly
geographically restricted to West Africa [85] as described in section 1.7 and further studied
in Chapter 3.2.

Figure 4: The phylogenetic structure of the MTBC. (A) Maximum likelihood phylogeny of the
MTBC. Node support after 1000 bootstrap replications is shown on branches and the tree is rooted
by the outgroup M. canettii. Large sequence polymorphisms are indicated along branches. Scale bar
indicates the number of nucleotide substitutions per site. (B) Global distribution of the seven main
human adapted MTBC lineages coloured as in (A) and as dots represents the dominant MTBC
lineages in each geographic area. Adapted from [75, 86, 87].

1.6. M. tuberculosis complex genetic diversity and its impact on the infection.
The various outcomes of TB infection and disease presentation have been primarily
linked to host and environmental variables [88]. However, more recently, with better
resolution on genotyping techniques, specifically WGS, it became clear that MTBC strains
differ genetically on their content of single nucleotide polymorphisms (SNPs), small insertion
and deletions, large genomics deletions and large duplications [87, 89]. Furthermore, the
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former idea that genetic diversity within MTBC was too limited to account for differences in
virulence is shifting [88]. Indeed, it is becoming clear that the diversity within TB-causing
bacteria is important to define bacterial determinants of virulence and of their interaction
with host and environmental factors, consequently contributing to the transmission and
pathogenesis of TB (Figure 5) [89, 90]. The next sections summarize our current knowledge
in this area.

Figure 5: The functional impact of MTBC diversity. Different levels of diversity across the MTBC
have been identified. Within a host or transmission chain, Mtb isolates typically differ in less than 25
SNPs. Diversity increases when comparing isolates within the same lineage (around 25–1,000
SNPs) or within different lineages of the MTBC (around 1,000–2,000 SNPs). This diversity impacts
host/pathogen interactions, particularly the intensity and quality of the immune response and the
clinical outcome, at the levels of drug acquisition, adaptation to different populations, transmissibility,
or disease manifestation. From [90].

1.6.1. Impact of M. tuberculosis complex diversity on tuberculosis severity.
TB severity is highly related with the ability of the pathogen to damage the host
lungs, which ultimately determines transmission to other hosts, hence the bacteria virulence
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[87]. Although challenging to dissociate from host and environmental factors, some lines of
evidence highlight a role for the pathogen diversity in determining TB severity [91, 92]. At
supra lineage level, several reports have demonstrated that individuals infected with strains
of the “modern” lineages have worst prognosis as compared to those infected with strains
of the “ancestral” lineages [91, 92]. In 2008, De Jong et al. demonstrated in the Gambia,
that individuals infected with strains of the “modern” lineages 2 and 4 were more likely to
progress to active disease when compared to individuals infected with lineage 6 strains [92].
Likewise, a study showed that TB patients from Tanzania infected with “modern” lineage 4
strains presented higher levels of C reactive protein, higher neutrophil counts, and a lower
body mass index than those infected with Mtb isolates from lineage 1, which overall suggest
a more severe form of TB provoked by lineage 4 strains [91]. Other studies further support
a link between certain Mtb genotypes and specific clinical presentations [93-95]. Even so a
definitive answer as to whether MTBC variation can define TB disease is not in place, as
other reports failed to associate MTBC strains and disease presentation [96, 97].

1.6.2. Impact of M. tuberculosis complex diversity on transmission.
Transmissibility is the decisive phenotype that impacts the extent of the TB epidemic
[87]. Since the airborne route is the most common form of Mtb transmission, only pulmonary
TB disease has a role in transmission. Consequently, those MTBC members that are more
prone to cause pulmonary damage or cavitation will be associated with increased
transmission potential [87]. Genotypic clustering between clinical isolates from a given
epidemiological setting, and measurement of increases in the frequency of these genotypes
over time in the population, are two approaches to infer successful transmission of particular
MTBC genotypes [87, 89]. Epidemiological studies in specific settings have supported the
overall idea that MTBC strains from “modern” lineages are more transmissible than those
from “ancestral” lineages [98]. Indeed, a higher genotypic clustering of lineage 2 as
compared to lineage 1 was found in Vietnam [98]. Likewise, a study in Shanghai found
lineage 2 associated with higher clustering and younger age of patients as compared to
strains of the other lineages [99]. Furthermore, an overtime increase in lineage 2 was
observed in Vietnam, thus possibly reflecting its higher transmission fitness [100-103].
Higher genotypic clustering of a sub-lineage within lineage 2 was showed in San Francisco,
suggesting that differences in transmission may also associate with specific sublineages
[104]. In further agreement with a low transmission potential of MTBC “ancestral” lineages,
a decrease of lineages 5 and 6 strains is reported in various setting in West Africa, namely

13

Chapter 1 – General Introduction
in Cameroon, Guinea-Bissau and Burkina Faso [105, 106]. However, other reports did not
find this decline [107, 108], which is further discussed in section 1.7.2.

1.6.3. Impact of M. tuberculosis complex diversity on the host immune
response.
Diversity within the MTBC has also been reported to affect the interaction of the
pathogen strains with host immune cells [109]. This in turn bears consequences seen at
different levels, from receptor recognition, to the activation of host cells to kill Mtb, the type
of death of the infected cells, and the ability of the bacteria to propagate to other cells [87].
As discussed above, innate immune cells are the first point of contact with MTBC bacilli,
becoming activated through PRR signaling. Many PRRs are able to recognize cell wall
components of the TB-causing bacteria [110]. As differences in cell wall composition have
been described between MTBC members [111], it is not surprising that this initial interaction
varies between MTBC strains, with an impact on the early steps of the immune response
[112]. Initial evidence for differential activation of myeloid cells by Mtb strains comes from
the study of lineage 4 Mtb strain CDC1551. This strain was shown to induce higher levels
of TNF, IL-10, IL-6, and IL-12 in infected monocytes, as compared to the laboratory
reference strain H37Rv [113]. In the same line, lineage 2 HN878 Mtb strain was shown to
induce lower levels of TNF, IL-6 and IL-12, and higher levels of type I IFNs in infected
monocytes [114-116], a finding that was further confirmed in vivo [117]. Importantly, in vivo,
the Mtb isolate HN878 failed to induce Th1 cell responses [117], thus compromising the
host ability to deal with the infection. Collectively, these studies highlighted Mtb strain
HN878 as being hypervirulent. More recently, a study using representative strains of MTBC
lineages 1 to 6 showed that the “modern” strains (lineages 2, 3, and 4) elicited a lower early
inflammatory response, as characterized by cytokine production, in human peripheral blood
monocyte derived macrophages than that observed for the “ancient” MTBC strains (lineage
1, 5, and 6) [118]. Our group has contributed to the understanding of the impact of MTBC
diversity on the immune response by showing that certain Mtb isolates of lineage 2 activated
both TLR2 and TLR4 in macrophages, consequently driving the production of type I IFNs
[37]. Moreover, this activation of TLR4 was important for the in vivo containment of the
infection [37, 38]. The host pathways leading to the production of type I IFN seem to be a
target of manipulation by different Mtb strains. Interestingly, a recent study showed that
mitochondrial dynamics and mitochondrial DNA contribute to the induction of type I IFN in
Mtb-infected macrophages and that differences in MTBC strains led to distinct contribution
of the mitochondrial DNA [119], culminating with differences in what regards the expression

14

Chapter 1 – General Introduction
of type I IFN by infected cells. Of note, in addition to the induction of different cytokine
responses in infected cells, different members of the MTBC were also shown to regulate
their own transcription in a distinct way. Indeed, lineage-specific transcription patterns and
distinct intracellular growth profiles were shown to occur in infected macrophages [120].
Altogether these studies demonstrate that immunological differences associated
with MTBC strain variation are likely to shape the immune response, namely the innate
immune response as first-line in host protection. Therefore, these studies highlight the need
to take into account the pathogen variability when studying the immune response on TB.
Interestingly, the impact of MTBC diversity on the acquired immune response is much less
studied.

1.7. M. africanum: a neglected member of the human-adapted M. tuberculosis
complex species.

1.7.1. Overview.
Maf is a member of the MTBC and an important cause of human TB in West Africa
[121]. Maf was firstly described by Castets and colleagues in 1968 in the sputum of a
Senegalese TB patient [122]. Based on biochemical characterization, at the time, Maf was
placed in an intermediate position between Mtb and M. bovis [123]. Subsequently, Maf was
isolated from TB patients in other African countries or originated from Africa [124-127]. With
time, Maf was divided into two major subgroups: Maf subtype I, originating from West Africa,
and Maf subtype II, from East Africa [123, 128]. More recently, comparative genomics
allowed the establishment of a clearer phylogenic positioning of Maf subtype I strains.
According to this classification, Mtb and Maf subtype I strains share a common ancestor,
which after successive loss of DNA originated two Maf lineages (Figure 6). Deletion of the
region of difference (RD) 9 separated Mtb from Maf and subsequent deletion of RD7, 8 and
10 subdivided Maf into lineages 5 and 6 [73]. Lineage 5 is also known as Maf1 being
prevalent around the Eastern part of West Africa (Gulf of Guinea) [80]. Lineage 6 is also
known as Maf2 and is characterized by the deletion of RD7, 8 and 10 [80, 129], being
prevalent in West Africa [73, 80].
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Figure 6: The origin of M. africanum. Schematic global phylogenetic tree of the human-adapted
MTBC members. The length of the branches does not correlate with phylogenetic distance. Indicated
are the deletions involved in Maf evolution. RD, region of difference. Adapted from [73].

More recently, Maf subtype II (East African clade) has been reclassified as Mtb
genotype “Uganda”, a sublineage of Mtb Lineage 4 [129, 130]. Importantly, diversity also
exist within Maf lineages. Indeed, the recent analysis of a large collection of Maf genomes,
including both lineages 5 and 6, showed that at the whole genome level, lineage 6 had
significantly higher pairwise nucleotide diversity, higher number of fixed SNPs, as well as
higher average pairwise SNPs relative to lineage 5 [131]. Moreover, in a study based on
Ghana, the population structure of Maf revealed at least five clusters of lineage 5 as
compared to three for lineage 6 [132].
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1.7.2. Prevalence and distribution of M. africanum.
Maf is almost exclusively restricted to West Africa, where it is estimated to cause
more than 50% of smear-positive TB cases (Figure 7) [75].

Figure 7: M. africanum prevalence in some West African countries, as reported from different
countries at different time periods Adapted from [121].

The reasons underlying this geographic restriction of Maf are not fully understood.
One possible explanation is that Maf is specifically adapted to the local human population.
In line with this, a previously published report demonstrated that TB patients belonging to
the Ewe ethnic group were more likely to be infected with Maf when compared to patients
carrying other bacteria of the MBTC [133]. Moreover, certain genetic polymorphisms were
found to influence the susceptibility to TB caused by Maf, but not by Mtb and vice-versa
[134]. For example, studies in Ghana uncovered a human polymorphism in 5-lipoxygenase
(ALOX5) associated with increased TB risk, and stratification within the MBTC showed that
this association is linked to Maf [135]. Other hypothesis to explain the geographic restriction
of Maf includes the existence of an animal reservoir unique to West Africa. This is supported
by the fact that both lineages 5 and 6 of the MTBC are phylogenetically placed among other
animal-adapted MTBC lineages (Figure 4A) [136]. Finally, it is possible that Maf is an
attenuated member of the human-adapted TB-causing bacteria and therefore it is being
outcompeted by Mtb. In line with this third hypothesis, and as mentioned before, several
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epidemiological studies report a continuous reduction in TB caused by Maf [137, 138].
Indeed, a study based in Cameroon has reported an almost disappearance of lineage 5 in
this country, where of the total 565 clinical isolates analyzed, only 19 were identified as Maf
[138]. The same tendency has been reported in Guinea-Bissau, where in 1994 up to 52%
of all TB cases were due to Maf, but 17 years later this number decreased to 38% [106].
However, another study conducted in Nigeria [139] showed an increase in the Maf
prevalence in that particular region, ranging from 14% to 33% [140]. The same trend have
been reported in Benin [107] and in the Gambia [141], where the prevalence of Maf has
been reported to be 37% and 38%, respectively. Therefore, a decline of Maf may be
happening in some, but not all countries of West Africa.

1.7.3. Biological and clinical particularities of M. africanum.
In addition to the differences in the geographical distribution of Maf and Mtb, several
other factors distinguish these two pathogens. Important differences have been reported in
what concerns the growth of Maf versus Mtb. Indeed, the in vitro growth of Maf is slower
than that of Mtb [140]. Furthermore, Maf prefers minimal oxygen (microaerophilic)
microenvironments and produces dysgonic colonies as compared to the abundant growth
of eugonic colonies exhibited by Mtb [108]. Similar to M. bovis and M. microti, Maf is unable
to use glycerol as a sole carbon source, thus to improve the primary cultures of Maf in the
laboratory, the medium is normally supplemented with 0.4–1.0% pyruvate [108]. Also
remarkable is the evidence that, even though both Maf and Mtb cause TB, they significantly
differ in crucial Mtb virulence mechanisms: the dosR/Rv0081 regulon [142] and phoP/R
[143, 144] and ESAT-6 regulation, thus rendering these pathways less suitable to drug or
vaccine targets in the case of Maf [144]. ESAT-6 is a dominant antigen for T cell responses
induced by Mtb [145]. Interestingly, differences in the T cell responses were seen in Mtbversus Maf-infected patients. Upon stimulation of whole blood with TB-specific antigens, the
frequencies of single-TNF-producing CD4 and CD8 T cells were significantly higher while
the frequency of single-IL-2-producing T cells was significantly lower in Maf- compared with
Mtb-infected patients [146].
At the clinical level, and similarly to Mtb-caused TB, Maf-caused TB responds to the
4 first line drugs [147]. Additionally, no differences in the rates of HIV coinfection [148], nor
chest X-ray severity [148], were seen between TB caused by Mtb or Maf in a study in The
Gambia. However, the association of Maf with HIV remains debatable, as other studies
showed that Maf preferentially infects HIV-coinfected individuals [92,149]. Moreover, TB

18

Chapter 1 – General Introduction
patients infected with Maf were more likely to be older and to be severely malnourished
when compared with patients infected with Mtb [92]. A recent study reported no significant
differences in the prevalence of Mtb or Maf in patients with diabetes [150]. Importantly, Maf
infected patients were significantly less likely to have recently transmitted disease or belong
to a cluster of transmission [92] and showed a lower progression to disease as observed in
The Gambia [121]. These findings suggest that Maf infection may take longer to progress
to active disease than that by Mtb infection. Although the diagnosis of extrapulmonary TB
is not common in West Africa, two studies based in the USA [151] and in Europe [152], refer
a higher rate of extrapulmonary TB associated with Maf infections. Interestingly, the
analysis of venous blood samples from Mtb- and Maf-infected patients obtained before and
after anti-TB treatment showed similar transcriptomic profiles. In contrast, post-treatment,
over 1600 genes related to immune responses and metabolic diseases were differentially
expressed between the groups [146] indicative of profound differences associated to either
infection in humans.
In conclusion, although no definitive answers exist to explain the differences
between Maf and Mtb, Maf seems to be a less virulent pathogen than Mtb. Still, a
considerable prevalence of Maf-caused TB exists in some countries, calling for more
research in this neglected member of the MTBC.
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Chapter 2 – Aims
TB is caused by bacteria belonging to the MTBC, which includes 7 lineages of Mtb
and Maf. Although the MTBC is considered genetically monomorphic, intrapathogen
diversity not only exists, but also impacts on TB transmission, the clinical manifestation of
disease, and the host immune response. Therefore, the genetic diversity within MTBC is
important both for a better understanding of the TB epidemiology, and for the
comprehension of the immune response to the pathogen. A detailed understanding of the
mechanisms and immune responses triggered by different Mtb and Maf strains provides an
excellent model for the study of host-pathogen interactions and its link to TB pathogenesis.
This thesis focused on the study of MTBC diversity and its impact on TB, with
emphasis on the diversity of host-pathogen interactions and their implications for TB
severity. In this context, two main goals were defined:
I.

To characterize the MTBC population structure in a cohort of TB patients to guide
the selection of clinically relevant Mtb isolates and study how their interaction with
immune cells impacts the severity of disease. The findings associated with this aim
are presented in Chapter 3.1.

II.

To disclose the response of different innate host cells to Maf and the course of
infection to this agent using the aerosol mouse model of infection. The results
associated with this aim are presented in Chapter 3.2.
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3.1. Characterization of a cohort of TB patients towards the
selection of clinically relevant Mycobacterium tuberculosis for
functional assays.
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Abstract
Tuberculosis (TB) is the leading cause of death worldwide. The causative agent of TB
belongs to the Mycobacterium tuberculosis complex (MTBC), which includes seven
phylogenetically distinct lineages associated with specific geographic regions in the world.
The genetic diversity of Mycobacterium tuberculosis (Mtb) was neglected in the past, but is
increasingly recognized as a determinant of immune responses and clinical outcomes of
TB. However, how this bacterial diversity orchestrates immune responses to direct distinct
TB severities remains unknown. To address this question, we devised a strategy for
selecting clinical relevant Mtb isolates from a cohort of TB patients. The final aim is to
investigate the interactions of the selected isolates with host immune cells and how they
correlate with disease severity. This chapter is dedicated to the detailed characterization of
a cohort of TB patients, including the stratification of TB severity and the study of the Mtb
population structure. For this, 813 TB cases followed at the university hospital, Centro
Hospitalar São João, in Porto, Portugal, during 2007-2013, were reviewed. A clinical
decision tree to classify the severity of TB was developed and used to categorise the
outcome of infection in participants presenting no known co-morbidities, HIV-TB or
diabetes-TB. The Mtb clinical isolates infecting participants in each of these three groups
were recovered. The lineage and sublineage phylogenetic structure of the infecting bacteria
were determined and compared within the three TB groups under study. The phylogeny of
the infecting bacteria was also correlated with the clinical phenotypes of severity. This
approach supported the exclusion of HIV-TB and diabetes-TB from the functional study that
was performed subsequently.
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Introduction
Mycobacterium tuberculosis (Mtb) is a clinically relevant bacterial pathogen that,
together with other members of the Mycobacterium tuberculosis complex (MTBC), caused
over 1.6 million deaths and infected over 10 million new individuals in 2017 [1]. The humanadapted members of the MTBC (Mtb and Mycobacterium africanum (Maf)) were long
assumed to be identical, given the low mutation rate and lack of evidence for genetic
recombination or horizontal gene transfer within this complex [2]. However, in recent years,
improved molecular genotyping methods of MTBC clinical isolates revealed the existence
of 7 different phylogenetic lineages of Mtb and Maf [3, 4]. These lineages associate with
different geographic regions and sympatric human populations in cosmopolitan settings [5,
6], suggesting that these species evolved in parallel with humans, being most likely adapted
to particular human populations [7]. The MTBC phylogeographical structure is also
observed at the sublineage level. Lineage 4, or Euro-American, is the most globally
widespread, predominating throughout Europe and America, but also in some parts of Africa
and the Middle East [8]. Lineage 4 comprises at least ten sublineages, including LatinAmerican-Mediterranean (LAM), Haarlem, X, PGG3 and T families of strains which differ in
their geographical distribution [9-11]. A recent study demonstrated that some lineage 4
sublineages are geographically restricted specialists, while others with higher epitope
diversity have a global distribution, which is in agreement with the idea of being generalists
regarding the host population range [11]. The generalist sublineage LAM is the most
prevalent in Europe, including in Portugal [11-13]. The main driving forces shaping MTBC
diversity are a balance between genetic drift, during the global expansion of the bacteria
and host-to-host transmission, and positive and purifying selection [7, 14]. The immune
system likely plays a key role in this process, as shown by the disruption of the sympatric
host-pathogen association in the case of HIV patients [5], possibly due to a deficient
recognition of the pathogen epitopes associated with CD4 T cell depletion.
A growing body of evidence acknowledges the functional implications of bacterial
diversity within the MTBC [15]. For instance, lineage 4 causes mainly pulmonary TB [16,
17], while lineage 2 [16] and lineage 3 [16] were reported to associate with extrapulmonary
disease. Besides, more debilitating symptoms (such as weight loss) have been associated
with lineage 4 strains in Tanzania [18]. A study conducted in Malawi showed differences in
transmission patterns and virulence between the Mtb lineages, particularly high
transmissibility and virulence for lineages 2 and 3 and low transmissibility and virulence for
lineage 1, which were unrelated to drug resistance, HIV infection, or host sub-population
[19]. On the other hand, lineage 2 has been repeatedly associated with treatment failure
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and relapse [20-22]. Moreover, one in vitro study demonstrated that lineage 2 might acquire
drug resistance more rapidly than lineage 4 [23], in line with reports from Belarus and
Mongolia, where multidrug-resistant (MDR) isolates were more likely to belong to the
lineage 2 Beijing family of strains [24, 25]. Both lineages 2 and 4 were shown to have a
higher rate of progression to active TB as compared to lineage 6 in The Gambia [26].
Differences on the efficacy of transmission have also been described. Lineage 2 showed
higher transmissibility in San Francisco [17], whereas lineage 3 was reported to be less
transmissible than lineages 1, 2 and 4 in TB patients from Montreal, Canada [27]. As
compared to the impact of the MTBC lineage structure on the clinical outcome of TB, the
impact of the sublineage structure is much less studied. Still, differences in transmissibility
among sublineages of lineage 5 in Benin and Nigeria were reported [28].
Our group has been investigating how MTBC diversity contributes to differential host
immune responses and how that in turn articulates with different clinical severities of TB.
For that, we reasoned that clinically relevant Mtb isolates had to be selected from a cohort
of TB patients, and then their interaction with host cells investigated. As part of this study,
we extensively characterized a cohort of TB patients admitted to Centro Hospitalar São
João in Porto (CHSJ), between 2007-2013. This included the stratification of TB severity
and the determination of the phylogeographycal structure of the infecting Mtb. We also
analysed whether these parameters were disturbed by common TB co-morbidities,
specifically HIV co-infection and diabetes mellitus (DM). The findings presented in this
chapter are part of a manuscript submitted for publication.
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Materials and Methods
Ethics statement
The study protocol was approved by the Health Ethics Committees of the CHSJ (approval
number 109-11), the North Health Region Administration (approval number 71-2014) and
the Portuguese Data Protection Authority (approval number 12174-2011). To ensure
confidentiality, each case was anonymized by the assignment of a random identification
number. Experiments were conducted according to the principles expressed in the
Declaration of Helsinki.
Study population
A cohort of 813 culture-confirmed TB cases diagnosed at a University-affiliated hospital
(CHSJ, Porto) during the period of 7 years (2007-2013) was reviewed to derive a study
group of pulmonary TB cases (inclusion criteria: pulmonary TB; age above than 18 years
old; complete available information). The overall demographic and clinical features of this
population have been described [29]. Patients in the study group were divided into four main
groups: no known comorbidities (TB group); HIV-coinfected (HIV-TB group); diabetics (DMTB group); other comorbidities or immunological suppression, including hepatitis C virus
chronic infection, alcohol abuse, end-stage chronic kidney failure, malignancy, cirrhosis or
chronic liver failure, heart failure, chronic obstructive pulmonary disease, and patients with
structural lung disease, such as silicosis, fibrosis, or bronchiectasis.
Clinical severity classification
The clinical records of the patients in the TB group were retrospectively reviewed to stratify
the severity of TB before initiation of treatment. A classification flowchart was developed
taking into consideration the site of TB involvement, baseline levels of hemoglobin and Creactive protein, the severity of symptoms and the chest radiography findings for
intrathoracic TB. Digital images of plain chest radiographs were blind-graded by two
independent clinicians (Figure 1), using a previously published decision tree [30].
Disagreements between the two clinicians were resolved through a consensus assessment
by a third reader.
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Figure 1: Schematic representation of the chest X-ray classification method based on lymph
node/ hilar abnormality and lesion density. Developed by H. Novais Bastos.

Recovery of M. tuberculosis clinical isolates
Bacterial samples (n=384) of the subjects in the TB, HIV-TB or DM-TB groups were
recovered from stored primary cultures of Mtb clinical isolates at the Clinical Microbiology
department of CHSJ. Two hundred μL of inoculum were plated and smeared uniformly on
solid Mycobacteria 7H11 agar supplemented with Oleic Albumin Dextrose Catalase Growth
Supplement (OADC) and PANTA antibiotic mixture. The plates were incubated at 37°C for
4 to 8 weeks. Grown colonies were gently rubbed and transferred to 20 mL of Middlebrook
7H9 liquid medium (BD Biosciences, San Jose, USA) complemented with OADC, 2%
glycerol and 0.5% Tween® 80 (Sigma-Aldrich, St. Louis, USA). Alternatively, the stored
primary cultures were re-grown in MGIT tubes using a Bactec apparatus and once a positive
signal was obtained, transferred to 20 mL of Middlebrook 7H9 liquid medium, as stated
before. All Middlebrook 7H9 liquid cultures were incubated at 37°C with constant 120 rpm
shaking for an additional 7–10 days, to increase the bacterial biomass.

43

Chapter 3 – Results
Genomic DNA extraction from bacterial suspensions
Bacterial suspensions were pelleted, resuspended in water to a final volume of 1 mL and
inactivated with 0.5 mL of a 1:2 phenol-water solution for DNA extraction and homogenized
with zirconia beads in TEN buffer, in the Fast-Prep24 bead beater at 4 M/s for 30 seconds,
twice. DNA was extracted with chlorophorm, precipitated with absolute ethanol and sodium
acetate, resuspended in TE buffer, quantified by spectrophotometry (NanoDrop® 1000,
Thermo Scientific, Wilmington, USA) and normalized to a standard concentration of 200
ng/μL of nucleic acid.
MTBC lineage and sublineage genotyping
MTBC lineage and sublineage genotyping was performed by a custom TaqMan® real-time
polymerase chain reaction (PCR) assay (Applied Biosystems, Carlsbad, USA), using single
nucleotide polymorphisms (SNPs) as stable genetic markers, as previously described [31].
Results were analyzed with the Bio-Rad CFX Manager™ 3.1 and genotypes determined
using the Allele Discrimination software.
Human ancestry
Individual ancestry estimates were computed using Structure [32] considering four ancestral
contributors (African, European, East Asian and Native American biogeographical origins;
K=4). Known genotypes from the HGDP-CEPH panel [33] and the 1000 Genomes [34],
complemented with Colombian [35] and Peruvian Amerindians (unpublished data), were
used as learning reference samples to perform unsupervised clustering analyses of
Portuguese controls and TB patients (100000 burnin followed by 100000 MCMC repetitions;
3 replicate runs). Aligned averaged clustering was then obtained with CLUMPP [36] and
plotted with DISTRUCT [37].
Statistical analysis
Data were analyzed using GraphPad Prism software, version 8.1.0. Data were compared
using Fisher’s exact test.
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Results
Study population
The study population consisted of 681 exclusively pulmonary patients, all above 18
years old, selected from a cohort of 813 culture-positive TB cases admitted to CHSJ, in
Porto, Portugal, between 2007-2013 (Figure 2A). The overall patient characteristics were
previously described [29]. Of the 681 cases selected for this study, 193 patients (28.34%)
had no TB known precipitating factors, 112 (16.45%) were co-infected with HIV and 79
(11.60%) presented DM (Figure 2B). Five patients (0.73%) were both HIV and DM (Figure
2B). The remainder (42.88%) were pharmacologically immunosuppressed or presented
various comorbidities (Figure 2B), including hepatitis C virus chronic infection, alcohol
abuse, end-stage chronic kidney failure, malignancy, autoimmune diseases, cirrhosis or
chronic liver failure, heart failure, chronic obstructive pulmonary disease, and patients with
structural lung disease, such as silicosis, fibrosis, or bronchiectasis. The mixed comorbidities groups were excluded from the rest of the study.

Figure 2: Study Population. (A) Flow chart for the selection of the participating patients. (B)
Distribution of TB cases per comorbidity. TB (n=193, 28.3%), HIV-TB (n=112,16.5%), DM-TB (n=79
11.6%), Other comorbidities (292, 42.9%). (C) Annual number of TB cases from 2007-2013 in the
studied cohort compared to TB cases in the country. (D) Annual number of TB cases in the cohort
per group (TB, HIV-TB and DM-TB) between 2007-2013.
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During the selected period, the national average numbers of TB cases decreased
modestly, but steadily (Figure 2C) [38]. In the study cohort, an increase in the number of TB
cases was observed for 2009, followed by a steady decrease until 2012 and an increase in
2013 (Figure 2C). The distribution of TB cases in each of the selected three groups (TB,
HIV-TB and DM-TB) over the studied period followed the global trend (Figure 2D).

Definition of TB severity in TB, HIV-TB and DM-TB patients
A clinical decision system to assign the severity of TB at presentation was developed
based on chest X-ray classification followed by other systemic clinical parameters (Figure
3A). Following this decision system, the severity of TB was assigned to patients in the TB,
HIV-TB and DM-TB groups. Within the TB group, the most common TB presentation was
moderate (59.4%), followed by mild (24.8%) and lastly by severe (15.8%) (Figure 3B). For
the HIV-TB group, the most common TB presentation was moderate (48.2%), followed by
mild (30.4%) and severe (21.4%) (Figure 3B). Lastly, for the DM-TB group, the most
common TB presentation was moderate (57.1%) followed by severe (26.8%) and mild
(16.1%) (Figure 3B). For both HIV-TB and DM-TB an increase in the % of severe TB was
observed as compared to the TB group. The increase on the % of mild TB cases among
HIV patients is most likely due to the lack of cavitation described for HIV-TB, which biases
the chest X-ray classification towards minimal lesions. These results show that the presence
of common comorbidities affect the classification/presentation of the TB severity.
We further controlled the TB group by questioning whether basic host-related factors
were determining the severity of disease. Although a higher proportion of men was observed
in the severe TB group, both the age of the patient and reported time of symptoms were
similarly distributed within the three TB severity presentations (Figure 3C). This suggests
that disease severity in the TB only group is not dependent of the age of the patient, nor on
the time of reported symptoms.
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Figure 3: Classification of TB severity in the study cohort. (A) A clinical decision system based
on local and systemic parameters was developed to classify the severity of disease at presentation
in mild, moderate or severe TB. (B) Patients who had no known comorbidities, HIV-TB or DM-TB
were subjected to the clinical decision system and classified into mild, moderate or severe TB cases
at presentation. (C) The distribution of sex (male, M; female, F), age and time of symptoms was
determined for the TB only patients across mild, moderate and severe TB presentations. CRP, C
reactive protein; Hb, hemoglobin; N, no; Y, yes.

MTBC phylogeny distribution within TB, HIV-TB and DM-TB patients
Next, we determined the phylogeny of the infecting bacteria in TB, HIV-TB and DMTB patients. For this, the infecting bacteria were recovered from clinical samples
corresponding to each patient included in the study. Of the 384 selected samples, 138
isolates could not be recovered due to persistent contamination with fast-growing bacteria
or to complete absence of growth, likely related to loss of bacterial viability during storage.
The distribution of missing DNA from the infecting bacteria was similar in the three groups
of interest (37.83% TB, 34.82 % HIV-TB and 32.92 % DM-TB). The 246 recovered isolates
were further used for bacterial DNA extraction. Purified DNA was subjected to real-time
PCR-based SNP-typing, using a series of TaqMan primer-probes that distinguish ancestral
and mutant SNPs characteristic of each lineage of the human-adapted MTBC bacteria [31].
As controls, DNA from MTBC isolates belonging to a known lineage, as determined through
whole-genome sequencing, were included. We found that the MTBC lineage 4 was largely
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predominant in our data set (n=238, 96.7%) (Figure 4A). The non-lineage 4 isolates (n=8)
were from lineages 1, 2 or 3 (Figure 4A). Although the predominance of lineage 4 was seen
across the different TB groups (Figure 4B-D), the frequency on non-lineage 4 cases was
higher for both HIV-TB and DM-TB cases than that observed for TB cases (Figure 4E).
Although these data did not reach statistical significance, they support an effect of comorbidities in the establishment of host-pathogen sympatric relationships, as described
before for HIV co-infection [5].

Figure 4: Distribution of MTBC lineages in isolates recovered from the selected TB patients
in the study population. The infecting Mtb isolates were recovered, their DNA isolated and used to
determine the MTBC genetic population structure in (A) All cases, (B) TB cases, (C) HIV-TB cases,
and (D) DM-TB cases. (E) The bar chart represents the % of non-lineage 4 cases found in TB, HIVTB or DM-TB patients. Statistical analysis was performed with Fisher’s exact test. L, lineage.

We next applied the same genotyping method to define the sublineage distribution
of the clinical isolates within lineage 4. The most frequent lineage 4 sublineage in our cohort
was the LAM sublineage (n=155; 65.1%) (Figure 5A), in line with other reports focused in
Europe [11]. Considering that the sublineages Haarlem, X and PGG3 are also prevalent in
Europe, we additionally genotyped the non-LAM isolates for these three sublineages. We
identified a total of 22 cases (9.2%) of the X and 17 cases (7.1%) of Haarlem (Figure 5A).
The remaining 44 cases (17.23%) were therefore of other lineage 4 sublineages. When
calculating the sublineage phylogenetic distribution within the different TB groups, we
observed a decreasing frequency of the Haarlem sublineage from TB, to HIV-TB, to DM48
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TB, accompanied by a slight increase in the frequency of LAM in the HIV-TB group and of
LAM and other lineage 4, but not of sublineage X, in the DM-TB group (Figure 5B-E). As
before, these data did not reach statistical significance.

Figure 5: Lineage 4 sublineage distribution within a related population of TB, HIV-TB and DMTB patients. Mtb isolates belonging to lineage 4 were further classified into sublineages 4.3/LAM,
4.1.1/X, 4.1.2/Haarlem or other lineage 4 sublineages in (A) All cases, (B) TB cases, (C) HIV-TB
cases, and (D) DM-TB cases. (E) The bar chart represents the % of Haarlem cases found in TB,
HIV-TB or DM-TB patients.Statistical analysis was performed with Fisher’s exact test. LAM, LatinAmerican and Mediterranean.

In all, our data show a highly homogeneous phylogenetic structure of Mtb strains
isolated in a major hospital of the north of Portugal, with nearly all cases belonging to lineage
4. Within the lineage 4 clade, the most represented sublineage was LAM. Overall, the
presence of HIV and DM seems to increase the chance of infection by a phylogenetically
unrelated Mtb strain, as in patients with these comorbidities an increase of non-lineage 4
isolates was observed.
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Association of the genetic structure of host and bacteria with TB severity
Based on data from the two previous sections, host-related comorbidities impacted
on TB severity and possibly on the genetic structure of the bacteria population. As the
ultimate goal of our study is to guide the selection of Mtb isolates to then study their
interaction with host immune cells and how they correlate with disease severity, we decided
to exclude co-morbidities from the subsequent analyses.
Next, we questioned whether breaks in the host and bacteria sympatry underlined
the differential clinical presentation of TB. We started by retrospectively recovering DNA for
60 TB patients and investigating their genetic makeup through a validated panel of
autosomal ancestry-informative markers (AIMs). This analysis was performed alongside a
group of Portuguese reference genomes and a group of TB contacts from Porto. Also
included as controls were reference populations of African, European, East Asian and
Native American biogeographical origin [33, 39]. The ancestry of both the Porto-TB cohort
and the Porto-TB contacts seemed homogeneous, rooted on Portuguese (Figure 6A) and
European (Figure 6B) makeups.

A

B

Portuguese

African

Porto- TB contacts

European

East-Asian

Porto- TB cohort

Nat Amer.

Figure 6: Genetic ancestry of Porto-TB contacts and Porto TB-cohort determined through
autosomal ancestry-informative markers. (A) The genetic ancestry for 60 TB patients was
determined, together with TB contacts from the same area and a previously studied reference
Portuguese population. Represented are European ancestry in blue, African in orange, East Asian
in pink and Native American in purple. (B) Genetic makeup through a validated panel of autosomal
ancestry-informative markers of reference populations of African, European, East Asian and Native
American biogeographical origin. Populations, from left to right: Africans (Bantu South Africa, Bantu
Kenya, Mandenka, Yoruba, San, Mbuti Pygmy, Biaka Pygmy, LWK, ESN, YRI, MSL and GWD);
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Europeans (Basque, French, Italian, Sardinian, Tuscan, Orcadian, Adygei, Russian, TSI, IBS, GBR,
CEU and FIN); East Asians (Han, Han-NChina, Dai, Daur, Hezhen, Lahu, Miao, Oroqen, She, Tujia,
Tu, Xibo, Yi, Mongola, Naxi, Cambodian, Japanese, CDX, KHV, CHS, CHB and JPT); Native
Americans (Pima, Maya, Colombian, Guainía, Motilón-Bari, Emberá-Chamí, Surui, Karitiana,
Asháninka; Portuguese, Porto-TB contacts and TB patients (this study).

Finally, we interrogated the lineage 4 genetic structure as determined above across
the different TB severity groups. This was also focused on the TB cases who had no known
comorbidities. As the TB severity progressed from mild to moderate to severe, a decrease
in the LAM sublineage and an increase of the other lineage 4 sublineages were observed.
(Figure 7). However, these findings were not statistically significant. Collectively, these
findings exclude a major impact of the pathogen population substructure in defining the
severity of TB in the cohort under study.

Figure 7: Lineage 4 genetic structure vs severity of disease. Mild, moderate and severe TB
cases, as determined in Figure 3, were stratified according to the sublineage of the infecting bacteria.
Statistical analysis was performed with Fisher’s exact test. L, lineage; LAM, Latin-American and
Mediterranean.

In conclusion, our findings suggest that within the TB only group of patients, hostpathogen sympatry breaks are not likely to explain the severity of TB in the cohort under
study. The next steps in this study were to question whether Mtb isolated from patients
presenting different TB severities interacted differently with human immune cells. To pursue
that question and guided by the findings presented in this sub chapter, we selected Mtb
isolates belonging to lineage 4 sublineage LAM. This second part of the study was not
performed under the goal of the current thesis.
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Discussion
TB remains the leading cause of death worldwide [1]. The causative agent of TB
belongs to the MTBC. In the past, studies of host-pathogen interactions in TB have
overlooked MTBC strain variation [40]. More recently, with the advent of molecular
epidemiology and WGS many insights have been gained, demonstrating that MTBC
diversity bears important phenotypic consequences [10]. These observations suggest that
MTBC diversity and human diversity are likely to interact, and these interactions need to be
taken into account when studying the basic biology of TB [41]. In this context, our lab
developed a study to investigate how Mtb diversity impacts the host immune response and
how that may result in different TB severities. To succeed in addressing this question, the
selection of Mtb isolates for functional studies is critical, as we must ensure as much as
possible that the association of each isolate with TB of different severities did not result from
overall host or pathogen characteristics. The current chapter described the strategy
followed, including the cohort studied, as well as the characterization of the TB severity and
the determination of the genetic structure of bacterial and host populations. Thus, data from
this chapter guided the selection of the Mtb isolates, which were then used to study the
immune response triggered in different host cells.
We started by reviewing 813 TB cases admitted to CHSJ during 2007-2013. Of
these, we identified active pulmonary TB patients with no known associated comorbidities,
HIV co-infected or diabetic. We show different severities of disease in active pulmonary TB,
in line with the recent concept that TB outcomes are heterogeneous and form a spectrum
of disease [42, 43]. Both HIV and DM have perturbed the distribution of the TB severity,
which may in part be due to specificities of the developed clinical decision tree. Indeed, the
classification of the TB severity has as starting point the classification of the chest X-rays,
being cavitation an important discriminator towards severe TB forms. HIV-TB patients show
less cavitation than non-HIV co-infected ones [44]. Thus, the fact that we observe an
increase in the mild TB forms in HIV-TB cases may reflect a bias created by our clinical
decision tree. This calls for the development of clinical decision trees adjusted to comorbidities. We also show that HIV and DM are likely to perturb the host-pathogen
sympatry, as an increased % of non-lineage 4 Mtb isolates was noted in HIV-TB and
specially in DM-TB patients. This has been described for HIV-TB [5], but not to DM-TB. To
fully appreciate the extent of the impact of DM on the MTBC structure, it will be interesting
to pursue these findings, by increasing the number of cases in each group and expanding
to other TB cohorts.
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Focusing on the TB only group, we showed that the host and the pathogen genetic
makeups were homogeneous, presenting an European ancestry and a high predominance
of lineage 4, particularly of the generalist sublineage 4.3/LAM, respectively. This genetic
structure is compatible with a high local adaptation between Mtb and the human population,
as previously shown in studies centered in metropolitan cities [45-47]. Interestingly, this
local adaptation appears more evident in patients with a mild TB phenotype, who were
predominantly infected with bacteria of the 4.3/LAM sublineage. As the severity of TB
worsened, an increase of the % of 4.1.2/Haarlem and other less common lineage 4
sublineages was observed. Again, increasing the numbers of TB cases and analysed Mtb
isolates is needed to fully understand the impact of our data.
Collectively, the comparison of HIV-TB and DM-TB with the TB group allowed us to
conclude that the selection of Mtb isolates for the functional study required excluding comorbidities. It was also important to show that selected Mtb isolates of the LAM sublineage
of lineage 4 were the most suitable for the functional study, given their high predominance
in the cohort. Furthermore, our findings highlight that host-pathogen sympatry breaks are
not likely to explain the severity of TB in the TB only cohort under study, which offered an
opportunity to pursue the functional study. There, we reveal important new insights into the
functional relevance of Mtb intra-pathogen diversity, linking variations in the infecting
bacteria to the modulation of host immune responses and clinical outcomes of TB.
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TB remains a global public health emergency with around 1.6 million deaths from
the disease in 2017 [1]. The global TB epidemic is made worse by the emergence of Mtb
strains resistant to multiple antibiotics and the lack of an effective vaccine [1]. The human
adapted TB-causing bacteria are part of a closely related group of bacteria known as the
MTBC [2, 3], that encompasses seven lineages exhibiting a strong phylogeographical
structure. Five of these lineages are of Mtb sensu stricto and 2 other lineages are of Maf.
Although MTBC members are genetically monomorphic with little DNA sequence diversity,
several studies have shown that genetic diversity exists and may translate into differences
in TB transmission [4], clinical manifestations of disease [5], and host immune responses
[6, 7].
In our lab, we are interested in understanding how diversity in Mtb leads to different
immune responses, to direct different TB severities. In this thesis, I used two different
approaches to tackle this question. In Chapter 3.1, I characterized a cohort of TB patients
from Porto and the respective infecting bacteria with the aim of guiding the selection of
clinically relevant Mtb isolates to then pursue functional studies. I showed that common comorbidities as HIV and DM influenced the clinical presentation of TB and disturbed to some
extent the host-pathogen sympatry, as an increased % of Mtb isolates from less common
lineages and sublineages was noted in these patients. These data were fundamental to the
global study, as they provided support for the exclusion of TB patients with known risk
factors from the subsequent analysis and for the selection of the Mtb isolates from the LAM
sublineage of lineage 4. On a more specific level, the distribution of TB severity among HIV
patients showed that an universal clinical decision tree to classify TB severity may not be
possible. Indeed, the fact that HIV-TB patients show less cavitation than non-HIV coinfected ones [8] likely precludes the classification of TB severity based on chest X-ray data.
Therefore, our data reflect the need for a clinical decision tree adjusted to co-morbidities.
Also very interesting was our finding that both HIV and DM may perturb the sympatric
relations established between Mtb and the host population. This has been described for
HIV-TB [9], but not to DM-TB. It will be interesting to in the future pursue these findings, by
increasing the number of DM-TB cases and expanding this study to other TB cohorts.
In Chapter 3.2, I resorted to in vitro and in vivo infections to study the immune
response to Maf, a largely neglected member of the MTBC. Maf causes a relatively high
rate of TB in West Africa, but not elsewhere [4,5]. This geographic restriction, together with
other epidemiologic and biologic data, is suggestive of an attenuation of Maf as compared
with Mtb. Indeed, the findings presented in Chapter 3.2 show that the Maf clinical isolate
under study infected, persisted and induced a cytokine response by mouse or human cells
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in in vitro cultures, thus showing its ability to establish infection and to actively interact with
host immune cells. Furthermore, our findings suggest that Maf associates with a slow
progression of infection and mild lung pathology, even in typically highly susceptible hosts.
Interestingly, and despite this overall low virulence of Maf in the mouse model, we found
that Maf was able to disseminate from the lung. This is in line with reports associating Maf
infections in humans with higher rates of extra-pulmonary or disseminated disease [10]. The
study presented here opens new avenues towards the use of the mouse model to further
understand how Maf interacts with the host and directs specific TB presentations. It will thus
be interesting to investigate the outcome of Maf infection in a series of mouse models
genetically engineered to lack molecules with a role in Mtb-provoked TB. Furthermore, it
will be interesting to address the immune response triggered by Maf in human TB patients
as compared to that observed for Mtb-infected individuals. In this context, I initiated a project
in Bissau, a location with high incidence of Maf infections, aimed at enrolling Mtb- and Mafinfected TB patients to decipher how their whole blood signatures compare.
In conclusion, the work presented in this thesis revealed the importance of taking
into account the still underappreciated diversity within the human-adapted TB causing
bacteria and raises important questions that must be addressed in the future.
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