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Abstract

Mycobacterium Tuberculosis (M. tuberculosis)is a highly effective pathogen
infecting nearly a third of the world’s population. An M. tuberculosis infection starts
when droplets containing bacteria enter an individual’s lungs. The first host cells to
contact the bacteria are alveolar macrophages residing in the lung alveoli. These cells
are usually in charge of phagocyting and killing pathogens; however, M. tuberculosis
can survive and even replicate inside of them, leading to disease progression.

In this thesis, we investigated how M. tuberculosis interacts with macrophages
in two projects. In a first project, we used time-lapse microscopy and fluorescent
reporters to study how diversity in the bacteria and the host cells influences the
outcome of single-cell infections. By using M. tuberculosis strains expressing
different fluorescent proteins, we showed that bacteria inside a same macrophage
behave more similarly than bacteria in different host cells, suggesting that some
macrophages are more permissive to bacterial growth than others. Interestingly,
these differences disappeared when inhibiting inducible nitric oxide synthase (iINOS),
a known macrophage defense mechanism against M. fuberculosis. By using a
macrophage reporter cell line for INOS expression, we demonstrated that INOS levels
fluctuate in time in single cells, and that pre-existing heterogeneity in INOS expression
is linked to the control of intracellular M. tuberculosis by macrophages. As an infection
with M. tuberculosis may initiate from a single bacterium coming in contact with a
single macrophage, heterogeneity in the macrophage population could explain part
of the variability observed in the outcome of tuberculosis infections. Indeed, the level
of INOS a macrophage expresses when it is infected could influence how well it
controls the initial infection and how the disease progresses.

In a second project, we investigated the mechanisms leading to IL-1 secretion
in macrophages infected with M. tuberculosis. 1L-13 is a pro-inflammatory cytokine
that plays a crucial role in host defense against M. fuberculosis by promoting
inflammation and recruiting immune cells to the site of infection. As over-production
of IL-1B is deleterious to the host, its secretion is tightly regulated and requires the
activation of a molecular platform called the inflammasome inside infected cells.
Previous studies have demonstrated that IL-13 secretion can be mediated by the
NLRP3 and AIM2 inflammasomes upon M. fuberculosis infection. In this study, we
demonstrated that IL-18 can also be secreted upon activation of an alternative
pathway, called the non-canonical inflammasome, in macrophages infected with M.
tuberculosis. We showed that Caspase-11 (in mice), and Caspase-4 and Caspase-5
(in humans), the main proteins involved in non-canonical inflammasome activation,
are activated in infected macrophages and contribute to IL-13 secretion. Furthermore,



we demonstrated that secreted IL-1B can enhance the anti-mycobacterial properties
of neighboring macrophages by promoting autophagy, a known defense mechanism
against intracellular pathogens. By analyzing a publicly available sc-RNAseq dataset,
we showed that Caspase-11 expression is induced in macrophages from the lungs
of infected mice, suggesting a role for the control of M. tuberculosis infection in vivo.
Our findings identify a novel mechanism for IL-18 secretion in M. tuberculosis-infected
cells and suggest a role for the non-canonical inflammasome in defense against
mycobacterial infections.

Keywords: M. tuberculosis, macrophages, time-lapse microscopy, single-cell
heterogeneity, inducible nitric oxide synthase (iNOS), non-canonical inflammasome.



Zusammenfassung

Mycobacterium tuberculosis (M. tuberculosis) ist ein bakterieller Erreger, der
fast ein Drittel der Weltbevdélkerung infiziert. Eine M. tuberculosis-Infektion beginnt mit
bakterienhaltigen Tropfchen, die in die Lunge einer Person gelangen. In den
Lungenblaschen sind Alveolarmakrophagen die ersten Zellen, die mit den Bakterien
in Kontakt kommen. Diese Zellen sind normalerweise fur die Phagozytierung und
Abtétung von Krankheitserregern zustandig, aber M. tuberculosis kann in ihnen
Uberleben und sich sogar vermehren, was zum Fortschreiten der Krankheit fuhrt.

In dieser Arbeit haben wir in zwei verschiedenen Projekten untersucht, wie M.
tuberculosis mit Makrophagen interagiert. In einem ersten Projekt untersuchten wir
mit Hilfe von Zeitraffermikroskopie und Fluoreszenzreportern, wie die Diversitéat der
Bakterien und der Wirtszellpopulationen das Ergebnis einer Einzellinfektion
beeinflusst. Durch die Verwendung von M. fuberculosis Bakterien, die verschiedene
fluoreszierende Proteine exprimieren, zeigen wir, dass sich verschiedene Bakterien
in demselben Makrophagen &hnlicher verhalten als Bakterien in verschiedenen
Makrophagen, was darauf hindeutet, dass einige Makrophagen fur das
Bakterienwachstum permissiver sind als andere. Interessanterweise verschwinden
diese Unterschiede, wenn die induzierbare Stickstoffmonoxid-Synthase (iINOS)
gehemmt wird, einen bekannten Abwehrmechanismus der Makrophagen gegen M.
tuberculosis. Durch die Verwendung einer Makrophagen-Reporterzelllinie fur iNOS-
Expression zeigen wir ausserdem, dass iINOS-Spiegel auf Einzelzellebene zeitlich
fluktuieren und dass die Heterogenitat der iINOS-Expression mit der Kontrolle der
intrazellularen M. tuberculosis durch Makrophagen zusammenhangt. Da eine
Infektion mit M. tuberculosis durch ein einzelnes Bakterium, das mit einem einzelnen
Wirtsmakrophagen in Kontakt kommt ausgeldést werden kann, koénnte die
Heterogenitat der Makrophagenpopulation einen Teil der Variabilitat erklaren, die
beim Ausgang von Tuberkuloseinfektionen beobachtet wird. So kdnnte die Menge an
INOS, die ein Makrophage bei der Infektion exprimiert, einen Einfluss darauf haben,
wie gut die anfangliche Infektion kontrolliert werden kann und wie und ob die
Krankheit schliesslich fortschreitet.

In einem zweiten Projekt untersuchten wir die Mechanismen, die zur Sekretion
von IL-1B8 in M. (tuberculosis-infizierten Makrophagen fuhren. IL-1B ist ein
proinflammatorisches Zytokin, das eine entscheidende Rolle bei der Abwehr von M.
tuberculosis spielt, indem es die Entzindung férdert und andere Immunzellen an den
Infektionsherd rekrutiert. Da eine Uberproduktion von IL-1B schéadlich sein kann, wird
seine Sekretion streng reguliert und erfordert die Aktivierung einer molekularen
Plattform, des so genannten Inflammasoms, innerhalb der infizierten Zellen. Fruhere



Studien haben gezeigt, dass die |L-1B-Sekretion bei einer M. tuberculosis-Infektion
sowohl durch das NLRP3- als auch das AIM2-Inflammasom vermittelt werden kann.
In dieser Studie zeigen wir, dass IL-13 auch durch die Aktivierung eines alternativen
Weges, des so genannten nicht-kanonischen Inflammasoms, in mit M. tuberculosis
infizierten Makrophagen ausgeschuttet werden kann. Wir zeigen, dass Caspase-11
(bei Mausen) und Caspase-4 und Caspase-5 (bei Menschen), die wichtigsten an der
nicht-kanonischen Inflammasom-Aktivierung beteiligten Proteine in infizierten
Makrophagen aktiviert werden, was zur Sekretion von IL-13 fuhrt. Daruber hinaus
zeigen wir, dass IL-1B die antimykobakteriellen Eigenschaften benachbarter
Makrophagen verstarken kann, indem es die Autophagie férdert, einen bekannten
Abwehrmechanismus gegen intrazellulare Krankheitserreger. Durch die Analyse
eines offentlich zuganglichen scRNAseqg-Datensatzes zeigen wir dann, dass die
Expression von Caspase-11 in Makrophagen aus den Lungen infizierter Mause
induziert wird, was auf eine Rolle bei der Kontrolle der M. tuberculosis-Infektion in vivo
hindeutet. Unsere Ergebnisse identifizieren somit einen neuen Mechanismus fur die
IL-1B-Sekretion in M. tuberculosis-infizierten Zellen und deuten auf eine mdgliche
Rolle  des nicht-kanonischen Inflammasoms  bei der Abwehr von
Mykobakterieninfektionen hin.

Schllsselworter: M. tuberculosis, Makrophagen, Zeitraffermikroskopie,
Einzelzellheterogenitéat, induzierbare Stickstoffmonoxid-Synthase (iNOS), nicht-
kanonisches Inflammasom.



Résumé

Mycobacterium Tuberculosis (M. tuberculosis) est un agent pathogene tres
efficace qui infecte prés d'un tiers de la population mondiale. Une infection par M.
tuberculosis commence lorsque des gouttelettes contenant des bactéries pénetrent
dans les poumons d'un individu. Les premieres cellules hétes a entrer en contact
avec les bactéries sont les macrophages alvéolaires qui résident dans les alvéoles
pulmonaires. Ces cellules sont généralement chargées de phagocyter et de tuer les
agents pathogenes; cependant, M. tuberculosis peut survivre et méme se repliquer
a l'intérieur de ces macrophages, ce qui entraine une progression de la maladie.

Dans cette these, nous avons étudié comment M. fuberculosis interagit avec
les macrophages dans deux projets différents. Dans un premier projet, nous avons
utilisé la microscopie et des rapporteurs fluorescents pour étudier comment la
diversité des bactéries et des cellules hétes influence le déroulement d'une infection.
En utilisant des souches de M. tuberculosis exprimant différentes protéines
fluorescentes, nous avons démontré que les bactéries a l'intérieur d'un méme
macrophage se comportent de maniére plus similaire que les bactéries dans
différentes cellules hoétes, ce qui suggeéere que certains macrophages sont plus
permissifs a la croissance bactérienne que d'autres. |l est intéressant de noter que
ces différences disparaissent lorsque nous inhibons l'oxyde nitrique synthase
inductible (iINOS), un mécanisme de défense connu des macrophages contre M.
tuberculosis. En utilisant une lignée de cellules rapporteuses pour l'expression de
iINOS, nous avons en outre démontré que les niveaux d'iNOS fluctuent dans le temps
dans chaque cellule, et que des différences dans I'expression de iINOS sont corrélées
au controle de M. tuberculosis par les macrophages. Etant donné qu'une infection
par M. tuberculosis peut étre déclenchée par une seule bactérie entrant en contact
avec un seul macrophage, des différences dans la population de macrophages
pourrait expliquer une partie de la variabilité observée dans l'issue des infections par
tuberculeuses. En effet, le niveau d'iINOS exprimé par un macrophage lorsqu'il est
infecté pourrait influencer la fagon dont il contréle cette infection initiale et la fagon
dont la maladie évolue.

Dans un second projet, nous avons étudié les mécanismes conduisant a la
sécrétion d'lL-13 dans les macrophages infectés par M. tuberculosis. 1L-13 est une
cytokine pro-inflammatoire qui joue un rble crucial dans la défense contre M.
tuberculosis en favorisant l'inflammation et en recrutant d'autres cellules
immunitaires. Comme la surproduction d'lL-1B peut étre délétere pour I'hdte, sa
sécrétion est étroitement régulée et nécessite l'activation d'une plateforme



moléculaire appelée inflammasome a l'intérieur des cellules infectées. Des études
préceédentes ont démontré que la sécrétion d'IL-1B3 peut étre régulée par les
inflammasomes NLRP3 et AIM2 lors d’une infection par M. tuberculosis. Dans cette
etude, nous avons démontré que IL-13 peut egalement étre sécrété lors de |'activation
d'une voie alternative appelée inflammasome non canonique lors d’une infection par
M. tuberculosis. Nous avons démontré que Caspase-11 (chez la souris), ainsi que
Caspase-4 et Caspase-5 (chez I'hnomme), les principales protéines impliquées dans
I'activation de l'inflammasome non canonique, sont activées dans des macrophages
infectés, ce qui entraine la sécrétion d'lL-1B. En outre, nous avons démontré que I'lL-
1B sécrété peut renforcer les propriétés anti-mycobactériennes des macrophages
voisins en favorisant I'autophagie, un mécanisme de défense contre les pathogénes
intracellulaires. En analysant un ensemble de données scRNAseq accessible au
public, nous avons également montré que I'expression de Caspase-11 est induite par
les macrophages dans les poumons de souris infectées par M. fuberculosis, ce qui
suggere un rble dans le contréle des infections /n vivo. Nos résultats identifient donc
un nouveau mécanisme de sécrétion d'IL-13 dans les cellules infectées par M.
tuberculosis et suggerent un réle potentiel de l'inflammasome non canonique dans la
défense contre les infections mycobactériennes.

Mots-clés : M. tuberculosis, macrophages, microscopie, hétérogénéité, oxyde
nitrique synthase inductible (iNOS), inflammasome non canonique.
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Chapter 1. Introduction

Tuberculosis is the leading cause of death by an infectious disease worldwide
and is estimated to have caused 1.6 million deaths in 2021 alone (WHO, 2022). Up to
a quarter of the world’s population is thought to be infected with Mycobacteriurn
tuberculosis, the pathogen responsible for causing the disease (WHO, 2022).

Incidence per 100 000
~ population per year

w [ Jo-99
o[ 10-49
[ 50-99
I 100-299
I 300-499
I =500
[] Nodata
[] Not applicable

Figure 1: Estimated tuberculosis incidence rates (WHO 2022 global tuberculosis report)

While treatment options for drug-susceptible Tuberculosis exist, they involve the
administration of multiple antibiotics over extended periods of time, often lasting up
to six months (WHO, 2020). Furthermore, cases of drug resistant M. fuberculosis, for
which the treatment success rate is alarmingly low, are increasingly frequent around
the world. Unfortunately, development of new antibiotics against M. fuberculosis is
challenging due to the slow growing nature of the pathogen, its waxy cell wall that
limits drug penetration, and the requirement for containment in a biosafety level 3
(BSL3) facility (Boogaard et al., 2009; Koul et al., 2011). Moreover, as M. tuberculosis
is an intracellular pathogen, drugs need to first enter the host cells without being
degraded before reaching the bacteria (Day et al., 2023). Finally, disease progression
is very diverse, ranging from sterilization of the bacteria to latent infection or active
disease, further complicating the development of new therapeutic approaches.
Therefore, a comprehensive understanding of tuberculosis is essential for the
development of new antibiotics as well as alternative treatment options such as host-
directed therapies.

During my thesis, | studied the interactions between M. fuberculosis and
macrophages, immune cells responsible for phagocytosing pathogenic bacteria, at
the single cell level. One focus of my research was to understand how phenotypic
heterogeneity in the pathogens and host cells can influence the outcome of single-
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cell M. tuberculosis infections. Since an M. tuberculosis infection can originate from
a single bacterium interacting with a single host macrophage, studying these initial
interactions can provide valuable insight into disease pathophysiology, and help shed
light on why some individuals are able to sterilize an M. tuberculosis infection while
others develop severe symptoms. In a second project, | focused on studying the
activation of the non-canonical inflammasome in macrophages infected with M.
tuberculosis. Studying these early innate defense mechanisms is important to
elucidate how macrophages circumcise bacterial growth before the involvement of
the adaptive immune system, which could pave the way for the development of new
therapies.
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1.1 Tuberculosis
1.1.1 Tuberculosis pathophysiology

Mycobacterium tuberculosis, the causative agent for tuberculosis, was first
discovered in 1882 by Robert Koch. It is an acid-fast bacterium that is part of the
actinomycete family (Talbot & Raffa, 2014). Most Mycobacteria species, such as M.
smegmatis are found in the soil and are opportunistic pathogens. Mycobacteria
belonging to the M. tuberculosis complex however, such as M. africanurmn, M. bovis,
M. microti, M. canetti and M. tuberculosis, are obligatory pathogens that infect
humans and cause tuberculous lesions in the lungs (Smith et al., 2009).

An M. tuberculosis infection is initiated by cough droplets containing bacteria
entering an individual’s lungs. The first host cells to contact the bacteria are alveolar
macrophages residing in the lung alveoli. Strikingly, even as little as a single
bacterium coming into contact with a single macrophage is thought to be enough to
initiate an infection (Dean et al., 2005; Donald et al., 2018; Saini et al., 2012). Alveolar
macrophages are normally in charge of phagocytosing and killing pathogens (Delogu
et al., 2013). However, M. tuberculosis has evolved strategies, such as inhibition of
phagosomal maturation and acidification, that allow it to survive, replicate and
sometimes even Kill these cells (Cambier, Falkow, et al., 2014). As the disease
progresses, other immune cells such as interstitial macrophages, dendritic cells,
natural killer (NK) cells and neutrophils are recruited to the site of infection. This can
lead to the formation of a granuloma, a structure comprising several different cell
types able to contain M. tuberculosis growth (Delogu et al., 2013; Ramakrishnan,
2012) (Figure 2). Granulomas can be broadly classified in three groups: solid (non-
necrotic), caseous (necrotic) and cavitary. Bacteria can survive inside these lesions
for years without the infected individual exhibiting any symptoms nor being able to
transmit the disease, a stage called latent tuberculosis infection (Cadena et al., 2017;
Ramakrishnan, 2012). It is thought that in some cases, the bacteria inside these
granulomas can be killed and the lesions sterilized (Behr et al., 2018; Ramakrishnan,
2012). Indeed, some patients display healed granulomas without any evidence of
ever having developed active tuberculosis. In 5-10% of cases however, necrotic
granulomas can cavitate, allowing the bacteria to gain access to the airway. The
released bacteria can also spread via the lymphatic system to more distant tissues
and organ. This stage of the disease is called active tuberculosis, and patients exhibit
symptoms such as coughing, fever and weight loss, and can transmit the disease to
a new host.
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Figure 2: The tuberculosis granuloma

Granulomas have a macrophage-rich center surrounded by a lymphocytic cuff made of B and
T cells. Macrophages present in granulomas can fuse into multinucleated giant cells or
differentiate into other specialized cell types, such as foamy macrophages or epithelioid cells.
Many other cell types are also present in granulomas, including neutrophils, dendritic cells,
natural killer (NK) cells, and fibroblasts.

1.1.2 Tuberculosis treatments

Antibiotic regimens

Tuberculosis is treated by the administration of a combination of different first-
line drugs. Different treatment regimens are recommended for drug-susceptible
tuberculosis around the world, which all take between 4 to 9 months. The RIPE TB
treatment consists of a 6 to 9-month administration of four the first-line tuberculosis
drugs Rifampin, Isoniazid, Ethambutol and Pyrazinamide. Isoniazid is a pro-drug that
is converted into its active form by the mycobacterial catalase-peroxidase katG and
that targets mycolic acid synthesis (Timmins & Deretic, 2006). Ethambutol inhibits the
synthesis of arabinogalactan, also a cell wall component (Goude et al., 2009).
Pyrazinamide inhibits energy production and is important to shorten the duration of
tuberculosis therapy as it can also target non-growing bacteria (Zhang et al., 2015).
Finally, Rifampin inhibits bacterial RNA polymerase (Wehrli, 1983). The RIPE TB
treatment regimen has an intensive phase of 2 months during which all four drugs are
administered daily, followed by a continuation phase of 4 to 7 months during which
only Isoniazid and Rifampin are administered (WHO, 2022). In some cases, a shorter
treatment regimen of 4 months can be administered instead. This regimen consists in
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the administration of Rifampin, Moxifloxacin (a topoisomerase Il and IV inhibitor),
Isoniazid and Pyrazinamide for 2 months daily, followed by a continuation phase of
another 9 weeks during which only Rifampin, Moxifloxacin and Isoniazid are
administered (WHO 2022). Unfortunately, cases of multidrug-resistant tuberculosis
(MDR, resistant to at least the two first-line drugs isoniazid and rifampicin) and
extensively drug-resistant tuberculosis (XDR, resistant to at least two first-line drugs
and two second-line drugs) are becoming increasingly common. Indeed, it is
estimated that around 3.3% of new tuberculosis cases and 18% of previously treated
cases are resistant to both isoniazid and rifampicin (WHO, 2022). In particular,
eastern European countries, Russia, central Asian countries and China exhibit an
alarmingly high rate of drug resistance (Salari et al. 2023). In these cases, the
treatment is very long and the drugs used can have severe side effects.

Research is ongoing to develop new drugs against M. tuberculosis, and several
promising antibiotics have recently been approved for the treatment of MDR and XDR
Tuberculosis (Dartois & Rubin, 2022). Bedaquiline, a diarylquinoline targeting the
mycobacterial ATP synthase, was approved in 2012 and was the first drug with a
novel mechanism of action to be approved since rifampicin in 1971 (Khoshnood et
al., 2021). Pretomanid and Delamanid, two nitroimidazoles targeting the
mycobacterial cell wall, have also been recently approved for the treatment of MDR
and XDR-tuberculosis (Blair & Scott, 2015). Other promising candidates that are
currently in phase | or |l clinical trials include the oxazolidinones Sutezolid, Delpazolid
and Contezolid that target the 23S ribosome and inhibit protein synthesis, DprE1
inhibitors that target cell wall synthesis, the Imidazopyridine Q203 that targets cell
respiration, the Riminophenazine TBI-166 that targets ion transport and cell
respiration and the oxaborole GSX 070 that targets protein synthesis (Tiberi et al.,
2018). Research is also being done to develop new and shorter treatment regimens
against susceptible and drug resistant forms of tuberculosis. One such example is
the NiX-TB trial which assessed a 6-month regimen of bedaquiline, pretomanid and
linezolid for the treatment of MDR Tuberculosis (Conradie et al., 2020). The results of
this trial were published in 2020 and showed favorable outcomes in patients with
highly drug-resistant tuberculosis. Finally, research is also being conducted to
repurpose already approved drugs for the treatment of tuberculosis. For instance,
moxifloxacin, linezolid and clofazimine are all repurposed antibiotics that have
recently been approved for the treatment of XDR Tuberculosis (Cardoso et al., 2021;
Singh et al., 2019).
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Vaccines

Currently, the only approved vaccine against M. tuberculosis is the Bacille
Calmette-Guerin (BCG) vaccine. BCG is an attenuated vaccine derived from M. bovis
that protects against childhood tuberculosis but is ineffective against adult pulmonary
tuberculosis (Fatima et al., 2020). Different strategies are studied to develop a more
efficacious vaccine against tuberculosis. One such strategy involves modifying the
current route of administration of BCG vaccination. Murine infection studies have
demonstrated that delivering the BCG vaccine via aerosols, rather than intradermally,
leads to a heightened CD4 and CD8 T cell response to M. tuberculosis infection and
reduces bacterial burdens after vaccination (Derrick et al., 2014; Kaveh et al., 2020).
Unfortunately, this administration route has also been associated with increased
inflammation and potential lung tissue damage, which warrants further investigation
into the safety of this method (Kaveh et al., 2020). Another possibility would be to
administer BCG intravenously, as it has been shown to elicit a robust immune
response in macague monkeys (Darrah et al., 2020). Nonetheless, this approach is
unlikely to have broad applicability due to the limited availability of the infrastructure
and medical expertise required for intravenous administration, especially in countries
with a high tuberculosis burden (Cho et al., 2021).

Another potential strategy to develop a more effective tuberculosis vaccine is
the creation of a novel recombinant vaccine derived from the existing BCG vaccine.
Presently, there are four novel vaccines utilizing recombinant BCG strains under
investigation, with three in pre-clinical studies and one in a phase Ill clinical trial (Cho
et al., 2021). Two other vaccines based on other mycobacterial species are also in
phase llI clinical trials: one derived from M. indicus pranii; and another from heat-
killed M. vaccae. The M. indicus praniivaccine has demonstrated safety in mice and
guinea pigs, and has been shown to enhance bacterial clearance in guinea pig
models of infection and in advanced pulmonary tuberculosis patients (Gupta et al.,
2012; Sharma et al., 2017). The M. vaccae vaccine has proven protective against M.
tuberculosis infections in animal models, and is immunogenic in humans when
administered in a three-dose regimen (Mayo & Stanford, 2000; Onyebujoh et al., 1999;
Von Reyn et al., 1997). Additionally, several antigenic vaccines based on the insertion
of an antigenic M. tuberculosis protein into a viral vector are also being studied, some
of which are currently in phase Il clinical trials (Cho et al., 2021). Finally, several
vaccines are under consideration for use as boosters in BCG-vaccinated populations.
One such vaccine, MTBVAC, a live-attenuated M. tuberculosis vaccine with deletions
of the virulence factors fadD26 and phoP, has been deemed safe in humans in a
phase | clinical trial (Spertini et al., 2015). In animal models of infection, this vaccine
confers greater immunity than BCG when administered alone, and its efficacy further
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increases when used as a booster in BCG-primed animals (Aguilo et al., 2020; Clark
et al., 2017).
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1.2 Interplay between the innate immune system and
Mycobacterium tuberculosis

Innate immunity is an important determinant not only for early control of M.
tuberculosis dissemination but also for long-term control of tuberculosis disease by
priming adaptive immune responses and regulating inflammation. In the following
paragraphs, | will present the innate immune cell types important in tuberculosis
pathophysiology, how the bacteria are recognized by these cells, the cellular
mechanisms associated with defense against M. tuberculosis and the bacterial
components that can modulate the innate immune response.

1.2.1 Innate immune cell types in Tuberculosis

Macrophages

Macrophages play a crucial role at different stages of tuberculosis disease
progression and are the primary cellular niche for M. tuberculosis during early and
chronic infection. During the early phases of the disease, macrophages can have a
direct anti-bacterial activity against M. tuberculosis, be used as a reservoir for M.
tuberculosis growth, or help regulate immune responses by secreting chemokines
and cytokines (Ahmad et al., 2022). They also play a role at later stages of the disease,
as they are the main cell type present in granulomas (Cadena et al., 2017; Flynn et
al., 2011). At least two populations of macrophages of different ontologies co-exist in
the lungs of infected individuals: alveolar macrophages and interstitial macrophages.

Alveolar macrophages

Alveolar macrophages reside in the lung alveoli, at the interface of lung tissue
and environment, and present a first line of defense against airborne pathogens
(Corleis & Dorhoi, 2020). They are professional phagocytes that play a role not only
in innate immunity but also in the metabolism of lung surfactant and clearance of
debris (Aegerter et al., 2022). Studies using RNA sequencing or metabolic profiling
on cells extracted from the lungs of mice infected with M. fuberculosis showed that,
in general, infected alveolar macrophages display an M2/anti-inflammatory
phenotype and present a permissive environment for M. tuberculosis growth (Huang
et al., 2018; Pisu et al., 2020; Rothchild et al., 2019). A recent study however showed
that a sub-population of pro-inflammatory alveolar macrophage that upregulate iINOS
also exists in the lungs of infected mice and is associated with intracellular bacteria
exhibiting higher levels of stress (Pisu et al., 2021). These pro- and anti-inflammatory
sub-populations of alveolar macrophages seem to be conserved in humans, though
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it has not been characterized whether they play a different role in the control of early
M. tuberculosis infection (Pisu et al., 2021).

During the first few days of infection, alveolar macrophages containing M.
tuberculosis secrete chemokines that leads to the recruitment of other innate immune
cells to the site of infection. Infected alveolar macrophages have also been shown to
leave the alveoli and migrate towards the lung interstitium, contributing to bacterial
dissemination and infection of other cells, such as interstitial macrophages (Cohen et
al., 2018).

Interstitial macrophages

In contrast to alveolar macrophages, which are thought to be of embryonic
origin, interstitial macrophages are derived from monocyte progenitors in the bone
marrow (Tan & Krasnow, 2016). They are found with a low frequency in the lungs of
uninfected mice, but their number increases approximately 40-fold in response to
infection with M. fuberculosis (Pisu et al., 2021, Wolf et al., 2007). Interstitial
macrophages are recruited from the blood to the site of the infection by cytokines
released by alveolar macrophages and epithelial cells. In comparison to alveolar
macrophages, these macrophages display a more pro-inflammatory phenotype with
higher expression of genes such as IFNy, NOS2, or TNFa (Gibbings et al., 2017; L.
Huang et al., 2018; Pisu et al., 2020, 2021). M. tuberculosis bacteria inside interstitial
macrophage are exposed to higher levels of nitric oxide related stresses and display
slower growth rates than bacteria inside alveolar macrophages (Huang et al., 2018;
Pisu et al., 2021). As for alveolar macrophages, different sub-populations of interstitial
macrophages with different anti-bacterial capacities co-exist in the lungs of infected
mice (Chakarov et al., 2019; Pisu et al., 2021).

Macrophages in granulomas

As the disease progresses, organized multi-cellular structure called
granulomas form in the lungs in an effort to contain M. fuberculosis growth (Delogu
et al., 2013). Within these structures, infected macrophages can form multinucleated
giant cells, transform into lipid-rich foamy macrophages or transition to epithelioid
cells (McClean & Tobin, 2016). Multinucleated giant cells are thought to be formed
either via cell-cell fusion or via modified cell divisions, and arise in response to
persistent inflammatory stimuli (Herrtwich et al., 2016, Helming et al., 2009). Foamy
macrophages are a hallmark of tuberculosis granulomas and are a major niche for M.
tuberculosis survival (Agarwal et al., 2021; Shim et al., 2020). They contain bubble-
like droplets in their cytoplasm which are filled with fatty acids, cholesterols, and
triglycerides. M. tuberculosis has been found to associate with these droplets and
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can utilize the lipids they contain as carbon sources for survival (Shim et al., 2020).
Finally, even though they resemble epithelial cells, the epithelioid cells present in
tuberculosis granulomas are thought to be derived from macrophages. The molecular
mechanisms underlying this transition are poorly understood, but it is hypothesized
that it relies on the increased production of E-cadherin by infected macrophages
(Cronan et al., 2016).

Neutrophils

Neutrophils are a sub-type of granulocytes and are highly abundant, making
up 50-70% of all leukocytes in the blood (Nathan, 2006). Their role in tuberculosis is
controversial, as they have been shown to have both a protective and deleterious
effect on the host (Gaffney et al., 2022). They are the first immune cell to be recruited
to the site of infection, and are thought to serve as an early line of defense through
the secretion of pro-inflammatory mediators and antimicrobial molecules (Martineau
et al., 2007; Sia & Rengarajan, 2019). Neutrophils can however also serve as a
replicative niche for M. tuberculosis and elevated neutrophil counts have been
associated with poor prognosis (Barnes et al., 1988).

Neutrophils display a range of mechanisms to defend against invading
pathogens, such as phagocytosis, neutrophil extracellular trap (NET) formation, the
generation of reactive oxygen species, and the secretion of pro-inflammatory
cytokines and antimicrobial peptides (Gaffney et al., 2022). In the context of
tuberculosis, studies have demonstrated that neutrophils can effectively phagocytose
M. tuberculosis, however uncertainty remains regarding their capacity to directly Kill
the engulfed bacteria (Corleis et al., 2012; Kisich et al., 2002). Human neutrophils
infected with M. tuberculosis can also release NETs, consisting of extracellular
chromatin scaffolds, yet this mechanism appears inefficient in inducing killing of the
bacterium (Ramos-Kichik et al., 2009). Consequently, it is suggested that, rather than
exerting a direct antimicrobial activity, neutrophils play a more immunomodulatory
role in the context of human tuberculosis through the secretion of pro-inflammatory
cytokines (Sia & Rengarajan, 2019).

Monocytes

Monocytes are a type of leukocytes that can differentiate into macrophages or
dendritic cells. Monocytes are recruited along with neutrophils to the site of an M.
tuberculosis infection in a CCL2/CCR2-dependent manner (Serbina & Pamer, 2006;
Sia & Rengarajan, 2019). CCR2 knock-out mice unable to recruit monocytes are more
susceptible to high-dose, but not low-dose infection with M. tuberculosis (Peters et
al., 2001; Scott & Flynn, 2002). Monocytes have been shown to be one of the major
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cell types producing nitric oxide in mice, a molecule toxic for M. tuberculosis (Skold
& Behar, 2008). Additionally, infected monocytes can act as antigen-presenting cells
and deliver M. tuberculosis antigens to the lymph nodes to prime T cells (Samstein et
al., 2013). On the other hand, monocyte recruitment to the site of infection has also
been suggested to be detrimental to the host, as monocytes are a permissive
environment for intracellular M. tuberculosis growth (Antonelli et al., 2010). It is thus
likely that recruitment of monocytes to the site of infection represents a host strategy
to combat bacterial replication that has been subverted by M. tuberculosisto facilitate
its dissemination.

Natural Killer (NK) cells

NK cells are innate lymphocytes that can secrete pro-inflammatory cytokines
such as Interferon gamma (IFNy) and that have a cytotoxic function during infections
with various pathogens, including M. tuberculosis (Sia & Rengarajan, 2019). NK cells
can effectively kill monocytes and macrophages infected with M. tuberculosis
(Vankayalapati et al., 2005) and have been shown to restrict intracellular M.
tuberculosis growth in macrophages through the secretion of [I-22 and IFNy (Dhiman
et al., 2009). In humans, a reduced number of NK cells in the blood as well as
reduction in their expression of different activation markers was shown to correlate
with transition from latent tuberculosis infection to active disease (Bozzano et al.,
2009; Chowdhury et al., 2018).

Dendritic cells

Dendritic cells are antigen-presenting cells that initiate the adaptive immune
response during M. fuberculosis infection. They do so by presenting bacterial
antigens on their surface along with co-stimulatory molecules to T lymphocytes
(Ravesloot-Chavez et al., 2021). They are crucial for the control of the infection as
depletion of these cells in mice models of infection delays T cell response to M.
fuberculosis and exacerbate disease progression (Tian et al., 2010). Priming of T cells
requires the migration of infected dendritic cells to the lung-draining lymph nodes,
but interestingly, some T cells can be primed not only by the migrating infected
dendritic cells but also by uninfected lymph node resident dendritic cells (Srivastava
& Ernst, 2014). It has been suggested that M. tuberculosis can impair dendritic cell
function and T cell priming (Madan-Lala et al., 2014). Indeed, in comparison to other
diseases, the priming of T cells and the initiation of the adaptive immune response is
delayed in tuberculosis (Marino et al., 2004).
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1.2.2 Pathogen recognition by the innate immune system

Innate immune system activation during an infection with M. fuberculosis
begins with pathogen recognition. Many different pattern recognition receptors
(PRRs) have been shown to recognize M. tuberculosis, amongst which the toll-like
receptors (TLRs), the C-type lectin receptors (CLRs), the nucleotide-binding domain
and leucine-rich repeat—containing receptors (NLRs), the Cyclic GMP-AMP synthase
(cGAS)/stimulator of interferon genes (STING) pathway, and the NLRP3 and Aim2
inflammasomes (Liu et al., 2017) (Figure 3).
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Figure 3: Pattern recognition receptors implicated in detecting M. tuberculosis

The C-type lectin receptors Dectin-2, DC-SIGN and the Mannose receptor recognize the
glycolipid mannose-capped lipoarabinomannan (ManLAM), while Mincle and Marco
recognize Trehalose dimycolate. The NLR NOD2 is suggested to recognize muramyl
dipeptide released from bacterial peptidoglycan. TLR9 and Aim2 recognize DNA released by
intracellular bacteria, while TLR2 is suggested to recognize lipoproteins and lipoglycans on
the surface of M. tuberculosis. The cGAS/STING pathway is also activated upon sensing of
intracellular DNA, and the NLRP3 inflammasome responds to membrane damage induced by
M. tuberculosis infection.

Toll-like receptors (TLRs)

TLRs are transmembrane proteins that recognize a wide range of pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs). TLRs can either be associated with the plasma membrane or be located on
the membrane of endosomal compartments (Liu et al., 2017). Upon activation, TLRs
can recruit adapter proteins, including MyD88, TRIF, TIRAP and TRAM, subsequently
initiating various signaling pathways, such as the NF-kB or MAPK pathways. This
activation leads to the secretion of several anti-microbial molecules, cytokines, and
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chemokines, which are thought to be beneficial for the host (J. Basu et al., 2012).
Additionally, several cellular defense mechanisms, such as autophagy, have also
been shown to be associated with TLR signaling in tuberculosis (Shin, Yuk, et al.,
2010). Interestingly, it should be noted that M. tuberculosis-induced TLR signaling
has also been suggested to be detrimental to the host by promoting bacterial survival
inside macrophages (Yoshida et al., 2009).

Several TLRs have been implicated in M. fuberculosis pathogenesis. MyD88"
mice, TLR2" mice and TLR9” mice all exhibit increased susceptibility to infection with
M. tuberculosis in comparison to wild-type mice (Bafica et al., 2005; Drennan et al.,
2004; Scanga et al., 2004). Additionally, genetic polymorphisms in TLR2, TLR4, TLR7,
TLR8 and TLR9 have been associated with increased susceptibility to M. tuberculosis
infection in humans (Z. Chen et al., 2015; Lai et al., 2016; Najmi et al., 2010; Wu et al.,
2020). M. tuberculosis expresses various molecules that can be recognized by TLRs.
For instance, TLR2 has been shown to recognize different lipoproteins, such as LprG,
LprA and LpgH, as well as the glycolipids phosphatidylinositol mannoside 6 and 2
and lipoarabinomanna (LAM) (Drage et al., 2010; Pecora et al., 2012; Shukla et al.,
2018). Additionally, TLR9, located on the membrane of endosomal compartments,
recognizes unmethylated CpG motifs on M. tuberculosis DNA, while TLR4 recognizes
the heat shock proteins HSP65 and HSP70 (Bafica et al., 2005; Bulut et al., 2005).

Nucleotide-binding domain and leucine-rich repeat-containing receptors (NLRs)

Members of the NLR family are cytoplasmic proteins that recognize microbial
components inside the cytosol of the cell. In the context of tuberculosis, a noteworthy
NLR is NOD2, which acts upstream of the NF-kB signaling pathway. NOD2 plays a
crucial role in the release of pro-inflammatory cytokines and has been associated with
the initiation of autophagy and the production of nitric oxide by macrophages (Juarez
et al., 2012). NOD2 has been shown to be important for the control of M. tuberculosis
infections in mice models (Divangahi et al., 2008; Gandotra et al., 2007). Moreover,
genetic polymorphisms in NOD2 have been linked to an increased susceptibility to
M. tuberculosis (Austin et al., 2008; Pan et al., 2012; Wang et al., 2013). NOD2 can
recognize muramyl dipeptide (MDP), a constituent of bacterial peptidoglycan
(Girardin et al., 2003). Consequently, defects in NOD2 signaling lead to impaired
recognition of M. tuberculosis and a reduced inflammatory response in both human
and murine macrophages (Ferwerda et al., 2005; Juarez et al., 2012; Yang et al.,
2007).
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C-type leptin receptors (CLRs)

CLRs are a class of receptors characterized by the presence of at least one
carbohydrate recognition domain. They play a pivotal role for the recognition of many
different bacteria and viruses. Numerous CLRs have been associated with recognition
of M. tuberculosis, amongst which the mannose receptor (MR), DC-SIGN, Mincle, and
Dectin-2 (Liu et al., 2017).

The mannose receptor is a type 1 transmembrane CLR present on
macrophages and dendritic cells that can recognize mannose-capped
lipoarabinomannan (ManLam) on the surface of M. fuberculosis (Kang et al., 2005).
This triggers phagocytosis of the bacteria and the secretion of the pro-inflammatory
cytokine 11-8 (Nagvi & Endsley, 2020). Interestingly, recognition of M. tuberculosis by
MR has also been suggested to promote intracellular bacterial survival through the
inhibition of phagosome maturation and phagosome-lysosome fusion (Rajaram et al.,
2017). DC-SIGN is a mannose-binding type Il CLR that is present on dendritic cells
and macrophages. It can recognize the surface-exposed lipoglycan
lipoarabinomannan (LAM) (Tallieux et al., 2003). Knocking-out the murine homolog of
DC-SIGN, SIGNR1, results in only partial impairment of host resistance to M.
tuberculosis (Tanne & Neyrolles, 2010). However, knocking out both DC-SIGN and
MR leads to a more pronounced phenotype characterized by elevated lung
inflammation and the presence of large bacterial foci in the lungs (Court et al., 2010).
Mincle is a type Il transmembrane CLR that is mainly expressed by macrophages and
neutrophils. Mincle can recognize trehalose-dimycolate (TDM, also called cord factor)
present in the M. tuberculosis cell wall, which triggers the production of pro-
inflammatory cytokines and of nitric oxide by the cells (Ishikawa et al., 2009). Mincle
plays a crucial role in granuloma formation /n vivo, and Mincle” mice are impaired in
granuloma formation upon TDM injection (Ishikawa et al., 2009). Similarly to other
CLRs, Mincle deficiency only has a modest impact on disease outcome in murine
models of infection, suggesting potential overlap with other receptors (Behler et al.,
2012; Heitmann et al., 2013). Dectin-2 is present on macrophages and some dendritic
cell subsets, and recognizes ManLam on the surface of M. tuberculosis (Decout et
al., 2018). This recognition leads to the secretion of pro- and anti-inflammatory
cytokines such as IL-6, TNFa, IL-10 and TGF-B (Yonekawa et al., 2014). Dectin-27
mice display higher lung bacterial counts following infection with mycobacteria than
wild-type mice, along with increased lung volume and inflammation, suggesting a role
for Dectin-2 in vivo (Yonekawa et al., 2014). Additionally, other CLRs, such as DCIR
or Dectin-1, have also been implicated in immunity against tuberculosis, although
further investigation is needed to elucidate their precise roles (Liu et al., 2017).
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Cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING)

cGAS is a DNA sensor that is activated upon binding with foreign cytosolic
DNA leading to the catalysis of cyclic GMP-AMP (cGAMP). Subsequently, this
activation triggers the activation of the sensor STING, which recruits the kinase TBK-
1. TBK-1 then phosphorylates the transcription factor IRF-3, promoting the
transcription of IFN- and interferon-stimulated genes (Chai et al., 2020). cGAS has
been shown to be essential for mounting type | IFN responses during M. tuberculosis
infection, and plays a pivotal role in the induction of autophagy by infected
macrophages (Wassermann et al., 2015; Watson et al., 2015). Additionally, it has
been suggested that cGAS is important for the activation of dendritic cells (Li et al.,
2019; Marinho et al., 2018). Interestingly, despite being important for mycobacterial
control in macrophages, the cGAS/STING pathway does not seem to be protective
against M. tuberculosis in vivo, suggesting that other immune receptors could
compensate for its role (Collins et al., 2015; Marinho et al., 2018; Watson et al., 2015).

Scavenger receptors

Scavenger receptors are found on the surface of the cell and can bind many
bacterial ligands. Both class A and class B scavenger receptors have been shown to
be able to recognize mycobacterial lipoarabinomannans and lipopeptides (Drage et
al., 2009; Jozefowski et al., 2011). One class A scavenger receptor that is important
for the immune response against tuberculosis is the macrophage receptor with
collagenous structure (MARCO). MARCO participates in phagocytosis of M.
tuberculosis, via recognition of TDM on the mycobacterial surface (Bowdish et al.,
2009). In humans, genetic polymorphism in MARCO have been associated with
impaired phagocytosis of TDM-coated beads by macrophages and with increased
risk of developing active tuberculosis (Thuong et al., 2016).

Inflammasome

Inflammasomes are molecular platforms that are assembled in the cytosol upon
sensing of danger signals by the cell. This process results in the secretion of the
cytokines IL-1B and IL-18 and ultimately triggers a programmed cell death known as
pyroptosis. Since IL-1B is a potent pro-inflammatory cytokine, its production is tightly
regulated and a second signaling pathway in addition to inflammasome activation
must be engaged for its release from the cell. This second pathway involves other
pattern recognition receptors, such as TLRs, or cytokine receptors and its
engagement is required for the transcription of key inflammasome-related genes
(Rastogi & Briken, 2022).
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Two types of inflammasomes are relevant in M. tuberculosis infections: the
AIM2 inflammasome and the NLRP3 inflammasome (Rastogi & Briken, 2022). AIM2,
an interferon-inducible member of the HIN-200 family, can bind intracellular M.
tuberculosis DNA (Fernandes-Alnemri et al., 2009; Saiga et al., 2012). NLRP3, on the
other hand, can sense various M. tuberculosis components and also responds to
cellular perturbations caused by the infection (reviewed in Rastogi & Briken, 2022).
Upon sensing of these signals, NLRP3 associates with the protein ASC, and recruit
the cysteine protease pro-Caspase-1. This results in the formation of the
inflammasome complex, which facilitates the cleavage and activation of Caspase-1.
Activated Caspase-1, in turn, cleaves pro-IL-1B into its active form and GasderminD
into a pore-forming N-terminus fragment. These GasderminD pores allow active IL-1[3
to be released from the cell in a process known as pyroptosis, ultimately leading to
death of the infected cell (Figure 4).
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Figure 4: Inflammasome signaling

Inflammasome activation requires two signals. The first signal (a PAMP or a pro-inflammatory
cytokine) leads to the upregulation of inflammasome-related genes in an NF-kB-dependent
manner. The second signal leads to the assembly of the inflammasome, activation of
caspase-1, cleavage of pro-IL-1B and GSDMD, secretion of IL-13 through GSDMD pores, and
ultimately death of the cell by pyroptosis.
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Different M. tuberculosis proteins or lipids have been shown to promote NLRP3
inflammasome assembly. PPE13, a Proline-Proline-Glutamate family protein, can
induce assembly of the NLRP3 inflammasome complex by interacting directly with the
NACHT and the LRR domain of NLRP3 (Yang et al., 2020). EST12, a pyroptosis-
inducing protein, can trigger inflammasome assembly through the deubiquitination of
NLRP3 (Qu et al., 2020). The lipoprotein LpgH induces the upregulation of NLRP3,
ASC and Caspase-1 gene expression in a TLR2-dependent manner, and triggers
NLRP3 assembly by promoting potassium efflux from the cell (Liu et al., 2021). The
ESX-1 secretion system also seems to play a primordial role in inducing the assembly
of the NLRP3 inflammasome. Indeed, several studies performed in human and mouse
macrophages have shown that this secretion system is required for NLRP3
inflammasome assembly (Abdallah et al., 2011; Basu et al., 2018; Carlsson et al.,
2010; Kurenuma et al., 2009; Mishra, Moura-Alves, et al., 2010; Wassermann et al.,
2015). Additionally, the mycobacterial cell wall lipid trehalose dimycolate (TDM) can
also induce NLRP3 assembly and release of IL-13 from infected cells (Schweneker et
al., 2013). It is however important to note that the NLRP3 inflammasome acts as a cell
stress sensor, and bacterial activation of NLRP3 inflammasome might not be
mediated by a direct interaction between a bacterial molecule and NLRP3.

On the other hand, M. fuberculosis has also developed mechanisms to inhibit
inflammasome activation. For instance, the M. ftuberculosis serine threonine kinase
PknF can inhibit NLRP3 inflammasome formation and IL-1[3 secretion from human and
murine macrophages (Rastogi et al., 2021). Additionally, the mycobacterial serine
hydrolase Hip1 has also been suggested to inhibit NLRP3 inflammasome activation
by dampening TLR2 signaling in macrophages (Madan-Lala et al., 2011; Rastogi &
Briken, 2022). Finally, it has been shown that the M. fuberculosis inhibits AIM2
inflammasome activation in an ESX-1 dependent manner. Indeed, AIM2 is activated
in macrophages infected with non-virulent mycobacteria and can even recognize and
bind M. tuberculosis DNA, but AIM2 is not activated in murine macrophages infected
with M. tuberculosis (Saiga et al., 2012; Shah et al., 2013). It is thus hypothesized that
a potential AIM2 inhibitor could be released into the cytosol in an ESX-1-dependent
manner along with M. tuberculosis DNA. However, further research needs to be
conducted to identify this potential inhibitor and assess the importance of AIM2
inflammasome evasion for M. tuberculosis virulence.
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1.2.3 Cellular mechanisms associated with defense against
Mycobacterium tuberculosis

Upon recognition of M. tuberculosis by the cells of the innate immune system,
a variety of cellular events are triggered to control and kill the pathogen. Amongst
these events are the release of pro- and anti-inflammatory cytokines, the phagocytosis
of the pathogenic bacteria, the initiation of autophagy, and the production of reactive
oxygen and nitrogen species.

Cytokine secretion

Cytokines released by infected immune cells are crucial to regulate the
inflammatory process and act in a complex network of interactions. They can have
local effects, such as increasing vascular permeabilization and recruiting immune
cells as well as systemic effects, such as inducing fever or promoting tissue
homeostasis (Etna et al., 2014). Several cytokines are important in tuberculosis
pathophysiology:

e TNFais produced by macrophages and is implicated in immune cell proliferation,
recruitment of lymphocytes and monocytes to the site of infection and macrophage
activation (Etna et al., 2014). In tuberculosis patients, TNFa seems to be a double-
edged sword. Indeed, systemic TNFa production is linked to fever and wasting
(Bekker et al., 1998). However, blocking TNFa with neutralizing antibodies has
been linked to reactivation of latent tuberculosis (Keane et al., 2001). TNFa also
plays a crucial role in granuloma formation, as blocking it with neutralizing
antibodies inhibits early lesion formation in an in vitro model of infection (Alves da
Silva et al., 2018). Finally, TNFa receptor knockout mice infected with M.
tuberculosis die earlier and exhibit higher bacterial burdens than wild-type mice
(Flynn et al., 1995).

e |IFNy is a cytokine secreted mainly by natural Killer cells and T cells during an M.
tuberculosis infection, but it can also be secreted in smaller quantities by infected
macrophages (Etna et al., 2014). In humans, release of IFNy by T cells upon
exposure to M. tuberculosis antigens is commonly used to diagnose tuberculosis
(Lalvani & Pareek, 2010). IFNy secretion by T cells and NK cells increases antigen
presentation in macrophages and results in the upregulation of proteins important
to fight against infections, such as inducible nitric oxide synthase (iINOS) and
IRGM-1 (Herbst et al.,, 2011). It is a crucial cytokine for protection against the
disease, and IFNy knockout mice are more susceptible to the disease than WT
mice (Flynn et al., 1993).
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e |L-1B is mainly produced by macrophages and monocytes during M. tuberculosis
infection and is implicated in the recruitment of lymphocytes to the site of infection.
It can also have systemic effects, such as the induction of fever and prostaglandin
secretion (Silvério et al., 2021). M. tuberculosis induces IL-13 secretion from both
human and murine macrophages through activation of the NLRP3 inflammasome
(reviewed in Rastogi & Briken, 2022). IL-1B sensing is mediated through the IL-1
receptor and is dependent on the presence of MyD88, an adaptor protein also
involved in TLR signaling (Fremond, Togbe, et al., 2007). In vitro, IL-1B has been
shown to participate in defense against M. tuberculosis by inducing autophagy in
infected macrophages (Pilli, Arko-Mensah, et al., 2012). IL-13 also seems play a
protective role /n vivo, as mice lacking the receptor to IL-13 and mice unable to
secrete IL-1B8 and IlI-1a show a high susceptibility to M. tuberculosis with a high
mortality and an elevated bacterial burden (Fremond, Togbe, et al., 2007;
Juffermans et al.,, 2000; Mayer-Barber et al., 2010; Yamada et al., 2000).
Interestingly, there seems to be a certain level of redundancy between IL-13 and
ll-1a, as the presence of either one of these cytokines allows better control M.
tuberculosis infection in mice in comparison to double knock-out mice (Bourigault
et al.,, 2013). In humans, genetic variants in the IL-13 gene have been linked to an
increased susceptibility to M. fuberculosis infection (Kusuhara et al., 2007; J. Wang
et al., 2018). Furthermore, blocking IL-1(8 signaling with IL-1 receptor antagonists
has been associated with an elevated risk of developing active tuberculosis in
humans, supporting a protective role for IL-13 (He et al., 2013). On the other hand,
there is also evidence pointing towards IL-13 having a deleterious role in
tuberculosis infections, and increased levels of IL-1 in the BAL have been linked
with tissue necrosis and cavity formation in tuberculosis patients (Tsao et al., 2000).

e |L-12is a heterodimeric cytokine that is composed of two subunits and is secreted
by macrophages and dendritic cells upon infection with M. tuberculosis (L.adel,
Szalay, et al., 1997). IL-12 participates in polarizing naive T cells to a Thi
phenotype that can migrate to the site of infection and that secrete IFNy (Cooper
et al., 2007). IL-12 is important for protection against M. fuberculosis as infected
IL-12 KO mice die earlier and with higher bacterial loads than WT mice (Cooper et
al., 1997). Furthermore, administrating IL-12 to BALB/c mice increased their
resistance to infection with M. tuberculosis (Flynn et al., 1995). In humans, genetic
mutations resulting in defects in IL-12 signaling confers high susceptibility to
tuberculosis and infection with other mycobacteria (Altare et al., 1998).

e |L-6 is a cytokine that has both pro- and anti-inflammatory properties. It has been
reported to promote tissue homeostasis, activate T cells, induce the differentiation
of B cells to plasma cells, recruit monocytes to the site of infection and induce fever
(Etna et al., 2014). In tuberculosis, |L-6 seems to have a primarily beneficial role as
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IL-6 KO mice show increased susceptibility to M. tuberculosis with increased
bacterial load and mortality (Ladel et al., 1997). However, IL-6 secretion can also
have some harmful effects since it can inhibit the secretion of pro-inflammatory
cytokines such as TNFq, IL-13 and IFNy (Schindler et al., 1990; VanHeyningen et
al., 1997).

e GM-CSF is a glycoprotein that acts as a cytokine and is secreted by macrophages,
T cells, NK cells and fibroblasts (Mishra et al., 2020). It is implicated in the activation
of macrophages and the recruitment of T cells to the site of infection. GM-CSF KO
mice control infection by M. fuberculosis less well than WT mice and are deficient
in the secretion of several cytokines and chemokines, such as TNFa and RANTES
(Gonzalez-Juarrero et al., 2005). Heterogeneity in GM-CSF signaling in
macrophages has also been linked to differential control of M. tuberculosis growth
(Bryson et al., 2019).

e The type | interferon family is a multigene cytokine family that encodes for several
IFN-a subtypes and for IFN-B. Type | interferons signal through STAT1 and STAT2
and activate many different interferon-stimulated genes (Lucia Moreira-Teixeira et
al., 2018). These genes have been shown to have both host-protective and
detrimental effects in the context of tuberculosis. Both human and murine cells
infected with M. tuberculosis can secrete type | IFNs, and this effects seems to be
dependent on the ESX-1 secretion system (Manzanillo et al., 2012; Pandey et al.,
2009; Wassermann et al., 2015). There are many studies that point towards a
deleterious effect of type | interferons in tuberculosis (reviewed in Moreira-Teixeira
et al., 2018). High levels of type | IFNs in the blood are associated with increased
susceptibility to tuberculosis in humans, mice, and non-human primates (Berry et
al., 2010; Domaszewska et al., 2017; Gideon et al., 2016). Furthermore, more
virulent M. tuberculosis strains are associated with a higher production of type |
IFNs in murine models of infection (Carmona et al., 2013; Manca et al., 2001).
Several studies have also shown that mice deficient in the receptor for type |
interferons (IFNAR) show reduced bacterial loads and improved survival, once
again suggesting a detrimental role for type | interferons in tuberculosis (reviewed
in Moreira-Teixeira et al., 2018). Interestingly, there is also evidence point towards
a beneficial role of type | interferons under specific conditions. Clinical cases
reports have suggested that co-administrating IFN-a along with the usual treatment
improved symptoms in patients with active tuberculosis (Giosue et al., 1998;
Mansoori et al., 2002). It is thus likely that a balanced production of type |
interferons is required for optimal protection against M. fuberculosis.

e |L-10 is one of the two main anti-inflammatory cytokines involved in tuberculosis
disease pathophysiology. It is a cytokine secreted by macrophages, T and B cells
that can suppress macrophage activation and secretion of pro-inflammatory
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cytokines such as TNFa, IL-12, IL-6 and GM-CSF (Etna et al., 2014). In mice, IL-10
negatively influences disease progression, and IL-10 KO mice show a decreased
bacterial burden in comparison to WT mice (Redford et al., 2010). Furthermore, it
seems that IL-10 specifically produced by T cells and not by macrophages has a
deleterious role in disease progression in murine models of infection (Moreira-
Teixeira et al.,, 2017). IL-10 also seems to prevent phagosome maturation in
infected macrophages and impair immune response in early granulomas (O’Leary
et al.,, 2011; E. A. Wong et al., 2020).

e TGF-B is the other main anti-inflammatory cytokine that is secreted during a
tuberculosis infection. It secreted mainly by macrophages and has anti-
inflammatory effects on B cells, T cells and macrophages (Etna et al., 2014). In
patients infected with M. tuberculosis, circulating blood monocytes were found to
express higher levels of TGF- 3 than those from uninfected patients (Toossi et al.,
1995). TGF-B was also found to be expressed in granulomas from the same
infected patients (Toossi et al,, 1995). In guinea pigs, daily injections of
recombinant TGF-3 lead to increase bacterial loads and decreased proliferation of
lymphocytes as well as secretion TNFa and IFNy (Dai & McMurray, 1999).
Conversely, blocking TGF-8 with neutralizing antibodies lead to opposite effects
(Allen et al., 2004).

Phagocytosis

M. tuberculosis can be phagocytosed by macrophages through interaction
with a wide range of host-cell receptors. For instance, the bacteria can be taken up
after opsonization with complement factor C3 followed by uptake by complement
receptors C1, C2 or C4 (Hirsch et al., 1994), or they can be recognized and
phagocytosed through the macrophage mannose receptor and through the
scavenger receptor MARCO that both sense lipoarabinomannan on the surface of the
bacteria (Sia & Rengarajan, 2019). After phagocytosis, the bacteria are engulfed in
phagosomes that can be acidified and fuse with lysosomes (Westman & Grinstein,
2021). This exposes the bacteria to different stressors, such as a low pH, reactive
nitrogen and oxygen species, proteases, and anti-microbial peptides. M. tuberculosis
is however able to circumvent this process by preventing phagosome-lysosome
fusion and escaping from the phagosome to the cytosol (Welin & Lerm, 2012). Several
M. tuberculosis lipids have been shown to be able to inhibit phagosome maturation.
Phosphatidylinositol mannosides (PIMs) can for instance inhibit phagosome
acidification by promoting the fusion between phagosomes and early endosomes
(Kyei et al., 2006; Vergne et al., 2004). ManLAM can also limit phagosome maturation
by interacting with the mannose receptor (Kang et al., 2005). Several M. tuberculosis
proteins are also linked to the inhibition of phagosome maturation, such as the
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serine/threonine kinase PknG, the secreted phosphatase PtpA, and the PPE family
protein PPE5S7 (Walburger et al., 2004; D. Wong et al., 2011; Xu et al., 2015). In
addition to inhibiting phagosome maturation and acidification, M. tuberculosis can
also escape from the phagosome into the cytosol, an environment more permissive
to its growth. The ESX-1 secretion study has been demonstrated in many different
studies to be essential for this process (Houben et al., 2012; Simeone et al., 2012; van
der Wel et al., 2007; K. W. Wong & Jacobs, 2011). The mycobacterial lipid phthiocerol
dimycocerosate (PDIM) is also required for bacterial escape from the phagosome
and seems to act in conjunction with the ESX-1 secretion system (Augenstreich et al.,
2017; Lerner et al., 2017; Quigley et al., 2017). Once the bacteria are inside the
cytosol, macrophages can detect them and resort to other defense mechanisms,
such as autophagy, which targets cytosol content to lysosomes for destruction.

Autophagy

Autophagy is a process that involves breaking down and removing cellular debris
from the cytosol, and is also involved in Killing intracellular pathogens (Deretic &
Wang, 2023; Strong & Lee, 2021) (Figure 5). This mechanism has been shown to be
crucial for the control of tuberculosis as mice lacking genes necessary for autophagy
are more susceptible to M. tuberculosis than WT mice (Castillo et al., 2012; Watson
et al., 2012). Furthermore, inducing autophagy in murine macrophages infected with
M. tuberculosis increases phagosome maturation and suppresses intracellular
bacterial survival (Gutierrez et al., 2004; Ponpuak et al., 2010). In humans, there is
also evidence that autophagy is an important contributor to the immune response
against M. tuberculosis. Indeed, genetic polymorphisms in several autophagy-related
genes have been associated with changes in the susceptibility to tuberculosis (Cheng
et al.,, 2019; Intemann et al., 2009; King et al.,, 2011; Songane et al., 2012).
Additionally, autophagy was found to be elevated in PBMCs from patients with active
tuberculosis, with the level of autophagy correlating with the concentration of IFNy
released by the same PBMCs in response to M. fuberculosis antigens (Rovetta et al.,
2014). Beclin-1, another marker for autophagy, is also increased in alveolar
macrophages from patients ith active tuberculosis (Yu et al., 2016). Recently, a study
performed with iPSCs-derived macrophages highlighted the role of ATG7 and ATG 14,
two autophagy-related proteins, in the control of intracellular M. tuberculosis growth
in human cells (Aylan et al., 2023). Interestingly, autophagy also seems to play a role
in mediating the antimycobacterial effect of the drugs isoniazid and pyrazinamide.
Indeed, treatment of M. tuberculosis-infected macrophages with these drugs causes
an increase in autophagy, which is crucial for effective defense against the
intracellular bacteria (Kim et al., 2012).

35



A PI3K-I/Akt

ps53
/ MAPK I—\ EIS
}.://\j:

Rapamycin \
ULK1
AMPK FIP200] Atg13
T WIPI/ pEcp

Vitamin D / \
Metformin

Rubicon B S WY

\CpsA

<

Atg14] VPS34

Beclin1

Mature Autophagosome

|RF3°—> |RF3,°_. Type | IFN g @/ Q/
\—/

& M. tuberculosis (. cGAS @ cGAMP <y~ STING Lysosome

@ Ubiqutin ‘)/ Autophagy Receptor

Figure 5: Autophagy in M. tuberculosis infections

Autophagy begins with the activation of the ULK1 complex, which is regulated by mTOR. The
Beclin-1 complex then generates phosphatidylinositol 3-phosphate (PI3P), which is allows the
recruitment of other autophagy-related proteins to the site of autophagosome formation. The
ATG proteins, including ATG5, ATG12, and ATG16L1, subsequently form complex, which
assists in the formation of the autophagosome. LC3, a protein associated with
autophagosomal membranes, exists in two forms: LC3-l and LC3-Il. LC3-I is cytosolic, while
LC3-Il'is lipidated and incorporated into the autophagosomal membrane. LC3-1l serves as a
marker for autophagosome formation and is involved in cargo recognition and
autophagosome-lysosome fusion. Autophagy receptors, recognize specific cargo marked for
degradation and link them to LC3-Il on the autophagosomal membrane. M. tuberculosis is
targeted for degradation through its ubiquitination. Autophagosomes, then undergo fusion
with lysosomes to form autolysosomes. This fusion requires Rab proteins, such as Rab7,
which help in the maturation of autophagosomes into autolysosomes by facilitating the fusion
process. Figure adapted from Strong & Lee (2021)
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Production of reactive nitrogen species

In response to pro-inflammatory cytokines, macrophages can express defense
mechanisms such as inducible nitric oxide synthase. Nitric oxide synthases (NOS)
are enzymes that catalyze the production of nitric oxide, a molecule implicated in
cellular signaling and host defense against bacteria, viruses, and parasites (Cinelli et
al., 2020). Three main nitric oxide synthases exist in mammals: endothelial NOS
(eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). The first two are involved
in tissue homeostasis while the latter plays an important role in the innate immune
response (Cinelli et al., 2020). INOS is expressed in different cells of the immune
system such as macrophages and neutrophils. As its name suggests, iINOS has a low
baseline expression and can be induced through signaling events implicating toll-like
receptors and the NF-kB transcription factor or the IFNy pathway (Figure 6). Upon
induction, INOS will convert l-arginine to I-citruline, producing nitric oxide in the
process. Since this usually occurs in an oxidative environment, the nitric oxide
produced can form reactive nitrogen species, which are toxic to many bacteria,
including M. tuberculosis (Firmani & Riley, 2002). Furthermore, since nitric oxide is a
highly diffusible molecule, it can also act as a signaling molecule and has been shown
to impact macrophage transcriptome during an M. tuberculosis infection and have
immunomodulatory properties (Braverman & Stanley, 2017; Mishra et al., 2013).

Reactive nitrogen species and iNOS play a crucial role in host defense against
M. tuberculosis in murine models of infection. INOS knockout mice or mice treated
with iINOS inhibitors infected with M. tuberculosis fail to control bacterial growth and
have a higher mortality rate than wild-type mice (Chan et al., 1995; MacMicking et al.,
1997). Studies have highlighted the role of macrophages in this process by showing
that M. tuberculosis and IFNy have a synergistic effect on iINOS expression in primary
murine macrophages, and that the reactive nitrogen species produced by these cells
are toxic to M. tuberculosis (Chan et al., 1992; Ehrt et al., 2001). Furthermore,
macrophages expressing low and high levels of INOS co-exist in the lungs of infected
mice, and bacteria in high iINOS-expressing macrophages exhibit higher levels of
stress than those in low iINOS-expressing cells (Pisu et al., 2021). In humans, iINOS
also seems to act as a defense mechanism against M. tuberculosis, even though the
evidence is not as clear as for murine models of infection. Immunological stainings of
resected lung sections from infected patients show increased iINOS expression in the
inflammatory zone surrounding granulomas (Choi et al., 2002; Schon et al., 2004;
Ufimtseva et al., 2021). Furthermore, macrophages extracted from the lungs of
infected patients also show increased expression of INOS in comparison to those from
healthy patients (Cho et al.,, 2020; Nicholson et al., 1996; Wang & Kuo, 2001).
Interestingly, blocking nitric oxide production in alveolar macrophages extracted from
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the lungs of infected patients resulted in decreased production of IL-13 and TNFq,
suggesting that nitric oxide may act as an immunomodulatory signaling molecule in
humans as well (Wang & Kuo, 2001). Multiple studies using either human
macrophage cell lines or primary macrophages have also shown upregulation of
iINOS by M. tuberculosis in vitro, but it is not always clear if the resulting concentration
of nitric oxide secreted is high enough to be toxic to M. tuberculosis (Jagannath et
al., 1998; Jung et al., 2013; Landes et al., 2015).

Arginine

Figure 6: Regulation of inducible nitric oxide synthase (iNOS) expression
INOS expression is regulated through two main pathways. Its expression can be induced by

binding of molecules such as LPS to Toll-like receptors (TLRs), which causes NF-xB to
translocate to the nucleus, where it binds to the INOS promoter and induces its expression.

iINOS can also be induced by binding of IFNy to its receptors (IFR1/2). In the case of an M.
tuberculosis infection, it is the IFNy pathway that is most relevant.

Reactive nitrogen species are toxic to mycobacteria by interacting with many
different molecules, such as nucleic acids, lipids, carbohydrates and proteins (Ehrt &
Schnappinger, 2009). M. tuberculosis has evolved mechanisms both to detoxify
reactive nitrogen species and to repair the damage they cause. For instance, the co-
enzyme Fio has been suggested to protect M. tfuberculosis from damage by
converting NO, back to nitric oxide, which is less toxic to the bacteria (Purwantini &
Mukhopadhyay, 2009). M. tuberculosis also expresses an NADH-dependent
peroxidase and peroxynitrite reductase made of four proteins. Bacterial mutants in
one of these proteins, dlaT, show increased susceptibility to reactive nitrogen species
/n vitro and was attenuated in wild-type macrophages (Shi & Ehrt, 2006). When
exposed to reactive nitrogen species, methionine residues in bacterial proteins can
be converted to methionine sulfoxide, which interferes with the function of proteins.
To counteract this, M. fuberculosis expresses two methionine sulfoxide reductases,
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msrA and msrB that can convert methionine sulfoxide back to methionine (Lee et al.,
2009). Furthermore, several genes associated with the proteasome and protein
degradation are also thought to be important in resisting stress induced by reactive
nitrogen species (Darwin et al., 2003). Interestingly, M. bovis and M. tuberculosis can
also inhibit colocalization of INOS with the phagosome (Miller et al., 2004). Finally, a
more recent study has shown that PPE2, an M. tuberculosis protein containing proline
and glutamate residues and part of the PPE protein family, can bind to the iINOS
promoter and inhibit its expression (Bhat et al., 2017).

Production of reactive oxygen species

The production of reactive oxygen species (ROS) is another mechanism used
by macrophages against intracellular pathogens. ROS are produced after
phagocytosis of mycobacteria via the enzymatic activity of the phagocyte NADPH
oxidase (NOX2) (Awuh & Flo, 2017). Similarly to the production of RNS, the production
of ROS is increased in macrophages activated with IFNy. In humans, polymorphisms
in the catalytic subunit of the phagocyte oxidase are associated with increased
susceptibility to M. tuberculosis infection (Liu et al., 2015). In murine models of
infection however, mice deficient in subunits of the phagocyte oxidase show only a
slight increase in their susceptibility to M. tuberculosis, suggesting that the bacteria
have evolved mechanisms to resist to ROS-induced stress (Adams et al., 1997;
Cooper et al., 2000; Thomas & Olive, 2023). Once such mechanism is the degradation
of ROS to water and oxygen by the sequential action of a superoxide dismutase and
a catalase. M. fuberculosis possess two superoxide dismutases (SODA and SODC)
and one catalase-peroxidase-peroxynitritase (KatG), all of which have been shown to
be important for M. tuberculosis virulence (Dussurget et al., 2001; Ng et al., 2004;
Piddington et al., 2001). Furthermore, M. tuberculosis can produce anti-oxidant
molecules, such as mycothiol, which helps mitigate ROS-related stress (Buchmeier &
Fahey, 2006). Finally, M. tuberculosis can also directly inhibit the production of ROS
via the secreted EIS protein (Shin, Jeon, et al., 2010).

Interferon-y-inducible regulatory immunity-related GTPase (IRMG1)

The Interferon-y-inducible regulatory immunity-related GTPase (IRMG1), also
known as LRG47, is an IFNy-inducible macrophage protein important for defense
against intracellular pathogens such as M. tuberculosis. It has been shown to protect
against M. tuberculosis infections in murine models of infection independently from
iINOS (MacMicking, 2003). IRGM1 seems to play a role in promoting phagosome
maturation and autophagy in both human and murine cells infected with M.
tuberculosis (Singh, 2006). Furthermore, IRGM1 has been shown to mediate adhesion
and motility of IFNy-activated macrophages (Henry, 2007). When expressed in CD4+
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T cells, IRGM1 promotes expansion and protects against IFNy-induced cell death
(Feng, 2008). In humans, IRGM is not induced by IFNy but is constitutively expressed,
suggesting that its role in the control of Mycobacterial infections might be slightly
different than in mice (Singh, 2006). Several studies have however showed that
genetic polymorphisms in IRGM are associated with susceptibility to tuberculosis,

likely through modulation of autophagy in infected phagocytes (Intemann et al., 2009;
King et al., 2011).
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1.2.4 Mycobacterium tuberculosis fights back — mycobacterial lipids
and the ESX-1 secretion system

M. tuberculosis has evolved different mechanisms to survive inside cells of the
immune system and can persist inside its host for many years. It grows extremely
slowly, with doubling times of around 20 hours, and has a thick, waxy cell wall that
consists  mainly of peptidoglycan, arabinogalactan, @ mycolic  acids,
lipoarabinomannan and free lipids surrounded by a capsule (Abrahams & Besra,
2021). Several lipids present in the cell wall, such as lipoarabinomannan (LAM),
trehalose dimycolate (TDM) and phthiocerol dimycocerosates (PDIM) act as
important virulence factors (Guenin-Mace et al., 2009; Ly & Liu, 2020). LAM is a
glycolipid that is present in the cell wall of all mycobacterial species (Correia-Neves
et al., 2019). It can interact with host cell membranes, inhibit phagosomal maturation
and induce a pro-inflammatory response in infected and bystander macrophages
(Turner & Torrelles, 2018; Welin et al., 2008; Wojtas et al., 2011). TDM, also known as
mycobacterial cord factor, is the most abundant glycolipid in the mycobacterial cell
wall. It is recognized by the Mincle receptor on macrophages, has strong
immunomodulatory properties and can inhibit phagosome maturation (Huber et al.,
2020; Nguyen et al., 2020; Patin et al., 2017). PDIM is present in the cell wall of all
pathogenic mycobacteria but absent in non-pathogenic mycobacteria. M.
tuberculosis mutants lacking PDIM are attenuated in mouse and guinea pig models
of infection (Camacho et al., 1999; Cox et al., 1999; Goren et al., 1974). PDIM is able
to spread into host membranes and act together with other bacteria virulence factors,
such as ESX-1, to disrupt phagosomal membranes (Augenstreich et al., 2020;
Cambier et al., 2020; Osman et al., 2020; Rens et al., 2021). It has also been
suggested to play a role in masking PAMPs and avoiding bacterial detection by toll-
like receptors on immune cells (Cambier, Takaki, et al., 2014).

Another important virulence factor for M. fuberculosis is the type VIl secretion
system ESX-1, which allows secretion of small molecules across the mycobacterial
cell wall. The esx-1 locus contains genes encoding for the secreted effector proteins
EsxA and EsxB (also known as ESAT-6 and CFP-10), ecc genes involved in forming
the core ESX complex and esp genes such as espA, espB, espC, espD, and espK
that also encode for ESX-secreted proteins and are necessary for virulence (Groschel
etal., 2016). This locus is absent from the vaccine strain M. bovis BCG and its deletion
in M. tuberculosis leads to decreased pathogenicity and bacterial burden in mice
(Lewis et al., 2003). EsxA and EsxB are co-secreted as a heterodimer and are both
potent T-cells antigens (Renshaw et al., 2002). EsxA is implicated in inhibiting
phagosome-lysosome fusion and disrupting phagosomal membranes to allow access
of the bacteria to the cytosol (Houben et al., 2012; Simeone et al., 2012). EsxA and
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EsxB have also been linked to inhibition of MyD88-dependent TLR signaling and NF-
kB (Pathak et al., 2007), inhibition of autophagy (Romagnoli et al.,, 2012), and
induction of apoptosis in macrophages (Aguilo et al., 2013). Of the other ESX-1
proteins, ESpA is required for secretion of EsxA and EsxB and M. tuberculosis
virulence (Chen et al., 2013). In addition, mutants lacking EspA are hypersusceptible
to detergents, suggesting that it could be implicated in maintaining cell surface
integrity (Garces et al., 2010). EspB is expressed as a 60 kDa protein but is cleaved
into a mature 50 kDa isoform by the protease MycP1 during translocation across the
cellwall (Ohol et al., 2010). It is necessary for virulence and has been shown to induce
host-cell death and inhibit autophagy (Chen et al., 2013; Huang & Bao, 2016; Toniolo
etal., 2023). EspC is important for M. fuberculosis survival in vivoand has been shown
to induce ER-related stress and apoptosis in infected cells (Guo et al., 2021). EspD
is secreted by M. tuberculosis, but interestingly, its secretion does not depend
exclusively on the ESX-1 secretion system. Similarly to EspA, EspD expression is
required for secretion of EsxA (Chen et al., 2012). Interestingly, not all of the Esp
proteins are secreted, and several of these proteins, such as EspK and EspL have
been suggested to act as chaperones to promote proper folding of other Esp proteins
(Gijsbers et al., 2023; Lim et al., 2022; Sala et al., 2018).
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1.3 Phenotypic heterogeneity in Mycobacterium
tuberculosis infections

Tuberculosis disease progression is extremely variable with outcomes ranging
from sterilization of the infection to progression to active tuberculosis (Behr et al.,
2019; Cadenaetal., 2017) (Figure 7). This heterogeneity is often attributed to diversity
in granuloma evolution at later stages of the disease (Lin et al., 2014; Marakalala et
al., 2016; Martin et al., 2017). However, some individuals highly exposed to M.
tuberculosis never display any symptoms nor develop granulomatous lesions,
suggesting that early-stage sterilization of the bacteria is also possible (Houk et al.,
1968; Simmons et al., 2018). In these cases, whether the infection is sterilized or not
may be linked to heterogeneity in the host cells first encountered by the bacteria (as
discussed in Toniolo, Rutschmann et al., 2021). In the following paragraphs, | will
discuss how heterogeneity in the environments M. tuberculosis is exposed during an
infection can influence disease outcome and highlight why it is important to study the
interactions between M. tuberculosis and host cells at the single-cell level (Figure 8).
Even though M. tuberculosis can be found in different organs, | will only discuss
heterogeneity in pulmonary tuberculosis as it is the focus of this thesis. Most of these
ideas were summarized in a review | wrote in collaboration with Dr. Chiara Toniolo
published in Current Opinion in Microbiology (Toniolo, Rutschmann et al., 2021). The
following paragraphs are an adaptation of this review.
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Figure 7: Tuberculosis disease pathophysiology

The outcome of an M. tuberculosis infection is very variable. Some individuals sterilize
the infection, some contain the bacteria inside granulomas for years and others quickly
fall ill and develop symptoms.

An edited version of this figure has been published in Toniolo, Rutschmann et al.,, 2021.
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Figure 8: M. tuberculosis is exposed to diverse host environments

An M. tuberculosisinfection initiates an immune response leading to the formation of primary
granulomas, which can occasionally achieve bacterial sterilization (depicted in blue). With
disease progression, M. fuberculosis can escape these granulomas and enter the vascular
system, allowing reseeding in the lungs and containment within secondary granulomas
(ilustrated in red). Notably, both primary and secondary granulomas may exhibit solid or
caseating centers, with the latter associated with more extensive disease progression and
bacterial dissemination. Heterogeneity is not limited to differences between granulomas but
also extends to the cellular level within a single granuloma. M. tuberculosis can infect various
cell types, with some, such as epithelial cells, more supportive to bacterial growth than
others, such as interstitial macrophages. Differential gene expression within the host-cell
population further contributes to the diverse microenvironments M. fuberculosis encounters,
affecting bacterial dissemination. Moreover, even within a single host cell, M. tuberculosis
faces varying stressors within different subcellular compartments, adding to the complexity
of the infection process.

An edited version of this figure has been published in Toniolo, Rutschmann et al., 2021).

1.3.1 Heterogeneity in granulomas

Granulomas are made of several different cell types, such as macrophages,
dendritic cells, fibroblasts, neutrophils, natural killer cells and lymphocytes. Individual
granulomas are each initiated by a single bacterium, and can progress independently
from others in the lungs (Martin et al., 2017). Primary granulomas found in the lower
lungs often co-exist with secondary granulomas in the upper lungs originating from
bacteria re-seeded from the lymphatic or vascular systems (Converse et al., 1996).
For both types of granuloma, evolution is heterogeneous over time, with outcomes
ranging from sterilization of the bacteria to cavitation of the lesion and further
propagation of the pathogen (Lin et al., 2014; Martin et al., 2017; Subbian et al., 2015).

Interestingly, there is significant heterogeneity in the cell composition of
granulomas even within a single host. Lesions extracted from the lungs of infected
individual can exhibit different levels of immune cell infiltration and inflammatory
markers (Abengozar-Muela et al., 2020; Gideon et al., 2022). Thus, bacteria residing
in different granulomas can be exposed to very different immune environments within
a single host. There is also significant heterogeneity in the environment M.
tuberculosis is exposed to within single lesions, as cell types and protein expression
vary in different regions of individual granulomas. For instance, pro-inflammatory
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proteins are expressed more in the center of certain lesions, while anti-inflammatory
proteins are found more in the periphery (Carow et al., 2019; Marakalala et al., 2016;
Marino et al., 2015; McCaffrey et al., 2022; Seto et al., 2020).

Inter and intra-granuloma heterogeneity can also impact the efficacy of anti-
tuberculosis drugs. Several studies have shown that drug penetration varies from
granuloma to granuloma, and even differs depending on the area within a granuloma.
For example, fluoroquinolones accumulate preferentially in regions with a high density
of macrophages, while pyrazinamide and isoniazid concentrations are higher in the
caseum of granulomas (Blanc et al., 2018; Prideaux et al., 2015). Furthermore,
rifampicin penetration and temporal evolution has been shown to vary from lesion to
lesion, even within the same patient (Ordonez et al., 2020).Thus, depending on where
they are, bacteria can be differently exposed to drugs which could influence their
chance of survival.

1.3.2 Heterogeneous host cells

Over the course of an infection, M. tuberculosis interacts with many different
cell types. For instance, within a granuloma, different cells such as fibroblasts,
neutrophils, macrophages, lymphocytes and dendritic cells co-exist and can all be
infected by M. tuberculosis (Cadena et al., 2017). All of these cells have different anti-
microbial properties and can control intracellular bacteria differently (Bussi &
Gutierrez, 2019). Thus, heterogeneity in their distribution and their infection by M.
tuberculosis could impact how a granuloma progresses over time, which could
potentially influence disease outcome. Outside of granulomas, M. fuberculosis can
be internalized by both immune and non-immune cells, such as endothelial or
epithelial cells (Barrios-Payan et al., 2012; Lerner et al., 2020; Thacker et al., 2020).
Since non-immune cells are more permissive to intracellular bacterial growth than
immune cells, whether M. tuberculosis is internalized by them or not could also
influence the outcome of the disease.

Interestingly, there can also be significant heterogeneity even within a single
class of cells. Over the course of an infection, bacteria for instance interact with
different types of macrophages, such as interstitial and alveolar macrophages, that
have been shown to control M. fuberculosis growth differently (Huang et al., 2018;
Pisu et al., 2020, 2021). Furthermore, there can also be differences even within a
population of cells, and at least two different populations of alveolar macrophages
have been for instance shown to co-exist in the lungs of infected mice (Lafuse et al.,
2019). Interestingly, these two subpopulations not only express different levels of pro-
and anti-inflammatory cytokines, but also differ in the number of bacteria they
internalize, suggesting differences in their phagocytic and anti-microbial capacities.
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Recent studies further showed that in the lung of infected mice, both alveolar and
interstitial macrophages can be segregated into multiple sub-categories expressing
different levels of immune-related genes and exerting different levels of stress on
internalized bacteria (Pisu et al., 2020, 2021). Thus, the characteristics of the host
cells that interact with M. fuberculosis could potentially influence disease progression.

1.3.3 Heterogeneous intracellular localization

Intracellular bacteria can also be exposed to diverse environments within a
single host cell. Already in 1971, Armstrong et al observed that M. tuberculosis could
be found within permissive phagosomes or less permissive phagolysosomes inside
macrophages (Armstrong & D’Arcy Hart, 1971). More recently, fluorescence
microscopy in combination with M. tuberculosis reporter strains for stress response
and bacterial growth revealed that bacteria sensing different stresses, and
presumably localized in different sub-cellular compartments, can co-exist within a
single infected cell (MacGilvary & Tan, 2018). Bacteria with a more oxidized signature
were for instance preferentially found in autophagosomes, while endosomes were
enriched for bacteria with a reduced signature (Bhaskar et al., 2014). This could be
particularly relevant for the treatment of tuberculosis, as bacteria with a more oxidized
or reduced signature have a different sensitivity to antibiotics. Differences in antibiotic
efficacy could also depend on differences in local drug accumulation. Bedaquiline,
for instance, accumulates in cell lipid droplets and thus is more effective against
bacteria localized in proximity to these droplets (Greenwood et al., 2019).

Interestingly, subcellular localization of M. tuberculosis is not only
heterogeneous in space, but also changes over time (Sachdeva et al.,, 2020;
Schnettger et al., 2017). Indeed, phagosomes are dynamic and can fuse with other
sub-cellular compartments, such as lysosomes. Furthermore, M. tuberculosis has
evolved mechanisms, such as the ESX-1 secretion system, to halt the fusion of
phagosomes to lysosomes, to damage the membranes of these subcellular
compartments, and to escape into the cytosol, an environment more permissive to
bacterial growth (Lienard et al., 2020; Simeone et al., 2012). Thus, the subcellular
localization of M. tuberculosis likely depends on a balance between host defense
mechanisms and bacterial virulence factors.

1.3.4 Phenotypic heterogeneity of host cells and bacteria

As discussed above, differences between host cells can be programmed (e.g.
macrophages of different ontologies) or can come from differences in the external
signals sensed by the cells. However, even cells grown under identical conditions
can have different phenotypes and gene expression profiles (Gierahn et al., 2017).
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Human monocyte-derived macrophages cultured in vitro can for instance be
clustered into different subpopulations according to sc-RNAseq. Furthermore, when
infected with M. tuberculosis, each subpopulation displays different shifts in gene
expression (Gierahn et al., 2017). Similarly, subpopulations of human macrophages
displaying different antibacterial activity can be discriminated according to their GM-
CSF signaling. In this case, heterogeneity in GM-CSF signaling is not pre-existent
and is triggered by M. tuberculosis infection (Bryson et al., 2019). In this example, it
is not possible to know if the observed heterogeneity is the consequence or the cause
of fast and slow bacterial growth, and to my knowledge, no study has been able to
address this point in cells infected with M. fuberculosis. However, in studies using
Salmonella typhimurium, stochastic differences in the expression of bacterial
virulence factors were shown to drive different responses in infected macrophages
(Avraham et al., 2015). It is likely that such results could also be obtained with M.
tuberculosis, as studies performed with mutant strains show that differences in the
expression of virulence factors can have an influence on the intracellular localization
of the bacteria and the host response to the infection (Augenstreich et al., 2017; Ohol
et al., 2010; Simeone et al., 2012).

Finally, phenotypic heterogeneity in the expression of bacterial genes could
also influence the way they respond to host stresses. This phenomenon is thought to
confer an evolutionary advantage and increase chances of survival in response to
environmental changes. Phenotypic heterogeneity in bacteria such as Escherichia.
coli has been known to occur for decades and can originate from noise in gene
expression (Elowitz et al., 2002; Novick & Weiner, 1957). In M. tuberculosis,
phenotypic heterogeneity in ribosomal RNA expression has been observed in vitro
and is further amplified by host stresses (Manina et al., 2015). Heterogeneous
expression of bacterial genes could also influence the way M. fuberculosis respond
to antibiotics. Indeed, the expression of the catalase-peroxidase KatG has been
shown to occur in stochastics bursts in M. smegmatis and influence the susceptibility
of the bacteria to isoniazid (Wakamoto et al., 2013). Similar observations have also
been made concerning the expression of recA, involved in DNA damage repair, and
susceptibility of M. srnegmatis to fluoroquinolones (Manina et al., 2019). Thus, control
of the pathogen by the host is likely a dynamic and heterogeneous process that
continuously changes in function of bacterial virulence, differential exposure to drugs
and host defense mechanisms.

1.3.5 The importance of single-cell studies

To be able to accurately observe heterogeneity in host-pathogen interactions,
single-cell techniques such as single-cell RNA sequencing or single-cell proteomics
are necessary. One interesting technique that has recently been applied to the study
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of host cells infected by M. fuberculosis is dual single-cell RNA sequencing, which
allows quantifying the expression of genes expressed by both the host and the
pathogen in parallel (Pisu et al., 2020). Though not yet applied to the study of M.
tuberculosis infections, other single-cell omics techniques, such as single-cell
proteomics or epigenomics could also be used to decipher heterogeneity in host-
pathogen interactions. However, single-cell ‘omics techniques only allow assessing
gene expression and cell-to-cell heterogeneity at defined timepoints, whereas host-
pathogen interactions are highly dynamic processes. On the other hand, time-lapse
microscopy of single infected cells can reveal dynamic changes in the interactions
between host and bacterial cells. The throughput of these experiments is however
limited, as one can only follow the expression of a small number of genes over time
using fluorescent reporters. Nonetheless, these dynamic studies are necessary to
define causality in observed phenomena and assess the role of chance and random
events in host-pathogen interactions. This is especially important when studying
infections initiated by few bacteria, such as Tuberculosis, as chance encounters with
“stronger” or “weaker” host cells could influence whether a bacterium grows or is
killed by the host, which could impact disease progression.
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1.4 Aim of the thesis

During my thesis, | studied the interactions between M. tuberculosis and
macrophages at the single-cell level. The thesis was subdivided into two main goals:

Aim 1: Characterize phenotypic heterogeneity in the single-cell interactions
between M. tuberculosis and macrophages.

In this project, we used a combination of time-lapse microscopy and
fluorescent reporters to study heterogeneity in the interactions between macrophages
and M. tuberculosis. We observed that infection of single macrophages with M.
tuberculosis can lead to diverse outcomes, ranging from the death of the pathogen
to its replication and subsequent killing of the host cell. By using two M. tuberculosis
strains expressing different fluorescent proteins, we showed that bacteria inside the
same macrophage behave more similarly than bacteria in different host cells,
suggesting that some macrophages are more permissive to bacterial growth than
others. Furthermore, by using a macrophage reporter cell line for inducible nitric oxide
synthase (iNOS) expression, we showed that populations of macrophages expressing
high and low levels of INOS co-exist and that this pre-existing heterogeneity in iINOS
expression is linked to the control of intracellular M. tuberculosis. As alveolar
macrophages are considered to be the initial cells in contact with M. tuberculosis,
studying how they interact with this pathogen is essential to understand the early
stages of the infection. Pre-existing heterogeneity in these macrophages could
explain part of the variability observed in the outcome of tuberculosis infections,
especially since in the case of M. tuberculosis, an infection may initiate from a single
bacterium coming in contact with a single host macrophage. Thus, the level of INOS
this macrophage expresses could influence how well it controls the initial infection
and how the disease progresses.

The results of this study were published in mBio (Rutschmann et al., 2022).

Aim 2: Characterize non-canonical inflammasome activation in macrophages
infected with M. tuberculosis.

In this project, we dissected the mechanisms leading to IL-1B secretion by
macrophages infected with M. tuberculosis. 1L-13 plays a key role in host defense
against M. tuberculosis by promoting inflammation and recruiting immune cells to the
site of infection. Its secretion however needs to be tightly regulated, as overproduction
of IL-13 can lead to disease exacerbation. Previous studies have demonstrated that
IL-1B secretion can be mediated by the NLRP3 and AIM2 inflammasomes upon M.
tuberculosis infection. In this study, we investigated if an alternative pathway known
as the non-canonical inflammasome and involving Caspase-11 (in mice) or Caspase-
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4 and Caspase-5 (in humans) could also be involved in regulating IL-13 secretion
from infected macrophages. We demonstrated that Caspase-11, Caspase-4 and
Caspase-5 undergo auto-proteolysis and are activated in macrophages infected with
M. tuberculosis. Caspase-11/-4/-5 activation results in IL-1B secretion from infected
macrophages, followed by pyroptotic death of the cell. We further showed that IL-1[3
secreted from infected macrophages can enhance the anti-mycobacterial properties
of neighboring cells in a paracrine manner. Interestingly, we observed that Caspase-
11 expression is induced in myeloid cells providing from the lungs of infected mice,
suggesting a role for the control of M. tuberculosis infection in vivo. Our findings thus
identify a novel mechanism leading to IL-1[3 secretion in M. tuberculosis-infected cells
and suggest that the non-canonical inflammasome could potentially be involved in
defense against mycobacterial infections.

The results of this study are the object of a manuscript currently in preparation.
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Abstract

Mycobacterium tuberculosis infection is initiated by the inhalation and implantation of
bacteria in the lung alveoli, where they are phagocytosed by macrophages. Even a
single bacterium may be sufficient to initiate infection. Thereafter, the clinical outcome
is highly variable between individuals, ranging from sterilization to active disease, for
reasons that are not well understood. Here, we show that the rate of intracellular
bacterial growth varies markedly between individual macrophages, and this
heterogeneity is driven by cell-to-cell variation of inducible nitric oxide synthase
(iNOS) activity. At the single-cell level, INOS expression fluctuates over time,
independent of infection or activation with gamma interferon. We conclude that
chance encounters between individual bacteria and host cells randomly expressing
different levels of an antibacterial gene can determine the outcome of single-cell
infections, which may explain why some exposed individuals clear the bacteria while
others develop progressive disease.

Importance

In this report, we demonstrate that fluctuations in the expression of antimicrobial
genes can define how single host cells control bacterial infections. We show that
preexisting cell-to-cell variation in the expression of a single gene, that for inducible
nitric oxide synthase, is sufficient to explain why some macrophages kill intracellular
M. tuberculosis while others fail to control bacterial replication, possibly leading to
disease progression. We introduce the concept that chance encounters between
heterogeneous bacteria and host cells can determine the outcome of a host-pathogen
interaction. This concept is particularly relevant for all the infectious diseases in which
the number of interacting pathogens and host cells is small at some point during the
infection.
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Introduction

A Mycobacterium tuberculosis infection usually starts when airborne droplets
containing one or more bacteria enter an individual’s lungs and interact with alveolar
macrophages (Cohen et al., 2018). From this initial encounter, outcomes range from
sterilization to latent infection or active disease (Cadena et al.,, 2017). These
heterogeneous outcomes may be linked to differences in the evolution of granulomas,
the characteristic multicellular structures that form around bacteria in the lungs (Lin
etal., 2014; Marakalala et al., 2016; Martin et al., 2017). However, clinical studies have
shown that some individuals who are heavily exposed to M. tuberculosis remain
tuberculin skin test negative and presumably uninfected, suggesting that it is possible
for the host to suppress or clear the bacteria during the earliest stages of infection
(Houk et al., 1968; Simmons et al., 2018). Thus, different infection outcomes may
depend not only on granuloma evolution at later stages of the disease, but also on
differences in the outcomes of interactions between M. tuberculosis and host cells
during the initial phases of the infection.

Several findings support this hypothesis. During the first few weeks of infection,
macrophages control M. tuberculosis growth differently due to differences in their
metabolism or expression of immune-related genes, such as the gene for inducible
nitric oxide synthase (iINOS) and genes downstream of NF-kB (Huang et al., 2018;
Pisu et al., 2020). Heterogeneous control of intracellular M. tuberculosis growth is
observed not only in macrophages of different lineages, but also in homogeneous
populations of primary macrophages cultivated in vitro (Bryson et al., 2019). However,
those previous studies did not distinguish whether cell-to-cell differences in the
control of intracellular M. tuberculosis depended on different adaptation of infected
host cells to the bacteria (Avraham et al., 2015) or on preexisting heterogeneity in the
host cells (Gierahn et al., 2017). Answering this fundamental question is particularly
relevant in the context of Tuberculosis because an infection can start with a single
bacterium coming in contact with a single host macrophage (Saini et al., 2012). Thus,
preexisting phenotypic heterogeneity among host cells, or heterogeneous cellular
responses to intracellular bacteria, could influence whether an infection progresses
or, conversely, the host is able to control and possibly eliminate the pathogen.

In this study, we investigated how preexisting phenotypic diversity in a
population of macrophages contributed to the control of intracellular M. fuberculosis.
To explore the behavior of individual macrophages infected with fluorescently labeled
M. tuberculosis, we used single-cell time-lapse microscopy, a technique that has
been successfully used to assess infection dynamics at the single-cell level and to
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investigate the links between host cell death and bacterial growth rate (Lerner et al.,
2017; Mahamed et al., 2017). We observed that bacteria within the same macrophage
displayed more similar growth rates than bacteria in different macrophages,
suggesting that some host cells are better than others at controlling M. tuberculosis
infection. Using fluorescent reporter macrophages, we found that iINOS expression
varied between individual macrophages and fluctuated over time. This preexisting
heterogeneity of INOS expression explains the differential control of intracellular M.
tuberculosis growth even within a clonal population of macrophages. Our findings
highlight the importance of considering preexisting phenotypic heterogeneity in host
cells when studying the pathophysiology of an infectious disease, as these
differences may determine the outcome of the initial encounter between host and
pathogen.
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Results

Intracellular growth of M. tuberculosis and survival of infected host cells are
heterogeneous at the single-cell level.

We used fluorescence time-lapse microscopy to image individual mouse bone
marrow-derived macrophages (BMDMs) infected with green fluorescent protein
(GFP)-expressing Mycobacterium tuberculosis (Figure 1A). The total fluorescent area
per macrophage measured at 2-h intervals was used as a proxy for the number of
intracellular bacteria and to calculate the growth rate of each intracellular
microcolony. Macrophages can partially control M. tuberculosis growth, as the
median growth rate of intracellular bacteria (0.036 per hour, corresponding to a

doubling time of 27.8h) (Figure 1B) was reduced in comparison to extracellular
bacteria growing on the debris of dead cells in the same culture (growth rate of 0.078

per hour, corresponding to a doubling time of 12.8h) (Figure 1C). Intracellular
bacterial growth was heterogeneous: some intracellular bacteria grew with a growth

rate above 0.08 per hour, corresponding to a doubling time of 12.5h (Figure 1A, lower
panel, and Figure 1B), while others grew very slowly, with doubling times of more

than 1 week (Figure 1A, upper panel, and Figure 1B). Over 168h of continuous
imaging, ~60% of infected host cells died at different time points after infection (Figure
1D). Surprisingly, the fate of individual infected macrophages (death or survival over
the 168-h imaging period) did not correlate with the initial bacterial load (Figure 1E),
final bacterial load (Figure 1F), or growth rate of intracellular M. tuberculosis (Figure
1G; see also Figure S1 in the supplemental material). Indeed, some macrophages
survived even with a bacterial load that was higher than the median bacterial load in
macrophages that died (Figure 1F). It is worth noting, however, that even though no
significant trend appeared, a subpopulation of exceptionally fast-growing intracellular
bacteria with growth rates greater than 0.8 per hour, corresponding to a doubling time

of less than 12.5h, eventually did Kill their host cells (Figure 1G).

Heterogeneity of intracellular M. tuberculosis growth rates is linked to variability in
the macrophage population.

The observed single-cell heterogeneity in intracellular M. tuberculosis growth
rates could reflect heterogeneity in the bacterial population (some bacteria resist
macrophage-imposed stresses better than others) or variability in the macrophage
population (some cells control M. tuberculosis growth better than others). To address
this question, we coinfected BMDMs with two fluorescently labeled M. tuberculosis
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Figure 1: Intracellular growth of M. tuberculosis and survival of infected host cells are
heterogeneous at the single-cell level
Murine BMDMs were infected with GFP-expressing M. tuberculosis and imaged by time-lapse

microscopy at 2-h intervals for 168h. (A) Example of an infected macrophage in which
bacteria (cyan) grew slowly (doubling time, >168h). (B) Example of an infected macrophage

in which bacteria grew quickly (doubling time, <20h). (C) Growth rates of intracellular M.
tuberculosis. Each symbol represents a bacterial microcolony inside a single infected
macrophage. (D) Growth rates of extracellular M. fuberculosis. Each symbol represents a
single extracellular bacterial microcolony. (E) Survival time of infected macrophages that died
before the end of the experiment. Each symbol represents a single macrophage. Survival
time was calculated from the frame when initial infection occurred to the frame when death
occurred. (F to H) Initial bacterial load (F), final bacterial load (G), and growth rate of
intracellular bacteria (H) for macrophages that died during the experiment (killed Mphages)
or macrophages that survived until the end of the experiment (surviving Mphages). Each
symbol represents a single infected macrophage. Blue lines indicate median values and

interquartile ranges. Scale bar, 10pm. P values were calculated using a Mann-Whitney test.

strains expressing either constitutive GFP or tdTomato (Figure 2A), which displayed
similar intracellular growth rates (Figure S2). BMDMs infected with one bacterial cell
of each color were imaged by time-lapse microscopy, and growth rates were
calculated independently for intracellular bacterial microcolonies originating from a
GFP+ or tdTomato+ bacterium. This approach permitted the comparison of two
microcolonies (one GFP+, one tdTomato+) growing inside the same macrophage, or
of two microcolonies growing in different macrophages (Figure 2B). If variability in
the macrophage population contributes to heterogeneity in intracellular bacterial
growth rates, then two microcolonies in the same macrophage should behave more
similarly than two microcolonies in different macrophages. We tested this hypothesis
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in unactivated macrophages and in macrophages preactivated with gamma
interferon (IFNy), a cytokine that induces the expression of antibacterial host defense
mechanisms (18) (Figure S2C). We found that the difference in growth rates between
two intracellular bacterial microcolonies was smaller, on average, if they were in the
same host cell than if they were in different cells, in both unactivated and IFNy-
activated macrophages (Figure 2C). These results suggest that some individual host
cells control M. tuberculosis growth better than others, irrespective of their activation
status.

Single-cell variation in nitric oxide production by macrophages drives
heterogeneous growth of intracellular M. tuberculosis.

Nitric oxide production by iNOS is one of the IFNy-induced mechanisms that
macrophages use to control intracellular growth of M. fuberculosis (Chan et al., 1992;
MacMicking et al., 1997). We hypothesized that cell-to-cell differences in INOS activity
might explain why some host cells control M. tuberculosis growth better than others.
We tested this hypothesis by coinfecting BMDMs with single GFP+ and tdTomato+
bacteria while inhibiting INOS activity with aminoguanidine (Figure 2C; Figure S3A).
In both unactivated and IFNy-activated BMDMs treated with aminoguanidine, inter-
macrophage and intramacrophage differences in bacterial growth rates were not
significantly different (Figure 2D). This suggests that, when iNOS activity is inhibited,
all macrophages control M. tuberculosis growth about equally well. Consistent with
this hypothesis, we found that inter-macrophage and intramacrophage bacterial
growth rates were not significantly different in BMDMs from iINOS~- mice. This
observation held true in both unactivated and IFNy-activated INOS~- BMDMs (Figure
2E). Despite inhibition or lack of iINOS activity, IFNy activation was still effective in
reducing intracellular bacterial growth (Figure S2C), presumably due to other IFNy-
activated defenses, such as IRGM1 (MacMicking et al., 2003). We conclude that cell-
to-cell variation in INOS activity is linked to the control of intracellular M. fuberculosis
growth in macrophages, irrespective of their activation status.

Single-cell variability of macrophage iINOS expression in a reporter cell line
contributes to heterogeneous growth of intracellular M. tuberculosis.

To further investigate the link between cell-to-cell heterogeneity of INOS gene
expression and intracellular M. tuberculosis growth, we used RAW 264.7 reporter
macrophages that expressed yellow fluorescent protein (YFP) from a copy of the INOS
promoter stably integrated in the genome (Beaulieu et al., 2010). In these
macrophages, iINOS-YFP is expressed at low basal levels in unactivated cells and is
strongly induced upon activation with IFNy (Figure 3A; Figure S4). To verify that
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Figure 2: Single-cell variability of macrophage nitric oxide production drives
heterogeneous growth of intracellular M. tuberculosis

Murine bone marrow-derived macrophages were simultaneously infected with M.
tuberculosis strains expressing GFP or tdTomato and imaged by time-lapse microscopy at 1-
h or 2-h intervals for 72h. (A) Representative time-lapse images of a macrophage coinfected
with GFP-expressing (cyan) and tdTomato-expressing (magenta) M. tuberculosis. (B)
Schematic representation of the experimental design. The growth rates of two bacterial
microcolonies (one green, one red) inside the same macrophage (intra-Mphage) or in two
different macrophages (inter-Mphage) were compared. For calculation of intermacrophage
differences in growth rate, each GFP-expressing bacterium was compared to all tdTomato-
expressing bacteria not in the same macrophage. (C to E) Differences in growth rates
between two bacterial microcolonies inside the same macrophage or in two different
macrophages. Each symbol represents the difference in growth rates between one green and
one red bacterium in unactivated or preactivated wild-type macrophages that were untreated
(C), treated with aminoguanidine to inhibit nitric oxide production (D), or in untreated iINOS—~
macrophages (E). Blue lines indicate median values and interquartile ranges. Scale bar,
10um. P values were calculated using a Mann-Whitney test.

iINOS-YFP expression was indeed linked to nitric oxide production, we flow-sorted the
macrophages into low- and high-fluorescence subpopulations (Figure 3A) and
performed a Griess assay to measure the concentration of reactive nitrogen species
(RNS) in the culture supernatants 24 h after sorting. INOS-YFP"" cells produced less
RNS than iNOS-YFP"e" cells in both unactivated and IFNy-activated samples,
confirming that INOS-YFP expression is linked to RNS production (Figure 3B).

We infected four flow-sorted subpopulations of macrophages (+ IFNy iNOS-
YFP° and + IFNy iINOS-YFP"e") with tdTomato-expressing M. tuberculosis and used
time-lapse microscopy to measure the growth rates of bacterial microcolonies within

58



individual macrophages. In both unactivated and IFNy-activated macrophage
subpopulations, INOS-YFP"s" cells controlled bacterial growth significantly better than
iINOS-YFP ¥ cells (Figure 3C). This difference was abolished when iNOS activity was
inhibited with aminoguanidine, confirming that it is dependent on nitric oxide
production (Figure 3D; Figure S3B). As we observed in infected BMDMs (Figure
S52C), when iNOS activity was inhibited, IFNy-activated RAW 264.7 macrophages still
controlled M. tuberculosis growth better than unactivated macrophages (Figure 3D).
For all conditions tested, the survival rate of infected macrophages was similar
over the course of the experiments, indicating that the observed differences in
bacterial growth rates were not due to differences in host cell viability (Figure S5).

INOS expression is not linked to differences in macrophage polarization or
expression of other IFNy-regulated genes.

We investigated whether cell-to-cell differences in INOS expression are linked
to macrophage polarization or single-cell variability in IFNy-responsive gene
expression by quantitative real-time PCR (qRT-PCR) analysis of unactivated or IFNy-
activated iINOS-YFPlow and iNOS-YFPhigh cells. These experiments confirmed that
INOS mRNA expression correlates with INOS-YFP fluorescence levels (Figure 3E).
However, we did not observe any differences between iINOS-YFPhigh and iNOS-
YFPlow macrophages in the expression of other genes associated with macrophage
polarization or the IFNy response (Figure 3E).

INOS expression and RNS production fluctuate over time.

The observation that individual macrophages express iINOS-YFP at different
levels prompted us to ask whether these cell-to-cell differences are stable or unstable
over time. We used flow cytometry to measure fluorescence levels in flow-sorted
macrophage subpopulations 0, 24, 48, 72, and 96h after sorting. This analysis
revealed that the INOS-YFP'** and iINOS-YFP"e" subpopulations were not stable over
time and slowly converged toward each other in both unactivated and IFNy-activated
samples (Figure 4A). Convergence of the INOS-YFP¥ and iNOS-YFP"o"
subpopulations was faster in the unactivated samples than in the IFNy-activated
samples. To confirm that the fluctuations in INOS-YFP expression reflected changes
in RNS production, we performed a Griess assay to measure levels of RNS secreted
by INOS-YFP* and iINOS-YFP"e" subpopulations 24, 48, 72, and 96 h after sorting.
The amount of RNS secreted by the different subpopulations also fluctuated over time
and converged within a similar time frame as INOS-YFP expression for both
unactivated and IFNy-activated samples (Figure 4B and C).
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Figure 3: Single-cell variability of INOS expression by macrophages contributes to

heterogeneous growth rates of intracellular M. tuberculosis

Unactivated (-IFNy) and activated (+IFNy) RAW 264.7 macrophages that stably expressed
YFP from the iINOS transcriptional promoter were flow-sorted into low- and high-fluorescence
subpopulations prior to analysis. (A) Flow cytometry fluorescence profiles of INOS-YFP-
expressing macrophages. High-YFP and low-YFP gates are indicated. (B) The Griess assay
was used to measure the cumulative concentration of reactive nitrogen species (NO, + NOs)
in the supernatants of macrophage subpopulations 24h after sorting. P values were
calculated using Student's t test. (C and D) Growth rates of intracellular M. tuberculosis in
flow-sorted macrophage subpopulations were measured by time-lapse microscopy during
72h. Macrophages were untreated (C) or treated with aminoguanidine to inhibit nitric oxide
production (D). Each symbol represents a bacterial microcolony inside a single macrophage.
Blue lines indicate median values and interquartile ranges. P values were calculated using a
Mann-Whitney test. (E) Expression levels of selected genes involved in the IFNy response or
linked to macrophage polarization in flow-sorted macrophage subpopulations. Relative
expression (fold change) was normalized to an unactivated and unsorted sample. NOS2,
IFNyR1, CXCL10, IRGM1, IRF1, and STAT1 are involved in the IFNy response and, along with
tumor necrosis factor a (TNF-a), are markers for M1 polarization. VEGFa and ARG1 are
markers for M2 polarization. P values were calculated using Student's t test (P values of >0.05
are not shown).

Finally, to assess the impact of infection on the fluctuation of INOS-YFP
expression at the single-cell level, we infected flow-sorted subpopulations of
macrophages with tdTomato-expressing M. tuberculosis and tracked single infected
cells over 72h using time-lapse fluorescence microscopy. As observed in our
population-based experiments, we found that INOS-YFP expression levels fluctuated
in single cells and macrophages sorted into iINOS-YFP°* and iNOS-YFPhdn
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populations converged over time and stabilized around the average level of gene
expression found in the macrophage population prior to sorting (Figure 4D and E;
Figure S6). These results confirmed that INOS-YFP expression fluctuates
independently of infection or IFNy activation, although activation may influence the
time scale of these fluctuations.

Despite the observed fluctuations in INOS-YFP expression over time, we were
able to measure significant differences in bacterial growth rates between iINOS-YFP"o"
and iNOS-YFP° cells over the course of our experiments. These observations
suggested that early exposure to different concentrations of intracellular RNS may be
sufficient to drive differences in bacterial growth rates at early as well as late time
points. We tested this hypothesis by comparing bacterial growth rates in unactivated

INOS-YFP"9" and iNOS-YFP macrophages between 0 and 36 h and between 36 and

72h. We found that intracellular bacterial growth rates were significantly different
between iINOS-YFP"s" and iINOS-YFP"" subpopulations during both the early and late
time intervals (Figure S7), suggesting that differences in INOS gene expression, even
when limited to the early stages of infection, can have a long-lasting impact on
bacterial growth rates.
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Figure 4: iINOS expression and RNS production fluctuate over time

Unactivated (-IFNy) and activated (+IFNy) RAW 264.7 macrophages that stably expressed
YFP from the iINOS transcriptional promoter were flow-sorted into low- and high-fluorescence
subpopulations prior to analysis. (A) Flow cytometry fluorescence profiles of INOS-YFP-
expressing macrophages 6, 24, 48, 72, and 96 h after sorting. (B and C) RNS concentrations
in the supernatant of unactivated (B) and IFNy-activated (C) iINOS-YFP-expressing
macrophages 24, 48, 72, and 96 h after sorting. P values were calculated using Student's t
test. (D and E) Single infected macrophages were identified and tracked using time-lapse
microscopy. Shown are the fluorescence of M. tuberculosis-infected unactivated (D) and
IFNy-activated (E) iINOS-YFP-expressing macrophages 6, 24, 48, and 72 h after sorting as
measured by microscopy. Each symbol represents a single infected macrophage. Blue lines
indicate median values and interquartile ranges. P values were calculated using a Mann-
Whitney test.
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Discussion

During the course of an infection, M. tuberculosis encounters heterogeneous
niches ranging from different intracellular compartments to different types of cells and
lesions (Toniolo, Rutschmann et al., 2021). This interplay between bacteria and
heterogeneous host environments likely plays a role in determining the outcome of
infection, ranging from disease progression to sterilization.

Here, we focused on the initial phases of an M. tuberculosis infection, during
which small numbers of bacteria interact with individual host cells, to determine
whether preexisting phenotypic heterogeneity in macrophages could drive differential
growth of intracellular M. tfuberculosis, potentially leading to different infection
outcomes. We observed that individual cells can express different levels of INOS
within a clonal population of macrophages; this heterogeneity was not linked to
differences in macrophage polarization, nor to the expression of other IFNy-related
genes. Macrophages that expressed higher level of INOS at the time of initial infection
were more effective in controlling intracellular M. tuberculosis growth, suggesting that
differences in expression levels of a single host antimicrobial gene could be sufficient
to explain cell-to-cell variation in the control of intracellular bacteria. Our in vitro
observations complemented a recent study showing that different populations of
macrophages expressing different levels of INOS coexist in the lungs of mice infected
with M. tuberculosis and expression of INOS correlates with expression of the
bacterial stress marker HspX (Pisu et al., 2021). Although the role of INOS in protection
against tuberculosis in humans remains controversial, expression of INOS has
recently been observed in lung sections from tuberculosis patients and in explanted
human alveolar macrophages infected with M. fuberculosis (Cho et al., 2020;
Ufimtseva et al., 2021). Interestingly, human alveolar macrophages infected with M.
tuberculosis show significant heterogeneity in the expression of several
proinflammatory markers, including iNOS, which is correlated to their intracellular M.
tuberculosis load (Ufimtseva et al., 2021). These studies suggest that heterogeneity
in INOS expression could have a role in disease progression /n vivo.

Our observations that INOS expression fluctuates in single macrophages and
that flow-sorted INOS-YFP"9" and iINOS-YFP" subpopulations converge toward an
average level of INOS expression over time (Figure 4) are consistent with previous
evidence that gene expression may be essentially stochastic at the single-cell level.
According to this framework, genes are transcribed in bursts of variable intensity that
occur at random time intervals (Elowitz et al., 2002; Friedman et al., 2006; Mcadams
& Arkin, 1997; Raj et al., 2006). Based on these observations, we hypothesize that in
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individual macrophages iNOS expression might occur in bursts separated by silent
intervals of variable duration. This model could explain our observation that flow-
sorted subpopulations of iINOS-YFP"9" and iNOS-YFPI°* macrophages converged
over time and eventually stabilized around the average level of INOS expression found
in the population prior to sorting. However, we cannot exclude that fluctuations in
INOS expression might reflect other mechanisms, such as cell cycle-dependent
changes in gene expression or modifications in chromatin accessibility (Lannan et al.,
2022).

Cell-to-cell variation in iINOS expression seems to account for most of the
intermacrophage heterogeneity in M. tuberculosis growth rates observed in our
experiments. However, we also found that two bacteria growing inside the same host
cell may exhibit different growth rates. Intramacrophage differences in M. tuberculosis
growth rates could reflect occupancy of more or less permissive intracellular
compartments by individual bacteria within the same macrophage (Bakkum et al.,
2020; Lienard et al., 2020; Miller et al., 2004; Rohde et al., 2007; Schnettger et al.,
2017; Simeone et al., 2012; van der Wel et al., 2007; Welin et al., 2011). Alternatively,
heterogeneous infection outcomes could also originate from the pathogen itself.
Phenotypic heterogeneity in clonal bacterial populations is well documented and can
be amplified by host stress, resulting in differences in bacterial fithess (Ackermann,
2015; Avraham et al., 2015; Bhaskar et al., 2014, Eldar & Elowitz, 2010; Manina et al.,
2015). Cell-to-cell differences in the expression of bacterial virulence factors could
also impact bacterial growth indirectly by driving different host-cell responses
(Raffetseder et al., 2019). It is thus likely that heterogeneous single-cell growth of
intracellular bacteria is due to the interplay of different host and bacterial factors.

Our finding that preexisting heterogeneity in host cells can have an impact on
the growth of intracellular M. fuberculosis is particularly relevant for tuberculosis,
because even a single bacterium infecting a single permissive host cell may be
sufficient to initiate an infection (Riley et al., 1995; Saini et al., 2012). Macrophages
have been reported to exhibit heterogeneity in the expression of many immune-
related genes due to factors such as circadian rhythm, environmental variation, or
age of the host, which could all impact how they respond to an initial infection (Bain
& MacDonald, 2022; Keller et al., 2009; Lafuse et al., 2019; Melo et al., 2021). Our
results suggest that differences in the expression of even a single antimicrobial gene,
such as the gene for INOS, could be sufficient to influence the outcome of infection.
This conclusion could potentially be extended to any disease where the number of
interacting host cells and bacteria is small at some stage of the infection (Moxon &
Kussell, 2017). In such cases, chance encounters of the pathogen with host cells
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expressing different levels of antibacterial defense mechanisms could determine
whether infection is controlled or progresses to active disease.
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Materials and Methods

Bone marrow-derived macrophages (BMDMs)

BMDMs were differentiated from frozen bone marrow stocks extracted from femurs of
wild-type C57BL/6 mice or INOS~- mice (B6.129P2-Nos2tm1Lau/J mice from Jackson
Laboratories, catalog number 002609). The bone marrow was cultured in petri dishes
in BMDM differentiation medium (Dulbecco’s modified Eagle’s medium [DMEM] with
10% fetal bovine serum [FBS], 1% sodium pyruvate, 1% GlutaMax, and 20% 929
cell-conditioned medium [as a source of granulocyte-macrophage colony-stimulating
factor]) for 7 days. The adherent cells were then gently lifted from the plate using a
cell scraper and resuspended in BMDM culture medium (DMEM with 5% FBS, 1%
sodium pyruvate, 1% GlutaMax, and 5% L1929 cell-conditioned medium). The
macrophages were then seeded in 35-mm ibidi p-dishes or in 4-compartment ibidi p-

dishes and allowed to adhere for 4h at 37°C, 5% CO. before use.

RAW 264.7 iINOS-YFP macrophage cell line

RAW 264.7 macrophages stably expressing YFP from a copy of the iNOS
transcriptional promoter (Beaulieu et al., 2010) were cultured in DMEM with 10% FBS,
1% Glutamax, and 1% sodium pyruvate at 37°C, 5% CO,. The macrophages were
passaged every 3days at a 1:4 ratio by gently lifting them off the culture flask with a
cell scraper.

M. tuberculosis strains

GFP- and tdTomato-expressing M. fuberculosis Erdman strains were inoculated from
frozen glycerol stocks in Middlebrook 7H9 (Difco) supplemented with 10% albumin-
dextrose-saline (ADS), 0.5% glycerol, and 0.02% tyloxapol and cultured at 37°C with
shaking.

Flow sorting of RAW 264.7 iNOS-YFP reporter macrophages

RAW 264.7 INOS-YFP macrophages were detached from culture flasks with 10mM

EDTA. When required, macrophages were activated 24 h before detaching with 100
U/mL IFNy. The cells were then collected by centrifugation, resuspended in
fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline [PBS]
with 1mM EDTA), and sorted using a FACSaria Fusion system (the gating strategy is
shown in Figure S3 in the supplemental material). Sorted cells were collected,
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resuspended in DMEM with 10% FBS, 1% Glutamax, and 1% sodium pyruvate,
seeded in p-dishes, and allowed to adhere for at least 4 h before use.

Macrophage infections

For infection, 1 mL of M. tuberculosis culture at an optical density at 600 nm (ODsqo) Of

0.5 was pelleted and resuspended in 200 pL of macrophage medium. Bacteria were
passed through a 5-pym filter to eliminate aggregates. The resulting single-cell
suspension was used to infect BMDMs or RAW 264.7 iINOS-YFP macrophages at a
multiplicity of infection (MOI) of 1:1. When two fluorescent strains of M. tuberculosis
were used simultaneously, both were added at an MOI of 1:1. After 4h of infection,
macrophages were washed extensively with macrophage medium to remove
extracellular bacteria. When required, 100 U/mL IFNy was added to the macrophage
medium 24 h before infection and maintained during the duration of the experiment.

When required, 500 uM aminoguanidine was added to the culture medium at the time
of infection and maintained thereafter.

Time-lapse microscopy of macrophages infected with M. tuberculosis

Infected BMDMs and RAW 264.7 iINOS-YFP macrophages were imaged with a
DeltaVision microscope and a Nikon Ti2 microscope, respectively. A stage-top
incubator (Okolab) was used to maintain the cells at 37°C in a humidified environment.
Air mixed to 5% CO, was supplied using an Okolab gas mixer. Infected BMDMs were
randomly selected and imaged for up to 168 h. Macrophage medium was refreshed
every 3days via custom tubing connected to the lid of the ibidi p-dish. Infected

BMDMs were imaged using a 60x oil-immersion objective at 2-h intervals; 3 x 1 pum z-
stacks were acquired for each point. Bacteria were identified by fluorescence
emission on the green (GFP) or red (tdTomato) channel using fluorescein
isothiocyanate (excitation [Ex] 490/20, emission [Em] 525/36) and tetramethyl
rhodamine isocyanate (Ex 555/25, Em 605/52) filters, respectively. Infected RAW
264.7 INOS-YFP macrophages were imaged for 72h using a 40x air objective at 1-h

intervals; 3x 1um or 5x 1 pum z-stacks were acquired for each point. INOS-YFP levels
were quantified and tdTomato-expressing bacteria were imaged using GFP (Em
480/30, Ex 535/45) and mCherry (Em 560/40, Ex 635/60) dichroic filters, respectively.
For both BMDMs and RAW 264.7 iINOS-YFP macrophages, at least 25 infected cells
were imaged per condition.
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Quantification of reactive nitrogen species (RNS) in cell culture medium

BMDMs and RAW 264.7 iINOS-YFP macrophages were seeded in triplicates in 96-well
plates with 100puL of their respective culture medium at a concentration of 10°
cells/mL. When required, 100 U/mL IFNy or 500 uM aminoguanidine was added to the

culture medium. After 24 h of incubation at 37°C, 5% CO,, 80 pL of culture supernatant
was collected and centrifuged at 10,000 x g for 10 min. The concentration of RNS in
the supernatant was measured using a nitrate/nitrite colorimetric assay kit (Abnova),
as described by the manufacturer. Since RAW 264.7 macrophages divide

approximately every 24h, a different seeding strategy was used for time course
experiments with these cells. Each population of flow-sorted RAW 264.7 iNOS-YFP
macrophages was seeded in 4 wells of a 96-well plate at four different concentrations

(105, 0.5x 10 0.25x10°, or 0.125x 10° cells/mL, all in 100uL of medium) and

measured at 24, 48, 72, and 96 h after sorting. This seeding strategy ensured that the
samples used for different time points reached approximately the same number of
cells. The plates were incubated at 37°C, 5% CO. between the different time points.
When required, 100 U/mL of IFNy was added to the medium of the cells directly after
sorting.

Quantitative real-time PCR

Unactivated or preactivated (+100 U/mL IFNy) RAW 264.7 iNOS-YFP macrophages
were sorted as described above. Directly after sorting, the macrophages were
collected by centrifugation and lysed, and RNA was extracted using a Qiagen
RNeasy micro kit plus according to the manufacturer’s instructions. DNase treatment
was performed directly on the column during RNA extraction. The RNA was then
reverse-transcribed with random hexamers using the SuperScript IV first-strand
synthesis system (ThermoFisher). gRT-PCR mixtures were prepared using the
SYBRGreen PCR master mix (Applied Biosystems) with 1M primers and 2L of
cDNA. Reactions were run on an ABI Prism 7900HT sequence detection system
(Applied Biosystems). Amplicon specificity was confirmed by melting curve analysis.
Primer sequences were obtained from Origene. Primers were synthesized by
Microsynth, Switzerland (Table S1).

Flow cytometry time course

FACS-sorted unactivated or preactivated (+100 U/mL IFNy) RAW 264.7 iNOS-YFP
macrophage subpopulations were seeded following the same seeding strategy
described for the time course experiments to quantify RNS. For each subpopulation,
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5 wells of a 24-well plate were seeded with 350 uL of cells at 2x 10°, 10°, 0.5x 1068,
0.25x 108, or 0.125x 10° cells/mL and analyzed by flow cytometry at 4, 24, 48, 72,

and 96h after sorting. The plates were incubated at 37°C, 5% CO. between the
different time points. When required, 100 U/mL IFNy was added to the medium of the
cells directly after sorting. For analysis by flow cytometry, the cells were detached

using trypsin, collected by centrifugation, resuspended in PBSplus 1 mM EDTA, and
analyzed using a BD Accuri C6 flow cytometer.

Image analysis

Image analysis was performed using the FIJI version of the Imaged software

(Schindelin et al., 2012). All infected macrophages that survived for at least 24 h of
imaging were analyzed. If a macrophage divided during the experiment, the daughter
cell containing the bacteria was selected for continued analysis. If the bacterial
microcolony was split between the two daughter cells, the analysis was stopped at
this time point. All of the macrophages were imaged until the end of the experiment
or until their death. The z-stacks acquired were projected into one image using a
maximum intensity projection. A background subtraction was performed by
subtracting from the fluorescence images a copy of the same images on which a
Gaussian blur of 100-um radius had been applied. Regions of interest corresponding
to individual macrophages were manually drawn onto the phase images and
transferred to the fluorescence images. A manual threshold was set on the
fluorescence channel to segment the bacteria. The area above the threshold inside
single macrophages was measured and used as a proxy for the number of
intracellular bacteria for each time point. To quantify the growth rate of the intracellular
bacteria, an exponential curve was fitted to the data. A similar method was used to
measure the growth rate of bacteria identified as extracellular in BMDM infection
experiments. Similarly, INOS-YFP expression levels were quantified for each frame by
transferring the manually drawn regions of interest corresponding to individual
infected macrophages to the GFP fluorescence images. The average fluorescence
intensity was measured for each individual macrophage and used as a proxy for
iINOS-YFP expression levels. Cell death was identified using bright-field images.
When macrophages die, they change shape (shrink), lose membrane integrity, and
stop moving. Death events were identified by examining the subsequent time-lapse
images for each cell (Figure S1). The time of death was manually annotated as the
first time point at which death was observed. Out-of-focus images were manually
excluded from analysis.
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Supplementary Material

Figure S1: Macrophage time of death is identified on bright field images
Macrophages that die shrink, lyse and stop moving, and are easily identified on bright
field images. Macrophage time of death is determined as the first frame on which a
cell is identified as dead (black arrow). Scale bar = 10 pm.
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Figure S2: Strains of M. tuberculosis expressing GFP or tdTomato exhibit similar
intracellular growth rates

Bone marrow-derived macrophages were simultaneously infected with Mib strains
expressing GFP or tdTomato and imaged by time-lapse microscopy at 1-hour or 2-
hour intervals for 72 hours. (A-D) Intracellular growth rates of Mib in unactivated
macrophages (N=84 for red and for green) (A), unactivated macrophages treated

with aminoguanidine (N=54 for red and for green) (B), IFNy-activated macrophages
(N=75 for red and for green) (C), or IFNy-activated macrophages treated with
aminoguanidine (N=74 for red and for green) (D). Each symbol represents a

microcolony growing inside a single macrophage. Blue lines indicate median values
and interquartile ranges. P values were calculated using a Mann-Whitney test.
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Figure S3: Aminoguanidine inhibits IFNy-induced production of reactive nitrogen
species (RNS) and macrophage control of intracellular bacteria

(A-B) Concentration of reactive nitrogen species (Nitrate + Nitrite) in the supernatant
of bone marrow-derived macrophages (A) or RAW 264.7 macrophages (B), =+

activation (IFNy) and =+ aminoguanidine (Ami) treatment to inhibit nitric oxide
production. Error bars indicate standard deviations. P values were calculated using
Student’s t test. (C) Growth rates of intracellular M. tuberculosis in unactivated (-IFNy)
or pre-activated (+IFNy) bone marrow derived macrophages (BMDMs), with or
without aminoguanidine treatment (xAmi) to inhibit nitric oxide production. Each
symbol represents a bacterial microcolony inside a single macrophage. Blue lines
indicate median values and interquartile ranges. P values were calculated using a
Mann-Whitney test.
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Figure S4: Gating strategies for fluorescence-activated cell sorting of INOS-YFP
reporter macrophages

(A,B) Individual RAW 264.7 macrophages were selected based on their forward
scatter (FSC) and side scatter (SSC) (A) and by exclusion of doublets (B). (C,D) Live
RAW 264.7 macrophages were selected as Sytox Red-negative (C) and YFP-positive
(D) cells, which were subsequently used for flow sorting. (E) Gates were set to flow-
sort iINOS-YFP°" and iNOS-YFP"d" subpopulations comprising the 12% lowest and
12% highest cells in the distribution, respectively.
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Figure S5: Survival of infected RAW 264.7 macrophages

Unactivated (-IFNy) and activated (+IFNy) RAW 264.7 macrophages that stably
express YFP from the iINOS transcriptional promoter were flow-sorted into low- and
high-fluorescence subpopulations and infected with Mib. Single infected
macrophages were identified and tracked using time-lapse microscopy, and their
time of death was quantified. (A-B) Survival curves of infected macrophages
untreated with Aminoguanidine (A) or treated with Aminoguanidine (B). In every
condition, >70% of infected macrophages were alive at the end of the experiment
(after 72 hours).
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Figure S6: Single-cell fluorescence traces of INOS-YFP reporter macrophages
Unactivated (-IFNy) and activated (+IFNy) RAW 264.7 macrophages that stably
express YFP from the iINOS transcriptional promoter were flow-sorted into low- and
high-fluorescence subpopulations and infected with Mib. Single infected
macrophages were identified and tracked using time-lapse microscopy. (A-B)
Representative fluorescence profiles of single unactivated (A) or activated (B)
macrophages originating from the iINOS-YFP"d" or the INOS-YFP-" subpopulations.
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Figure S7: Growth rates of intracellular M. tuberculosis in INOS-YFP°" and iINOS-
YFPhigh macrophages
Unactivated (-IFNy) RAW 264.7 macrophages that stably express YFP from the iNOS
transcriptional promoter were flow-sorted into low- and high-fluorescence
subpopulations and infected with Mtb. The growth rate of intracellular Mtb was then
measured by time-lapse microscopy. The bacterial growth rate was either quantified
for the first 36 hours of the experiment (A) or from hours 36 to 72 (B). Blue lines
indicate median values and interquartile ranges. P values were calculated using a
Mann- Whitney test.
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Table S1: Primers used for gqRT-PCR characterization of iNOS-YFPlow and iNOS-
YFP"e" subpopulations of macrophages

NOS2
Forward Sequence GAGACAGGGAAGTCTGAAGCAC
Reverse Sequence CCAGCAGTAGTTGCTCCTCTTC

IRGM1
Forward Sequence CATTGCCTCTGAGCAGTTCAGC
Reverse Sequence CCTCTGATAGGACACTGGTGCT

IP10/CXCL10
Forward Sequence ATCATCCCTGCGAGCCTATCCT
Reverse Sequence GACCTTTTTTGGCTAAACGCTTTC

IFNGR1
Forward Sequence CTTGAACCCTGTCGTATGCTGG
Reverse Sequence TTGGTGCAGGAATCAGTCCAGG

IRF1
Forward Sequence TCCAAGTCCAGCCGAGACACTA
Reverse Sequence ACTGCTGTGGTCATCAGGTAGG

STAT1
Forward Sequence GCCTCTCATTGTCACCGAAGAAC
Reverse Sequence TGGCTGACGTTGGAGATCACCA

IL10
Forward Sequence CGGGAAGACAATAACTGCACCC
Reverse Sequence CGGTTAGCAGTATGTTGTCCAGC

VEGF
Forward Sequence CTGCTGTAACGATGAAGCCCTG
Reverse Sequence GCTGTAGGAAGCTCATCTCTCC

ARG1
Forward Sequence CATTGGCTTGCGAGACGTAGAC
Reverse Sequence GCTGAAGGTCTCTTCCATCACC

GAPDH
Forward Sequence CATCACTGCCACCCAGAAGACTG
Reverse Sequence ATGCCAGTGAGCTTCCCGTTCAG
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Abstract

The pro-inflammatory cytokine Interleukin-1 beta (IL-1B3) plays a pivotal role in host
defense against Mycobacterium tuberculosis by promoting inflammation and
recruiting immune cells to the site of infection. Tight regulation of IL-13 secretion is
critical to maintain a balance between immune defense and inflammation. Previous
studies have demonstrated that IL-18 secretion can be mediated by the NLRP3 and
AIM2 inflammasomes upon M. tuberculosis infection. Here we demonstrate that IL-13
can also be secreted upon activation of the non-canonical inflammasome in both
murine and human macrophages infected with M. fuberculosis. Caspase-11,
Caspase-4 and Caspase-5 undergo auto-proteolysis and activation in infected
macrophages, resulting in IL-13 secretion. Secreted IL-13 can enhance the anti-
mycobacterial properties of neighboring macrophages in a paracrine manner by
promoting autophagy. Interestingly, Caspase-11 expression is induced in myeloid
cells from the lungs of infected mice, suggesting a role for the control of M.
tuberculosis infection in-vivo. Our findings thus identify a novel mechanism for IL-1[3
secretion in M. tuberculosis-infected cells and suggest a potential role for the non-
canonical inflammasome in defense against mycobacterial infections.
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Introduction

Mycobacterium tuberculosis is a highly effective pathogen that infects nearly
one-third of the world’s population. An M. tuberculosis infection begins when bacteria
enter the lung alveoli, where they are phagocytosed by alveolar macrophages. This
internalization event triggers protective immune mechanisms crucial for the control of
the infection, among which the secretion of interleukin-13 (IL-1B). This pro-
inflammatory cytokine plays a pivotal role in disease control by activating and
recruiting immune cells to the site of infection (Silvério et al., 2021). Studies have
demonstrated that mice lacking the ability to sense or secrete IL-13 exhibit
heightened susceptibility to infection with M. fuberculosis, with increased bacterial
burdens and enhanced mortality rates (Fremond, Togbe, et al., 2007; Juffermans et
al., 2000; Saiga et al., 2012; Yamada et al., 2000).

As overproduction of IL-13 can induce lung damage, its secretion is tightly
regulated and requires sensing of two different signals by the host cell (Rastogi &
Briken, 2022; Silverio et al., 2021). The first signal can originate from extracellular
bacterial components (such as LPS) or pro-inflammatory cytokines (such as TNFa or
type 1 interferons). Upon sensing of this priming signal, the host cells upregulate the
transcription of pro-IL-18 and other inflammasome-related genes. The processing of
pro-IL-1[B into its active form and its release from the cell requires the sensing of a
second signal, which triggers the assembly of cytosolic molecular platforms known
as inflammasomes (Martinon et al., 2002; Rastogi & Briken, 2022). In the case of an
M. tuberculosis infection, two proteins are involved in initiating the assembly of the
inflammasome: the cytosolic DNA sensor AIM2, and the pyrin-domain containing
protein NLRP3. AIM2 detects intracellular M. tuberculosis DNA, while NLRP3
responds to other intracellular M. tuberculosis components or to infection-induced
plasma membrane disruptions (Beckwith et al., 2020; Kurenuma et al., 2009; B. B.
Mishra, Moura-alves, et al., 2010; Rastogi & Briken, 2022; Saiga et al.,, 2012;
Wassermann et al., 2015; Yang et al., 2020). Upon sensing of these signals, AIM2 and
NLRP3 associate with the protein ASC and the cysteine protease pro-caspase-1. The
resulting inflammasome complex supports the cleavage and activation of caspase-1,
which in turn cleaves pro-IL-1B into its active form, and GasderminD into its pore-
forming N-terminus fragment. IL-13 is subsequently released from the cell through
GasderminD pores in a process called pyroptosis, leading to lysis of the infected cell
(Rastogi & Briken, 2022).

Alternatively, IL-13 secretion can be induced through the activation of a non-
canonical inflammasome. This pathway, which involves Caspase-11 in mice and
Caspase-4 and -5 in humans, is crucial for immune defense against gram-negative

84



bacteria. Upon infection, cytosolic LPS can bind directly to Caspase-11 and Caspase-
4/-5, resulting in their oligomerization and auto-proteolysis. Activated Caspase-11/-4/-
5 can subsequently cleave GasderminD into its N-terminus fragment, which triggers
pyroptosis and facilitates IL-18 release (Kayagaki et al., 2015; B. L. Lee et al., 2018;
J. Shi et al., 2014, 2015). The formation of GasderminD pores also promotes
potassium efflux from the cell, which in turns leads to the activation of NLRP3 and the
canonical inflammasome pathway (Ruhl & Broz, 2015).

While the role of the non-canonical inflammasome in response to gram-
negative bacterial infections is well-characterized, its involvement in the context of
Tuberculosis is less clear. Preliminary evidence suggests that Caspase-11 is
activated in cells infected with the non-pathogenic mycobacteria M. smegmatis
expressing the tuberculosis protein PE_PGRS19, but to our knowledge, no
experiments with pathogenic mycobacteria have been performed (Qian et al., 2022).

In this study, we investigated the mechanisms leading to non-canonical
inflammasome activation and IL-13 secretion in human and murine macrophages
infected with M. tuberculosis. We observe that Caspase-11 (in murine bone-marrow-
derived macrophages) and Caspase-4/-5 (in human THP-1 macrophages) undergo
processing and activation during M. tuberculosis infection, leading to IL-13 secretion
and pyroptosis. We further show that IFNy, a key cytokine implicated in host defense
against M. tuberculosis, potentiates non-canonical inflammasome activation in both
cell types. Interestingly, Caspase-11 and Caspase-4/-5 seem to act upstream of the
canonical inflammasome pathway as their inhibition leads to a decrease in caspase-
1 activity. Additionally, we reveal that IL-13 secreted by infected macrophages
enhances neighboring macrophage’s control over M. tuberculosis growth. Finally, we
provide evidence that Caspase-11 is expressed in the lungs of infected mice, pointing
towards a potential role for disease pathogenesis /n vivo. To the best of our
knowledge, our work represents the first evidence of non-canonical inflammasome
activation in response to M. tuberculosis infection in both murine and human
macrophages, shedding new light on the innate immune response against this
pathogen.

85



Results

Caspase-11 is processed and proteolytically active in [IFNy-activated
macrophages infected with M. tuberculosis.

The murine cysteine-aspartic protease 11 (Caspase-11) is expressed as an
inactive precursor containing a caspase activation and recruitment domain (CARD)
linked to a large (p20) and a small (p10) catalytically active subunit (Figure 1A).
Caspase-11 oligomerizes and undergoes auto-proteolysis in response to intracellular
LPS, which results in its activation and ultimately leads to IL-18 secretion and death
of the cell by pyroptosis (Shi et al., 2014, 2015).

We assessed Caspase-11 processing 24 hours post M. tuberculosis infection
by immunoblotting analysis of unactivated and IFNy-activated bone marrow derived
macrophages (BMDMs). Caspase-11 is cleaved in infected macrophages, as
evidenced by the presence of a p32 subunit in the immunoblot (Figure 1B).
Interestingly, this effect is strongly potentiated by IFNy activation. To ascertain that
Caspase-11 cleavage is associated with increased proteolytic activity, we treated the
macrophages with a fluorescent substrate specific for Caspase-11 (Z-LEVD-AFC) and
quantified fluorescence intensity 24 hours post-infection. M. tuberculosis infection
leads to an increase in Caspase-11 activity, with this effect also potentiated by IFNy
activation (Figure 1C, supplementary Figure 1A).

IFNy and M. tuberculosis synergistically upregulate Caspase-11 expression.

IFNy can enhance non-canonical inflammasome activation by inducing the
upregulation of several inflammasome-related genes, including Caspase-11
(Schauvliege et al., 2002). In line with this, we assessed the expression levels of
inflammasome-related genes in both unactivated and IFNy-activated BMDMs 6 hours
post-infection. IFNy induces the expression of Caspase-11, Aim2, IL-18 and Caspase-
1 in both uninfected and infected macrophages (Figure 1D, Supplementary Figure
2A). Remarkably, the combination of M. fuberculosis infection and IFNy-activation has
a synergistic effect on Caspase-11 expression, and this effect seems to be mediated
by the sensing of M. tuberculosis lipids (Figure 1D, Supplementary Figure 2B).
Taken together, our results suggest that Caspase-11 is processed and activated in
macrophages infected with M. fuberculosis, and that IFNy can act as a priming signal
by inducing the upregulation of Caspase-11.
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Figure 1: Caspase-11 mediates IL-18 secretion and pyroptosis in IFNy-activated

macrophages infected with M. tuberculosis

(A) Caspase-11 is a murine protease composed of a caspase activation and recruitment
domain (CARD, orange) and two catalytic subunits (blue). Upon sensing LPS, Caspase-11
oligomerizes and undergoes auto-proteolysis, which leads to its activation, subsequent
secretion of IL-13, and death of the cell by pyroptosis.

(B-D) Unactivated (-IFNy) and activated (+IFNy) WT BMDMs were infected with M.
tuberculosis. (B) Caspase-11 processing was assessed 24 hours post-infection by
immunoblotting analysis of pooled cell lysates and supernatants. (C) Caspase-11 activity was
quantified 24 hours post-infection using the fluorescent substrate for Caspase-11 Z-LEVD-
AFC and fluorescence microscopy. Each dot represents a single macrophage. (D) Caspase-
11 expression levels were measured 6 hours post-infection by gPCR.

(E-G) Unactivated (-IFNy) and activated (+IFNy) WT and Caspase-11*BMDMs were infected
with M. fuberculosis. (E) The concentration of IL-1B in the supernatant 24 hours post-infection
was quantified using an ELISA. (F) Macrophages were incubated with DRAQ7 and the
apoptosis inhibitor Z-DEVD-FMK and imaged for 36 hours using time-lapse microscopy. The
percentage of DRAQ7 positive was quantified and used as an indicator of pyroptosis. (G)
Caspase-1 activity was measured 24 hours post-infection using the fluorescent substrate for
Caspase-1 Z-YVAD-AFC and fluorescence microscopy. Each dot represents a single
macrophage. P-values were calculated using a Student t-test (D-F) or a Mann-Whitney test
(C&G).

Caspase-11 mediates |L-1B secretion in macrophages infected with M.
tuberculosis.

We next investigated the role of Caspase-11 in mediating IL-138 secretion,
pyroptosis and canonical inflammasome activation in macrophages infected with M.
tuberculosis. We observe that in WT macrophages, the concentration of secreted IL-
1B correlates with Caspase-11 activity, with IFNy-activated macrophages secreting
more IL-13 than unactivated macrophages upon infection with M. tuberculosis (Figure
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1E). In Caspase-117 BMDMs however, IL-13 secretion upon infection with M.
tuberculosis is abolished (Figure 1E).

In macrophages infected with gram-negative bacteria, Caspase-11 activation
triggers death of the cell by pyroptosis. To investigate this in M. tuberculosis-infected
macrophages, we incubated the cells with DRAQ7, a marker for cell death, and
imaged them for 36 hours. To exclude the possibility of cell death by apoptosis, we
added the apoptosis inhibitor Z-DEVD-FMK to the medium throughout the experiment,
as previously described (Beckwith et al., 2020). M. tuberculosis infection results in an
increase in the total number of DRAQ7-positive cells, but only when the macrophages
are activated with IFNy (Figure 1F). Caspase-11 contributes to this process, as
infected Caspase-117 macrophages do not undergo more pyroptosis than uninfected
cells (Figure 1F).

Finally, we investigated whether Caspase-11 acts upstream of the canonical
inflammasome, as previously suggested, by measuring Caspase-1 activity in infected
cells using the fluorescent substrate FAM-YVAD-FMK. In WT BMDMs, M. tuberculosis
infection results in increased Caspase-1 activity in both unactivated and IFNy-
activated macrophages (Figure 1G). However, in Caspase-117" BMDMs, no increase
in Caspase-1 activity is observed upon infection, suggesting that Caspase-11 acts
upstream of Caspase-1in M. tuberculosis-infected macrophages (Figure 1G).

IL-1B secretion by infected macrophages increases growth control of M.
tuberculosis by bystander macrophages.

IL-1B is a pro-inflammatory cytokine that activates macrophages and enhances
their anti-mycobacterial properties (Pilli, Arko-mensah, et al., 2012) (Supplementary
Figure 3A-B). We hypothesized that IL-18 secreted by macrophages infected with M.
tuberculosis can act in a paracrine manner to increase the anti-mycobacterial
properties of neighboring macrophages. To investigate this, we used a transwell
system to separate infected macrophages (on top of the transwell) from their
uninfected neighbors (in the well below) (Figure 2A).

We first assessed whether there is a difference in the control of M. fuberculosis
growth between bystander BMDMs that have sensed IL-13 secreted by infected
macrophages and naive BMDMs that have not been exposed to this signal. We either
infected the “signaler” macrophages on top of the transwell with a fluorescent strain
of M. tuberculosis or left them uninfected, and subsequently infected the “receiver”
macrophages underneath 24 hours later. We then used fluorescence time-lapse
microscopy to determine the growth rate of single intracellular bacterial microcolonies
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Figure 2: Caspase-11-dependent II-1B secretion leads to increased control of M.

tuberculosis growth by bystander macrophages

(A) A transwell system is used to separate “signaler” macrophages (top, yellow) from “receiver”
macrophages (bottom, blue). Signaler macrophages are either infected with M. tuberculosis or
left uninfected and incubated with uninfected receiver macrophages for 24 hours.
Subsequently, receiver macrophages are infected with M. tuberculosis and the growth rate of
intracellular bacterial microcolonies is quantified using time lapse microscopy. In each
experiment, naive receiver macrophages (under uninfected signaler macrophages) are
compared to bystander receiver macrophages (under infected signaler macrophages). When
required, IFNy is added at the beginning of the experiment. Each dot represents the growth rate
of a M. tuberculosis microcolony growing in a single macrophage.

(B) The growth rate of M. tuberculosis microcolonies within unactivated and IFNy-activated
receiver BMDMs was quantified using time-lapse microscopy. (C) The growth rate of M.
tuberculosis microcolonies inside IFNy-activated WT receiver BMDMs treated with neutralizing
antibodies against II-13, IFNy-activated MyD88" receiver BMDMs, and IFNy-activated WT
BMDMs bystanders of Caspase-117 signaler BMDMs was quantified using time-lapse
MmiCcroscopy.

(D-E) Autophagic flux was assessed by LC3b-Il immunostaining in naive receiver macrophages
(under uninfected signaler macrophages), bystander receiver macrophages (under infected
signaler macrophages) and macrophages treated with 200 ng/ml IL-1B. Autophagic flux was
defined as the difference in the mean number of LC3b-Il punctae between Bafilomycin-treated
macrophages and untreated macrophages. (F) The growth rate of M. tuberculosis
microcolonies inside IFNy-activated WT receiver BMDMs, IFNy-activated WT receiver BMDMs
treated with Bafilomycin, and Beclin’- receiver macrophages was quantified using time-lapse
microscopy. P-values were calculated using a Student t-test (E) or a Mann-Whitney test (B-C;
F).
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within the receiver macrophages (Figure 2A). Interestingly, bystander BMDMs control
M. tuberculosis growth better than naive BMDMs, but only in the presence of IFNy
(Figure 2B).

To validate the role of IL-13 in enhancing bacterial growth control by bystander
macrophages, we repeated the experiments adding neutralizing antibodies against
IL-1B in the culture medium. Under these conditions, bystander BMDMs no longer
exhibit improved control over M. tuberculosis growth compared to naive
macrophages (Figure 2C, Supplementary Figure 3C). Furthermore, bystander
MyD88" BMDMs, which cannot respond to IL-13, also fail to exhibit enhanced M.
fuberculosis growth control. Similarly, WT macrophages bystander of Caspase-117"
signaler BMDMs, which do not secrete IL-1B, also do not exhibit enhanced M.
tuberculosis growth control (Figure 2C). Taken together, our results suggest that
Caspase-11-dependent IL-13 secretion by infected macrophages can enhance the
anti-mycobacterial properties of bystander macrophages.

Enhanced growth control of M. fuberculosis by bystander macrophages is
mediated by increased autophagy.

IL-1B8 has been shown to induce autophagy in macrophages, a mechanism
crucial for host defense against M. tuberculosis (Pilli, Arko-mensah, et al., 2012). We
hypothesized that bystander macrophages can control M. tuberculosis growth better
than naive macrophages thanks to increased autophagy. To test this hypothesis, we
quantified autophagic flux in bystander and naive macrophages infected with M.
tuberculosis by immunostaining. Interestingly, infected bystander macrophages
display an increase in autophagic flux in comparison to naive macrophages (Figure
2D-E). Additionally, inhibiting autophagy using Bafilomycin or using autophagy-
deficient Beclin’ receiver macrophages abolishes the differences in M. fuberculosis
growth control between bystander and naive macrophages. This suggests that
bystander macrophages control M. {tuberculosis growth better than naive
macrophages thanks to an increase in their autophagic capacity (Figure 2F,
Supplementary Figure 4A).

Caspase-11 gene expression is upregulated upon infection with M. tuberculosis
in-vivo.

To assess the relevance of our findings in-vivo, we analyzed a publicly
available single-cell RNA sequencing dataset published by Pisu et al. (2021). In their
study, Pisu and colleagues infected C57BL/6 mice for 21 days with M. tuberculosis
and collected infected and uninfected (bystander) CD45+ cells from the lungs for
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sequencing. As a control, CD45+ cells from the lungs of uninfected mice were also
analyzed. The authors processed and analyzed the dataset and clustered the cells
into different subpopulations (reproduced in Figure 3A).

We first determined the percentage of CD45+ cells expressing Caspase-11 in
the lungs of uninfected and infected mice. Interestingly, we observed a baseline
presence of Caspase-11+ cells in the lungs of uninfected mice, with this proportion
significantly increasing upon infection with M. tuberculosis (4.3% in uninfected mice
compared to 19.6% in infected mice, Figure 3B). Caspase-11 expression is not
restricted to CD45+ cells actively harvesting bacteria but is also evident in uninfected
bystander cells (20.7% of infected and 16.6% of bystander CD45+ cells express
Caspase-11, Figure 3B). In uninfected mice, the primary population of cells
expressing Caspase-11 consists of alveolar macrophages, while in infected mice
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Figure 3: Caspase-11 gene expression is upregulated upon infection with M.

tuberculosis in-vivo.

(A) Reproduction of a Umap plot showing unbiased clustering of CD45+ cells in the dataset,
as analyzed by Pisu et al., (2021). (B) Umap plots showing Caspase-11 expression levels (in
log-normalized counts) in CD45+ cells extracted from the lungs of uninfected mice
(Uninfected) or from mice infected with M. tuberculosis (Bystander & Infected). (C-D) Gene
set enrichment analysis comparing Caspase-11+ and Caspase-11- interstitial (C) and
alveolar (D) macrophages infected with M. tuberculosis. The top 30 significantly over-
represented Gene Ontology (GO, BP) terms were aggregated using semantic similarity for
easier visualization.
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there are more Caspase-11+ interstitial macrophages (Supplementary Figure 5A-B).
Interestingly, within infected mice, the subpopulation of alveolar macrophages
exhibiting the strongest Caspase-11 expression is the AM_1 subpopulation, which
has been characterized as pro-inflammatory by Pisu and colleagues.

We then performed a pathway enrichment analysis to gain insight on the
differences between Caspase-11+ and Caspase-11- macrophages infected with M.
tuberculosis. In both interstitial and alveolar macrophage populations, Caspase-11+
and Caspase-11- macrophages differ in their pro-inflammatory signature (Figure 3C-
D). Specifically, Caspase-11+ macrophages show upregulation of genes involved in
the MAPK/ERK and NF-kB signaling pathway, as well as genes involved in the
secretion of pro-inflammatory cytokines such as IL-13 and VEGF (Figure 3C-D).

Caspase-4 and Caspase-5 are processed and proteolytically active in human
macrophages infected with M. tuberculosis.

Caspase-11 has two orthologs in humans, Caspase-4 and Caspase-5. Given
the slight variations in the mechanisms of non-canonical inflammasome activation
between human and murine cells, we explored whether Caspase-4 and Caspase-5
processing and activity could also be observed in human THP-1 macrophages. By
immunoblotting analysis of unactivated and IFNy-activated THP-1 macrophages
infected with M. tuberculosis, we confirmed that Caspase-4 and Caspase-5 are
processed in infected THP-1 macrophages, with this effect being potentiated by IFNy-
activation (Figure 4A). Using the fluorescent substrate for Caspase-4/-5 Z-LEVD-AFC,
we further confirmed that the increased processing of Caspase-4/-5 correlates with
increased proteolytic activity in infected macrophages (Figure 4B).

We then investigated whether IFNy could also act as a priming signal for non-
canonical inflammasome activation in human macrophages by quantifying the
expression of inflammasome-related genes in unactivated and IFNy-activated
macrophages 6 hours post infection. Caspase-4 expression is not upregulated by
IFNy-activation or M. tuberculosis infection, while Caspase-5 is slightly upregulated
upon IFNy-activation (Figure 4C-D, Supplementary Figure 6A). This suggests that
the mechanism leading to IFNy-potentiation of Caspase-4/-5 activity in human
macrophages does not seem to be directly linked to the upregulation of Caspase-4
or Caspase-5 expression, in contrast to what was observed in murine macrophages.
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Caspase-4/-5 mediated IL-1B secretion in human macrophages infected with M.
tuberculosis.

We investigated the role of Caspase-4/-5 in mediating IL-18 secretion,
pyroptosis and canonical inflammasome activation in human macrophages infected
with M. tuberculosis. We observe that in THP-1 macrophages, the concentration of
secreted IL-1B correlates with Caspase-4/-5 activity, with |IFNy-activated
macrophages secreting more IL-13 than unactivated macrophages upon infection
with M. tuberculosis (Figure 4E). In THP-1 macrophages treated with the Caspase-
4/-5 inhibitor ICH-2 however, IL-1B secretion upon infection with M. tuberculosis is
greatly diminished (Figure 4E, Supplementary Figure 7A).

Caspase-4/-5 activation has been reported to trigger death of the cell by
pyroptosis upon infection with gram-negative bacteria. To investigate this in M.
tuberculosis-infected macrophages, we incubated the cells with DRAQ7, a marker for
cell death, and imaged them for 36 hours, as described above. M. tuberculosis
infection results in a slight increase in the total number of DRAQ7-positive cells, but
only when the macrophages are activated with IFNy (Figure 4F). Caspase-4/-5
contribute to this process, as infected THP-1 macrophages treated with a Caspase-
4/-5 inhibitor do not die more of pyroptosis than uninfected cells (Figure 4F).

Finally, we investigated whether Caspase-4/-5 act upstream of the canonical
inflammasome by measuring Caspase-1 activity in infected cells using the fluorescent
substrate FAM-YVAD-FMK. In untreated THP-1 macrophages, M. tuberculosis
infection results in increased Caspase-1 activity in both unactivated and IFNy-
activated macrophages (Figure 4G). However, in macrophages treated with the
Caspase-4/-5 inhibitor, no increase in Caspase-1 activity is observed upon infection,
suggesting that Caspase-4/-5 acts upstream of Caspase-1in M. tuberculosis-infected
macrophages, similarly to what was observed in murine macrophages (Figure 4G).

IL-1B secretion by infected human macrophages increases growth control of M.
tuberculosis by bystander macrophages.

We next investigated the role of secreted IL-1B in enhancing M. tuberculosis
growth control by human bystander macrophages. As described with murine
macrophages, we used a transwell system to investigate whether there is a difference
in the control of M. tuberculosis growth between bystander THP-1 macrophages that
have sensed IL-1B secreted by infected macrophages and naive THP-1
macrophages that have not been exposed to this signal. We observe that bystander
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THP-1 macrophages control M. fuberculosis growth better than naive THP-1
macrophages, both in the presence and absence of IFNy (Figure 4H).

To validate the role of IL-18 we repeated the experiment adding neutralizing
antibodies against IL-13 to the culture medium. Under these conditions, bystander
THP-1 macrophages no longer exhibit improved control over M. tuberculosis growth
compared to naive macrophages, both in the presence and the absence of IFNy
(Figure 41). Finally, to confirm the role of Caspase-4/-5, we repeated the experiment
adding a Caspase-4/-5 inhibitor to the culture medium. Under these conditions,
bystander THP-1 macrophages also no longer exhibit improved control over M.
tuberculosis growth compared to naive macrophages (Figure 4J). Taken together,
these results suggest that Caspase-4/-5-dependent IL-138 secretion by infected
human macrophages acts in a paracrine manner to enhance the anti-mycobacterial
properties of bystander macrophages, as was observed in murine macrophages.
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Figure 4: Caspase-4 and Caspase-5 mediate IL-1B secretion and pyroptosis in THP-1

macrophages infected with M. tuberculosis

(A-D) Unactivated (-IFNy) and activated (+IFNy) THP-1 macrophages were infected with M.
tuberculosis. (A) Caspase-4 and Caspase-5 processing were assessed 24 hours post-
infection by immunoblotting analysis of pooled cell lysates and supernatants. (B) Caspase-
4/-5 activity was quantified 24 hours post-infection using the fluorescent substrate for
Caspase-4/-5 Z-LEVD-AFC and fluorescence microscopy. Each dot represents a single
macrophage. Caspase-4 (C) and Caspase-5 (D) expression levels were measured 6 hours
post-infection by gPCR.

(E-G) Unactivated (-IFNy) and activated (+IFNy) THP-1 macrophages either untreated or
treated with the Caspase-4/-5 inhibitor ICH-2 were infected with M. tuberculosis. (E) The
concentration of IL-1( in the supernatant 24 hours post-infection was quantified using ELISA.
(F) Macrophages were incubated with DRAQ7 and the apoptosis inhibitor Z-DEVD-FMK and
imaged for 36 hours using time-lapse microscopy. The percentage of DRAQ7 positive was
quantified and used as an indicator of pyroptosis. (G) Caspase-1 activity was measured 24
hours post-infection using the fluorescent substrate for Caspase-1 Z-YVAD-AFC and
fluorescence microscopy. Each dot represents a single macrophage.

(H-J) A transwell system is used to separate “signaler” macrophages (top, yellow) from
“receiver” macrophages (bottom, blue). Signaler macrophages are either infected with M.
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tuberculosis or left uninfected and incubated with uninfected receiver macrophages for 24
hours. Subsequently, receiver macrophages are infected with M. fuberculosis and the growth
rate of intracellular bacterial microcolonies is quantified using time lapse microscopy. In each
experiment, naive receiver macrophages (under uninfected signaler macrophages) are
compared to bystander receiver macrophages (under infected signaler macrophages).
When required, IFNy is added at the beginning of the experiment. Each dot represents the
growth rate of a M. tuberculosis microcolony growing in a single macrophage. (H) The growth
rate of M. tuberculosis microcolonies within unactivated and IFNy-activated receiver
macrophages was quantified using time-lapse microscopy. (I) The growth rate of M.
tuberculosis microcolonies within unactivated and |IFNy-activated receiver macrophages
treated with neutralizing antibodies against II-18 was quantified using time-lapse microscopy.
(J) The growth rate of M. tuberculosis microcolonies within unactivated and IFNy-activated
receiver macrophages treated with the Caspase-4/-5 inhibitor ICH-2 was quantified using
time-lapse microscopy. P-values were calculated using a Student t-test (C-F) or a Mann-
Whitney test (C&G-J).
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Discussion

The non-canonical inflammasome, characterized by the activation of Caspase-
11 in mice and Caspases-4/-5 in humans, has emerged as a critical component of the
host immune response to gram-negative bacterial infections (Thurston et al., 2016; W.
Wang et al., 2017). Caspase-11 and Caspase-4/-5 can directly detect the presence
of intracellular LPS and trigger a cascade of events leading to pyroptosis and the
release of the pro-inflammatory cytokine IL-1B (Broz et al., 2012; J. Shi et al., 2014).
Involvement of the non-canonical inflammasome for defense against mycobacteria,
which lack LPS, has recently been suggested, but only experiments with the non-
pathogenic mycobacteria M. smegmatis have been performed up to now (Qian et al.,
2022).

In our study, we demonstrated the involvement of Caspase-11 (in murine
macrophages) and Caspase-4/-5 (in human macrophages) in the defense against M.
tuberculosis. We observe that these caspases are processed and activated upon M.
tuberculosis infection, leading to IL-1B3 secretion. Furthermore, our results suggest
that Caspase-11 and Caspase-4/-5 act upstream of the canonical inflammasome, as
inhibiting them leads to a decrease in Caspase-1 activity. One possible explanation
for this observation is that Caspase-11 and Caspase-4/-5 could induce NLRP3
infammasome assembly and subsequent activation of Caspase-1 through the
formation of GasderminD pores and potassium efflux from the cell (Rivers-Auty &
Brough, 2015; Ruhl & Broz, 2015; Schmid-Burgk et al., 2015).

In contrast to what has been reported for gram-negative bacteria, infection with
M. tuberculosis only results in a modest increase in pyroptosis in IFNy-activated
macrophages, and no increase in unactivated cells. This phenotype is particularly
pronounced in human macrophages, with unactivated cells showing a robust
Caspase-4/-5-dependent IL-1( secretion upon infection without displaying enhanced
pyroptosis. While pyroptosis and cytokine secretion are usually coupled, recent
studies have shown that the scale can tip in both directions under specific conditions
(reviewed in Li & Jiang, 2023). In comparison to Gram-negative bacteria, M.
tuberculosis thus seems to elicit a more pronounced “hyperactive” cell state
characterized by IL-18 secretion with little cell death.

Interestingly, our results show that Caspase-11 and Caspases-4/-5 activation
is potentiated by IFNy, a key cytokine involved in host defense against intracellular
pathogens (Weiss & Schaible, 2015). In murine macrophages, this potentiation could
partly be attributed to IFNy-induced upregulation of Caspase-11 expression. In
human macrophages however, the mechanism seems to be distinct, as IFNy induces
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only a minor upregulation of Caspase-5, and no upregulation of Caspase-4. Recent
studies have highlighted the importance of Guanylate-binding proteins (GBPs) in
enhancing non-canonical inflammasome activation, particularly in the context of IFNy
signaling (Dilucca et al., 2021; Meunier & Broz, 2015; Santos et al., 2020). GBPs play
a critical role in disrupting pathogen-containing vacuoles, potentially facilitating the
exposure of bacterial ligands to cytosolic sensors (Meunier et al., 2014). Furthermore,
several GBPs have been shown to participate in the immune response against
mycobacteria (Kim et al., 2011; Olive et al., 2023). Thus, in the context of M.
tuberculosis infection, IFNy might also enhances non-canonical inflammasome
activation through the induction of GBPs.

One intriguing aspect of our findings is that M. fuberculosis infection can
activate Caspase-11 and Caspases-4/-5 in the absence of LPS. We were however
unable to elucidate whether this results from direct binding of an M. tuberculosis
component to these inflammatory caspases, or if this is due to an indirect mechanism.
Further research should focus on investigating if Caspase-11 and Caspase-4/-5 can
bind components of the mycobacterial cell wall. Notably, it would be interesting to
investigate the role of mycobacterial lipids, as several are established virulence
factors that can be recognized by a wide range of host cell receptors.

As Caspase-11 and Caspase-4/-5 are key players in the secretion of IL-1j3, a
potent pro-inflammatory cytokine important for the control of M. fuberculosis infection
/n vivo, their activation during infection may have significant implications for
tuberculosis disease pathogenesis (Fremond, Doz, et al., 2007; Jayaraman et al.,
2013; Pilli, Arko-mensah, et al., 2012). Our results indicate that secreted IL-1B8 has
paracrine effects on neighboring macrophages, enhancing their control over M.
tuberculosis growth. Furthermore, our analysis revealed that Caspase-11 gene
expression is induced in the lungs of mice infected with M. tuberculosis. However, it
is important to note that gene expression does not necessarily indicate protein
activation. Future investigations should focus on assessing Caspase-11 protein
cleavage and activity in cells extracted from the lungs of infected mice to confirm its
functional relevance /n vivo. Furthermore, studies with knock-out animals should also
be performed to understand the role of the non-canonical inflammasome /in vivo.
Indeed, mice lacking both Caspase-1 and Caspase-11 are slightly more susceptible
to infection with M. fuberculosis, and this effect is strongly amplified in mice also
lacking the phagocyte oxidase (Mayer-Barber et al., 2010; Thomas & Olive, 2023). To
our knowledge however, no research has been done studying the susceptibility of
single Caspase-11 mutant mice to M. tuberculosis, which would be necessary to fully
understand the role of the non-canonical inflammasome /n vivo.
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In conclusion, our study provides insights into the activation and function of
Caspase-11 (in murine macrophages) and Caspases-4/-5 (in human macrophages)
during M. tuberculosis infection. We highlighted the critical role of these caspases in
IL-13 secretion and the subsequent paracrine enhancement of growth control in
neighboring macrophages. Our findings open avenues for further investigation into
the role of non-canonical inflammasome signaling during M. tuberculosis infection
and provide valuable insights into host defense mechanisms against this pathogen.

99



Materials and Methods

Bone marrow derived macrophage (BMDM) differentiation and culture

The bone marrow was harvested from the femurs of wildtype and mutant C57BL/6
mice (See Table 1 for list of mutant mice used). All mice were female and between 6
and 12 weeks old at the time of sacrifice, except for the Beclin™LysM-Cre* mice which
were male. The harvested bone marrow was aliquoted and cryopreserved. To
differentiate BMDMSs, an aliquot of the cryopreserved bone marrow was thawed and
cultured for 7 days in BMDM differentiation medium (Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS), 1% sodium pyruvate, 1%
GlutaMax, and 20% L929 cell-conditioned medium as a source of granulocyte-
macrophage colony-stimulating factor). After 7 days, the adherent cells were gently
detached from the plate using a cell scraper, resuspended in BMDM culture medium
(DMEM with 5% FBS, 1% sodium-pyruvate, 1% GlutaMax and 5% L929-cell-
conditioned medium), and seeded for further experiments.

THP-1 macrophages culture and differentiation

THP-1 macrophages were cultured in Roswell Park Memorial Institute medium (RPMI
1640) supplemented with 10% fetal bovine serum (FBS), 1% Glutamax and 1%
Sodium Pyruvate. THP-1 cells were differentiated into macrophages by incubation
with 100 nM Phorbol 12-myristate 13-acetate (PMA, Stemcell technologies) for 24
hours followed by 24 hours of incubation in RPMI culture medium without PMA.

Mycobacterium tuberculosis cultures

tdTomato-expressing WT M. tuberculosis Erdman was inoculated from frozen glycerol
stocks in Middlebrook 7H9 (Difco) supplemented with 10% ADC (Difco), 0.5%
glycerol, and 0.02% tyloxapol and cultured at 37°C with shaking.

M. tuberculosis lipid extraction

20 ml of tdTomato-expressing M. tuberculosis Erdman were grown to OD600 0.5 and
spun down for 10 minutes at 5000 g. Supernatant was removed and the bacterial
pellet was resuspended in 5 ml of 10:1 methanol:0.3% NaCl. 5 ml of petroleum ether
was added to the sample and the tube was vortexed vigorously for 3 minutes. The
sample was spun at 2000 g for 10 minutes at 4°C, and the top layer was collected.
The procedure was repeated once more by adding 5 ml petroleum ether to the
remaining bottom layer and spinning again. The top layer was also collected, and 10
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ml of chloroform was added to the extract. The sample was then air-dried at room
temperature overnight, and the lipid were resuspended in BMDM culture medium.

Macrophage infections

BMDMs were seeded at a density of 100’000 cells/ml in 12 or 96 well plates and let
to rest for 2 hours. THP-1 monocytes were seeded at a density of 100°000 cells/ml in
12 or 96 well plates and differentiated as described above. For infections, 1ml of M.
tuberculosis culture at an OD600 of 0.5-0.8 was pelleted and resuspended in 200uL
of macrophage culture medium. The bacteria were passed through a 5 pm filter to
eliminate aggregates and the resulting single-cell suspension was used to infect the
macrophages at a multiplicity of infection (MOI) of 1:1. After 5 hours of incubation (for
the BMDMSs) or after 12 hours of incubation (for the THP-1 macrophages), the infected
cells were washed with macrophage culture medium to remove any extracellular
bacteria. When required, 100 U/ml murine IFNy (Peprotech), 100 U/ml human IFNy
(Peprotech), 0.02-2 ng/ml murine IL-13 (Peprotech), 0.2-2 ng/ml human IL-13
(Peprotech), a 1:1000 dilution of DRAQ7 (BioLegend), 2 pl/ml of the caspase-3
inhibitor Z-DEVD-FMK (Sigma Aldrich), 10 uM Nigericin (InvivoGen), 10 uM ICH-2
(Sigma Aldrich), 10 pg/ml of neutralizing antibodies against murine IL-13 (Bxcell,
clone B122), or 10 ug/ml of neutralizing antibodies against human IL-1B (InvivoGen,
clone 4H5) were added to the cells at the time of infection and kept in the medium
during the course of the experiment.

M. tuberculosis growth rate quantification

Infected macrophages were imaged with a Nikon Ti2 microscope. A stage-top
incubator (Okolab) was used to maintain the cells at 37°C in a humidified environment.
Air mixed to 5% CO, was supplied using an Okolab gas mixer. Infected macrophages
were randomly selected and imaged using a 40X air objective at 1-hour intervals for
a duration of 72 hours. 5 to 7 x 0.75 um z-stacks were acquired for each point. The
bacteria were identified through fluorescence emission in the red (tdTomato-
expressing M. tuberculosis) channels using an mCherry (Em 560/40, Ex 635/60)
dichroic filter. For each experiment, at least 25 infected cells were imaged per
condition.

Image analysis was performed using the FIJI version of the Imaged software
(Schindelin et al., 2012) as described in (Rutschmann et al. 2022). All infected
macrophages that stayed alive for at least 24 hours of imaging were analyzed. In the
rare case of macrophage division during the experiment, the daughter cell containing
the bacteria was selected for further analysis. If the bacterial microcolony was split
between the two daughter cells, the analysis was stopped at this time-point. All of the
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macrophages were imaged until the end of the experiment or until their death. The z-
stacks acquired were projected into one image using a maximum intensity projection.
A background subtraction was performed by subtracting from the fluorescence
images a copy of the same images on which a Gaussian blur of 20 pm radius had
been applied. Regions of interest corresponding to individual macrophages were
manually drawn onto the phase images and transferred to the fluorescence images.
A manual threshold was set on the fluorescent channel to segment the bacteria. The
area above the threshold inside single macrophages was measured and used as a
proxy for the number of intracellular bacteria for each time point. To quantify the
growth rate of the intracellular bacteria, an exponential curve was fitted to the data.
A similar method was used to measure the growth rate of bacteria identified as
extracellular in BMDM infection experiments. Similarly, INOS-YFP expression levels
were quantified for each frame by transferring the manually drawn regions of interest
corresponding to individual infected macrophages to the GFP fluorescence images.
The average fluorescence intensity was measured for each individual macrophage
and used as a proxy for INOS-YFP expression levels. For all the analysis, visibly out-
of-focus images were manually excluded.

Transwell experiments

Macrophages were seeded at a density of 100°'000 cells /ml in glass-bottom 24- or
96-well plates and in the corresponding 0.4 mm pore-size polycarbonate transwell

inserts (Corning Inc.). For infection, 1 ml of M. fuberculosis culture at an optical density

at 600nm (OD600) of 0.5 was pelleted and resuspended in 200l of macrophage
culture medium. Bacteria were passed through a 5-um filter to eliminate aggregates
and the resulting single-cell suspension was used to infect the macrophages on top
of the transwell at a multiplicity of infection (MOI) of 1:1. After 5 hours, the infected
macrophages were washed with macrophage culture medium to remove extracellular
bacteria and the transwells were moved on top of their corresponding wells. If
necessary, both the cells in the transwell and in the well underneath were activated
with 100 U/ml of IFNg. Neutralizing antibodies against IL-13 were also added at this
point at a concentration of 2 ng/ml when required.

After 24 hours, the transwells were removed from their wells and the macrophages
underneath were infected with M. fuberculosis at an MOI of 1:1 as described above.
After 5 hours, the infected macrophages were washed extensively and the transwells
placed back on top of their respective wells. 1/3 of the medium was refreshed and
the infected macrophages were imaged for 72 hours. These experiments were also
performed with uninfected transwells as a control. Quantification of the growth rate of
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M. tuberculosis microcolonies growing inside the macrophages in the bottom wells
(the receiver macrophages) was performed as described above.

Pyroptosis analysis

Macrophages were incubated with a 1:1000 dilution of DRAQ7 (BioLegend) and 2
ul/ml of the caspase-3 inhibitor Z-DEVD-FMK (Sigma Aldrich) and imaged with a
Nikon Ti2 microscope. A stage-top incubator (Okolab) was used to maintain the cells
at 37°C in a humidified environment. Air mixed to 5% CO., was supplied using an
Okolab gas mixer. Macrophages were randomly selected and imaged using a 40X
air objective at 1-hour intervals for a duration of 72 hours. 5 to 7 x 0.75 pm z-stacks
were acquired for each point. The bacteria were identified through fluorescence
emission in the red (tdTomato-expressing M. tuberculosis) channels using an
mCherry (Em 560/40, Ex 635/60) dichroic filter. DRAQ7 positive cells were identified
through fluorescence emission in the Cy5 channel (Em 692/40, Ex 624/40).

Image analysis was performed using the FIJI version of the Imaged software
(Schindelin et al., 2012). For the conditions with uninfected macrophages, all
macrophages in the field of view were analyzed. In the case of infection, only infected
macrophages were analyzed. Individual macrophages were followed and the frame
during which a macrophage turned DRAQ7-positive was noted as the time of death.
For each experiment, at least 50 cells were analyzed per condition.

Caspase-1 and Caspase-11/-4/-5 activity staining

Infected and uninfected macrophages were washed twice with PBS and incubated
for 1 hour at 37°C with Z-LEVD-AFC (Caspase-11/-4/-5 activity staining, Enzo) or FAM-
YVAD-FMK (Abcam) in reaction buffer (Caspase-1 assay kit, ab219935, Abcam). The
cells were then washed twice in PBS and Caspase activity was measured by emission
in the GFP channel (Em 520/36, Ex 472/30). Bacteria were identified through
fluorescence emission in the red (tdTomato-expressing M. tuberculosis) channels
using an mCherry (Em 560/40, Ex 635/60) dichroic filter. Macrophages were randomly
selected and imaged using a 40X air objective. 15 x 0.25 ym z-stacks were acquired
for each point.

Image analysis was performed using the FIJI version of the Imaged software
(Schindelin et al., 2012). For the conditions with uninfected macrophages, all
macrophages in the field of view were analyzed. In the case of infection, only infected
macrophages were analyzed. For each point, the z-stacks acquired were projected
into one image (Sum Slices projection). A background subtraction was performed by
subtracting from the fluorescence images a copy of the same images on which a
Gaussian blur of 30 um radius had been applied. A circle of 30 um radius was
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manually drawn in the GFP channel centered on each cell, and the Raw Integral
Density was measured and used for quantification of caspase activity. All obtained
values were divided by 10° for graphical representation.

Quantification of autophagic flux

Uninfected and infected macrophages were fixed for 2 h with 4% paraformaldehyde

24 h post-infection. Both untreated macrophages and macrophages treated with 100
nM Bafilomycin A1 (Invivogen) for 2 hours were processed. Fixed samples were then

permeabilized for 15min with 2% BSA, 2% saponine, 0.1% Triton x-100 in PBS at RT.
The samples were then blocked for 1 h with 2% BSA in PBS at RT. Anti-LC3b rabbit
primary antibodies (Abcam) were diluted 1:200 in 2% BSA in PBS and used for
primary staining of the cells overnight at 4°C. The samples were then washed and
incubated with a secondary goat anti-rabbit antibody conjugated to Alexa Fluor 647
(ThermoFisher Scientific) diluted 1:200 in 2% BSA in PBS for 1h at RT. The samples
were then imaged using fluorescence microscopy. Bacteria were identified through
fluorescence emission in the red (tdTomato-expressing M. fuberculosis) channel.
LC3b staining was visualized using the Cy5 channel. Macrophages were randomly
selected and imaged using a 60X oil objective. 12 x 0.3 pm z-stacks were acquired
for each point. The average number of autophagosomes in each sample was then
quantified using the FIJI version of the ImagedJ software (Schindelin et al., 2012). For
the conditions with uninfected macrophages, all macrophages in the field of view
were analyzed. In the case of infection, only infected macrophages were analyzed. A
background subtraction was first performed on each z-stack by subtracting from the
fluorescence image a copy of the same image on which a Gaussian blur of 5 um
radius had been applied. The processed z-stacks were then projected into one image
(Maximum intensity projection). A threshold was applied on the resulting image, and
the number of particles above the threshold was counted for each cell and used to
determine the number of autophagosome per cell. The difference in the mean number
of autophagosome per cell between the Bafilomycin-treated condition and the
untreated condition was then calculated and used as a measure for autophagic flux.
Experiments were performed in triplicates.

RNA extraction and quantitative Real-Time PCR (qRT-PCR)

RNA extraction from macrophages was performed using a combination of
Trizol/Chloroform extraction and the Qiagen RNeasy micro kit plus. Briefly,
macrophages were lysed by adding 800 pl of Trizol to the cells. 200 pl of Chloroform
was added to the lysate and the resulting mixture was incubated for 5 min at room
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temperature followed by centrifugation at 13°000 x g at 4°C. The aqueous phase
containing the RNA was collected, mixed with 350 ul of 70% Ethanol and transferred
to a quiagen RNeasy MinElute Spin Column. The subsequent steps for RNA extraction
were performed according to the manufacturer’s instructions. During the extraction
process, a DNAse treatment was performed directly on the column to remove
contaminating DNA. Following RNA extraction, reverse transcription was performed
using the SuperScript IV first-strand synthesis system with random hexamers as
primers (ThermoFisher). The cDNA obtained was used for quantitative real-time PCR
(gRT-PCR). The gRT-PCR reactions were prepared using the SYBRGreen PCR Master
Mix (Applied Biosystems) with 1 uM primers and 2 pl of cDNA. The reactions were run
on an QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems). Amplicon
specificity was confirmed by melting-curve analysis. The sequence for all primers
were obtained from Origene and the primers were synthesized by Microsynth,
Switzerland (Table 2).

Protein extraction and immunoblotting

Proteins from cell lysates (prepared using RIPA buffer) and from supernatants were
filtered through a 0.2 um pore-size filter. Protein quantification was performed using a
Qbit assay. The samples were then mixed with NUPAGE™ LDS Sample Buffer and
0.1% SDS and heated up at 70°C for 10 minutes before being loaded onto a NuPAGE
4-12% bis-tris gel (Invitrogen). Electrophoresis was performed according to the
manufacturer's instructions. The separated proteins were then transferred to a
nitrocellulose membrane using the iBlot dry blotting system (Invitrogen). The
membrane was blocked with Tris-buffered saline (TBS) containing 2% bovine serum
albumin (BSA) for 1 hour at room temperature and incubated overnight at 4°C with
the primary antibody diluted in TBS-Tween (TBS + 0.1% Tween-20) with 2% BSA. All
primary antibodies were used at a dilution of 1:1000 (See Table 3 for list of antibodies
used). Following primary antibody incubation, the membrane was washed 3x with TBS
and incubated with an HRP-conjugated secondary antibody diluted 1:1000 in TBS-
Tween with 2% BSA for 1 hour at room temperature. The membrane was then washed
twice with TBS-tween and 3x with TBS, incubated with the chemiluminescent
peroxidase substrate-1 (Sigma-Aldrich) and imaged using an appropriate detection
system.

ELISA

Cell culture supernatants were collected from macrophages 24 hours after infection.
IL-13 concentration was measured using a mouse IL-18 SimpleStep ELISA kit
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(Abcam) or a human IL-13 SimpleStep ELISA kit (Abcam) according to the
manufacturer’s instructions.

sc-RNAseq data analysis

The Seurat object from (Pisu et al., 2021) was downloaded and analyzed using Seurat
(v. 3.1.4). Pathway enrichment analysis was performed using clusterProfiler. The
analysis was performed separately for interstitial macrophages and alveolar
macrophages. Briefly, infected cells were sorted into cells expressing Caspase-11
and cells not expressing Caspase-11. A list was created containing all genes that
were differentially expressed between the two populations, selecting only genes with
an adjusted P value <0.05 (non-parametric Wilcoxon rank-sum test, p-value
adjustment performed using a Bonferroni correction, as implemented in Seurat (Stuart
et al., 2019). A Gene Ontology (GO) enrichment analysis was then performed using
the clusterProfiler package (choosing the Biological Process category). Closely
related GO terms were aggregated using semantic similarity for easier visualization.
Only the top 30 GO terms were chosen for analysis. For the violin plots and feature
plots, data visualization was performed using the log-normalized counts.
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Table 1: List of mice used in this study

Strain Description Source Citation

WT C57BL/6 background, wild Bred in-house -
type.

Caspase-117 | Casp11 exon 5in ES cells was | Mice were a gift from Kayagaki et al.
flanked by loxP sites and prof. Broz (UNIL, 2011
deleted with Cre recombinase. | Switzerland)

These mice are in a C57BL/6
background.

MyD88" The Myd88-deficient allele Jackson Laboratories | Hou, Reizis, and
encodes a deletion of exon 3 B6.129P2(SJL)- DeFranco 2008
of the MyD88 gene, which is Myd88tm1.1Defr/J,
predicted to generate a null strain #009088
allele (C57BL/6 background).

Beclin' These mice lack Beclini Bone marrow Sanjuan et al.

LysM-Cre* expression in myeloid cells. extracted from these 2007

mice (C57BL/6 background). mice was a gift from

Beclin1 is a central component
of the phosphatidylinositol-3-
kinase (PI3K) complex and is
implicated in autophagosome
formation.

prof. Stallings

(Washington University

School of Medicine)
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Table 2: List of gPCR primers

Mouse primers: Primer sequence
GAPDH_fw_mouse CATCACTGCCACCCAGAAGACTG
GAPDH_rv_mouse ATGCCAGTGAGCTTCCCGTTCAG
Caspase-11_fw_mouse GTGGTGAAAGAGGAGCTTACAGC
Caspase-11_rv_mouse GCACCAGGAATGTGCTGTCTGA
Caspase-1_fw_mouse GGCACATTTCCAGGACTGACTG
Caspase-1_rv_mouse GCAAGACGTGTACGAGTGGTTG

NLRP3_fw_mouse TCACAACTCGCCCAAGGAGGAA

NLRP3 rv_mouse

AAGAGACCACGGCAGAAGCTAG

IL-1B_fw_mouse

TGGACCTTCCAGGATGAGGACA

IL-1B_rv_mouse

GTTCATCTCGGAGCCTGTAGTG

AIM2_fw_mouse

AGGCTGCTACAGAAGTCTGTCC

AIM2_rv_mouse

TCAGCACCGTGACAACAAGTGG

[L-18 fw_mouse

GACAGCCTGTGTTCGAGGATATG

[L-18 rv_mouse

TGTTCTTACAGGAGAGGGTAGAC

Human primers:
GAPDH_fw_human GTCTCCTCTGACTTCAACAGCG
GAPDH_rv_human ACCACCCTGTTGCTGTAGCCAA
Caspase-1_fw_human GCTGAGGTTGACATCACAGGCA
Caspase-1_rv_human TGCTGTCAGAGGTCTTGTGCTC
NLRP3_fw_human GGACTGAAGCACCTGTTGTGCA
NLRP3_rv_human TCCTGAGTCTCCCAAGGCATTC

IL-1B_fw_human

CCACAGACCTTCCAGGAGAATG

IL-1B_rv_human

GTGCAGTTCAGTGATCGTACAGG

AIM2_fw_human

GCTGCACCAAAAGTCTCTCCTC

AIM2_rv_human

CTGCTTGCCTTCTTGGGTCTCA

[L-18 fw_human

GATAGCCAGCCTAGAGGTATGG

[L-18 rv_human

CCTTGATGTTATCAGGAGGATTCA

Caspase-4_fw_human GGGATGAAGGAGCTACTTGAGG
Caspase-4_rv_human CCAAGAATGTGCTGTCAGAGGAC
Caspase-5_fw_human ACAACCGCAACTGCCTCAGTCT
Caspase-5_rv_human GAATCTGCCTCCAGGTTCTCAG
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Table 3: List of important reagents

Reagent type Description Source

Recombinant protein | Murine recombinant IFNy

Recombinant protein | Human recombinant IFNy Peprotech

Recombinant protein | Murine recombinant IL-1[3 Peprotech

Recombinant protein | Human recombinant IL-13 Peprotech

Dye DRAQ7 Biolegends

Dye Ac-LEVD-AFC Enzo

Assay kit Caspase-1 assay kit Abcam (ab219935)

Inhibitor Z-DEVD-FMK Sigma Aldrich

Inhibitor ICH-2 Sigma Aldrich

Antibody Neutralizing antibodies against BxCell (B122)
murine IL-103

Antibody Neutralizing antibodies against Invivogen (4H5)
human IL-1(3

Antibody Recombinant Anti-Caspase-11 Abcam (EPR18628)
antibody

Antibody Recombinant Anti-Caspase-4 Abcam (EPR20921-
antibody 83)

Antibody Recombinant Anti-Caspase-5 Cell Signaling
antibody Technology (D3G4W)

Antibody Recombinant Anti-GAPDH Abcam (EPR16891)
antibody

Antibody Recombinant Anti-LC3b antibody | Abcam (EPR18709)

Other Nigericin Invivogen

Other Bafilomycin A1 Invivogen

Chemical Phorbol 12-myristate 13-acetate | Stemcell technologies
(PMA)

ELISA kit Human IL-1 beta ELISA Kit Abcam (ab214025)

ELISA kit Mouse IL-1 beta ELISA Kit Abcam (ab197742)
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Supplementary information
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Supplementary Figure 1: The substrate Z-LEVD-AFC becomes fluorescent upon
cleavage by Caspase-11, but not Caspase-1

(A) BMDMs were incubated for 5 hours with 10 uM Nigericin (a Caspase-1 activator)
or with LPS-coated beads (a Caspase-11 activator). Caspase-11 activity was
measured using the fluorescent substrate for Caspase-11 Z-LEVD-AFC and
fluorescence microscopy. Each dot represents a single macrophage. P-values were
calculated using a Mann-Whitney test. Bars represent the median and interquartile
range.

110



A 6 hours post infection B 6 hours post
lipid addition
84 8- * %
° * % * % * % o
<)) 64 O (=] 64 o
= s —1-IFNg -lipids
= ﬁ ==-IFNg +lipids
< 4 - 4 mm +IFNg -lipids
o °© mm+IFNg +ipids
S o S ) g +lip
0- 0-
I Caspl NIp3  Am2 1118 Caspase-11
-IFNg -IFNg +IFNg +IFNg
-Mtb = o Mb "™ mtp

Supplementary Figure 2: Effect of IFNy and M. tuberculosis infection on the
expression of inflammasome-related genes in bone marrow-derived
macrophages.

(A) Expression levels of inflammasome-related genes for unactivated (-IFNy) and
activated (+IFNy) BMDMs uninfected or infected with M. tuberculosis. (B) Caspase-
11 expression levels for unactivated (-IFNy) and activated (+IFNy) BMDMSs untreated
or treated with M. tuberculosis lipids. Relative gene expression is depicted as
normalized to the unactivated, uninfected sample. Stars indicate p-values smaller
than 0.05, as determined by a Student t-test.
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Supplementary Figure 3: II-1B enhances control of M. tfuberculosis growth by
murine and human macrophages activated with IFNy.

(A) Bone marrow-derived macrophages (BMDMSs) were infected with M. tuberculosis
and treated with IFN-y and 20 pg/ml, 200 pg/ml, or 2 ng/ml II-13. (B) THP-1
macrophages were infected with M. tuberculosis and treated with IFN-y 20 pg/ml or
2 ng/ml II-13. The growth rate of intracellular M. tuberculosis microcolonies was
assessed using fluorescence time-lapse microscopy. (C) IFN-y-activated "signaler"
and "receiver’ BMDMs were seeded in a transwell system with signalers on the top
and receivers on the bottom. Signaler macrophages were either infected with M.
tuberculosis or left uninfected. After 24 hours, receiver macrophages were infected
with M. tuberculosis, and the growth rate of intracellular bacterial microcolonies was
assessed using fluorescence time-lapse microscopy. When required, macrophages
were treated with 200 pg/ml II-13 and neutralizing antibodies against II-13. P-values
were calculated using a Mann-Whitney test. Bars represent the median and
interquartile range.
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Supplementary Figure 4: Beclin” BMDMs do not respond to IL-1.

(A) WT and Beclin BMDMs were infected with M. tuberculosis and treated with [FN-y
and 2 ng/ml IL-1B. 1B8. The growth rate of intracellular M. tuberculosis microcolonies
was assessed using fluorescence time-lapse microscopy. Each dot represents the
growth rate of a M. tuberculosis microcolony growing in a single macrophage. P-

values were calculated using a Mann-Whitney test. Bars represent the median and
interquartile range.
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Supplementary Figure 5: Analysis of a publicly available sc-RNAseq dataset (Pisu
et al., 2021).

(A) Distribution of Caspase-11+ macrophages in the lungs of uninfected mice and
mice infected with M. (fuberculosis. In uninfected mice, most Caspase-11+
macrophages are alveolar macrophages, while in infected mice, there is a stronger
proportion of interstitial macrophages. (B) Violin plots showing Caspase-11
expression levels (in log-normalized counts) in the different alveolar and interstitial
macrophage subpopulations (as identified by Pisu et al., 2021).
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Supplementary Figure 6: Effect of IFNy and M. tuberculosis infection on the
expression of inflammasome-related genes in THP-1 macrophages

(A) Expression levels of inflammasome-related genes for unactivated (-IFNy) and
activated (+IFNy) THP-1 macrophages uninfected or infected with M. tuberculosis.
Relative gene expression is depicted as normalized to the unactivated, uninfected
sample. Stars indicate p-values smaller than 0.05, as determined by a Student t-test.
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Supplementary Figure 7: The Caspase-4/-5 inhibitor ICH-2 selectively inhibits
Caspase-4/-5, but not Caspase-1

(A) THP-1 macrophages were incubated with LPS beads for 4 hours. Caspase-4/-5
activity was measured using the fluorescent substrate for Caspase-4/-5 Z-LEVD-AFC
and fluorescence microscopy. Each dot represents a single macrophage. (B)
Unactivated (-IFNy) and activated (+IFNy) THP-1 macrophages were infected with M.
tuberculosis in presence of the Caspase-4/-5 inhibitor ICH-2. Caspase-4/-5 activity
was measured 24 hours post activation using the fluorescent substrate for Caspase-
4/-5 Z-LEVD-AFC and fluorescence microscopy. Each dot represents a single
macrophage. (B) THP-1 macrophages were left untreated, treated with Nigericin (a
Caspase-1 activator) or treated with a combination of Nigericin and the Caspase-4/-
5 inhibitor ICH-2. Caspase-1 activity was measured using the fluorescent substrate
specific for Caspase-1 Z-YVAD-AFC, and fluorescence microscopy. Each dot
represents a single macrophage. P-values were calculated using a Mann-Whitney
test. Bars represent the median and interquartile range.
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Chapter 4. Conclusion & Future Perspectives

In my thesis, | focused on two projects studying the interactions between
macrophages and M. tuberculosis. In a first project, we used a combination of time-
lapse microscopy and fluorescent reporters to study heterogeneity in the interactions
between single macrophages and M. fuberculosis. Our results showed that
heterogeneity in the expression of a single gene, the one coding for INOS, is sufficient
to explain why some macrophages control M. tuberculosis growth better than others.
These results emphasize the importance of considering cellular individuality when
studying host-pathogen interactions, especially for diseases such as tuberculosis
where the minimum infective dose can be extremely low. In these cases, due to the
low number of bacteria implicated, random encounters between “strong” or “weak”
bacteria and “strong” or “weak” macrophages could determine the outcome of an
initial infection and whether an individual is able to clear the disease or not (as
reviewed in Toniolo et al., 2021). Phenotypic heterogeneity has been little studied so
far in the field of infection biology in general and in the field of tuberculosis
pathogenesis in particular, partially due to the technical difficulties involved with
working with a BSL3-level microorganism. With this project, we were able to bring new
data to the field that highlight the necessity of considering heterogeneity in the host
and pathogen when studying the pathophysiology of an infectious disease.

One limitation of our study is that it was performed exclusively /n vitro. However,
thanks to recent advances in single-cell techniques such as sc-RNAseq or
proteomics of single cells, our results can be linked to studies performed /n vivo.
Indeed, our observations are in line with a recent study that shows that sub-
populations of macrophages expressing different levels of INOS exist in the lungs of
M. tuberculosis-infected mice (Pisu et al., 2021). Interestingly, the authors also
observed that expression of INOS in infected macrophages correlates with bacterial
stress. Nonetheless, it is important to note that this study only provides a static
snapshot of host cell and bacterial heterogeneity at a given point in disease
progression, whereas many of these phenotypes are highly dynamic. Technical
improvements in /n vivo imaging techniques and/or the combination of time-lapse
microscopy with endpoint ‘omic’ techniques would be necessary to achieve the
temporal resolution required to fully characterize the evolution of cell-to-cell
heterogeneity over time.

In a second project, we characterized non-canonical inflammasome activation
in macrophages infected with M. tuberculosis. The non-canonical inflammasome is a
crucial component of the host's defense against gram-negative bacteria, yet its
implication in defense against pathogenic mycobacteria had not been previously
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established. Our study demonstrates the involvement of Caspase-11 (in murine
macrophages) and Caspase-4/-5 (in human macrophages) in the immune response
to M. tuberculosis. We showed that these inflammatory caspases are activated upon
infection with M. tuberculosis, leading to IL-13 secretion. Furthermore, we established
that IL-13 secreted from infected cells can potentiate the anti-mycobacterial
properties of neighboring cells. Our study thus identifies a novel mechanism for IL-1[3
secretion in macrophages infected with M. tuberculosis and suggests a role for the
non-canonical inflammasome in defense against pathogenic mycobacteria.

Nevertheless, our study leaves several significant questions unanswered.
Firstly, the mechanisms leading to Caspase-11/-4/-5 activation in response to M.
tuberculosis infection require further investigation. In our study, we did not ascertain
whether Caspase-11/-4/-5 are activated by direct sensing of a M. tuberculosis
component, as is the case with LPS, or if an indirect mechanism leads to their
activation. Studying the role of M. tuberculosis lipids in activating the non-canonical
inflammasome would be of particular interest. Indeed, mycobacterial lipids are known
virulence factors and can be recognized by a variety of cell host receptors.
Furthermore, Caspase-11 has been shown to be able to bind to host-derived oxidized
phospholipids (Zanoni et al., 2016). Interestingly, Caspase-11 activation upon
phospholipid recognition leads to a robust secretion of IL-13 without pyroptosis, which
is similar to what we observe in our study. One way to address this question would be
to coat beads with individual mycobacterial lipids and quantify if uptake of these
beads leads to IL-1B secretion and Caspase-11/-4/-5 activation in macrophages. If
we do find that a mycobacterial lipid leads to non-canonical inflammasome activation,
we can proceed to investigate if it can directly bind to purified Caspase-11/-4/-5.

Furthermore, the precise mechanism through which IFNy potentiates non-
canonical inflammasome activation remains elusive. In murine macrophages, this
could be partly attributed to upregulation of Caspase-11 gene expression. In human
macrophages however, the mechanism appears to be distinct as IFNy does not
induce a strong upregulation of neither Caspase-4 nor Caspase-5. To investigate this
further, it would be interesting to look at the role of Guanylate-binding proteins (GBPs).
Indeed, these proteins have been shown to enhance non-canonical inflammasome
activation in the context of gram-negative bacterial infections by disrupting pathogen-
containing vacuoles (Meunier et al., 2014; Santos et al., 2020; Wand et al., 2020).
Several GBPs have also been shown to contribute to host defense against
mycobacteria (Kim et al., 2011). Interestingly, M. tuberculosis seems to be able to
evade GBP-mediated immunity thanks to its ESX-1 secretion system (Olive et al.,
2023). It would thus be interesting to explore the role of GBPs in mediating non-
canonical inflammasome activation in response to infection with M. tuberculosis. One
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way to investigate this would be by performing immunostainings to see if we can
observe colocalization of GBPs with intracellular M. fuberculosis. Additionally, we
could use RNA interference to selectively silence the expression of different GBPs
and observe if we still can measure Caspase-11/-4/-5 activation in the infected
macrophages.

Another limit of our experimental setup is that we cannot differentiate between
the roles of Caspase-4 and Caspase-5 due to the non-specific nature of the inhibitor
used in our experiments. To address this problem, we could repeat the experiments
using Caspase-4 or Caspase-5 KO THP-1 macrophages, which would allow us to
differentiate between the individual contributions of these enzymes. Alternatively, we
could use RNA interference to selectively inhibit either Caspase-4 or Caspase-5, thus
enabling a more precise understanding of the respective function of each of these
proteins.

Lastly, the translation of our findings to an /n vivo context remains to be
determined. Future investigations should focus on assessing if Caspase-11 is cleaved
and active in cells extracted from the lungs of infected mice. Furthermore, studies
with knock-out animals could also be performed to understand the role of the non-
canonical inflammasome /n vivo. Indeed, mice lacking both Caspase-1 and Caspase-
11 exhibit a slight increase in susceptibility to M. fuberculosis infection, and this effect
is strongly exacerbated in mice that also lack the CYBB subunit of the phagocyte
oxidase (Mayer-Barber et al., 2010; Thomas & Olive, 2023). However, to date, no
research has been done to study the susceptibility of single Caspase-11 mutant mice
to M. tuberculosis, which would be necessary to fully understand the role of the non-
canonical inflammasome /in vivo.
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