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Resumo

Mycobcaterium tuberculosis € um patogénio que causa mais de 1,4 milhGes de mortes
por ano. Intervencdes inovadoras para o combate a tuberculose (TB) sao, portanto,
urgentes. A TB é uma doenca heterogénea, apresentando-se como um espetro
dindmico, que varia de patologia ligeira a severa, formas disseminadas, e
eventualmente, morte. Os primeiros eventos imunes no pulmé&o sao criticos para definir

a apresentacdo da doenca e o papel da IL-1 neste processo tem sido real¢ado.

Um estudo recente do nosso grupo mostrou que M. tuberculosis isolado de pacientes
com TB mais severa evadem mecanismos de resisténcia do hospedeiro, induzindo
niveis baixos de IL-1. Baseando-me neste estudo e com recurso ao modelo animal,
investiguei se e como diferentes isolados de M. tuberculosis recuperados de pacientes
com TB ligeira ou severa manipulam a resposta imune in vivo. Investiguei ainda se esta
manipulacdo afeta o estabelecimento e o curso da infe¢do. Para isso, ratinhos C57BL/6
foram infetados via aerossol com os isolados clinicos 412, 6C4 ou com HN878 (uma
estirpe laboratorial hipervirulenta). Os resultados mostraram que foi possivel recapitular,
no modelo de ratinho, as diversas severidades de doenca provocadas pelas diferentes
estirpes de M. tuberculosis observadas em humanos. Especificamente, a infecdo com o
isolado 6C4 resultou em maiores cargas bacterianas no pulmao, lesbes maiores e mais
severas, maior recrutamento de células imunes para o local da infecdo e maior
expressao de genes que codificam citocinas pro-inflamatérias do que a infecdo com o
isolado 412. Como esperado, a estirpe HN878 foi ainda mais virulenta que as anteriores.
Numa segunda fase do trabalho, usando ratinhos geneticamente modificados, com
deficiéncia no recetor da IL-1 (IL-1R) nas células mieloides e infetando-os com os
isolados de M. tuberculosis, pretendi investigar qual o impacto da sinalizacdo por IL-1
no desenvolvimento da doencga e estabelecimento da infe¢éo. Os resultados mostraram
gue a infegcdo com a estirpe que induz mais IL-1 in vitro, M. tuberculosis 412, foi mais
afetada pela falta de IL-1R, tornando-se mais virulenta e assemelhando-se a infegéo
pelo isolado 6C4. J& as infegbes com os isolados 6C4 e HN878 ndo apresentaram
diferencas significativas entre ratinhos wild type e deficientes para o IL-1R em células
mieloides. Globalmente, a minha tese reafirma a importancia da diversidade do M.
tuberculosis na interacdo hospedeiro-patogénio e oferece uma perspetiva inovadora

sobre os mecanismos da IL-1 na patogénese da TB.

Palavras-chave: Tuberculose, Interleucina-1, Diversidade do patogénio
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Abstract

Mycobacterium tuberculosis is a pulmonary pathogen that causes over 1,4 million deaths
per year. Novel interventions to tackle tuberculosis (TB) are therefore urgent. TB is an
heterogeneous disease, presenting as a dynamic spectrum, which varies from mild to
severe lung pathology, disseminated forms and eventually death. The early lung immune
events critically define the outcome of TB and a role of IL-1 in this process has been
highlighted.

A recent study from our group showed that M. tuberculosis isolated from patients with
more severe TB presentations evade from mechanisms of host macrophage defence,
ultimately inducing low levels of IL-1. Building upon this study and using the animal
model, | investigated whether and how M. tuberculosis isolates recovered from patients
with mild or severe TB can manipulate the immune response in vivo, and how that
impacts the establishment and course of infection. For this, C57BL/6 mice were infected
via aerosol with the clinical isolates 412, 6C4 and HN878 (a hypervirulent laboratory
strain). The results showed that it was possible to recapitulate, in the mouse model, the
diverse severities of disease caused by different strains of M. tuberculosis, observed in
humans. Specifically, infection with M. tuberculosis isolate 6C4 resulted in higher
bacterial loads in the lung, larger and more severe lesions, higher recruitment of immune
cells to the site of infection and enhanced expression of genes encoding proinflammatory
cytokines, than infection with M. tuberculosis 412. As expected, the HN878 strain
presented more virulent traits than the other isolates. Furthermore, using genetically
modified mice, deficient in the IL-1 receptor (IL-1R) on myeloid cells and infecting them
with the different M. tuberculosis isolates, | intended to investigate the impact of IL-1
signaling on disease development and outcome of infection. The results showed that the
infection with the high IL-1 inducer strain, M. tuberculosis 412, was more affected by the
lack of IL-1R, resulting in a more severe infection that resembled the M. tuberculosis 6C4
infection. Infections with M. tuberculosis 6C4 and HN878 did not show significant

differences between wild type (WT) and conditional knock out mice.

Collectively, my thesis reaffirms the importance of the pathogen diversity in host-
pathogen interactions and offers new insights on the mechanism of IL-1 in the

pathogenesis of TB.

Keywords: Tuberculosis, Interleukin 1, Pathogen diversity
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Chapter I. Introduction
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This work is a part of a review article publicised in mBIO:

Advances on the role and applications of IL-1 in tuberculosis
Diogo Fonseca Silvério, Rute Gongalves, Rui Appelberg and Margarida

Saraiva
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Tuberculosis

Tuberculosis (TB) is the world oldest and more persistent pandemic. In fact, evidence
shows the presence of ancient Mycobacterium tuberculosis (Mtb) DNA in Egypt
mummies from 2400-3000 BC (1). Only in 1839 the word “tuberculosis” was suggested
by J.L. Schénlein to designate the disease that until then had been called “White plague”,
“Phthisis”, “Scrofula” or “King’s touch”. In 1882, the physician Robert Koch has firstly
isolated the pathogen responsible for TB, setting aside the idea that TB is an inherited
condition, but rather an infectious disease (2). TB is caused by microorganisms

belonging to the Mycobacterium tuberculosis complex (MTBC) (3).

Despite being an ancient disease, TB remains a great health problem, currently
considered one of the top 10 deadliest diseases worldwide and the leading cause of
death by a single infectious agent, besides COVID-19 (4). Efforts are being made to
contribute to the End TB Strategy, implemented by World Health Organization (WHO),
which aims 95% reduction in TB deaths and 90% decrease in TB incidence until 2035.
Achieving these goals relies on supportive systems and intensive research to the

improvement of diagnosis, treatment, and prevention of disease (5, 6).

Epidemiology of Tuberculosis

According to the WHO, in 2019, TB caused over 1.4 million deaths, of which about
208 000 deaths were in HIV positive people, and an estimated 10 million people
developed active TB disease. The death toll of TB is likely to further aggravate due to
the COVID-19 pandemic situation, as it is estimated that a 50% decrease in TB case

detection over 3 months may have resulted in 400 000 additional TB deaths last year

(4).

Geographically, the incidence of TB cases is heterogeneous, wherein low-income, and
middle-income countries are more affected. In 2019, South-East Asia (44%), Africa
(25%) and Western Pacific (18%) were the regions with more incidence of TB cases
(Figure 1). By contrast, high-income countries such as North America, New Zealand,
Australia, and most countries of Western Europe registered the lowest rates of TB.
Although affecting people from all demographic groups, TB cases are more prevalent in
adult men (56%) followed by adult women (32%) and children (12%) (4).
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Figure 1. Global incidence rates of active TB (cases per 100 000 population per year) in 2019.
Figure from (4).

Historically, the advances in TB research were very slow, but some important events
resulted in great changes in the TB burden. The improvement of hygiene and
socioeconomic conditions in the beginning of the 20™ century decreased TB-related
deaths in Western Europe and United States (7). Later, this decline was highly amplified
by the discovery of effective antibiotic treatments and vaccination. However, these
advances did not reach the low-income countries so rapidly. In fact, TB incidence in
Africa increased due to the HIV epidemic, which remains a major risk factor in disease
development (7). Currently, the TB incidence rate is slowly decreasing worldwide but the
prevalence of the HIV coinfection, the emergence of new drug resistant strains and the

impact of COVID-19 are massive challenges in the fight against TB (6).

The Spectrum of Tuberculosis

From a simpler clinical point of view, Mtb—infected individuals can be categorized in one
of two defined states: latent TB infection (LTBI) or active TB. Nevertheless, TB is a
heterogeneous disease, presenting as a dynamic spectrum, which varies from mild to

severe lung pathology, disseminated forms and eventually death (Figure 2) (7-12).

21
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Figure 2. The different outcomes of M. tuberculosis infection (spectrum of disease). From (9).

After M. tuberculosis exposure, our immune system can successfully eliminate the
pathogen, or the bacteria can escape our defence mechanisms. The pathogen can be
eliminated via innate or adaptative immune response, in which individuals do not present
symptoms nor need treatment. LTBI is a non-symptomatic and non-contagious state (7-
9, 11). Notably, mathematical studies estimate that a quarter of the world’s population
are latently infected with M. tuberculosis, even without realizing it (13). This constitutes
a massive reservoir of unceasingly TB infection. Even without showing signs of iliness,
some of these individuals may eventually progress to active TB throughout their lifetime.
This reactivation process normally happens when the host immune system is
compromised, such as in HIV coinfection, immunotherapies, and diabetes (7, 8, 14-16).
Within the definition of LTBI, there is a range of infection presentation, from a well-
contained and quiescent state to a subclinical infection, whereas patients are already
progressing to active disease. This outcome stratification could be extremely helpful to
differentiate patients who are in increased risk of TB and need preventive treatments (7-
9).

When the host immune system is not able to clear or control the infection, individuals
infected with M. tuberculosis develop active TB, showing clinical symptoms such as
fever, cough, weight loss and lack of appetite, night sweats, fatigue, chest pain and even
haemoptysis (presence of blood when coughing) in more severe pulmonary states (7).
Even within active TB, there is a wide spectrum of TB severity with several clinical

presentations, varying from mild to severe outcome and life-threatening disease. Active
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TB is symptomatic and contagious, in which the bacteria is transmissible by aerosol
droplets expelled by an infected person through coughing. It is very important that these
individuals are treated, since 50% of non-treated active TB patients succumb to disease
(17). Although M. tuberculosis is not highly infectious, one person infects approximately
3-10 people per year, and thus households contacts of TB patients must be followed and
examined regularly (9, 12).

Diagnose, treatment and prevention

There are several diagnostic tests and techniques to determine if a person has been

exposed to M. tuberculosis and developed disease.

Tuberculin skin test (TST) is a diagnostic method based on the Mantoux technique,
which involves an intradermal injection of purified protein derivative (PPD) — a mixture of
proteins from M. tuberculosis. Then, if the person has been in contact with M.
tuberculosis and developed cell-mediated immunity against the PPD, a delayed-type

hypersensitivity reaction (redness skin) will occur in the next 2-3 days (7, 18).

Interferon-y release assay (IGRA) is a blood test which measures the IFN-y released in
vitro by T cells, after stimulation with antigens encoded by genes in the region of
difference 1 (RD-1). In contrast to TST, which uses antigens also present in the Bacillus
Calmette-Guérin (BCG) vaccine and other non-tuberculous mycobacteria, the IGRA test
is performed with M. tuberculosis specific antigens. For that reason, this test is useful to

detect LTBI in populations vaccinated with BCG (19).

Both TST and IGRA show a low predictive value, since neither allow to distinguish
between LTBI and active TB (19, 20). For the diagnose of active TB disease, other
methods are used, namely chest X-rays and Positron-Emission Tomography/Computed
Tomography (PET-CT) scan (imaging techniques), sputum smear microscopy,
microbiology culture methods and molecular tests. A definitive diagnose requires culture
validation and an imaging screening of potential lung lesions (7, 9). Xpert MTB/RIF is a
recent and easy molecular test, based on the polymerase chain reaction (PCR)
technique that detects M. tuberculosis DNA and the presence of rifampicin resistance
gene at the same time. It is recommended by the WHO as first-line diagnosis, and it has

been used in low-income countries (6, 21).
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The common treatment for active TB includes a six-month regimen of antibiotics: two
intensive months with four drugs (rifampicin, isoniazid, pyrazinamide, and ethambutol),

followed by two months with two drugs (rifampicin and isoniazid).

Despite the high success rate, this standard treatment is very aggressive and toxic for
the patients (8). Furthermore, the emergence of drug resistant (DR), multidrug resistant
(MDR) and extensively drugs resistant (XDR) strains constitutes a major problem (22-
25). The resistance to one (DR) or at least to isoniazid and rifampicin drugs (MDR),
require a long-term treatment with second line anti-TB drugs, such as linezolid,
moxifloxacn, delamanid, which have low efficiency and high toxicity. Nevertheless,
resistance to all first line antibiotics, fluoroquinolones and some second line antibiotics
(XDR) can occur. Thus, it is important to search for new anti-TB drugs, optimizing the

existing ones and understanding the mechanisms of resistance (23, 26).

Currently, BCG is the only licensed vaccine for the prevention of TB disease (7). It was
developed over 100 years ago, and it still takes part of the plan of vaccination in several
countries, being administered to newborns. Indeed, BCG is known to confer protection
to young children against M. tuberculosis infection, severe and disseminated forms of
TB, with 50-80% of efficacy (27). However, the efficiency in adolescents and adults, who
are the groups presenting higher TB prevalence and transmission rates, is lower and
variable (0-80%) (28, 29). Therefore, the majority of TB vaccines in development are
intended for these age group. Vaccine candidates and the current research aim to
prevent the progression of LTBI to active TB, affording protection against the pulmonary

form of disease and ultimately preventing the infection (27, 30).

The Mycobacterium tuberculosis complex

The MTBC includes several closely related species, which show a similarity of 99,9% of
DNA sequence between them. However, the different members of the MTBC are known
to differ in their primary host and in some virulence traits (7, 31). Members of the MTBC
are characterized as acid fast bacilli, with a thick and impermeable cell wall which only
stains with Ziehl Neelsen coloration. Most cases of TB are caused by the human-adapted
MTBC species M. tuberculosis (sensu stricto) and Mycobacterium africanum. A few TB
cases are related to zoonotic species as Mycobacterium bovis and Mycobacterium

caprae (32).
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The human adapted species of the MTBC are obligate human pathogens and do not
have any environmental reservoir. Hence, these species are professional pathogens, in
other words, they need to cause disease in humans to allow transmission from host to
host (7, 31, 32). Moreover, these pathogens cause chronic infections and grow more
slowly than most bacteria (33).

Until very recently, the human adapted MTBC members comprised seven phylogenetic
lineages (L1-L7) (7), but in the last year, two new lineages were discovered (L8 and L9)
(34, 35). L1-L4, L7 and L8 are M .tuberculosis lineages (35), while L5, L6 and L9 are M
.africanum (34). All lineages have derived from the same ancestor (Mycobacterium
canettii) but they are geographically distinct (36). For instance, M.tuberculosis lineages
are commonly widespread, in contrast to the M. africanum ones which are highly limited
to West Africa. Also, L7 is restricted to Ethiopia (37) and L8, firstly reported in 2020,

seems to be restricted to the African Great Lakes region (31, 35)

The greatest diversity of the MTBC human adapted species is found in Africa. This is
one of the reasons why several studies suggest an African origin for these bacteria.
Furthermore, it is described that M .tuberculosis emerged and accompanied the “Out-of-
Africa” migration by modern humans, 70 000 years ago (Figure 3) (38). Thenceforth, a
co-evolution between MTBC species and humans is likely to have occurred, with

pathogen diversification and mutual adaptation (39-41).
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Figure 3. MTBC phylogenetic expansion and the “Out-of-Africa” representation. Different colours

represent different lineages. In circles the major splits between lineages are dated (in thousands

of years). Figure reproduced from (38).

(

/5/'\

Genetic diversity of the pathogen

Although M. tuberculosis and M. africanum are genetically similar and both infect
humans, differences in growth rate, virulence and disease presentation were found (40).
Indeed, several studies, in both mice and humans, show lower virulence and slower
progress of disease upon infection with M. africanum. (42, 43). Moreover, variability in
the pathogenicity of different lineages is also documented. For instance, L1 was
associated with higher rates of extrapulmonary TB as compared to L2 and L4. Also,
studies with human macrophages and animal models have shown that L2 and L4 present
higher replicative abilities (32). It is worth mentioning that some variable results from
these studies may possibly be due to the complex host-pathogen interactions, depending

not only on pathogen diversity, but also on host genetic factors (8).

Importantly, even within each lineage, heterogeneity of the infecting bacteria, once
considered irrelevant, impacts the transmission, host immune response, clinical
presentation, and, even, disease outcomes (44). Understanding how different strains of
M. tuberculosis associate with variable TB manifestations would be important to develop

better clinical control decisions and adequate adaptation of patient care. Ultimately,




FCUP
Interleukin-1 manipulation by Mycobacterium tuberculosis: impact to the infection establishment and progression

unveiling the impact of M. tuberculosis diversity is a crucial part to understand host-
pathogen interactions and TB itself (8, 9).

The immune response to tuberculosis

A brief overview

TB is an airborne infection, whereas after inhalation, M. tuberculosis is transported to the
lower respiratory tract, and internalized by the resident alveolar macrophages and
dendritic cells (Figure 4) (7). In the alveolar space, these cells recognise the bacteria
and phagocyte it through specific receptors in their surface. Once internalized, M.
tuberculosis has several mechanisms for escaping the host immune protection, such as
the ability to block the fusion between phagosome and lysosome (45). Hence, the
bacillus can evade the acidic environment of phagolysosome and abide. In addition, the
ESAT-6 secretion system-1 (ESX-1) disrupts the phagossomal membrane, allowing the
release of bacterial material into the cytosol. Then, M. tuberculosis products activate
cytosolic surveillance systems, promoting a type | Interferon (IFN) response, beneficial
to the intracellular growth of the bacteria (46-49). Indeed, patients with active TB or
progressing to active disease present a transcriptional blood signature dominated by
genes inducible by type | IFN (10). However, the activation of the cytosolic surveillance
systems also induces interleucin-1p (IL-18), a proinflammatory cytokine important for the

host defence against TB (44) .

This early stage of infection has proven essential to determine bacterial clearance or
persistence. If the bacteria survives the first line of host defence, it accesses the lung
interstitium, either by cross through the epithelial cells or by transmigration of infected
macrophages across the epithelium (50, 51). Alveolar macrophages are the first cells to
interact with the bacteria, mediating its dissemination to the lung interstitium and initiating
the recruitment of other immune cells (50, 52). In the interstitium, M. tuberculosis
multiplies, infects other cells, and triggers the recruitment of immune cells to the local of
infection, such as macrophages, monocytes, neutrophils and dendritic cells (45, 50, 52).
Interestingly, the two populations of macrophages (alveolar versus recruited) present
different transcriptional profiles and distinct metabolic states upon M. tuberculosis
infection (53). Studies have shown that alveolar macrophages are associated with a fatty

acid uptake and metabolic shift towards B-oxidation, being more permissive to M.
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tuberculosis replication. In contrast, recruited macrophages are associated with up-
regulation of glycolysis, make them more restrictive to the survival of the bacteria (53).

Neutrophils are one of the first cell types recruited to the lung after infection. There,
neutrophils can play a protective role either by phagocyte the bacteria or release
antimicrobial mediators, cytokines and chemokines, which prevent bacterial growth or
promotes recruitment of immune cells (45, 54, 55). Despite of being important to the host
defence during the early stages of infection, neutrophils may be detrimental in later stage
(56). Indeed, in both humans and mouse models, when the disease is established, higher
levels of neutrophils correlate with negative outcomes of TB (57). Due to their highly
cytotoxic content and short lifetime, neutrophils are linked to advanced inflammation and

tissue damage (56).

Establishing the connection between innate and adaptative immunity, antigen presenting
cells (APCs), such as dendritic cells, migrate to the lymph node to prime T cells into
differentiation. Specifically, naive cluster of differentiation 4 (CD4+) T lymphocytes
differentiate into T helper 1 (Thl) or Thl7 cells, which produce IFN-y or IL-17,
respectively (7, 10, 58). IFN-y plays a strong protective role in TB, mainly due to the
activation of the macrophage microbicidal functions, such as the production of
antimicrobial peptides and reactive species of oxygen (11, 58). IL-17 is involved in the
recruitment of neutrophils (59, 60). CD4+ T cells play a central role in the immune
response to TB, since the lacking of a competent CD4+ T cell response, for instance in
HIV infected individuals (61), is associated with increased susceptibility to infection and
uncontrolled bacterial growth. Although not so prominent, CD8+ T cells also perform a
protective role, mainly due to their cytotoxic granule-mediated function or by their

production of proinflammatory cytokines (62).

Immune cells are recruited to the infection site, becoming organized in structures called
granulomas (discussed in the next section). At this point, M. tuberculosis can be
contained in the lung (latent) or disseminate to other organs inflicting disease (active TB)
(7). Therefore, the balance in host immune responses is critical to determine the outcome
of TB (8, 11).
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Figure 4. Immune events after infection with M. tuberculosis in latent and active disease. Figure
from (7).

The Tuberculosis granuloma

The TB granuloma is a multicell structure with high spatial organization, formed at the
sites of M. tuberculosis infection (Figure 5). This pathological hallmark of human TB is
constituted by immune cells, such as macrophages, neutrophils, lymphocytes, dendritic
cells, natural-killer cells (NK) recruited in response to persistent stimuli (11, 58, 63).
Although granulomas can be morphologically diverse, most share a typical organization:
a caseum and hypoxic centre, limiting the bacteria in an acellular mass of necrotic debris,
surrounded by infected macrophages and innate cells, delimitated by adaptative B and
T cells. The granuloma can be surrounded by an outer fibrotic capsule. Macrophages
play an important role in the establishment of the granuloma and can present themselves
in multiple differentiation forms, such as the epithelioid cells, foamy macrophages, and

multinucleated giant cells (11).
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Although granulomas are lesions of inflammatory cells that can be detrimental to the lung
(58), when balanced, this pathological architecture can be vital to control and restrain
the bacteria, preventing progression to active disease. However, granulomas may
benefit the pathogen too, given that bacteria persist and continue to replicate inside the
granuloma. When the host system is dysregulated, the expansion and disruption of the
granuloma can lead to lung cavitation (11). Then, bacteria can escape the granuloma,
disseminate through pulmonary tract and potentially be transmitted to other hosts via
coughing droplets. Interestingly, the antigens related to T cell activation in M.
tuberculosis are hyperconserved (32, 64). This constitute an immune strategy for the
benefit of the bacteria, since it is necessary a robust immune response to form cavitary
lesions, which potentiate the spread and transmission of M. tuberculosis (7).
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Figure 5. Representation of the composition and organization within a human granuloma. Figure
reproduced from (11).

Cytokines in Tuberculosis: focus on Interleucin-1

The immune response to TB relies on the production of several cytokines.
Proinflammatory cytokines, such as TNF-a, IL-1B, IFN-y, IFN-B and IL-17, and the anti-

inflammatory cytokine IL-10 are particularly important. Due to the focus of my thesis in
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the role of IL-13 during M. tuberculosis infection, | will provide a more detailed description
of its participation in the protection or pathogenesis of TB.

IL-1 is a pleiotropic and pro inflammatory cytokine belonging to the IL-1 superfamily,
which is constituted by several cytokines and membrane receptors. (Figure 6). IL-1
comprised two forms: IL-1a that is constitutively expressed in epithelial and
mesenchymal tissues and IL-1 which is induced under disease and damage conditions.
Macrophages are the predominant IL-1 producers, but this cytokine is also produced by
a variety of other cell types, such as neutrophils, lymphocytes, fibroblasts, keratinocytes,
epithelial and endothelial cells (65, 66). Furthermore, IL-1 is also expressed in different
organs and tissues, including lymphoid organs, lung, liver, kidney and others. Both IL-1(3
and their agonist, IL-1a, bind to the Interleucin-1 Receptor (IL-1R1), triggering important
functions in immunity and inflammation, such mediating the immune response to
infection, regulating vascular permeability and angiogenesis. The antagonist IL-1RA,
also binds to IL-1R1, then blocking the biological functions of IL-1. This mechanism is
used in the treatment of rheumatoid arthritis through the administration of Anakinra
(recombinant IL-1RA) (66, 67).
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Figure 6. IL-1 superfamily of cytokines and respective membrane receptors. Both IL-1a and IL-18
bind to IL-1R1 and his co-receptor IL-1R3, which triggers a structural change. This interaction
promotes a signal transduction cascade through the Toll-Interleucin-1 Receptor (37) homology
domain leading to a strong pro inflammatory signal. IL-1 signalling does not occur when: the
antagonist IL-1RA binds to IL-1R1 and IL-1R3 is not recruited; IL-1 interact with IL-1R2, which
does not possess a functional TIR domain; or when co-receptor IL-1R8 is recruited and blocks
the interaction between IL-1R1 and IL-1R3 (panel above). Other members of IL-1 superfamily are
shown in the panel below: IL-18R signal requires binding of IL-18 to IL-1R5 and the recruitment
of IL-1R7; IL-33R signal requires binding of IL-33 to IL-1R4 and the recruitment of IL-1R3; IL-36R
signal requires binding of IL-36 to IL-1R6 and the recruitment of IL-1R3; IL-38 binds to IL-1R9 but
the mechanism for IL-38R signaling is still unknown; IL-1R10 has no know ligands. Figure created

in Biorender.
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The role of IL-1B in Tuberculosis

IL-1p is a cytokine of great importance to the early protection against TB, since several
experimental studies in mice show that deficiency in the IL-1 signaling results in rapid
establishment of infection, increased bacterial burdens, extensive lung pathology and
death (68-74). Upon M. tuberculosis in vivo infection, innate myeloid cells are the main
source and target of IL-1(3 action (50, 75). The protection afforded by the IL-1 signaling
relies on multiple mechanisms, from the induction of several antimicrobial cytokines,
recruitment of immune cells to the local of infection, as well as the production of

prostaglandins (particularly PGE2) and reactive oxygen species (ROS) (76).

Although the protective role of IL-1B is indisputable, an excessive production of this
cytokine can also be detrimental for the infection control. Whereas it is true that an initial
IL-1 response is essential to fight the pathogen, it is also important that this is correctly
regulated, especially in later stages, so that it does not leads to inflammatory damage
(77). For instance, both in non-human primates and in a susceptible mouse, the
administration of Anakinra two weeks post- M. tuberculosis infection, as an adjunct to
Linezolid treatment, proved beneficial in controlling of inflammation and lung damage
(77). This dynamic role of IL-1 has been also demonstrated in other infectious diseases
(78), where excessive production leads to inflammatory damage, but too little of this

cytokine is insufficient to trigger an immune response to fight off the pathogen (79) .

Regulation of IL-1B during M. tuberculosis infection

The production of IL-18 in myeloid cells is regulated at the transcriptional and post
transcriptional levels, in which an intermediate inactive form of IL-18 (pro-IL-1B) is formed
(65, 80). Regarding M. tuberculosis infection, the bacteria is recognized by specific
pattern recognition receptors (PRR), particularly by the Toll-like receptor (TLR) 2/6 or
Nucleotide Binding Oligomerization Domain Containing 2 (NOD2) (Figure 7). This
interaction activates an intracellular signaling cascade which culminates in the
transcription of the Il1b gene through mechanisms involving the signaling molecules
ERK, p38 and Rip2 (81). Then, the ll1b mRNA exits the nucleus and is translated to pro-

IL-1B protein, which needs to be cleaved for the bioactive form IL-1B to be produced.
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Biological activation of IL-13 may be achieved through a canonical or a non-canonical
mechanism. Canonical activation consists of the assembly of inflammasome
components and on the enzymatic action of caspases (69). Non-canonical activation is
not well described in the context of M. tuberculosis infection, but the processing of pro-
IL-18 may be mediated by other molecules, such as other CASP, matrix
metalloproteases (MMPSs), chymases, elastases, and cathepsins (82).
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Figure 7. Molecular mechanism leading to IL-1 production in M. tuberculosis-infected cells. The
recognition of M. tuberculosis molecular patterns by TLR2/6 or by NOD2 induces a series of
signaling cascades that culminate in the transcription of the IL-18 mRNA. Biological activation of
IL-1B requires cleaving of the pro-IL-18 through canonical or non-canonical mechanisms.
Canonical activation consists on the assembly of NLRP3 and AIM2 inflammasomes, which are
triggered by recognition of PAMPs/DAMPs or bacterial DNA, respectively, resulting from the
export of bacterial products from the phagolysosome. The assembly of the inflammasomes leads
to the recruitment of CASP1 by ASC. CASP1 becomes activated and cleaves pro-IL-1f3 into active
IL-1B. Non-canonical activation is much less studied in the context of M. tuberculosis, but may be

mediated by elastases, MMPs, other caspases and chymases. Figure created in Biorender.
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Manipulation of IL-1 responses by M. tuberculosis

A competent bacterial ESX-1 secretion system is an important virulence factor,
determinant for the induction of IL-1 in M. tuberculosis-infected cells. As described
above, the ESX-1 secretion system also mediates the export of bacterial DNA and RNA
from the phagosome into the cell cytosol, thus triggering the production of type | IFNs
through cGAS and RIG-I recognition, respectively (83, 84). Thus, the bacterial
mechanisms leading to IL-1 production potentiate, at the same time, the synthesis of
type | IFN. The pathogen may be able to take advantage of this cross-regulation by
manipulating IL-1 levels, assuring its survival and progression of disease (83, 85, 86).
Other mechanisms interfer with the inflammasome activation, thus ultimately modulating
the secretion of IL-1, for instance the M. tuberculosis protein encoded by the zmp1 gene
was found to prevent inflammasome activation and IL-1f3 production (Figure 8) (87).
Mice infected with bacteria lacking zmpl displayed higher production of IL-1[3, lower
bacterial burden in the lungs and enhanced bacterial clearance, resulting in a positive
outcome of the disease (Figure 8) (87). More recently, differential induction of IL-18 by
genetically distinct M. tuberculosis clinical isolates was found to associate with disease
severity (88). Clinical isolates recovered from patients with mild TB disease consistently
induced high secretion of IL-1f3 in human PBMCs, THP-1 cells and mouse bone marrow-
derived macrophages, which related to a stronger activation of the inflammasome
(Figure 8) (88).

As discussed above, M. tuberculosis infection drives a metabolic shift in the macrophage
towards glycolysis, which is linked to IL-1B production (89). By upregulating the host
production of miR-21, M. tuberculosis interferes with PFK-M, preventing the glycolytic
shift and lowering the production of IL-1B3, a process that culminates with enhanced

bacterial replication within macrophages (Figure 8) (90).

Another example of cross-modulation between metabolism and IL-1 is seen in
macrophages infected with M. tuberculosis strains carrying a rifampicin drug resistance
mutation. The presence of the mutation altered the expression of M. tuberculosis lipid
wall components, impacting the macrophage metabolic reprograming, bypassing the IL-

1 signaling, driving the induction of IFN-B and inhibiting glycolysis (Figure 8) (91).
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Figure 8. Mechanisms of pathogen manipulation of IL-1 during M. tuberculosis infection. Since
both IL-1 and type | IFN are activated through similar mechanism, bacteria can beneficiate from
this cross regulation between to ensure their survival. Another mechanism relies on the production
of the protein encoded by zmpl gene that interferes with the NRLP3/AIM2 inflammasome,
ultimately regulating IL-1 levels. Genetically diverse M. tuberculosis strains can also modulate the
levels of IL-1 through differential activation of the inflammasome. Regarding, glycolytic
reprogramming, both production of mir-21 or even M. tuberculosis strains carrying a rifampicin

drug resistance mutation, inhibit the glycolysis shift, lowering the IL-1 production.
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Aims

Recently, our group has described that M. tuberculosis clinical isolates associated with
mild (412) or severe (6C4) TB in humans induce high or low levels of IL-18, respectively,
in human PBMCs, THP-1 cells and mouse bone marrow-derived macrophages. Clinical
isolates recovered from patients with mild TB exhibited a stronger activation of the
inflammasome, while those recovered from severe TB escaped macrophage cytosolic
surveillance systems, such as cGAS and the inflammasome (44) Therefore, the
characteristics of the infecting bacteria may potentially explain why some patients
develop a more severe disease (8). To tackle this interesting question, | proposed to
unveil the in vivo impact of the aforementioned immune evasion mechanism on the
establishment and progression of the infection, using the mouse model of experimental

TB (Figure 9). To attain this aim, my thesis is divided in the analysis of two specific goals:

1. To compare the progression of in vivo infection in mice infected with different M.
tuberculosis clinical isolates under study in the host lab (isolates 412 and 6C4) or with a

hypervirulent control strain (HN878).

2. To decipher the impact of cell-specific IL-1 receptor signalling on the pathogenesis of

TB, using a IL-1R1 knockout mice for myeloid cells (IL-1R™* LyzM.Cre).

412 6C4
’ ~ ’ - HN878

NN we'e

1) Progression of in vivo infection

Disease seve
2) Role of IL-1R signaling in myeloid cells
< Increasing induction of IL-1

Figure 9. Representation of M. tuberculosis clinical isolates recovered from patients with different
severities of TB and differential IL-1f levels. X-rays show distinct pulmonary manifestations in
human patients infected with 412 and 6C4 strain. Clinical isolates were used to infect mice via

aerosol. Figure created in Biorender.
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Chapter Il. Methodologies
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Ethics Statement

This project uses the mouse model of aerosol infection with M. tuberculosis. Mice were
bred and maintained at i3S (AAALAC accredited animal house). Genetically modified
strains were used. We adhere to the 3Rs Principle. Mice exhibiting signs of distress were
euthanized by CO: inhalation (refinement). Animal experiments were performed in the
absence of alternatives (replacement). Groups were tested in G*power to minimize the
number of animals (reduction). Animal experiments complied with the EU Directive
2010/63/EU, National legislation, and local ethics committees. The Pl is FELASA C
certified.

Animal model

Eight to twelve-weeks-old male or female C57BL/6 WT or IL-1R1%* LyzM.Cre were
housed under contention conditions in the Animal Biosafety Level 3 (ABSL3) facility at
i3S. Mice were kept under controlled temperature and humidity, with food and water ad
libitum and humanely euthanized by CO, asphyxiation or by intraperitoneal injection of

sodium pentobarbital.

To study the impact of the IL-1R1 sinaling in the myeloid compartment, conditional knock
out mice were obtained through the Cre/lox recombination technology (92). The
engineered modified mice have the Il1rl gene flanked by loxP sites (flox/flox), which can
be deleted by Cre recombinase expression in specific cells or tissues. In this study, mice
with deficiency in the IL-1R1 in myeloid Lysozyme M cells (LyzM) (93, 94) were
generated. This process and the maintenance of IL-1R1%* LyzM Cre mice were

performed by the animal facility at i3S.

Aerosol infection

Mice were infected with M. tuberculosis via aerosol, to mimic the natural route of entry,
using an inhalation exposure system (Glas-Col apparatus) to nebulize a bacterial
suspension into the lungs. Mice were infected with clinically relevant and well-
characterized M. tuberculosis isolates selected from TB patients presenting mild (412) or
severe TB (6C4), as well as a hypervirulent control strain (HN878). High dose delivered

more than 500 CFU of viable bacteria to the lung. This is a well-established technique in
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our laboratory, that has already been used in other studies from the group (42, 55).
Infection dose was determined by colony forming units (CFU) count in the lungs of 3-5
mice, 3 days after infection.

Animal welfare

The progression of infection in mice were investigated over time. The general welfare of
the infected animals was monitored through a score sheet by evaluating their weight loss
(until the maximum 20% of weight loss), respiratory capacity, anemia and reaction to

stimuli over time (Table 1).

Table 1: Parameters established in an infection score sheet to evaluate the animal welfare.

Appearance Normal to above and eyes half closed (0-4)

Behaviour Normal to restless or very still, not alert (0-3)

Hydration Normal or abnormal skin pinch test (0 or 5)

Respiratory movement Normal rate to marked abdominal breathing and cyanosis (0-4)

Organ harvesting and processing

At specific time points (days 15, 30, 45 and 60 or 90 post infection), infected and non-
infected mice were euthanized by CO; inhalation or, in experiments where we collected
bronchoalveolar lavage (BAL), by intraperitoneal injection of a lethal dose of sodium
pentobarbital. BAL is isolated by inserting a catheter in the trachea of mice, injecting a
saline solution (FACS buffer), and then, retrieving the maximum fluid. The blood in the
lung was pre-cleaned by perfusing PBS through the heart. For each animal, lungs, liver,
and spleen were harvested and processed on the same day, to study the site of infection
(lungs) and the bacterial dissemination to other organs (spleen and liver). The organs
were homogenized into a cellular suspension in complete DMEM medium (10% Fetal
bovine serum, 1% sodium pyruvate, 1% HEPES and 1% L-glutamine; cDMEM) (GIBCO).
For the lungs of each animal, digestion with 2 ml of Collagenase D 0,1% (prepared in
HBSS 1X) was performed to prepare single cell suspensions with integrity of cell-surface
proteins. Cell suspensions were filtered to remove possible aggregates and 1ml was
used for CFU determination. For the lysis of red blood cells, lung suspensions were
incubated with ACK solution for 5 minutes. Cells were counted using a Neubauer

chamber and diluting cells in Trypan blue stain 0,04%. Blue dyed cells are non-viable
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cells, so were excluded. Cell suspensions were used for bacterial burden determination,

RNA analysis and flow cytometry.

CFU enumeration

Bacterial burdens in the lung, liver, spleen and BAL were performed by CFU
enumeration. After organ processing, M. tuberculosis are released from the cells using
a saponin 10% solution; then, serial 1:10 dilutions were prepared in PBS, plated in 7H11
enriched with OADC plates and cultured at 37°C. M. tuberculosis is a slow growing

bacteria, so, colonies were counted after 3 weeks of incubation.
Histology and morphometric analysis

From each animal, the right upper lung lobe was excised and fixed in 4% phosphate-
buffered formalin (PFA) for 1 week, whilst the other four lobes were processed as
described above. Lung tissues were embedded in paraffin, cut into 3 pum-thickness
sections, and stained with Haematoxylin-Eosin (H&E) or Ziehl-Neelsen (ZN) in “Histology
and Electron Microscopy” facility at i3S. Images were acquired with a NanoZoomer 2.0-

HT Whole Slide Imager, Digital Pathology Slide Scanner.

To study the dynamics of pulmonary lesions formation during infection, tissue histology
was morphometrically analyzed. Qualitative and quantitative analysis of lung pathology
were performed. For qualitative analysis, through H&E sections, pathological features

were scored using the scale parameters present in Table 2.

Table 2. Lesion score established for the evaluation of histopathological features in the lung.

No lesions
Few minor lesions
Intermediate or multiple minor lesions
Multiple intermediate lesions

A W DN BEL O

Extensive and severe lesion

Quantitative morphometric analysis of lung pathology was performed using two
softwares: Interactive Learning and Segmentation Toolkit (llastik) and CellProfiler
Analyst software (version 3.1.5). Firstly, probability maps for whole lung tissue and lesion

areas were obtained in ilastik, after training manually the software with several lung
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images (Figure 10). Probability maps were then analyzed in CellProfiler, which creates
final overlapping images, where it is possible to distinguish and calculate the area of the
whole tissue (green line), lesion and cell infiltrates (red lines) and lung holes (blue lines)
(Figure 10). To the whole lung area was subtracted the area occupied by the holes.
Percentage of lesion per lung was calculated by the quotient between the area of cell

infiltrates and the whole lung area.

Original image Whole tissue probability map Lesion area probability map

Final image analysis

— Whole lung
— Infiltrate tissue
— Holes

Figure 10. Representative images obtained by morphometric analysis of lung histopathology.
Whole tissue and lesion probability maps show background in black, and the lung tissue and cell
infiltrates in white, respectively. Whole lung tissue (green line), lung infiltrates (red line) and lung

holes (blue line) are delimited in the final image analysis.

MRNA analysis by real-time quantitative PCR

RNA was extracted from 1x10° cells of mouse lungs using with TRIzol Reagent
(Invitrogen), according to the manufacturer’s instructions. mMRNA was converted in cDNA
using the ProtoScript First Strand cDNA Synthesis kit (Biolabs). Gene expression was
guantified by real-time quantitative PCR (gPCR), using SYBR Green dye and gene
specific oligonucleotides, and normalized to ubiquitin MRNA levels. The analyses were

performed using the comparative CT method (244,



FCUP

Interleukin-1 manipulation by Mycobacterium tuberculosis: impact to the infection establishment and progression

Characterization of the immune cell populations by Flow Cytometry

To evaluate the dynamics of the immune response, such as immune cell recruitment and

infiltration to the site of infection, cell populations (myeloid and lymphoid) were analyzed

by multiparametric flow cytometry. Mouse BAL and lung cells were stained for surface

antigens for 30 min (4 °C) and fixed for 20 min in 4% of PFA. Dead cells were excluded

using Zombie Green (Biolegend) viability dye. Cells were stained with the appropriate

antibody mixes, showed in Table 3. Samples were acquired on a BD FACS Canto Il and

data were analyzed using FlowJo software version 10.1.r7.

Table 3. Antibody used in flow cytometry analyses, respective dilution and clone.

CD11b APC
Ly6C Pacific Blue
Ly6G PercpCy5.5

CD11c PECy7
CD45 PE

CD3 PercpCy5.5

CD4 APC

CD8 PECy7
CD19 APCCy7

Statistical analysis

1:200
1:400

1:400
1:200
1:400
1:100
1:200
1:200
1:100

M1/70
RB6-8C5

1A8
HL3
2D1
UCHT1
OKT4
SK1
TS2/16

Data were analyzed using GraphPad Prism software, version 7.04. Student’s t test was

used to determine differences between two different groups and one-way ANOVA when

more than two groups were included. Data was checked for normality and log normality.

Differences were considered significant for p<0.05 and represented as follows: *p<0.05;

**p=<0.01; ***p=<0.001 and ****p=<0.0001.

Briefly, Figure 11 shows a summary of the methodologies used in this project and the

setup of the experiments developed.
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Figure 11. Summary image of methods used to perform the in vivo

experiments in this project.
Figure created in Biorender.
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Chapter Ill. Results and discussion
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Part of this work was presented as:

1. Poster on the 142 Edition of “Encontro de Investigagcao Jovem da
Universidade do Porto” (5 to 7 May 2021) - Interleukin-1 manipulation by
Mycobacterium tuberculosis: impact to the infection establishment and
progression (Rute Gongalves et al.).

1.1 Work distinguished by the Scientific Committee of IJUP’21

2. Poster on the VI Edition of “Jornadas da Bioquimica da Universidade do
Porto” (7-10 May 2021) - Interleukin-1 manipulation by Mycobacterium
tuberculosis: impact to the infection establishment and progression

(Rute Goncalves et al.).
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Impact of M. tuberculosis diversity for the progression
of infection and disease establishment in the mouse
model

Genetic diversity of M. tuberculosis is now accepted to play an essential part on host-
pathogen interactions, possibly translating into different disease manifestations. Recent
work from our group highlighted a relation between M. tuberculosis genetic diversity, TB
severity in humans and the modulation of the macrophage IL-1p3 response by the
infecting pathogen (44). From this previous work, two M. tuberculosis isolates were
selected: isolate 412, associated with mild TB and high IL-13 response; and isolate 6C4
associated with severe TB and low IL-1p response. In the first part of my thesis, | used
these two isolates to study the impact of M. tuberculosis diversity during an in vivo
infection and decipher if the outcome differences in humans were recapitulated in the
mouse model. Additionally, a well-studied hypervirulent M. tuberculosis strain (HN878)
(95, 96) was included in the study. 412 and 6C4 are clinical isolates from lineage 4,
collected from patients with similar age. HN878 is a lineage 2 strain associated with
reduced survival of infected mice when compared to other clinical isolates. These three
isolates of M. tuberculosis were used to infect C57BL/6 mice via aerosol, using a high
dose of bacteria (Figure 12). The infection conditions were based on a previous report
showing that C57BL/6 mice infected with high dose of M. tuberculosis displayed a blood

immune signature that recapitulated the one seen in human patients (97).
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Figure 12. Experimental setup for the evaluation of disease and immune response in mice

infected via aerosol with the Mtb clinical isolates 412, 6C4 or HN878. During the experiment,

animals were monitored through the evaluation of weight loss and symptomatology. In certain

time points, lung, BAL, liver and spleen of each animal were harvested. Histological images of

the lung were obtained, and histopathology were evaluated through a relative disease score and

morphometric analysis. Organs were processed into a cell suspension and bacteria were cultured

to obtain CFU enumerations. Lung and BAL cell suspensions were analysed by flow cytometry.

Relative gene expression in the lung was evaluated by real time gPCR, after RNA extraction and

conversion to cDNA. Figure created in Biorender.
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Evaluation of the infection progression and disease severity

C57BL/6 mice were infected with high doses of M. tuberculosis 412, 6C4 or HN878 and
followed over time to define the dynamics of disease progression, the peak of disease
and the TB severity. Infections with isolates 412 and 6C4 were monitored over 90 days,
whereas those with HN878 were monitored for 47 days. Two independent experiments
with M. tuberculosis HN878 were carried out with similar goals, in which one evaluated
the survival of infected mice and the other was designed for the study of infection in two
time points (day 15 and 30 post infection). During the entire experimental period, we
monitored the survival and general welfare of infected mice as compared to control non-
infected mice. At specific time-points, we investigated more specific parameters, namely

the bacterial burden and histopathology in the lung, and the dissemination.

Mice infected with the clinical isolates 412 and 6C4 either maintained or gained weight
over time (Figure 13A), surviving throughout the 90 days of experiment (Figure 13B).
These animals did not present any symptomatic manifestation, such as marked
respiratory movements and abnormal behaviour or appearance, showing a total disease
score of zero in the animal welfare score sheet (Figure 13C). In general, the results for

mice infected with M. tuberculosis 412 or 6C4 are very similar to non-infected mice.

In contrast, M. tuberculosis HN878 infected mice showed a sharp decrease on their
weight starting on day 21 post-infection, which led us to monitor weight variations more
often in this case (Figure 13A). Furthermore, 50% of mice infected with M. tuberculosis
HN878 succumbed to disease before day 30 (Figure 13B). These mice had to be
humanely euthanized when their percentage of weight loss was above 20% or when they
began to display severe symptoms, in which dehydration, slower movements and no
reaction to human touch were predominant. M. tuberculosis HN878-infected mice that
did not survive to infection were those showing a very high disease score as soon as day
25 post infection, while those with less disease score and reduced weight loss coped
with the infection until the end of the experiment (Figure 13C).The results for M.
tuberculosis HN878 infection are in line with other studies (55, 96) that showed that a
relevant percentage of HN878-infected mice die, whilst others recover their weight and

survive.
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60

Figure 13. Survival and general welfare of mice infected with high doses of M. tuberculosis 412,
6C4 or HN878, compared to control non-infected mice (NI). The weight of the animals was
monitored over time (A) to determine survival curves (B). In A the dotted line at 80% indicates
the minimum weight a mouse can achieve before being euthanized. (C) Disease score presented
for day 25 post infection (d25). In A each dot represents the Mean + SEM and in C each dot
represents an individual mouse. Statistical analysis was performed using multiple t-test (A) and
with a log-rank (Mantel-Cox) test for the Kaplan Meyer curve (B). *p < 0.05; ***p < 0.001; ***p <
0.0001.

Collectively, our findings position M. tuberculosis strain HN878 as more virulent than the
clinical isolates 412 and 6C4, which at the overall level did not appear to modulate
disease severity. Importantly, in the human patients infected with M. tuberculosis 412 and
6C4 the differences in TB severity were mainly dictated at the pulmonary level (9, 44).
Thus, we next investigated the progression of the infection with either isolate in terms of

lung bacterial burden and pathology.

To further evaluate the progression and impact of the infection, bacterial burden in lungs,
was determined by CFU enumeration at different time points. For days 15 and 30 post
infection, mice infected with M. tuberculosis isolate 6C4 presented higher bacterial loads
in the lung than those infected with isolate 412 (Figure 14A). After day 30, while the lung
bacterial burden for 412 infections continues to increase, reaching a maximum burden at

90 days post infection, bacterial loads for 6C4 infections stabilize (Figure 14A).

For a more extended analyses of bacterial burden, including in other organs and with
isolate HN878 as a control, we focused on day 30. Both in the lung tissue and BAL,
HN878 infection resulted in the highest bacterial burdens (Figure 14B-C), which is in line
with a more hypervirulent profile for this strain. Although not statistically significative, for
this time point, we detected higher values of CFU in the liver of mice infected with 6C4
than with 412 (Figure 14D). In contrast, 412 infection led to increased bacterial loads in

the spleen compared to 6C4 infection (Figure 14E). Of note, these are preliminary data
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that need to be repeated with a higher sample size, in order to explore the dynamics of
bacteria dissemination in these infections. In fact, the tendency observed in the liver was
expected since it was in line to what happen in the lung, but the results for the spleen
were surprising and require more investigation, if validated. Furthermore, we may include

in future experiments other time points and a parallel with HN878.
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Figure 14. Bacterial loads in the lung, BAL, spleen and liver of C57BL/6 mice infected with 412,
6C4 or HN878. (A) Evolution of bacterial burden in the lung of mice infected with 412 and 6C4
isolates throughout different time points. For day 30 post infection, differences in the CFU count
for the lung are highlighted (B), together with bacterial loads in BAL (C), liver (D) and spleen (E)
for the 412 and 6C4 infections. In A each dot represents the Mean =+ SEM and in B-E each dot
represents an individual mouse and Mean + SEM are represented for each group. Statistical
analysis was performed using multiple t-test (A) and unpaired t-test (B-E). **p < 0.01; ****p <
0.0001.
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Another important way to assess pulmonary disease severity is the evaluation of the
histopathology of infected lungs. Temporal development of lesions is shown in Figure
15 for the 412 and 6C4 infections. At day 15 post infection, where predominantly the
innate immunity is triggered, mice infected with either M. tuberculosis isolate 412 or 6C4
displayed lung histology features that were very similar to non-infected mice. Contrarily,
at day 30 post infection, where adaptative immunity is already actively responding,
lesions in both infections were prominent. At this stage, lesions were formed by infiltrates
of mononuclear cells and lymphocytes, with no level of organization (Figure 15A). At
day 60 post infection, both infections resulted in a progress in lung pathology, with
extensive areas of cell infiltrates and areas of necrotic debris. At day 90 post infection,
whereas the majority of mice infected with 6C4 show similar or more mild lesions
compared to day 60 (Figure 15A), with less lesions scores (Figure 15B) and %Lesion
(Figure 15C), 412 infected lungs present larger areas of infiltrates than the previous time
point. Although the experimental sample size is reduced in certain time points (n=4 for
each infection at day 90), it is possible to observe a tendency, in which 412 infection
seems to have a slower progression of infection, with development of severe lesions at

later time points than 6C4.
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Figure 15. Evolution of lung pathology over time for the M. tuberculosis 412 and 6C4 infections.
(A) Representative images of lung stained with H&E are showed for each time point and each
infection. Lung pathology was evaluated qualitatively (B) and quantitatively (C). Pathologic
features were analysed and evaluated through a relative lesion score attributed (B).
Histopathology was defined as the percentage of cell infiltrates/lesion per lobe (%Lesion), upon
H&E staining and morphometric analysis (C). Black Arrowheads point to macrophage infiltrates,
white arrowheads point to foamy macrophages, white stars point to bronchiolar debris, black
arrows point to perivascular lymphocytes and white arrows point to peribronchiolar lymphocytes.
Scale bars for NI and day 15 correspond to 100 um and for the other time points correspond to
250 um. In B-C each dot represents the Mean + SEM. Statistical analysis was performed using
multiple t-test (B-C). *p < 0.05; **p < 0.001.

We next focused on day 30 post infection, which is the time point showing most
differences between strains. Two lesion types could be distinguished depending on the
M. tuberculosis isolate: 412 and 6C4 infected mice exhibited cellular lesions with mixed
mononuclear cell composition, such as lymphocytes and macrophages (Figure 16A);
however, HN878 infection led to an uncontrolled lesion with substantial necrotic areas
(Figure 16A). Perivascular and peribronchiolar lymphocytes were observed across the
three infections, normally surrounded by macrophages and by some neutrophil infiltrates
(Figure 16A). In general, lungs from mice infected with isolate 412 presented more
localized and contained lesions, as compared to mice infected with isolate 6C4 (Figure
16A). Furthermore, less infiltrates and cellular debris were encountered in 412 infected
lungs (Figure 16A). Although present in most lungs, neutrophilic infiltrates were more
common in the case of 6C4 infection, which is compatible with the observed increased
lung damage seen in this infection and the over inflammation associated with neutrophils
in TB (46, 55). These results illustrate a higher histopathology severity associated with
6C4 infections as compared to 412 ones, which is compatible to what was observed in
the x-rays of the corresponding TB patients (44). As expected, HN878 induced the most
pronounced pathology, where visible large necrotic areas with accumulation of cells with
nuclear fragmentation (karyorrhexis), dense inflammation and, occasionally, presence of
edema, were all observed. Extracellular bacteria seems to concentrate within necrotic
lung lesions (Figure 16A). Moreover, in the largest magnification it was possible to
observe that lymphocytic infiltration is more delimited in the case of HN878 infection
(Figure 16A). In more quantitative terms, infection with the isolate 6C4 resulted in more

severe (Figure 16B) and larger lesions (Figure 16C) than the observed in 412 infection,
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but with minor severity and area than lesions resulting from HN878 infection (Figure
16B-C).
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Figure 16. Histopathology of the lung at day 30 post infection for the M. tuberculosis isolates 412,
6C4 and HN878. (A) Representative images of lung stained with H&E and one picture of lung
stained with ZN are shown. Lung pathology was evaluated qualitatively (B) and quantitatively (C).
Pathologic features were analysed and evaluated through a relative lesion score attributed (B).
Histopathology was defined as the percentage of cell infiltrates/lesion per lobe (%Lesion), upon
H&E staining and morphometric analysis (C). Black stars point to intra-alveolar necrosis, black
arrows point to perivascular lymphocytes, white arrows point to peribronchiolar lymphocytes,
black arrowhead point to neutrophils, red arrows point to M. tuberculosis acid-fast bacilli stained
in purple. Scale bar corresponds to 250 um (middle column), 50 um (right column H&E) and 25
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pm (ZN staining). In B-C each dot represents an individual mouse and Mean + SEM are
represented for each group. Statistical analysis was performed using unpaired t-test (B-C). *p <
0.05; **p < 0.01; ***p < 0.0001.

In all, the data presented so far show a rapid establishment and progression of HN878
infections, followed by those with 6C4 and lastly, those with 412. This experience allowed
us to establish the peak of disease for each M. tuberculosis strain, which was important
to proceed the study. 412 infections continue to increase severity throughout the time
points, with maximum bacterial loads and pathology of the lung at day 90. In contrast, at
day 60 post infection, 6C4 infected lungs reach a peak of severity, presenting severe
and extensive lesions occupying the majority of the lung. By day 30 post infection, HN878
already causes severe and necrotic lesions in the lung, explaining the respiratory
difficulty, and, consequently, one of the reasons why mice started dying around this time
point. Unfortunately, until the date of delivery of this thesis, it was not possible to include
data from HN878 infection for all time points, but it would be interesting to address the
histopathology of the mice that survive. Probably, lung severity of these mice did not

continue to progress, since they were able to cope with the infection.



FCUP
Interleukin-1 manipulation by Mycobacterium tuberculosis: impact to the infection establishment and progression

Evaluation of the immune response

The progression of M. tuberculosis infection and the disease outcome are strongly linked
to the host immune response (10) ,and, at the same time, the immune response might
be modulated by the characteristics of the infecting bacteria (8, 40, 44, 98). So, we next
investigated the dynamics of the immune response, such as immune cell recruitment

and infiltration to the site of infection and lung cytokine gene expression.

The recruitment of immune cell populations of interest was analyzed by multiparametric
flow cytometry (Figure 17A) at different time points post-infection. In what regards
myeloid cells, M. tuberculosis 6C4 infection resulted in a high recruitment of monocytes
and neutrophils at day 30 post infection, but lower levels of dendritic cells (Figure 17B-
C). As for lymphoid cells, higher values of percentages and cell count of CD4+ T cells
and CD8+ T cells were found in 6C4 infection, at day 30 and 15 post infection (Figure
17B-D).

This general enhanced inflammatory cell recruitment to the lungs of mice infected with
M. tuberculosis 6C4 supports the more severe profile attributed to this isolate, as
compared to isolate 412. Over time, the immune cell composition of the lung varies
similarly for the two clinical isolates, although the 6C4 infection seems to exhibit a peak
of accumulation of immune cells earlier than 412. For instance, 6C4 infections reach a
maximum of neutrophil percentage at day 15 (Figure 17B) and neutrophil number at day
30 (Figure 17C). Whether due to halted recruitment of this cell type to the lung or by
degeneration into necrotic debris, the frequency of neutrophils decreases after that time
point. In contrast, 412 infection slowly increase their neutrophil numbers until day 90
(Figure 17C).
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Figure 17. Percentages and cell counts of the indicated immune cell populations in the lung for
412, 6C4 and HN878 infections, determined by flow cytometry (A) Gating strategy to detect
immune cell populations in the lung and BAL of C57BL/6 infected mice. Cell debris and duplets
were excluded, and live cells were selected negatively using Zombie Green viability dye. Myeloid
cells were gated in the panel above through the expression of specific markers: alveolar
macrophages were selected as CD11lc+ CD11b-, dendritic cells as CD11b+, CD11c+; within
CD11b+ CD11c- population, neutrophils were selected as Ly6G+ Ly6C+ and monocytes were
selected as Ly6C+ Ly6G-. Lymphoid cells were gated in the panel below: B cells were selected
as CD19+; within the CD3+ population, CD4+ and CD8+ T cells were selected. (B) Colour scheme
representing the percentage of immune cells in live cells for each infection over time. Number of
myeloid (C) and lymphoid (D) cells in the lungs of mice infected with the clinical isolates 412 and
6C4. In B, each bar corresponds to the mean of the experimental group; in C and D each dot
represents the Mean = SEM. Statistical analysis was performed using multiple t-test (C-D). *p <
0.05; **p < 0.01; ****p < 0.0001.

M. tuberculosis initiates the infection in the airways, so, to assess the immune cell
populations present in the alveolar space, flow cytometry of BAL was also performed
(data available for day 30 only). No significative differences were observed, however it
was possible to observe a trend that was in line with what happen in the lung. For
instance, infection with isolate 6C4 was associated with a higher recruitment of
neutrophils (Figure 18A-B) and CD4+ T cells (Figure 18C) than infection with isolate
412. Furthermore, 412 infection led to higher percentages and number of alveolar
macrophages (Figure 18A-B) and CD8+ T cells (Figure 18A and C). More time points

and animals will be necessary to confirm these data and substantiate these conclusions.
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Figure 18. Percentages and cell count of the indicated immune cell populations in the BAL for 412,

and 6C4 infections, determined by flow cytometry. Gating strategy is as presented in Figure 15.

(A) Colour scheme representing the percentage of immune cells in live cells for each infection on

day 30. Number of myeloid (B) and lymphoid (C) immune cells in the BAL of mice infected with

the clinical isolates 412 or 6C4 at day 30 post infection. Alveolar macrophages were not detected

(n.d) in the BAL of mice infected with Mtb 6C4. In A, each bar corresponds to the mean of the

experimental group; in B and C each dot represents an individual mouse and Mean + SEM are

represented for each group. Statistical analysis was performed using unpaired t-test (B-C).
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Finally, we investigated possible differences in cytokine gene expression as a result of
the in vivo infection by the M. tuberculosis clinical isolates 412 and 6C4. For that, RNA
was purified from the lung suspension and the expression of Tnfa, Il1b, 116, 1110, Ifng and
117 analysed by gPCR. These cytokines were selected based on the expected
proinflammatory profile that M. tuberculosis causes. As a control, expression of anti-
inflammatory gene 1110 was analyzed.

The expression of Tnfa, 1l11b, 1110 and 1117 was enhanced in M. tuberculosis 6C4 infected
lungs as compared to M. tuberculosis 412 infected ones, whereas that of 116 and Ifng did
not vary between the two infections (Figure 19). Throughout time, the expression of most
genes reached a peak on day 30 post infection, and then dropped. The expression of 116
did not follow this tendency, as higher levels were observed in early time points and after

that, reduced almost totally (Figure 19).
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Figure 19. Relative expression of various genes encoding cytokines associated with immune
responses in TB, in the lungs of mice infected with 412 or 6C4 in different time points. The relative
expression of the indicated genes was determined against ubiquitin by real-time PCR. Each dot
represents the Mean £ SEM. Statistical analysis was performed using multiple t-test. *p <0.05;
**p<0.01; ****p <0.0001.

In vitro, M. tuberculosis 412 is a higher inducer of IL-1p3, but the increased production of
this cytokine was found to be regulated post-transcriptionally (44). Therefore, the
increased expression of lI1b observed in vivo during M. tuberculosis 6C4 infections does
not necessarily imply higher levels of this cytokine. To clarify this issue, in the future, we
will perform protein quantification using immunoassays, as ELISA (Enzyme-Linked
Immunosorbent Assay) or bead assays. This will be done in the BAL and the blood. Still,
the higher upregulation of proinflammatory genes such as Tnfa, I117 and ll1b and anti-
inflammatory genes, as 1110, is compatible with a stronger immune response occurring
in the case of the 6C4 isolate. This may in turn associate with the increased severity
observed upon infection with 6C4 as compared to 412. It is important to refer that for this
set of experiments, considerable variability was observed and can reflect the
heterogeneous contributions of different lung cells. Also of note, is the observation of an
increased 1117 expression in the case of infection with M. tuberculosis 6C4, which may
link this isolate with a favoured differentiation of Th17 cells and thus increased neutrophil
mobilization, as seen by flow cytometry. To test this hypothesis, we could perform T cell
analysis through intracellular staining, immunofluorescence for detection of neutrophils
in the lung or even, a neutrophil depletion to verify if 6C4 infection become less virulent
as described in these studies (46, 55).

In conclusion, by combining several parameters allowing the evaluation of disease
severity and immunology studies, the results evidence that a certain spectrum of disease
severity is observable in the mouse model upon infection with different M. tuberculosis
clinical isolates. Bacterial burdens, histopathology, characterization of immune cell
populations and gene expression results guided the stratification of M. tuberculosis 6C4
as a more severe isolate, with faster establishment and progression of infection, as
compared to M. tuberculosis isolate 412. Furthermore, our findings position HN878 as
the isolate leading to worst outcomes, reinforcing its classification as an hypervirulent
isolate. In a simple way, Figure 20 represent this spectrum of severities revealed by

infecting C57BL/6 mice with distinct M. tuberculosis isolates.
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Despite the promising results obtained thus far, showing a stratification of disease
severity due to distinct clinical isolates, compatible with TB in humans, the mouse model
used has some limitations. Granuloma is a hallmark of human TB pathology, however,
lesions in C57BL/6 mice do not exhibit the same level of organization and composition
of human granuloma (99). For instance, the necrotic centre involved by epithelioid cells,
multinucleated giant cells and the fibrotic capsule are not present in infected C57BL/6
mice (99). Importantly, recent evidence show that another strain of mice, the C3HeB/FeJ,
do form necrotizing lesions upon M. tuberculosis infection, resembling the active human
TB, so being a better mouse model to gain insights on disease pathogenesis (97). For
this reason, in the future, we will complement these results using the C3HeB/FeJ mouse

model of infection.

412 6C4 HN878

Figure 20. Representation of a possible spectrum of disease severity among in vivo infection with
different clinical isolates: 412, 6C4 and HN878. Severity increased from the left to the right, as the

colour intensifies.
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The impact of myeloid specific IL-1 receptor signalling
on the pathogenesis of TB

According to the results described in the previous section, M. tuberculosis strains that
manipulate IL-1 responses, drive different courses of infection in mice, in what regards
lung invasion and pathology. Given the indisputable role of IL-1 signalling in protection
against TB, the modulation of this pathway by the pathogen could be, directly or
indirectly, impacting the evolution and outcome of infection. IL-13 protection is classically
associated to the potentiation of antimicrobial mechanisms in infected macrophages
(76). So, our hypothesis is that differential induction of IL-13 driven by each M.
tuberculosis isolate may affect microbicidal responses in vivo. Therefore, ultimately, the
lower in vivo severity of M. tuberculosis isolate 412 may be linked to the higher induction
of IL-1B. To unveil the impact of IL-1 receptor signalling on the pathogenesis of TB, mice
lacking IL-1R in the myeloid compartment (IL-1R"* LyzM.Cre* mice) were infected with
the clinical isolates in study. Similar to the previous section, the dynamic of infection was
evaluated through bacterial burden enumeration in lung and BAL, analysis of lung

pathology, and characterization of the immune response.

Evaluation of disease severity

IL-1R"™ LyzM.Cre mice were infected with high doses of M. tuberculosis 412, 6C4 or
HN878 to define the dynamics of disease at day 30 post infection and possible
differences in TB severity (Figure 21). Infections with isolates 412 and 6C4 were
monitored over 60 days, whereas those with HN878 were monitored for 30 days. Once
again, we monitored the survival and general welfare of infected mice as compared to
control non-infected mice. At day 30 post infection, the lungs were harvested, and the

bacterial burden and histopathology examined.
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Figure 21. Experimental setup for the evaluation of disease in IL-1R"™ LyzM.Cre™ or * aerosol
infected with Mtb clinical isolates 412, 6C4 and HN878. After 30 days of infection, lung and BAL
of each animal were harvested. Histological images of the lung were obtained, and histopathology
was evaluated through relative disease score and morphometric analysis. Bacteria from lung and
BAL were cultured and incubated and after 21 days, CFU ere enumerated. Weights and animal

welfare were also monitored.

Upon infection with M. tuberculosis 412 isolate, IL-1R"™ LyzM.Cre* mice did not gain
weight at the same rate as LyzM.Cre- mice, showing a significative lower weights
throughout the 60 days of experiment (Figure 22A). Of note, one mouse of the Cre*
genotype had to be humanely euthanized on day 32 due to a 24 % weight loss and signs
of distress and stillness. In contrast, during the experimental period, both Cre™ and Cre”
mice infected with M. tuberculosis 6C4 survived and showed similar weight variations
(Figure 22A). Similar patterns of weight loss were also observed in Cre™ and Cre™ mice
infected with M. tuberculosis HN878, with two IL-1R"™ LyzM.Cre* and two IL-1R"
LyzM.Cre™ reaching 20% of weight loss 30 days post infection (Figure 22A). These first
results suggest that IL-1R signaling in myeloid cells may be needed for host protection
in the case of infection with M. tuberculosis 412. Contrary, lack of IL-1 signaling in myeloid

cells did not seem to impact infections with M. tuberculosis 6C4 and HN878 isolates.

Next, to further investigate if these evidences were also present at the lung level, lung
and BAL bacterial burden and lung pathology were evaluated on day 30 post infection.
In Figure 22B, it is possible to observe a significative increase in bacterial loads in the
lungs of IL-1R" LyzM.Cre* infected with M. tuberculosis 412, but not with 6C4 or HN878.
Nonetheless, the bacterial burden in the BAL did not show significative differences
across the three infections, although in the case of 412 infections a tendency to higher
bacteria loads is observed for IL-1R"™ LyzM.Cre* mice (Figure 22C). Importantly,

analysis of the lung histopathology revealed a superior lesion score for IL-1R™"*
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LyzM.Cre™ infected with M. tuberculosis 412 as compared to Cre” mice (Figure 22D).
Once again, this difference between Cre* and Cre” mice was not observed in infections
with the other isolates (Figure 22D).

Collectively, our findings suggest that in the case of M. tuberculosis 412, the host benefits
from the induction of IL-1B and lack of IL-1R signalling in myeloid cells associates with
increased susceptibility to infection. Additionally, the manipulation of the host response
towards lower induction of IL-13 by M. tuberculosis 6C4 may indeed be a mechanism
associated with increased disease severity, where presence or absence of IL-1R in
myeloid cells is no longer important. Interestingly, we report that IL-1R signalling in
myeloid cells is not a key part of the in vivo disease mechanism in M. tuberculosis HN878
infections. In this case, the mechanism of severity, as described in literature (81,82), is
likely to be mainly dependent on the induction of high levels of type I IFN. For that reason,

hereinafter, we focused on the two M. tuberculosis clinical isolates 412 and 6C4.
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Figure 22. Disease severity of IL-1R"™ LyzM.Cre
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(B) and BAL (C) of infected mice were collected and the bacteria burden determined by CFU
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enumeration. (D) The histopathology of the infected lungs was assessed, and a relative disease
score attributed at day 30 post infection. In A each dot represents Mean+ SEM and in B, C and
D each dot represents an individual mouse, and Mean + SEM are represented for each group.
Statistical analysis was performed using multiple t-test (A) or unpaired t-test (B-D). *p <0.05;
**p<0.01; **p<0.01.

For a more detailed analyses of lung pathology, the area of lesion/cell infiltrates was
guantified for the two selected infections on day 30 post infection (Figure 23). The
guantitative analysis of lung lesions was compatible with the aforementioned qualitative
disease score, in which IL-1R™ LyzM.Cre* infected with M. tuberculosis 412 presented
larger areas of lung lesion than IL-1R"™ LyzM.Cre’, whereas infection with M.
tuberculosis 6C4 yielded similar % of lung lesions independent of the presence or
absence of the IL-1R in myeloid cells (Figure 23A). In the case of M. tuberculosis 412
infection, the presence of foamy macrophages, mainly mixed with lymphocyte infiltrates,
is seen infected lungs of both mouse strains (Figure 23B). Interestingly, in M.
tuberculosis 412 infected IL-1R"™ LyzM.Cre* mice, extensive areas of cell infiltrates
enriched in neutrophils and small foci of cell debris were observed, overall, indicative of

a severe lesion.
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Figure 23. Histopathology analysis of IL-1R"* LyzM.Cre - or * mice infected with high doses of
Mtb 412 or 6C4. (A) At 30 days post infection, lung pathology was defined as the percentage of
cell infiltrates per lobe, determined upon H&E staining and morphometric analysis of infected
lungs. (B) Representative H&E staining images of lungs from mice infected with Mtb 412 are
shown. Black arrows point to neutrophil infiltrates, white arrows point to foamy macrophages,

white arrowhead points to perivascular lymphocytes. Scale bar corresponds to 100 um. In A each
dot represents an individual mouse, and Mean + SEM are represented for each group. Statistical

analysis was performed using unpaired t-test (A). *p < 0.05.
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Therefore, our results show that abrogation of the IL-1R signalling in the myeloid
compartment affected the disease severity of animals infected with M. tuberculosis 412,
leading to a substantial increase in weight loss, bacterial burden and histopathology of
the lung. Although preliminary, these results support that the low severity of the M.
tuberculosis 412 isolate may be linked to the bacteria inability to modulate IL-13 induction
(7), and that this could help in the control of infection in early stages. Thus, when the IL-
1R signaling cascade is blocked, the protection afforded by IL-1 is lost and the severity
of the disease worsens. In contrast, in M. tuberculosis isolates that modulate IL-1, such
as M. tuberculosis 6C4, the outcome of infection is not affected when IL-1R is

compromised.
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Evaluation of immune response

To investigate how differential induction of IL-18 by M. tuberculosis isolates may lead to
distinct disease outcomes, we explored the dynamics of the immune response in the
local of infection on day 30 post infection (Figure 24). For that, immune cell populations
in the lung and BAL of IL-1R™ LyzM.Cre - or * mice infected with M. tuberculosis 412 or
6C4 were analysed by flow cytometry. Furthermore, lung suspensions were also used to
guantify the relative expression of genes associated with inflammatory responses, by
real time PCR. This allowed us to infer how the absence of IL-1R signaling in the myeloid
compartment may affect the immune cells recruited to the lung and the expression of

genes encoding cytokines of relevance to the immune response in TB.

Flow Cytometry Analyses of cell populations

Infection

\ Harvest of lung ‘ .
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-
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Figure 24. Experimental setup for the evaluation of the immune response in IL-1R" LyzM.Cre -
or " aerosol infected with Mtb clinical isolates 412 or 6C4. After 30 days of infection, lung and BAL
of each animal were harvested. Cell populations in the lung and BAL were analysed through flow
cytometry. Relative gene expression in the lung and BAL were evaluated by real time gPCR, after

RNA extraction and conversion to cDNA.

Cell populations in the lung were analysed in terms of percentage in live cells (Figure
25A) and total cell number (Figure 25B-C). It is possible to observe an increase of
percentage of neutrophils, dendritic cells, CD4+ T cells and a decrease in percentage of
B cells in IL-1R" LyzM.Cre* mice infected with M. tuberculosis 412, as compared to IL-
1R" LyzM.Cre™ mice (Figure 25A). This increase of neutrophils is in line with what we
observed in our histology analysis (Figure 25B). The differences in cell frequencies were
paralleled in terms of cell counts, with significative higher values observed in numbers of

myeloid cells, such as monocytes, neutrophils and dendritic cells (Figure 25B), higher
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numbers of lymphoid CD4+ T cells and lower B cell counts (Figure 25C) in IL-1R"*
LyzM.Cre™ mice infected with M. tuberculosis 412. In contrast, infections of both mouse
genotypes with M. tuberculosis 6C4 resulted in similar patterns of immune cell
populations in the infected lungs, with exception of a rise in B cell percentages and
numbers in the case of IL-1R™ LyzM.Cre* mice.

It is important to note that increased immune cell recruitment in M. tuberculosis 412 IL-
1R LyzM.Cre* infected mice may be a consequence of the increased bacterial loads
observed in these mice. However, if that was the case, similar increases were expected
across the different populations. Yet, the increase in neutrophils and CD4 T cells is
particularly visible, suggesting a subtler alteration. Interestingly, the accumulation of
neutrophils in the lung has been widely associated with lung pathology, which we also
report here. Another interesting finding related to this set of experiments is that the
overall immune cell profile and disease features observed in IL-1R™* LyzM.Cre* mice
are similar to those observed in mice infected with 6C4. This suggests that M.
tuberculosis 6C4 is likely manipulating the host response and creating a low IL-1b

environment suring the early stages of in vivo infection.
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Figure 25. Percentages and cell counts of the indicated immune cell populations in the lung of
mice infected with Mtb 412 or 6C4 at day 30 post infection, determined by flow cytometry. The
gating strategy was identical to the one shown in Figure 15A. (A) Colour scheme representing
the percentage of immune cells in live cells for each experimental group. Percentage of myeloid
(B) and lymphoid (C) immune cells in the lung of IL-1R" LyzM.Cre - or * infected with the clinical
isolates 412 or 6C4. In A, each bar corresponds to the mean of the experimental group; in B and
C each dot represents an individual mouse, and Mean + SEM are represented for each group.

Statistical analysis was performed using unpaired t-test (B-C). *p <0.05; **p <0.01; **p<0.01.
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In parallel, we assessed the immune cell composition of the alveolar space, by flow
cytometry analysis of BAL samples obtained from the same experimental groups (Figure
26). It is interesting to observe in BAL an increase of frequencies and numbers of
neutrophils and CD4+ T cell in IL-1R"* LyzM.Cre* mice infected with M. tuberculosis 412

(Figure 26A-C), which parallels the lung interstitium data. The other detected cell
populations did not change significantly in the two mouse genotypes upon M.
tuberculosis 412 infection (Figure 26A-C). Also, similarly to the lung data, the BAL
immune cell composition in mice infected with M. tuberculosis 6C4 was not affected by

the lack of IL-1R in myeloid cells (Figure 26A-C).
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Figure 26. Percentages and cell counts of the indicated immune cell populations in the BAL of
mice infected with Mtb 412 or 6C4 at day 30 post infection, determined by flow cytometry. The

gating strategy was identical to the one shown in Figure 15A. (A) Colour scheme representing
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the percentage of immune cells in live cells for each experimental group. Percentage of myeloid
(B) and lymphoid (C) immune cells in the BAL of IL-1R1* LyzM.Cre - or * infected with Mtb clinical
isolates 412 or 6C4. Alveolar macrophages in the lungs of mice infected with Mtb 6C4 were not
detected (n.d). In A, each bar corresponds to the mean of the experimental group; in B and C
each dot represents an individual mouse and Mean + SEM are represented for each group.

Statistical analysis was performed using unpaired t-test (B-C). *p < 0.05; **p < 0.01.

Together, the results from lung and BAL were compatible, showing differences in M.
tuberculosis 412 infection in mice lacking IL-1R signalling in myeloid cells. Most notably,
higher percentages and numbers of neutrophils and CD4+ T cells were observed in IL-
1R"* | yzM.Cre* mice infected with Mtb 412 as compared to IL-1R"* LyzM.Cre". These
findings complement the results from disease severity presented in the previous section
and suggest a possible deregulation of neutrophil responses leading to damage in mice
infected with Mtb 412 and lacking the IL-1R in myeloid cells.

Finally, we investigated the expression of some immune mediators in response to each
infection in each mouse genotype. We focused in the expression of genes encoding
Tnfa, 1l1b, IL6, 1110, Ifng and 1117, in lung at day 30 post infection (Figure 27). Through
analysis of Figure 27 it is possible to observe an increase of Tnfa and Il1b expression in
M. tuberculosis 4I12-infected IL-1R"* LyzM.Cre* mice, which is compatible with a higher
inflammatory response taking place, perhaps due to increased bacterial burdens. It is
important to refer that despite the higher expression of 1llb and eventually higher
production of IL-1[, this cytokine will not exert their action in myeloid cells, since this
pathway is abrogated in IL-1R"* LyzM.Cre* mice. Surprisingly, 116 expression was
significatively downregulated in IL-1R"* LyzM.Cre* mice, although the values obtained
were very low and should thus be interpreted with caution. Interestingly, the biggest
difference observed between Cre* and Cre™ mice infected with M. tuberculosis isolate 412
was on the expression of 1117, which was significatively higher in IL-1R" LyzM.Cre*
mice. In contrast, and in line with our previously presented data, infection of in either
strain of mice with M. tuberculosis 6C4 was not reflected in significative differences in
gene expression (Figure 27). In the future, it would be helpful to confirm these data and

perform ELISA assays for cytokine quantification.



FCUP
Interleukin-1 manipulation by Mycobacterium tuberculosis: impact to the infection establishment and progression

Tnfa I11b
10000 250000
c s = c
S 8000 _; S 200000 "
[} [}
3 3
= 6000 . S 150000 *
3 3 ¢
[ ]
2 4000 (I 2 100000 - .
ke ° T oo |[®9
S 2000 T 50000
@ x |;-|.
[
0 I 1 1 1 0 I I 1 1
IL-1R"% LyzM.Cre: - + - + IL-1R™ LyzM.Cre: - + - +
412 6C4 412 6C4
116 1110
40 6001
| |
5 " 5
% 307 _; 5
4 8 400-
o * n o
%20 e &
(0] (0]
= d . 2 2007 .
% 104 % ) ) g
@ . (14
0 [ o [ °
I 1 1 1 I I 1 1
IL-1R™ LyzM.Cre: - + - + IL-1R" LyzM.Cre: - + - +
412 6C4 412 6C4
iz
Ifng 200 "
o [
< 40000 -
o o =
2 2 %09 [
@ 30000 @ 200
£ . 3
() ® Epm | [
& 20000~ ot
% % 100 .
10000 | @ ° L] = <
@ (4
% | |
0 1 1 1 1 0 1 1 1 1
IL-1R* LyzM.Cre: - + - + IL-1R" LyzM.Cre: - + - +
412 6C4 412 6C4

Figure 27. Relative expression of cytokine genes associated with immune response, in the lungs
of IL-1R™™ LyzM.Cre - or * mice infected with 412 or 6C4. The relative expression of the indicated
genes was determined against ubiquitin by real-time PCR. Each dot represents an individual
mouse and Mean = SEM are represented for each group. Statistical analysis was performed using
unpaired t-test. *p <0.05; ***p < 0.01.
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Collectively, our results offer interesting insights on the relation between IL-1R signaling
in the myeloid compartment and the dynamics of the immune response occurring in vivo.
Overall, IL-1R™* LyzM.Cre* mice infected with a higher IL-1B inducer strain (M.
tuberculosis 412) resulted in higher recruitment of neutrophils, CD4+ T cells and other
myeloid cells to the lung and BAL, and higher expression of pro inflammatory associated
genes, such as Tnfa, ll1b and 1117 than IL-1R" LyzM.Cre" mice. This increase in 1117
may underlie the mechanism associated with the increased recruitment of neutrophils
reported above. Although associated with protective immunity through pro inflammatory
mechanisms, a pathological role for IL-17 in TB has been highlighted (100). During
chronic phases of infection, immune responses developed towards excessive IL-17
production may lead to extensive neutrophil recruitment and tissue damage (60, 100).
Indeed, some studies show a link between Th17 cells and autoimmune and inflammatory
diseases such as collagen-induced arthritis (59). Also, neutrophil damage is common in
genetically susceptible mice, such as IFN-y -/- mice (100). In humans, a blood
transcriptional signature marked by neutrophils accumulation is associated with active
TB, rather than a latent TB profile (57). Moreover, the increased expression of 1117, and
potentially the stronger Th17 response, observed in M. tuberculosis 412 infections in the
absence of IL-1R pathway in myeloid cells may underlie a role for this pathway in
regulating protective vs pathological responses in TB (Figure 28). Due to these findings,
we have an on-going work with the aim of analysing the phenotype of T cells upon
infection with M. tuberculosis 412, through intracellular staining. Also, it would be
interesting to perform immunofluorescence analysis of the infected lungs to address the
localization and distribution of the various cell populations, particularly of neutrophils.
Furthermore, to complement this work, we could analyse the expression of genes
encoding chemokines involved in the recruitment of neutrophils, such as Cxcll, Cxcl2
and Cxcl5 (55). As discussed in the previous section, we also could perform a depletion
of neutrophils to investigate their specific contribution to the increased susceptibility seen
in IL-1R" LyzM.Cre* mice. In contrast, infection with the lower IL-1B inducer strain (M.
tuberculosis 6C4) did not show indicative differences between strains of mice,
suggesting that the threshold of IL-1 induced by this isolate is such that the IL-1R

pathway does not play an important role in the protection against infection.
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Figure 28. Working model for the impact of IL-1 modulation by distinct Mtb isolates in the

regulation of the immune response triggered. Figure created in Biorender.
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TB remains a major health problem, causing an enormous death toll every year (4). To
tackle this disease a better understanding of the complex immune response and the
host-pathogen interactions is needed. Indeed, a wide range of disease severity and
clinical presentations are characteristic of the dynamic spectrum of TB (11). Although
classically associated with host factors, rising evidence validates that genetic diversity of
the bacteria is linked to TB heterogeneity (8). In fact, M. tuberculosis diversity has been
associated with different virulence, transmission potential and more recently, by our

group, with different disease outcomes and modulation of immune responses (44).

In this thesis, we investigated if TB severity could be modelled in vivo using M.
tuberculosis clinical isolates associating with distinct disease presentation in human TB
patients. According to the results it was possible to recapitulate, in the mouse model,
different severities of disease provoked by diverse M. tuberculosis strains. Briefly, M.
tuberculosis 6C4 that caused severe TB in a human patient, presented higher bacterial
loads in the lung, larger and more severe lesions, higher recruitment of immune cells to
the site of infection and increased expression of genes encoding proinflammatory
cytokines, as compared to infection with M. tuberculosis 412, a mild TB associated
isolate. Furthermore, different evolution and peaks of infection were observed. Whereas
M. tuberculosis 412 infection appeared to have a slower progression of disease, M.
tuberculosis 6C4 infection reached maximum of response already at day 30 post
infection. Importantly, these findings suggest that early events upon infection may guide
the severity of disease. M. tuberculosis HN878 used as a hypervirulent strain control,
displayed the expected results, in which some mice succumbed to disease. Taken
together, these results allow us to position the three M. tuberculosis isolates in order of
disease severity in vivo, from mild infection with 412, severe with 6C4 and acutely severe
with HN878.

The second part of this work was the study of the contribution of the myeloid IL-1R
signaling to the pathogenesis of TB. To decipher if the severity of the M. tuberculosis
isolates under study was associated with induction of IL-13, knock out mice lacking IL-
1R in myeloid cells were used. IL-1R-myeloid deficient mice when infected with the
higher IL-1 inducer strain, were less able to control the infection in comparison with WT
mice. Specifically, higher bacterial loads, severe pathology, more infiltrations and
increased inflammatory responses were observed, which was very similar to the

response to 6C4 infection in WT mice. The same was not observed for the other M.
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tuberculosis strains (6C4 and HN878). Therefore, these findings highlight that the low
severity of 412 is linked to the high induction of IL-1[3.

In the future, it will be interestingly to address the contribution of the IL-1R signaling on
other cell compartments for TB protection. Indeed, several studies highlight the role of
epithelial and endothelial cells as in vivo targets of IL-1 (50, 68, 101). In fact, IL-1 induces
the expression of several adhesion molecules that can promote tissue permeability and
consequently allow the infiltration of other immune cells in response to infection (80).
More recently, the migration of M. tuberculosis infected alveolar macrophages into the
lung interstitium was shown to be dependent on IL-1R signaling triggering in lung
epithelial cells (50). Therefore, IL-1R signaling not only in the hematopoietic, but also in
stromal compartments could reveal important features of protection/disease during the

establishment of TB.
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Introduction

Interleukin-1 (IL-1) is a pro-inflammatory cytokine of great importance to the early
protection against tuberculosis (TB), since experimental studies in mice show that
deficiency in the IL-1 signaling results in rapid establishment of infection and death'2.
Our group that

tuberculosis clinical isolates associated with mild (412) or severe (6C4) TB in humans

has recently described different Mycobacterium

induce high or low levels of IL-1B, respectively, in human macrophages®#. To further
investigate how these differences impact the establishment and course of infection, we

infected wild type mice and mice lacking IL-1R in the myeloid compartment?#(IL-1RALYZM),

Aim

< Investigate if different modulation of IL-18 and TB severity could be

modelled in vivo by M.tuberculosis strains.

< Decipher if the lower severity of 412 strain is linked to the induction of IL-
1B, studying the impact of cell specific IL-1 receptor signalling on the

pathogenesis of TB.

Results
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M.tuberculosis strains recovered from patients with different severities of TB.
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In vivo experiment: Wild Type (WT) and IL-1RALz2M mice were aerosol infected with M.tuberculosis
412 or 6C4 and the organs were harvested, processed and analyzed at 15 and 30 post infection (p.i) .
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C57BL/6 mice infected with M.tuberculosis 6C4 present higher bacterial loads in the
lung and liver and more severe pathology than mice infected with 412.
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Lack of IL-1R in the myeloid compartment (LyzM mice) leads to increased bacterial burden in lung and
BAL, severe pathology, increased expression of pro inflammatory genes and higher cell recruitment to

the local of infection, when mice are infected with the higher IL-1B inducer strain (412).
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Images of lungs from infected mice at day 30 post infection; above- black 30 post infection

background and areas of lesion highlighted in white; below- HE staining

histology's.

Conclusion
.|

According to the results, it was possible to recapitulate, in the mouse model, distinct

severities of disease provoked by different M.tuberculosis strains. M.tuberculosis 6C4

showed a higher bacterial load at the local of infection, more dissemination to the liver and

a larger area of lung lesion than 412, compatible with the severe form of TB described in

humans. IL-1R-deficient mice in myeloid cells when infected with the higher IL-13 inducer

strain (412) were less able to control the infection in comparison to WT, showing higher

bacterial burden, severe pathology, more cell infiltration and increased inflammatory

responses. Therefore, the low severity of 412 infection compared to other strains, seems to

be linked to the high induction of IL-1p.

Future perspectives include performing a similar experience to compare LyzM

and WT mice when infected with 6C4 and study the contribution of other cellular
compartments, such as epithelial and endothelial cells in the IL-1 signaling.
With this study and future ones, we expect to better understand the complex

immune response of TB.
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Introduction

Results

Interleukin-1 (IL-1) is a pro-inflammatory cytokine of great importance to the
early protection against tuberculosis (TB), since experimental studies in mice show
that deficiency in the IL-1 signaling results in rapid establishment of infection and
death (1,2). Our that

different Mycobacterium tuberculosis clinical isolates associated with mild (412) or

group has recently described
severe (6C4) TB in humans induce high or low levels of IL-18, respectively, in human
macrophages (3,4). To further investigate how these differences impact the
establishment and course of infection, we infected wild type mice and mice lacking IL-

1R in the myeloid compartment (IL-1RALZM),

Aim

Q Investigate if different modulation of IL-18 and TB severity could

be modelled in vivo by M.tuberculosis strains.

O Decipher if the lower severity of 412 strain is linked to the induction of IL-18,

studying the impact of cell specific IL-1 receptor signalling on

the pathogenesis of TB.

Methodology

M.tuberculosis strains recovered from patients with different severities of TB.
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In vivo experiment: Wild Type (WT) and IL-1RAYzM mice were aerosol
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infected
with M.tuberculosis 412 or 6C4 and the organs were harvested, processed and analyzed at 15

I. C57BL/6 mice infected with M.tuberculosis 6C4 present higher bacterial loads in the lung
and liver and more severe pathology than mice infected with 412.
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Images of lungs from infected mice at day 30 post infection;
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412 6C4

Il. Lack of IL-1R in the myeloid compartment (LyzM mice) leads to increased bacterial burden
in lung and BAL, severe pathology, increased expression of pro inflammatory genes and
higher cell recruitment to the local of infection, when mice are infected with the higher IL-
1B inducer strain (412).
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According to the results, it was possible to recapitulate, in the mouse model, distinct severities
of disease provoked by different M.tuberculosis strains. M.tuberculosis 6C4 showed a higher
bacterial load at the local of infection, more dissemination to the liver and a larger area of lung
lesion than 412, compatible with the severe form of TB described in humans. IL-1R-deficient
mice in myeloid cells when infected with the higher IL-1B inducer strain (412) were less able to
control the infection in comparison to WT, showing higher bacterial burden, severe pathology,
more cell infiltration and increased inflammatory responses. Therefore, the low severity of 412
infection compared to other strains, seems to be linked to the high induction of IL-1p.

Future perspectives include performing a similar experience to compare LyzM and WT mice
when infected with 6C4 and study the contribution of other cellular compartments, such as

epithelial and endothelial cells in the IL-1 signaling. With this study and future ones, we expect

3¢ &

to better understand the complex immune response of TB.
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