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Abstract

Hematopoietic stem cells are the multipotent progenitors of all immune cells. They play an
indispensable role in maintaining immune competence through their differentiation into
mature lymphoid and myeloid effector cells, which mediate host protection against
infections. The manipulation of the hematopoietic system by infectious agents can,
therefore, disrupt protective immune function, facilitating pathogen persistence and
exacerbating disease. Mycobacterium (M.) tuberculosis, the etiological agent of tuberculosis,
is a paradigm of pathogen persistence. Currently infecting an estimated quarter of the global
population, it continues to prevail as the predominant bacterial pathogen on a global scale,
underscoring the incapacity of the human immune system to eradicate M. tuberculosis
infections. Given that pathogen persistence necessitates a compromised immune
resistance, the recent discovery of mycobacterial DNA within hematopoietic stem cells,
suggested a potential but yet undefined strategy by which M. tuberculosis may directly target

the source of immune cell generation to persist in the host.

However, hematopoietic stem cells are canonically considered non-phagocytic and resistant
to bacterial infections, raising critical questions about how M. tuberculosis infects these
cells. Our study aimed to elucidate the mechanisms of M. tuberculosis infection in
hematopoietic stem cells and identify the factors that render these typically resistant cells
permissive to infection. Through this investigation, we seek to provide novel insights into the

pathogenesis of tuberculosis and strategies of mycobacterial persistence.

To investigate these aspects, we developed an in vitro model to study hematopoietic stem
cell infection of both, murine and human origin. The intracellular localization of M.
tuberculosis withinimmunophenotypically defined hematopoietic stem cell populations was
demonstrated using confocal microscopy. We observed membrane ruffling directed toward
surface attached mycobacteria, focal actin polymerisation at sites of mycobacterial
attachment and also enwrapping intracellular mycobacteria. Additionally, we demonstrated
that actin-polymerisation inhibitors prevent bacterial uptake, proving that M. tuberculosis
internalization into hematopoietic stem cells is as an active, actin-dependent process. Using
distinct inhibitors, we ruled out classical macropinocytosis, as well as opsonic and non-
opsonic phagocytosis, as potential uptake pathways. Instead, our data indicate that M.
tuberculosis internalization involves CD36 binding, a class B scavenger receptor, and

clathrin-dependent interactions. Consistent with our observations, CD36 ligation induces



membrane ruffling morphologically reminiscent, yet molecularly distinct, from canonical
macropinocytosis pathways. Thus, we propose that M. tuberculosis binds the cell surface
receptor CD36, which leads to macropinocytosis-like mechanisms, facilitating

internalization by the host cell.

We further explored how hematopoietic stem cells become permissive to M. tuberculosis.
The slow kinetics of mycobacterial uptake in hematopoietic stem cells compared to
professional phagocytes and our observation that hematopoietic stem cells of neonatal
origin are non-permissive to M. tuberculosis indicated that hematopoietic stem cell
permissiveness is not an innate inherent trait but develops in response to yet undefined
signals. Exposure to M. tuberculosis-derived pathogen-associated molecular patterns had
only marginal effects on hematopoietic stem cell permissiveness. Instead, our findings
suggest that the development of permissiveness requires viable, metabolically active
bacteria. Preliminary evidence supports the notion that this process may be cytokine-
mediated, although further investigation is required to elucidate the precise signalling

pathways involved.

In conclusion, a comprehensive understanding of the mechanisms underlying M.
tuberculosis infection in hematopoietic stem cells promises insights into the complex
pathogenesis of tuberculosis. While the repertoire of described non-canonical host cells
harboring mycobacteria has expanded in recent years, little is known about the specific roles
these non-phagocytic cells play in immune modulation, immune evasion, and pathogen
persistence. Identifying the pathways of M. tuberculosis internalization and delineating the
signals that drive hematopoietic stem cell permissiveness may uncover novel targets for

host-directed therapies aimed at restoring the host’s natural immunity.



Zusammenfassung

Hamatopoetische Stammzellen sind die Quelle aller Immunzellen und essenziell fur die
Aufrechterhaltung der immunologischen Homodostase. Durch ihre Differenzierung in reife
lymphoide und myeloide Effektorzellen schiutzen sie den Organismus vor Infektionen. Eine
Manipulation des hdmatopoetischen Systems kann folglich diesen Schutz beeintrachtigen
und zur Persistenz von Krankheitserregern sowie zur Verschlechterung des
Krankheitsverlaufs flhren. Die Tuberkulose, hervorgerufen durch Mycobacterium (M.)
tuberculosis, ist ein Paradebeispiel fur die Persistenz eines Pathogens und stellt die weltweit
haufigste Todesursache aller bakteriellen Infektionen dar. Derzeit ist schatzungsweise ein
Viertel der Weltbevolkerung mit M. tuberculosis infiziert, was die Unzulanglichkeit des
menschlichen Immunsystems bei der Bekampfung dieser Infektion verdeutlicht.
BekanntermaBen setzt die Persistenz von Krankheitserregern eine beeintrachtigte
Immunkompetenz voraus. So stellt die jungst nachgewiesene Prasenz mykobakterieller DNS
in hdmatopoetischen Stammzellen eine potenzielle, aber noch unzureichend definierte
Persistenzstrategie dar, bei der M. tuberculosis die Quelle aller Immunzellen infiziert und sie

so manipulieren konnte.

Traditionell sind hamatopoetische Stammzellen resistent gegenuiber bakteriellen Infektionen
und gelten als nicht-phagozytisch, der normale Aufnahmemechanismus fur Mykobakterien.
Dies wirft die Frage auf, wie M. tuberculosis hamatopoetische Stammzellen infizieren kann.
Ziel unserer Studie war es daher, die Mechanismen der Internalisierung von M. tuberculosis
in hamatopoetische Stammzellen aufzuklaren und jene Faktoren zu identifizieren, die diese
sonst nicht permissiven Zellen anfallig fur eine Infektion machen. Unsere Untersuchungen
zielen daher darauf ab, neue Erkenntnisse Uber die Pathogenese der Tuberkulose und die

Strategien mykobakterieller Persistenz zu gewinnen.

Um diese Aspekte zu untersuchen, etablierten wir ein murines und humanes in vitro Modell
zur Analyse der Infektion hdmatopoetischer Stammzellen. Die intrazellulare Lokalisation von
M. tuberculosis in immunphanotypisch definierten hamatopoetischen
Stammzellpopulationen wurde mittels konfokaler Mikroskopie  nachgewiesen.
Mikroskopische Analysen offenbarten Membranausstllpungen, die in Richtung der mit der
Zelloberflache in Kontakt stehenden Bakterien ausgebildet wurden. In diesen Regionen
konnte eine fokale Polymerisation von F-Aktin nachgewiesen werden, die ebenfalls um
intrazellulare, also internalisierte, Mykobakterien beobachtet wurde. Des Weiteren zeigten

wir, dass die Internalisierung der Bakterien durch Inhibitoren der Aktinpolymerisation



blockiert wird, was zeigt, dass es sich um einen aktiven, Aktin-abhangigen Aufnahmeprozess
handelt. Durch den Einsatz verschiedener Inhibitoren konnten wir klassische
Makropinozytose sowie Phagozytose als potenzielle Aufnahmemechanismen ausschlieBen.
Unsere Daten deuten stattdessen darauf hin, dass die Internalisierung durch einen
Mechanismus erfolgt, der durch die Bindung an CD36, einen Klasse-B-Scavenger-Rezeptor
ausgeldst wird und Clathrin-abhangige Interaktionen erfordert. Ubereinstimmend mit
unseren Ergebnissen, induziert die Bindung an CD36 Membranausstulpungen, die
morphologisch den bei der klassischen Makropinozytose gebildeten Ausstllpungen ahneln,
sich jedoch in ihren zugrundeliegenden molekularen Signalwegen unterscheiden. Deshalb
wird die Internalisierung auch nicht durch Makropinozytoseinhibitoren beeinflusst. Unsere
Daten legen somit nahe, dass M. tuberculosis, CD36, einen Oberfldichenrezeptor bindet, was
einen Mechanismus ahnlich der Makropinozytose auslést, um so von der Wirtszelle

aufgenommen zu werden.

Zusatzlich untersuchten wir, wie hamatopoetische Stammzellen permissiv fur M.
tuberculosis werden. Die langsame Kinetik der Internalisierung in hamatopoetischen
Stammzellen im Vergleich zu professionellen Phagozyten, und unsere Beobachtung, dass
hamatopoetische Stammzellen neonatalen Ursprungs nicht permissiv sind, legen nahe, dass
die Permissivitat nicht angeboren ist, sondern sich erst als Antwort auf noch zu definierende
Signale entwickelt. Als potenzielle Signale, zeigten Pathogen-assoziierte molekulare Muster
von M. tuberculosis nur marginale Effekte auf die Permissivitat von hadmatopoetischen
Stammzellen. Unsere Ergebnisse deuten stattdessen darauf hin, dass die Entwicklung der
Permissivitat lebende, metabolisch aktive Bakterien erfordert. Vorlaufige Daten legen nahe,
dass dieser Prozess durch Zytokine vermittelt werden kdnnte, wobei weitere Untersuchungen

notwendig sind, um die zugrundeliegenden Signalwege zu klaren.

Zusammenfasend geben unsere grundlegenden Analysen der Infektion hdmatopoetischer
Stammzellen durch M. tuberculosis neue Einblicke in die komplexe Pathogenese der
Tuberkulose. In den letzten Jahren wurde das Spektrum beschriebener nicht-kanonischer
Wirtszellen, die Mykobakterien beherbergen, erweitert. Dennoch bleiben die spezifischen
Rollen dieser nicht-phagozytischen Zellen bei der Imnmunmodulation und der Persistenz der
Pathogene weitgehend unerforscht. Die ldentifizierung der von M. tuberculosis genutzten
Internalisierungswege und die Aufklarung der Signale, die die Permissivitat der
hamatopoetischen Stammzellen steuern, kdnnten neue therapeutische Ansatze aufzeigen,

um die Immunkompetenz des Wirts wiederherzustellen und zu erhalten.
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A. Introduction

A. Introduction

1. Tuberculosis

A longstanding medical enigma, persisting for over two millennia, found resolution when
Robert Koch concluded his ground laying work, and finally introduced humanity to its most

deadly pathogen: Mycobacterium (M.) tuberculosis, the causative agent of tuberculosis.

M. tuberculosis is a human companion for 15,000-20,000 years, with its ancestors extending
even further into our common past, highlighting a continuous co-evolution [1-3]. The earliest
pathognomonic skeletal evidence, aDNA specimen and written records documenting
tuberculosis, such as Hippokrates’ aphorisms or the hinduistic Atharvaveda, trace back
2000-4000 years across Asia, America, Africa, and Europe [4-8]. Tuberculosis reoccurred and
challenged physicians throughout medical history, ranging from Hippokrates’ (460 - 370 BC)
delineation of phthisis, to Johann Schoénlein coining the term of tuberculosis and Robert

Koch’s fundamental contributions to modern bacteriology [8,9].

Now, in the 21°t century, tuberculosis stands as even a bigger challenge to global health than
ever before and persists as the most prevalent infectious disease, caused by a single
pathogen species, humanity encounters. Advances in therapy, medical stewardship and
research reduced the incidence rates globally. Nevertheless, the lack of promising preventive
measures in the face of the looming antimicrobial resistance crisis, with M. tuberculosis as
the most important drug-resistant pathogen, predicts an exponential increase in global
annual deaths by 2050 [10-12]. Consequently, novel approaches and a better understanding
of the pathogen and the disease it causes are necessary to eventually control M. tuberculosis

and reassess Robert Koch’s prediction [13].

“According to the experiments carried out so far,
however, there does not appear to be much prospect of
finding therapeutic agents that will control the parasites

in the patient’s body.”

— Robert Koch -



1. Tuberculosis

1.1 Mycobacterium tuberculosis — A Global Health Threat

Since the era of Robert Koch our comprehension of tuberculosis (TB) grew considerably. It is
now established that tuberculosis does not reflect a monomicrobial disease but is indeed
caused by various species within the genus Mycobacterium. These species constitute the M.
tuberculosis complex, encompassing M. tuberculosis, M. africanum, and predominantly
zoonotic species such as M. bovis, M. canettii, M. caprae, M. microti, M. mungi, M. orygis, M.
pinnipedii and M. suricattae [14]. The M. tuberculosis complex bacteria represent prime
examples of genetic homogeneity sharing 99.9% genetic identity and are recognized as rod
shaped, nonmotile, aerobic, facultative intracellular bacteria [2]. Among them, M.
tuberculosis continues to prevail as the predominant bacterial pathogen in humans on a
global scale [10]. Typical symptoms include cough, chest pain, bloody sputum, night sweat,
fever, fatigue and weight loss. Despite primarily being a pulmonary pathogen, M. tuberculosis
can also infect other tissues, leading to extrapulmonary manifestations, which can affect
bones, central nervous system, digestive tract, and skin, shaping a diverse spectrum
comprising tuberculosis disease [15]. A unique scenario is observed in tuberculosis-infected
infants, where primary tuberculosis meningitis displaces secondary lung tuberculosis as the
predominant manifestation displaying a top ten cause of death in under the age of 5 mortality
[16,17]. According to the global tuberculosis report — published by the WHO annually — an
estimate of approximately 2 billion people, a quarter of the world's population is currently
infected, and 10.8 million people fell ill with tuberculosis in 2023 [10]. With 1.25 million
deaths attributed to tuberculosis, the disease displays the top cause of death from a single
infectious agent. Despite these unmatched prevalence figures, M. tuberculosis is not a highly
contagious pathogen per se. A single infectious individual, left untreated, might only infect 10
- 15 individuals per year. In contrast, in a highly contagious disease like measles, a single
individual can infect 12-18 people within a mere 8-day period (assuming a susceptible
population) [18]. The key to understand tuberculosis’ apparently paradoxical success lies in
the duration of infectiousness, coupled with an often indefinite or subclinical disease
phenotype [19-21]. Particularly in high-burden settings where diagnostic and treatment

coverage are limited, average duration of infectiousness often exceeds one year [22].

The burden of tuberculosis does not exhibit a homogenous pattern. Geographically, in 2023,
the WHO regions with the most cases were South-East Asia (45%), Africa (24%) and the
Western Pacific (17%) (Fig. 1) [10]. On a demographic level, tuberculosis is presented with a

significant male bias, with a male to female ratio of 1.9 = 0.6 for notified cases of pulmonary
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TB [10,23,24]. While established immunocompromising risk factors, particularly human
immunodeficiency virus (HIV) co-infection, immunosuppressive treatments against
autoimmunity disorders, or type 2 diabetes mellitus, unequivocally demonstrate causal links
to tuberculosis susceptibility, the primary driver of the global pandemic is of different nature
[25-27]. Despite the limitations of such analyses to prove causality, empirical evidence
clearly indicates that paramount determinants are rather rooted in socio-economic factors,
encompassing adverse economic conditions, urbanicity, indoor air quality and household
crowding at both individual and collective levels [10,28-30]. The attribution of malnutrition
and air pollution to 27% respectively 22% of tuberculosis cases, underscores the evident
association between poverty and disease [31]. This highlights the imperative for a paradigm
shift away from a predominantly biomedically oriented anti-tuberculosis strategy towards an
interdisciplinary approach integrating researchers, economical- and political stakeholders

equally [10].
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Figure 1: Estimated global tuberculosis incidence rates, 2023. National tuberculosis incidence rates (new cases) per 100 000
population peryear. [10].

1.2 Treatment of Mycobacterial Infections

While socio-economic strategies promise the strongest leverage for the global efforts to
sustainably reach the set targets of the WHO’s ‘End TB’-Strategy, the emergence of drug
resistance is of major concern and could put a halt to the positive development of recent
years. Discovery of antibiotics and introduction into clinic against tuberculosis was quickly
followed by the emergence of drug-resistant strains within 10 years [32]. Current standard

treatment for drug-susceptible tuberculosis includes four antibiotics, namely rifampicin
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(RIF), isoniazid (INH), pyrazinamide (PZA) and ethambutol (EMB). While treatment for drug-
susceptible tuberculosis already requires the administration of those first line drugs over a
course of 4-7 months, treatment of multidrug-resistant tuberculosis (MDR-TB) or extensively
drug-resistant tuberculosis (XDR-TB) requires treatment from 9 up to 24 months [33]. While
on a global scale only 3.2% of newly diagnosed and 16% of recently treated cases were
identified as MDR-TB or rifampicin-resistant tuberculosis (RR-TB), prevalence varies strongly
on a regional scale. The highest proportion of resistance is found in the Russian Federation
where over 20% of all new cases are resistant to either rifampicin alone, or both rifampicin
and isoniazid [10]. Rifampicin-resistant M. tuberculosis strains already account for a quarter
of all deaths due to antimicrobial resistance worldwide. Primary drivers of this development
are low compliance to therapy - partially due to significant adverse effects — in combination
with costs and a receding incentive for drug development in the for-profit sector. Although,
novel drugs, like bedaquiline and pretomanid, and repurposed drugs, such as linezolid,
clofazimine and cycloserine, are expected to improve treatment outcome, severe adverse
effect associated with the use of second line regimen aggravates therapy adherence and thus
promote emerging resistances even further [34]. In addition, only three new drugs were
approved for treatment within the last decade: Bedaquiline and the two nitroimidazole
derivates delamanid and pretomanid, marking the first anti-tuberculosis drugs with a distinct

mode of action for 50 years [35].

1.3 Advances and Strategies in Tuberculosis Vaccination

The first vaccine against tuberculosis was already discovered in 1921: an attenuated relative
of M. tuberculosis, and a derivative of the cattle-tuberculosis agent, M. bovis, termed Bacillus
Calmette Guerin (BCG) [36,37]. Despite the history of BCG-vaccination, tuberculosis is still
the top cause of death from a single infectious agent [38]. While acknowledging the limited
efficacy in adults, BCG immunization still provides protection in infants and young children
against primary pulmonary tuberculosis and its disseminated forms [39,40]. Hence, the
vaccineis notinherently devoid of any protective efficacy, but rather secondary factors impair
the efficacy in adults. Especially in latitudes exceeding 40°, regions with traditionally low
mycobacterial burden, vaccine effectiveness markedly increases [41]. Furthermore,
assessed protection is significantly higher when purified protein derivative (PPD)-positive
individuals - indicative of prior mycobacterial exposure - are excluded from study cohorts.
Together, these findings align with the scientific consensus that prior exposure to

mycobacteria (including environmental) species interferes with the subsequent generation of
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adaptive immunity post vaccination [42]. Given that BCG is a live vaccine, bacteria can
replicate or persist after administration. This replication contributes to a more pronounced
inflammation and might be pivotal to mount a robust adaptive immune response. In cases
where immune memory and resistance pre-exists from prior mycobacterial exposure, this

beneficial replication might be limited [43].

To increase vaccine efficacy in the adult population regardless of pre-exposure, current
tuberculosis vaccine research aims to decipher the prerequisites of a robust, long-lasting,
and protective immune response. In the center: T cells and the balance between the
spectrum of subpopulations of primed antigen specific CD4" T Cells. To elicit an optimal
vaccine response that balances tissue-resident effector cells with a lymphoid reservoir of
memory cells, varying antigen compositions, modified administration routes and novel
adjuvant formulations make up the current candidate vaccine pipeline [44]. Unfortunately,
their real protective efficacy in humans is only assessed at advanced stages of clinical
development. Due to the limitations of animal models, which do not fully replicate secondary
tuberculosis in humans, and the absence of adequate immune correlates of protection in
humans, clinical stage 3 trials still represent the first real validation of a new vaccine
candidate [44,45]. With industrial shareholders increasingly outsourcing this crucial
translational research to an underfunded academic sector, the identification of predictive
immune correlates is critical to validate vaccine candidates earlier in development and

accelerate the process of finding effective tuberculosis vaccines.

1.4 Host-Directed Therapy — An Emerging Strategy Against
Tuberculosis

While antibiotic treatment aims to cure the disease and vaccination to prevent it, host-
directed therapy aims to support the host’s own immunity and prohibit detrimental
immunopathology, working in conjunction with conventional antibiotic therapy. By targeting
host factors that are hijacked by the pathogen for replication and immune evasion, by direct
immune activation, or by immunopathology control, host-directed therapy aids to resolve the
infection indirectly [46]. A prime example for a conjunctive application of host-directed
therapy is to modulate granuloma vascularization, thereby improving drug delivery to the site
of mycobacterial persistence [47]. After prolonged periods of disease, especially after MDR-
TB, most individuals suffer from the sequelae of immunopathology and are left with

pulmonary cavitation and fibrosis leading to chronic lung impairment even after successful
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treatment[48,49]. Inthese individuals, interventions targeting neutrophil degranulation could
limit immunopathology [50]. Host-directed therapy could also serve as a mediator between
vaccination and treatment, allowing vaccines with blunted regulatory T cell responses and
thus stronger protective immunity that otherwise could not be used for their adverse
immunopathological side effects [51]. Thus, host-directed therapy might be the key to
redefine a multilateral anti-tuberculosis strategy by equally addressing pathogen clearance
and the concurrent prevention of tissue damage. To facilitate such a multilateral approach,
one must understand the delicate intricacies of the interplay between pathogenic and

protective immune responses throughout the distinct stages of tuberculosis disease.

2. Mycobacterial Latency - A Strategy of Success

Both the epidemiological success and the lack of adequate treatment against M. tuberculosis
originates from its pathogenesis and especially from its ability to cause latent infections.
Latency is defined as a state of pathogen persistence in the absence of clinical symptoms.
While one quarter of the global population is estimated to be infected with M. tuberculosis,
bearing the potential risk of developing active disease, only 10% fall ill during their lifetime
[52]. The more common outcome of an infection is an equilibrium of bacterial persistence
and host immunological control. This is because tuberculosis is a near perfect paradigm of
the host-pathogen relationship. M. tuberculosis, with its exclusive human tropism and lack of
an environmental reservoir, faces continuous selective pressure to adapt to its host. Since
the emergence of the M. tuberculosis complex 70,000 years ago, this co-evolutionary
trajectory led to a balance between persisting populations in asymptomatic carriers while
retaining sufficient virulence to facilitate transmission in active disease [3,53,54]. For nearly
five decades, this understanding shaped the binary clinical paradigm, stratifying individuals
as either having latent tuberculosis infection (LTBI) with dormant mycobacteria or contagious
active disease [55,56]. However, this binary paradigm is challenged by observations of
sporadic loss of quiescence and resulting growth of M. tuberculosis during ‘latent’ infection
[19]. Furthermore, over a quarter of culture-positive individuals lack clinical symptoms but
are still contagious [20,21]. Thus, ‘classical’ LTBI might rather represent a spectrum of
disease states ranging from infection without symptoms nor macroscopic pathology to the
transition towards active tuberculosis, where infectiousness and clinical symptoms are not
necessarily linked. To address this spectrum, a new classification has been proposed that
separately evaluates these two factors, replacing the traditional binary LTBI stratification (Fig.

2) [19]. Although it does not strictly align with the definition of true latency, for simplification,
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the term ‘latent tuberculosis’ will be used to summarize all disease stages between

sterilization and active disease in this study.
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Figure 2: Classification of tuberculosis states. Disease phenotypes between latency and active tuberculosis are classified
based on macroscopic pathology, clinical symptoms and infectiousness of the patient. Disease with both macroscopic
pathology and symptoms is classified as clinical tuberculosis and further delineated between non-infectious and infectious
disease. Instead, disease with only macroscopic pathology but no symptoms is classified as subclinical tuberculosis and further
delineated between non-infectious and infectious disease. Detection of M. tuberculosis with neither macroscopic pathology,
symptoms, nor infectiousness is classified as M. tuberculosis infection. Adapted from [19].

Within this continuum of disease phenotypes, factors that promote progression towards
active disease stem from the disruption of the homeostasis between bacterial persistence
and host immunological control. These disruptions lead to microbial (re-)activation and
subsequent manifestations of clinical symptoms. Notably, the underlying events are not well
understood and extend beyond immune impairments such as co-morbidities (like HIV) or
immuno-suppressive treatment [57]. Conversely, exacerbated immune responses, can also
lead to disease (re-)activation. This ambiguity originates from the niche in which M.

tuberculosis persists within the host: The Granuloma.

2.1 The Granuloma — A Host-Pathogen Compromise

Granulomas are the product of ten-thousands of years of co-evolution and might represent
the opus magnum of host-pathogen interactions. They are tissue reactions, respectively
organized aggregations of macrophages and other cell types, orchestrated by the immune
system to sequester invading mycobacteria through specific immune reactions. To this day
there is no consensus whether granulomas in tuberculosis serve as a protective immune
mechanism or another pathogenicity trait in the life cycle of the M. tuberculosis [59]. As an

immune reaction associated with protection during LTBI, granulomas were traditionally



2. Mycobacterial Latency — A Strategy of Success

believed to successfully ‘wall off’ persisting bacteria from disseminating into neighbouring
tissue, thus restricting tissue damage by focussing collateral immunopathology to preserve
surrounding lung function [60,61]. Notably, experimental models and clinical manifestations
with phenotypical impairments of granuloma formation all correlate with detrimental disease

outcome [62-65].

This exclusive host-centric view was challenged by new methods revealing the dynamic
nature of granuloma biology, leading to a more integrated view on tuberculosis pathogenesis.
Rather than being a static bacterial ‘prison’, the granuloma, especially in its early stages, is a
niche of continuous immune cell recruitment and egress. The steady supply of susceptible
host cells that fail to kill M. tuberculosis promotes mycobacterial replication and
dissemination, as infected macrophages leaving the primary site of infection can seed new
secondary granulomas [66]. Although these dynamics are slowed during later stages of the
infection, due to improved macrophage activation by the adaptive immune system and the
firmer segregation by the fibrotic and calcified rim, seeding of new granulomatous lesions still
occasionally occurs, even under apparent immunological control [67,68]. Hence, from the
bacterial perspective, M. tuberculosis shapes its own host niche in favor of an ever-

regenerating reservoir of host cells.

Integrating both perspectives into a mutual concept characterizes the granuloma as an
immunological compromise reflecting a ‘damned if you do and damned if you don’t’ scenario.
Arecurring scenario thatis commonly recognized in a plethora of immune responses against
tuberculosis and represents both a hurdle but also an intervention opportunity for host-
directed therapy interventions [46,69,70]. Despite the complexities surrounding the
classification of granulomas on a host-pathogen axis, the immunological processes leading

to their formation are, at least in parts, well understood.

2.2 Pathogenesis of Tuberculosis: From Inhalation to
Transmission

The primary route of tuberculosis airborne transmission involves aerosol particles laden with
M. tuberculosis (Fig. 3). While coughing significantly contributes to transmission in
symptomatic patients, it is not essential in a subclinical context where mere breathing alone
can sufficiently generate infectious aerosols [71]. Upon inhalation and translocation to the
lower respiratory tract, the firstimmune cells that M. tuberculosis encounters are the alveolar

macrophages (AMs). These tissue-resident macrophages inhabit the luminal surface of the
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alveolar space and quickly phagocytose the mycobacteria [72]. It is assumed that in most
cases this will lead to the immediate clearance of the pathogen. However, at this crucial stage
of pathogenesis, M. tuberculosis can evade elimination by inhibiting phagosome-lysosome
fusion and may even escape into the host cell cytosol through disruption of the phagosomal
membrane (via its ESX-1 system) [73-75]. After overcoming this initial barrier, M. tuberculosis
establishes a primary infection in the lung interstitium. It remains unclear whether crossing
of the epithelial barrier is primarily mediated through the transmigration of infected
macrophages or through microfold cell transcytosis [72,76,77]. Activation of epithelial cells
and M. tuberculosis import into the lung interstitium, triggers a pro-inflammatory response.
This yet exclusively innate response is characterized by cytokine and chemokine release,
mainly tumor necrosis factor alpha (TNFa), Interleukin-1a/B (IL-1a/B) and IL-6 by alveolar
macrophages, IL-8 by epithelial cells, and small lipid mediators such as leukotriene B, and
prostaglandins [63,78-80]. Their concerted action, especially IL-8 (i.e. CXCL8), recruits
increasing numbers of immune cells, primarily polymorphonuclear neutrophils, monocytes,
dendritic cells, and fibroblasts to the site of infection [81]. This initial focal accumulation of
mononuclear cells represents the first stage of nascent granulomas and is exclusively
orchestrated by the innate immune system. However, nascent granulomas fail to restrict
mycobacterial replication and, while studies report proceeding granuloma formation even in
the absence of specific immunity, only additional activation by T helper 1 (Ty1) cytokines,

primarily IFN-y, allows granulomas to reach their full protective potential [62,63,67,82,83].

To activate the adaptive immune system either dendritic cells or inflammatory monocytes
need to migrate to the draining pulmonary lymph nodes (Ghon complex) for antigen cross-
presentation. The following T cell priming predominantly leads to the differentiation into CD4"*
Thelper 1, Thelper 17 aswellas CD8" cytotoxic effector-cells, the canonicalresponse against
intracellular pathogens [84-86]. With the involvement of both the innate and adaptive
immune system, the initial focal granulomatous lesion becomes more and more organized,
marking a critical juncture in disease progression. In rare cases, there is an immediate
transition to active disease (primary tuberculosis), typically seen in immunocompromised
individuals, especially young children, with severe genetic risk factors or in patients with co-
infections. In these individuals, initial granuloma formation fails to control the infection. The
result is the immediate infiltration of the lung by disseminated replicating mycobacteria that
seed new lesions [87]. In most infected individuals, however, the maturing granuloma,
consisting of a centre of activated macrophages surrounded by a rim of lymphocytes,

effectively contains the infection and prevents further dissemination. As a result, more than
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90% of those latently infected will never develop active tuberculosis in their lifetime [52]. Over
the course of time, the integrity of the granuloma is safeguarded by continuous cellular
recruitment as well as tissue repair, leading to the highly vascularized follicle-like structures
seen in advanced LTBI [68,88]. In the remaining 10%, alterations in the host's immune status
may disturb the delicate balance of immunological control and eventually reactivate

tuberculosis, leading to active disease (secondary tuberculosis).
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Figure 3: Life cycle of Mycobacterium tuberculosis. Transmission occurs via inhalation of mycobacterium-laden aerosols
from an individual with active pulmonary disease. The firstimmune cells M. tuberculosis encounters are alveolar macrophages
on the luminal surface of the alveolar space. Either via transmigration of infected macrophages or through microfold cell
transcytosis, mycobacteria cross the epithelial barrier into the lung interstitium, where a variety of innate immune cells are
recruited. When innate immune mechanisms fail to clear the initial infection, antigen-presenting cells (APCs) migrate to the
draining lymph node to prime T cells and initiate adaptive immune responses. Activated T cells return to the focal accumulation
of innate immune cells and coordinate the formation of a granuloma which - in ~90-95% of infected individuals — effectively
sequesters M. tuberculosis and prevents further disease progression. In cases where innate and adaptive immune responses
are insufficient, mycobacteria replicate and disseminate unhindered resulting in progressive primary disease. Furthermore, even
after initial control, during latent tuberculosis infection, disruptions of immune homeostasis — often associated with neutrophil
dominance - can lead to mycobacterial reactivation and progression to active disease. In these cases, immunopathology and
mycobacterial replication damage the granuloma’s structural integrity allowing mycobacterial dissemination, which renders the
individual infectious, thus completing the life cycle of M. tuberculosis.

2.3 Transition from Latent Infection to Active Disease

Latent tuberculosis infection is characterized by bacterial persistence and immunological
control. The equilibrium within the granuloma thus necessitates a finely tuned immune
response to sustainably counter microbial replication and host cell death while minimizing

collateral tissue destruction. Consequently, both transiently exacerbated and impaired
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immune responses shift the balance, irreversibly compromising the granuloma's integrity
[79,89]. On one side, in scenarios of impaired immune responses, as clinically most often
observed during anti-TNFa treatment, the granuloma becomes permissive due to the lack of
phagocyte activation and the resulting M. tuberculosis regrowth [27,90]. In scenarios of
hyper-immunity on the other side, the granuloma does not merely resolve due to
inflammation but metaphorically collapses under its own immunopathology. The initial chain
of events, however, is not clearly understood yet and may stem from signals produced by
hypersensitive CD4" T cells [79]. Irrespective of the uncertainty of those triggers, their result
is a phenotype that is commonly recognized in active tuberculosis: the recruitment of
neutrophils to the granuloma. Abundance of neutrophils is a common factor recognized in
active tuberculosis progression and negatively correlates with lung pathology, disease
outcome and promotes transmission [91-93]. While macrophages, as the primary phagocytic
cell type during steady state and mycobacterial control, play a beneficial role in the immune
response, neutrophils have a detrimental one [94,95]. Activated infected macrophages
eventually undergo apoptosis, a tightly regulated programmed form of cell death. This
ensures that intracellular mycobacteria and other cellular remains are taken up as apoptotic
bodies by other phagocytic cells. This process, termed efferocytosis, prevents uncontrolled
pathogen dissemination after host cell disintegration and limits danger associated molecular
patterns (DAMP)-induced immunopathology and promotes antigen cross presentation [96-
98]. Neutrophils fail to control M. tuberculosis after initial internalization, which contrasts
with other microorganisms [95,99]. Instead, they quickly succumb to a necrotic cell death
due to the mycobacteria-induced production of reactive oxygen species [94,95]. This does
not only facilitate mycobacterial escape from elimination but also initiates a cascade of
detrimental events. Unlike apoptotic macrophages, where mycobacteria become enwrapped
in apoptotic blebs, in necrotic neutrophils mycobacteria are loosely associated with the
necrotic cell debris. Necrotic neutrophils are removed by macrophages through a process
termed necrophorocytosis in contrast to removal of apoptotic cells via efferocytosis [94].
Different to uptake of apoptotic bodies, phagocytosis of necrotic neutrophils drives
macrophages into necrotic cell death [100]. Whether macrophage activation by Ty1 cell-
derived cytokines rescues this phenotype is currently investigated. While the underlying
mechanism is obscure, it is likely to involve distinct interactions between neutrophil-derived
danger-associated molecular patterns (DAMPs), mycobacterial virulence factors such as the
type VIl secretion system (T7SS), ESX-1, or the phagolysosome fusion inhibiting cell wall lipid

trehalose dimycolate (TDM), and the macrophage’s phagosomal membranes. The interaction
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initiates a vicious cycle of phagocyte necrosis at the granuloma’s core that is further
increased by the abundance of neutrophil effectors released by degranulation. However,
clinical evidence suggests that hypersensitive reactions of CD4" T cells leading to
exacerbated IFN-y or IL-4/IL-13 responses are also requisite for subsequent central necrosis
and caseation [79]. As central granuloma necrosis progresses, the granuloma may eventually
burst open, disseminating M. tuberculosis into the surrounding tissue. At this stage, extra-
granulomatous mycobacterial replication, biofilm formation, attraction of even more
neutrophils and monocyte-derived macrophages followed by severed pulmonary symptoms
including cough, facilitate infection of a new host via aerosol particles, completing the cycle
of tuberculosis transmission (Fig. 3). In conclusion, granulomas rather represent an
immunological compromise of an immune system in which other antimicrobial mechanisms

fail to control the infection.

2.4 Immune Impairment as a Driver of Persistence

Insufficient immune resistance mechanisms are key drivers of pathogen persistence during
tuberculosis [101,102]. Only in individuals where alveolar macrophages or the initial
recruitment of myeloid cells fail to resolve the primary infection, granuloma formation
becomes necessary to restrict further propagation. However, this in turn also establishes the
niche for mycobacterial persistence. Furthermore, in LTBI, both sustained mycobacterial
survival and the transition to active disease result from an incompetent immune system at
the site of infection that fails to eliminate the pathogen without concomitantly causing
immunopathology, which negates protection [79]. Hence, the immune system repeatedly

fails to control the infection as the disease progresses.

This persistence occurs because M. tuberculosis subverts antimicrobial defence
mechanisms at multiple levels to prevent regular immune function and survive in the hostile
host environment. The mechanisms affected by M. tuberculosis include intracellular
trafficking pathways, phagosome acidification, phagosome-lysosome fusion, apoptosis,
autophagy, immune recognition, antigen presentation and inflammasome activation [103].
For instance, only by undermining lysosomal trafficking pathways via protein and lipid
effectors, M. tuberculosis establishes its myeloid cell niche [104,105]. While these pathways
represent sufficient targets for immediate host evasion on a small scale, we are also

beginning to understand more systemic mechanisms of immune impairment, such as the
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reprogramming of myeloid cells by epigenetic modifications or the emerging field of

immunometabolism [106,107].

Nevertheless, the myeloid cells in the focus of those studies, share one common inherent
characteristic that may significantly limit their potential to mediate the immune impairment
required for long-term persistence: their life span. Neutrophils have a half-life between 6-10
hours in circulation before undergoing apoptosis [108,109]. Although, inflammatory signals,
such as certain cytokines, can delay spontaneous apoptosis of neutrophils to some extent,
their life span remains limited to a maximum of two to three days at most [110]. Recruited
monocyte derived macrophages life spans might eminently exceed the neutrophils ones but
are still relatively short-lived in granulomas, being replaced within an order of days as well
[111-113]. Due to these short immune cell lifespans, immunological impairments imposed
on the respective immune cell populations will only be transient until the perturbated cell is
replaced by a new one. Given their post-mitotic nature, their replacement is realized through
de novo generation from potentially unperturbed progenitors. Tissue-resident alveolar
macrophages may present an exception in this context. Their extended lifespans and mitotic
self-maintenance, without necessarily relying on external hematopoietic replacement, could
hypothetically allow for a stable pool of perturbated cells, where epigenetic or metabolic
priming is transferred across generations [114]. However, in the context of tuberculosis, the
relevance of alveolar macrophages beyond primary host cells upon initial lung colonization
is limited, without a significant role during latent disease [72,115]. The central role of
lymphocytes with respect to myeloid cell activation and immune response orchestration
makes them a near perfect target for mycobacterial immune modulation. In addition, their
clonal proliferation capacities paired with the presence of memory cell subsets would allow
life-long propagation of imprinting. However, the late mobilization of bacteria to the lung
lymph nodes to prime naive T cells, delays specific immune responses to a stage where the

primary infection site is already established [84].

In conclusion, the overwhelming proportion of cell types that are and could hypothetically be
subject to M. tuberculosis’ immune modulatory properties, only possess one of the two
required characteristics for sustained immune impairment. The first is, to be an integral part
along all checkpoints of tuberculosis disease progression, from initial infection up to active
disease transition. The second is, to have an extended lifetime and being self-renewing, so

that immunological priming is transferred to daughter cell generations.
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One cell type, which has long been neglected in tuberculosis research, combines the two
characteristics, and thus potentially represents the missing link to integrate both early and
life-long impairments to immunity. The respective cell type is the foundation of both the
innate and adaptive immune system and has already been shown to interact with M.

tuberculosis, the hematopoietic stem cell.

3. Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) are the multipotent cells at the apex of hematopoiesis, a
process generating over one million cells per second in adult humans [116]. As stem cells,
they possess two key properties: Self-renewal and multilineage differentiation. Thereby, they
give rise to all blood cell types, including erythrocytes, megakaryocytes, their platelet
progeny, as well as all immune cells of the myeloid and lymphoid lineages throughout the
organism’s lifespan (Fig. 4) [117]. Due to this ability, a single HSC can reconstitute the entire

hematopoietic system in lethally irradiated mice [118-121].

HSCs initially appear in the aorto-gonado-mesonephros region during early embryogenesis
[122,123]. They subsequently migrate to liver and spleen for transient embryonic
hematopoiesis after two to three months and eventually relocate to the bone marrow five
months after gestation, where they establish their final niche for their definitive function as
progenitors of hematopoiesis [124]. In the bone marrow, HSCs are rare, comprising only 1 in
10,000 cells, and share the limited space with more differentiated hematopoietic cells and
stromal (hon-hematopoietic) cells [125,126]. The specific composition of hematopoietic and
stromal cell populations and spatial distribution in relation to sinusoids and arteries creates
distinct microenvironments in the bone marrow that uniquely regulate HSC and
hematopoietic progenitor physiology [127-130]. Especially in the hypoxic microenvironments
near the endosteum, HSCs are often found in a quiescent, non-replicative state, maintaining
a life-long reservoir [131-133]. During steady-state conditions, more than 95% of the stem cell
pool remains quiescent, cycles infrequently and primarily rests outside the cell cycle in the
GO phase [133]. Instead, blood cell maintenance predominantly calls upon the successive
recruitment of lineage-committed progenitors rather than the multipotent stem cell reservoir
[134,135]. Only under haematological stress, such as trauma, blood loss or infection, HSCs
exit quiescence to proceed into proliferation and differentiation [136]. To increase peripheral

leukocyte numbers, HSCs can switch from renewing symmetric division to asymmetric
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division or even symmetric commitment giving rise to differentiated progeny of all lineages

[137].

Genetic, functional, and phenotypic characterization of cell populations capable of
reconstituting all hematopoietic lineages has enabled the identification of distinct
populations with varying degrees of self-renewal (Fig. 4)[138,139]. Notably, this classification
is still arbitrary and represents a mere snapshot within a continuous spectrum of
differentiation stages [140,141]. Among the multipotent cells, only those with the ability to
sustain long-term reconstitution across serial transplants are classified as bona fide HSCs.
Cells that exhibit more limited or non-serial reconstitution potential are instead categorized
as multipotent progenitors (MPPs), which are further divided into subgroups 1-4 based on
their predominant lineage output [142]. While HSCs possess multilineage differentiation
potential, it appears that a fraction already exhibits a degree of lineage bias and cell type
specific trajectories [143]. This suggests that definitive lineage fate decision may already be
encoded in transcriptional and (epi-)genetic programs within multipotent and self-renewing
HSCs[143,144]. These programs are not inherently hardwired, and a certain degree of lineage
plasticity allows the hematopoietic system to flexibly adapt its output in response to
exogenous factors, such as cytokines [145]. Hence, the current concept of HSCs represents

similar but not functional and phenotypic identical cells.
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Figure 4: The ‘continuum’ model of hematopoiesis. Without discrete transition steps, hematopoietic stem cells (HSCs)
differentiate into their mature progeny of all hematopoietic lineages. During differentiation, cells possess variable degrees of
lineage bias - indicated by colour — in a continuous process of differentiation. Lineage commitment increases during
differentiation, while a certain degree of plasticity remains. HSC = hematopoietic stem cell; MPP = multipotent progenitor; LMPP
= lympho-myeloid primed progenitor; CMP = common myeloid progenitor; CLP = common lymphoid progenitor; GMP =
granulocyte-monocyte progenitor; MEP = megakaryocyte-erythroid progenitor. Adapted from [146].
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Despite, the inherent simplification of immunophenotyping, it still represents the state-of-
the-art approach to distinguish HSCs and MPPs from more committed progenitors in
experimental approaches, where transcriptional and functional characterization is not
feasible. As HSCs and MPPs lack a uniquely expressed marker, current research focuses to
find better phenotypic correlates of the underlying functional heterogeneity. Several
multiparameter identification schemes have so far been developed, each with varying
specificity and composition in the identified populations [142]. In most studies two HSC
subpopulations are recognized: long-term HSCs (LT-HSCs) and short-term HSCs (ST-HSCs).
In the following and for the rest of this study, however, we decided to adhere to an updated
classification recognizing only, the formerly called, LT-HSCs as bona fide HSCs but ST-HSC

as MPP1s, due to their limited serial reconstitution capacity [142].

3.1 Crosstalk Between Immunity and Hematopoiesis

The innate immune system relies completely on mostly post-mitotic cells and their
continuous replenishment from hematopoietic stem and progenitor cells (HSPCs) in the
bone marrow. However, steady state regeneration of the myeloid cell pool is insufficient to
compensate for the depletion of these crucial and short-lived populations during infection
and requires increased de novo generation instead [136,147]. For instance, during
tuberculosis, neutrophil migration to granulomas which accompanies the transition from
latency to active disease, also requires increased granulopoiesis and egress of granulocytes

from the bone marrow [147-150].

In response to the increased demand for innate defence cells, HSCs, hematopoietic
progenitors, mature immune cells and bone marrow stromal cells are intricately linked with
canonical immune response pathways to accelerate myelopoiesis during infection. This
integration is most pronounced in the mechanism termed ‘emergency hematopoiesis’ [136].
This multifaceted response involves the cell-cycle entry and biased expansion of the
quiescent HSC reservoir towards the myeloid lineage at the expense of erythroid and
lymphoid committed progenitors and is driven by concomitant metabolic and transcriptional

changes as well as epigenetic priming [147,151,152].

HSCs play a pivotal role in this response, primarily integrating pathogen sensing through
indirect pathways (Fig. 5). Cytokines, particularly type | and Il interferons (IFN-a, IFN-y), IL-183,
and colony stimulating factors (CSFs) are key mediators in HSC signalling [153-158]. Notably,

most studies focus on hematopoietic progenitors in general and observe an extended array

16



A. Introduction

of cytokines involved in emergency hematopoiesis beyond HSCs. Stromal cells and immune
cells, predominantly activated T cells, are the primary sources of these signals, underscoring
the bone marrow’s hybrid function as both a primary and secondary lymphoid organ,
[136,159,160]. Antigen presentation to bone marrow T lymphocytes involves antigen-
presenting cells (APCs) like macrophages and dendritic cells, which either capture antigens
in peripheral tissues and migrate to the bone marrow or acquire antigens within the bone
marrow following vascular pathogen dissemination [160-164]. Notably, even in the absence
of inflammatory signalling, the loss of myeloid cells alone, triggers G-CSF-dependent and -
independent progenitor proliferation in the bone marrow indicating redundant mechanisms
to adapt hematopoiesis independent of cytokine signalling [150]. While the repertoire of
pattern recognition receptors in early hematopoietic progenitors has yet-to-be
comprehensively characterized, stimulation with lipopolysaccharides (LPS) induces NF-kB
activation in subsets of MPPs and a small fraction of HSC, indicating a potential involvement
in direct pathogen sensing and immune surveillance [165]. Lastly, HSC may also directly
interact with bacterial pathogens. Responses following infection instead of exogeneous
signalling or surface recognition of pathogen-associated molecular patterns (PAMPs), and
the resulting pathways could also be involved in hematopoietic adaptations and will be

discussed in the next section.

Immune
Cytokine Signals  Surveillance Infection
ey
\ ;" 2
=
IFN-a
\ // \’
’
IFN-y e
7
=
.3 1
) = T * ¢
Hematopoietic Infected T Cell Stromal PRR MAMP Pathogen
Stem Cell Cell Cell

Figure 5: Crosstalk between immunity and hematopoietic stem cells. To adapt to the increased demand of myeloid cells
during infection, hematopoietic stem cells (HSCs) are indirectly and directly involved in pathogen sensing. During inflammatory
responses, cytokines — produced systemically or within the bone marrow — can directly induce proliferation and differentiation
in HSCs. Particularly type Il interferons (IFN-II), IL-1B, interferon-alpha (IFN-a) and colony stimulating factors (CSFs) are
recognized as key mediators in HSC signalling. HSCs have also been indicated to directly sense pathogens through pattern
recognition receptors (PRRs) in an immune surveillance manner. Recent reports also suggest direct infection as a source of
interaction. Adapted from [166].
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Mycobacterial infections are of special importance in the context of emergency
hematopoiesis and HSC responses. Despite sharing 99.9% genetic identity, the
hematopoietic adaptations to infection differ tremendously between the non-virulent and
virulent mycobacterial species [158,167-169]. Type Il interferons (IFN-II) play a well-
established protective role during mycobacterial infections, whereas type | interferon (IFN-I)
signatures are rather associated with host susceptibility and active disease [170-173]. During
microbial control, as observed with non-virulent strains, like M. bovis BCG or M. tuberculosis
ARD1, IFN-y signalling promotes myelopoiesis and trained immunity in the monocyte
progeny, offering protection against infection [158,169]. Conversely, during disease caused
by virulent M. tuberculosis, IFN-I overwrites the protective IFN-y signatures in HSCs,
supressing myelopoiesis and impairing trained immunity [158]. Due to the lack of adequate
models of LTBI, our understanding of HSC responses beyond acute infection and how this

influences mycobacterial control within the granuloma during latency, is extremely limited.

In summary, HSCs are subject to a complex interplay between pathogen virulence and
immunity. This crosstalk allows the hematopoietic system to finely tune the immune cell
output to meet the demands of protective immunity. However, given the central role of HSCs

in immunity, this interplay also risks opportunities for pathogen-mediated host manipulation.

4. Hijacking the Hematopoietic System

The bone marrow’s unique role, combining both primary and secondary lymphoid features,
makes it an attractive target for host manipulation. The regulatory crosstalk between immune
responses and hematopoiesis requires the exchange of antigen presenting cells, e.g.
macrophages, and dendritic cells between peripheral tissue and the bone marrow [160-164].
While granulomas effectively sequester mycobacteria during latency and restrict the
dissemination of free bacteria, infected macrophages still occasionally egress and may enter
the bone marrow bringing M. tuberculosis in close contact to hematopoietic progenitors and

the site of hematopoiesis [174,175].

Early myeloid progenitors were suspected as a niche for viable mycobacteria since
tuberculosis transmission was observed following bone marrow transplantation to culture-
negative recipients [176-179]. Disease resuscitation after deceptively successful treatment
of tuberculosis (meeting the WHO-guidelines for clinical treatment endpoints) was traced
back to a viable bone marrow reservoir within CD271* CD45- mesenchymal stem cells that

persisted through treatment [180-182,184,185]. Later, the presence and persistence of bone

18



A. Introduction

marrow-dwelling mycobacteria was also confirmed in murine experimental tuberculosis
[182]. Interactions of M. tuberculosis within the bone marrow are described to cause long-
term impairments to the host’s immune competence [158]. Macrophages derived from M.
tuberculosis-infected donors fail to control growth of a secondary challenge both in vitro and
invivo. This impairment persists for at least one year after pathogen clearance and originates
from epigenetically imprinted HSCs [158]. However, these studies predominantly focused on
indirect signalling of anti-mycobacterial immune responses on HSCs and omitted a
comprehensive characterization of possible direct interactions between M. tuberculosis and

HSCs, leaving the source of this imprinting incompletely defined [158,169,186].

4.1 HSCs as a M. tuberculosis Niche

The recentdiscovery of M. tuberculosis DNA within human and murine HSCs, and preliminary
image-based evidence of intact mycobacterial cells suggests host interactions between M.
tuberculosis and HSCs beyond indirect immune signalling [187]. For the first time Tornack et
al. identified a bacterial pathogen in the most upstream progenitors of hematopoiesis [187].
Even more striking, this observation is not a phenomenon of exacerbated active tuberculosis
with systemic dissemination and bacteremia but is present in clinical cohorts of LTBI as well
[187]. Hence, the quarter of the human population that is estimated to be latently infected
with M. tuberculosis is prone to carry bacteria in their ultimate immune cell source. The role
that infected HSCs play during distinct stages of tuberculosis progression - from initial
infection, through latency, to active disease transition, remains largely unclear. HSCs may
also provide the definitive reservoir in the bone marrow, acting as the protective niche for M.
tuberculosis during antimicrobial treatment, which may lead to treatment failure and
eventual disease resuscitation. Adoptive transfer of infected HSCs to susceptible hosts -
deficient in inducible nitric oxide synthase (Nos2”") — propagates tuberculosis, successfully
demonstrating HSCs as a potential reservoir of viable bacteria and a source of disease

resuscitation [188].

Of note, less than 1% of the HSC population harbors mycobacterial DNA in vivo, explaining
why HSC infection by M. tuberculosis has not been documented earlier [187]. Furthermore,
HSCs are traditionally regarded resistant to bacterial infection with archetypical Gram-
negative and Gram-positive invasive pathogens, such as Salmonella enterica and Listeria
monocytogenes, being unable to enter these cells [189]. Multiple reports on mycobacteria

themselves also conflict, as to whether HSCs are permissive to infection by M. tuberculosis
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and non-tuberculous mycobacteria. In vitro infection of murine bone marrow cells with M.
tuberculosis failed to reproduce infection of Lin™ c-Kit* Sca-1" hematopoietic progenitors,
including HSCs [158]. Additionally, despite confirmed presence in the bone marrow after
intravenous administration, cells harboring M. bovis BCG were limited to mature cells, and
no mycobacteria were found in the Lin" c-Kit" Sca-1" hematopoietic progenitor population
[169]. Resistance to infection has so far been attributed to a lack of essential pathways
involved in pathogen recognition, internalization and processing. Intracellular pathogens are
usually either internalized passively by professional phagocytic cells through phagocytosis
(like M. tuberculosis) or actively induce their internalization by non-phagocytic cells through
induction of membrane ruffles and macropinocytosis (like Salmonella enterica) [190,191]. To
this point HSCs were not observed to engage in either of the two mechanisms [189].
Nevertheless, HSCs have been described to engage in immune surveillance and can cross-
present antigens via MHC-Il complexes, requiring at least fundamental pathways of antigen

uptake and processing [192,193].

Taken together, the susceptibility of HSCs to M. tuberculosis infection is subject to ongoing
discussions. The apparent discrepancies in HSC permissiveness to mycobacterial infection
between various studies highlights the urgent need for a detailed characterization approach
of M. tuberculosis internalization. The identification of determining factors of permissiveness
and resistance might thus help to explain the observed variance in experimental outcomes.
Furthermore, understanding the implications of mycobacterial presence in HSCs is crucial.
Identifying the source of the described host impairments that eventually support pathogen

persistence is pivotal to restore and protect immune competence of the hosts.

5. Objectives

Tuberculosis is a paradigm of latent disease in which the immune system continuously fails
to ultimately clear the mycobacterial infection. Persistence of any pathogen necessitates an
impairment of the host’s immune competence. HSCs have recently been identified as targets
to integrate long-lasting, detrimental immune modulations during tuberculosis [158]. These
modulations impair the antimicrobial capacities of their macrophage progeny to fight the
mycobacterial infection [158]. The discovery of M. tuberculosis DNA and intact mycobacterial
cells within murine and human HSCs, might represent a crucial factor in mediating this

impairment within the origin of the host’s immune system [187].
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However, traditionally HSCs are regarded non-phagocytic cells, and other studies failed to
reproduce HSC infection in vitro [158,189]. Thus, the central aim of our study is to verify HSCs
as definitive host cells of M. tuberculosis and to characterize the involved host-pathogen

interactions facilitating internalization.
The key questions of this study were:

1) Can HSCs serve as host cells for M. tuberculosis?
)] How does M. tuberculosis gain access to the intracellular niche in HSCs?

) Which factors determine HSC permissiveness to M. tuberculosis?
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B. Materials

1. Chemicals and Reagents

Table 1: Chemicals and reagents used in this study.

Chemical / Reagent Supplier Cat. Nr.
Ammonium chloride (NH,Cl) Roth K298.1
Albumin bovine Fraktion V, Protease-free Serva 9048-46-8
Alexa Fluor® 488 Phalloidin Thermo Fisher (Invitrogen)  A12379
Aqua destilata (Ag. dest.) B. Braun 0082479E
BBL Middlebrook OADC Enrichment BD Biosciences 21186
BD Cytofix™ Buffer BD Biosciences 554655
BD™ Phosflow Perm Buffer IlI BD Biosciences 558050
BD DIFCO™ Asparagine BD Biosciences 214410
BD DIFCO™ Glycerol BD Biosciences 228220
Bovine Serum Albumin Sigma-Aldrich A8806-1G
B-Mercaptoethanol 50 mM Gibco 31350-010
CASYton Cellpak Sysmex 83400116
4,6-Diamidino-2-Phenylindole (DAPI) Invitrogen D1306
Difco Middlebrook 7H9 Medium BD Biosciences 262710
Difco 7H11 Agar BD Biosciences 212203
Dimethyl sufloxide (DMSOQO) Carl Roth D2650
Dulbecco’s Phosphate Buffered Saline (d- Pan Biotech P04-36500
PBS)
Ethylenediaminetetraacetic acid (EDTA) AppliChem A2937,0500
Fatty Acid Supplement Sigma F6050
Fetal calf serum (FCS) PAN Biotech P30-3306
FITC Streptavadin Biolegend 405201
Goat Serum* Sigma-Aldrich G9023
Hank’s balanced salts solution (HBSS) PAN Biotech P04-49505
Human Transferrin Sigma 18158
Hygromycin B PAN Biotech P06-08020
Immersion oil for microscopy Carl Roth X8991
L-Glutamin (200mM) PAN Biotech P04-80100
Methanol* Thermo Fisher 325740025
Milli-Q water In-house n.a
MEM non ess. Amino Acids 100x Gibco 11140-035
Normal Goat Serum (NGS) PAN Biotech P30-1001
Pancoll human, Density: 1.077 g/ml PAN Biotech 04-60500
Paraformaldehyde (PFA) Carl Roth 0335.3
Paraformaldehyde (PFA)* Electron Microscopy 15710
Sciences
Penicillin-Streptomycin PAN Biotech P06-07100
Phosphate Buffered Saline (PBS)* Gibco 10010-049
Potassium Hydrogen Carbonate (KHCO3) Roth 298-14-6
RPMI 1640 w/o L-Glutamine PAN Biotech P04-17500
RPMI 1640 w/ L-Glutamine* Gibco 11875-119
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Sodium Azide (NaNs,)
Tween 20/80

TRI Reagent

Triton X-100

Trypan blue

Merck
Sigma-Aldrich
Zymo Research
Carl Roth

Carl Roth

8223350
P9416/-P8074
R2050-1-200
3052.3

1680.1

*: Experiments performed at the CCHMC.

1.2 Treatment Agents

Table 2: Inhibitors, cytokines, stimulants and pathogen-associated molecular patterns
(PAMPs) used as treatment agents in this study.

Compound Supplier Cat. Nr.
Inhibitors:

Cytochalasin D Sigma C2618
Imipramine hydrochloride Sigma-Aldrich 17379
Mannan from S. cerevisiae Sigma-Aldrich M7504
Pitstop 2 Sigma-Aldrich SML1169
Sulfo-N-succinimidyl oleate (SSO) Sigma-Aldrich SML2148
Cytokines/Stimulants:

Angiopoetin 1, human recombinant Peprotech 130-06
M-CSF, human recombinant Biolegend 574802
IL-6, human recombinant Peprotech 200-06
SCF, murine recombinant Peprotech 250-03
TPO, murine recombinant Peprotech 315-14
PAMPs:

Cell wall fraction™? BEI Resources™* NR-14828
Cell membrane fraction™? BEI Resources™* NR-14831
Culture filtrate proteins™? BEI Resources™# NR-14825
Gamma-irradiated whole cells™-? BEI Resources™ NR-49098

Lipopolysaccharide (from S. Minnesota

Alexis Biochemicals

581-008-L002

R595)
Purified peptidoglycan™-2 BEI Resources™ NR-14853
Purified trehalose dimycolate (TDM) ™" BEI Resources™# NR-14844
Total lipids™'-2 BEI Resources™* NR-14837
Whole cell lysate™2 BEI Resources™# NR-14822

*: From Mycobacterium tuberculosis, Strain H37Rv

"2: The reagent was obtained through BEI Resources, NIAID, NIH

“3: Manufacturer: Colorado State University, Fort Collins, Colorado, USA (Karen Dobos)

*4: Manufacturer: NIH - TB Vaccine Testing and Research Materials Contract

2. Consumables

Table 3: Consumables used in this study.
Consumable Supplier Cat. Nr.
25 mL serological pipettes Corning 4489
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10 mL serological pipettes Corning 4488

5 mL serological pipettes Corning 4487

1000 pL Biosphere filter tips Sarstedt AG & Co.KG 70.762.211
200 pL Biosphere filter tips Sarstedt AG & Co.KG 70.1130.210

20 yuL ART barrier tips Thermo Scientific 2149P-HR
20 mL syringes BD Discardit 300296
10 mL syringes BD Discardit 309110
5 mL syringes BD Discardit 309050
0,1 mm Neubauer-counting chamber Marienfeld 0640010
GmbH&Co.KG
50 mL syringes BD Plastipak 300865
1 mL syringes BD Plastipak 303172
27G 3/4" needles BD Biosciences 302200
26G 3/8” needles BD Biosciences 300300

Micro sample tube Serum Gel CAT, 1.1ml Sarstedt AG & Co. KG 41.1378.005
50 /15 mL tubes Sarstedt AG & Co. KG 62.547.254
15 mL tubes Sarstedt AG & Co. KG  62.554.502
2 mL micro tubes Sarstedt AG & Co.KG 73.694.006
1 mL micro tubes Sarstedt AG & Co.KG  73.692.005
0,5 mL micro tubes Sarstedt AG & Co. KG 73.730.006
Teflon bags Crosstex

TC Flask T25, Standard, Filter cap Sarstedt AG & Co. KG 83.3910.002
0,20 pum syringe pre-filter BD Biosciences 83.1826.102
70 um cell strainer BD Biosciences 431751

100 um cell strainer BD Biosciences 352360

24 flat well cell culture plates Corning 3526

12 flat well cell culture plates Corning 3513

6 flat well cell culture plates Corning 3516

92 x 16 mm Petri dishes Sarstedt AG &Co. KG  82.1472

10 x 4 x 5 mm polystyrene cuvettes Sarstedt AG &Co. 67.742

5 mL polystyrene round-bottom tube (FACS tube) Corning 352054
SepMate™-50 (IVD) * StemCell 85450

LD Columns Miltenyi Biotec 130-042-901
LS Columns Miltenyi Biotec 130-042-401
Parafilm M All-purpose laboratory film Bemis PM996

3. Buffers, Solutions and Media

Table 4: Buffers, Solutions and Media used in this study.

Buffer / Solution / Medium Composition

4 % PFA 4 % (w/v) Paraformaldehyde

In PBS

7H11 Agar medium 1.9 % (w/v) 7H11 Agar
0.5 % (v/v) Glycerine
0.1 % (w/v) BD DIFCO™ Asparagine

In Milli Q water
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7H9 liquid medium

0.05 % (v/v) Tween 80

0.47 % (w/v) 7H9 Agar

10 % (v/v) OADC medium prior to use
In Milli Q water

Blocking buffer

10 % (v/v) Normal Goat Serum
0.01 % (v/v) Triton X-100
In PBS

Elutriation medium

0.1 % (v/v) BSA
In HBSS

FACS buffer

0.1 (v/v) % FCS
0.01 (w/v) % NaN;
2 mM EDTA

In PBS

FACS Sorting buffer

0.1 % (v/v) FCS
2 mM (w/v) EDTA
In PBS

Fc receptor-blocking buffer (human)

10 % (v/v) autologous donor serum
In FACS buffer

Fc receptor-blocking buffer (murine)

1 % (v/v) Rat serum
1:50 (v/v) anti-CD16/32
In FACS buffer

MACS buffer

0.5 % (v/v) BSA
2 mM EDTA
In PBS

Macrophage differentiation medium

10 % autologus serum

1 % (v/v) L-Glutamine (200 mM)
1 % (v/v) Pen-Strep

10 ng/mL M-CSF

In RPMI1640

Macrophage medium

10 % (v/v) FCS

1 % (v/v) L-Glutamine (200 mM)
10 ng/mL M-CSF

In RPMI1640

Erythrocyte lysis buffer

155 mM NH,Cl

0.1 mM EDTA

10 MM KHCO;

In Aqua dest. (pH 7.2-7.4)

Complete RPMI (cRPMI)

10 % (v/v) FCS
1 % (v/v) L-Glutamine (200 mM)
In RPMI 1640 w/o L-Glutamine

KM-IMDM (serum-free)™

0.1 % (v/v) B-Mercaptoethanol 50 mM

1 % (v/v) MEM non ess. Amino Acids 100X

0.005 % (v/v) Fatty Acid Supplement

1 % (w/v) Bovine Serum Albumin (delipified)

0.1 % (v/v) human Transferrin (10 mg / mL in PBS)
20 ng/mL murine recombinant SCF

20 ng/mL human recombinant IL-6

20 ng/mL murine recombinant TPO

20 ng/mL human recombinant Angiopoetin 1

In IMDM medium

"1: Composition of the medium kindly provided by Dr. Peter Jani (German Rheumatism Research Center Berlin).
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4. Kits

Table 5: Kits used in this study.

Kit Supplier Cat. Nr.
Lineage Cell Depletion Kit, mouse Miltenyi Biotec 130-110-470
CD34 MicroBead Kit UltraPure, human Miltenyi Biotec 130-100-453
LIVE/DEAD® Fixable Near-IR Dead Cell Thermo Scientific L34976
Stain Kit*
Zombie NIR™ Fixable Viability Kit Biolegend 423105
Zombie Green™ Fixable Viability Kit Biolegend 423111

*: Experiments performed at the CCHMC.

5. Antibodies

Table 6: Antibodies used for immunofluorescence staining in this study.
Antigen Conjugate Host Clone Supplier Cat. Nr.
CD3* APC/Fire 750 ms 17A2 Biolegend 100247
CD16/32 - ms 93 Biolegend 101302
CD34 BV421 hu 561 Biolegend 343609
CD34 PE ms SA376A4 Biolegend 152203
CD36 FITC hu 5-271 Biolegend 336203
CD38 PE/Cy7 hu HIT2 Biolegend 303515
CD41* AF647 ms MWReg30 Biolegend 133933
CD45RA APC/Cy7 hu HI100 Biolegend 304127
CD48* AF488 ms HM48-1 Biolegend 103414
CD48 APC-Cy7 ms HM48-1 Biolegend 103431
CD90 BV510 hu 5E10 Biolegend 328125
CD127 PE-Cy7 ms A7R34 Biolegend 135013
CD150 BV421 ms TC15-12F12.2 Biolegend 115925
CD150 PerCp/Cy5.5 ms TC15-12F12.2 Biolegend 115921
CD150 BV650 ms TC15-12F12.2 Biolegend 115931
c-Kit BV421 ms 2B8 Biolegend 105827
c-Kit* BVv480 ms 2B8 Thermo Fisher 414-1171-82
ESAM* PE ms 1G8/ESAM Biolegend 136203
Lineage, APC hu *1 Biolegend 348703
human™
Lineage, Biotin ms *2 Biolegend 133307
murine™
MMR AF488 hu 15-2 Biolegend 321113
Sca-1 APC ms D7 Biolegend 108111
pStat3 AF488 hu 4/P-STAT3 BD Biosciences 557714
TLR2 FITC hu W15145C Biolegend 392307
TLR4 Biotin hu HTA125 Biolegend 312804
TLR9 FITC hu S16013D Biolegend 394809

“1: Antigens: CD3, CD14, CD19, CD20, CD56; Clones: UCHT1, HCD14, HIB19,2H7, HCD56
2, Antigens: CD3, Gr-1, CD11b, CD45R/B220, Ter-119; Clones: 145-2C11; RB6-8C5; M1/70 RA3-B2; Ter119

26



B. Materials

6. Equipment

Table 7: Laboratory Equipment used in this study.

Equipment

Supplier

Avanti J-26S XP centrifuge

BD FACSCanto™ I

BD LSRFortessa™

BD FACSymphony™ A3

BD FACSAria™ lllu

Branson sonicator cell disrupter W450

CASY Cell Counter

Hera cell 240 incubator

Heraeus multifugue 3SR+

Jenway™ 6320D visible spectrophotometer

Leica TCS SP5

Masterflex L/S elutriation pump

MSC-Advantage™ class Il biological safety cabinet
Nikon AXR inverted confocal microscope

Nikon SMZ1500 stereomicroscope

Nikon Eclipse TS100 inverse microscope

AP224W analytical balance

QTUMOO0O0EX quantum EX polishing cartridge for Mill-Q system
Thermo Scientific™ multifuge X4 Pro

Beckman Coulter
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Scientific
Schaerfe Systems
Thermo Scientific
Thermo Scientific
Thermo Scientific
Leica

Masterflex
Thermo Scientific
Nikon

Nikon

Nikon

Shimadzu

Merck Chemicals GmbH
Thermo Scientific

7. Software

Table 8: Software used in this study.

Software

Publisher

BD FACSDiva™ software v.9
BioRender 2024*
FlowJo™v10.10

GraphPad Prism version v10.3.0

Imarisv10.2

Leica Application Suite X software v.1.4.6.28433
Luminar Neo v1.20.0™

Mendeley Desktop v.2.119.0

Microsoft 365™

NIS-Elements software v5.30.03

pyRAT System v4.2-323

BD Biosciences
BioRender

BD Biosciences
GraphPad Software, Inc.
(La Jolla, U.S.A)
Bitplane

Leica Microsystems
Skylum

Elsevier (London, UK)
Microsoft

Nikon

Scionics Computer
Innovation GmbH
(Dresden, DE)

*: Except Fig. 1, all figures in this study were created with biorender.com
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8. Bacterial Strains

Table 9: Bacterial Strains used in this study.

Strain Genotype Antibiotics Source
Mycobacterium Wild type - Albert Einstein
tuberculosis H37Rv College of
Medicine, New
York, USA (W.R.
Jacobs)
Mycobacterium pSMT3-S Hygromycin (50 Queen Mary

tuberculosis H37Rv
DsRed

Mycobacterium
tuberculosis H37Rv
ARD1 mCherry

(Psmyc’::DsRed, Hyg®

ARD1, pCherry27
(PSMT3-S)
(Psmyc’::mCherry,
Hyg")

Hg/ml)

Hygromycin (50
pg/mtl)

University of
London, London,
England (T. Parish)

Suzanne M.
Hingley-Wilson,
William R. Jacobs

9. Murine Strains

Table 10: Murine Strains used in this study.

Strain Genotype Health Status Breeder

C57Bl/6) SPF Animal facility,
Research Center
Borstel

C57Bl/6) SPF Animal facility,

Cincinnati
Children’s Hospital
Medical Center
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C. Methods

1. Serum, Cell and Organ Isolation

1.1 Ethical Statements

Animal handling and all animal experimental procedures at the Research Center Borstel
(Borstel, Germany) were performed in strict accordance with protocols approved by the
Ethics Committee for Animal Experiments of the Ministry of Energy, Agriculture, Environment,
Nature and Digitalization, State of Schleswig-Holstein, Germany, under license number A60.
Euthanasia was conducted via lethal CO; inhalation under CO.-induced anaesthesia, in

compliance with Paragraph §2(2) of the German ‘Tierschutz-Versuchstier Verordnung

(TierSchVerV).

Animal handling and all animal experimental protocols at Cincinnati Children’s Hospital
Medical Center (Cincinnati, OH, USA) were conducted under approval by the University of
Cincinnati Institutional Review Board under protocol number 2022-0049 ex 11-2025.

Euthanasia was performed via lethal CO; inhalation under CO,-induced anaesthesia.

All animal experimental work adhered to the 3R-principle (replacement, reduction,

refinement) [194,195].

The experimental procedures involving the isolation of human blood cells from adult donors
at the Research Center Borstel (Borstel, Germany) were approved by the Ethics Committee
of the University of Libeck, Germany (number 22-202A). Informed consent and authorization

were obtained from each individual donor.

Similarly, the isolation of human blood cells from neonatal umbilical cord blood at the
Research Center Borstel was conducted with the approval of the Ethics Committee of the
University of Lubeck, Germany (number 21-071). Consent and authorization were obtained

from the legal guardians of each individual.
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1.2 Preparation of Murine Samples

1.2.1 Euthanasia of Mice

Individual mice were anesthetized via a slow gradual increase of CO, inhalation before a
lethal concentration of CO; in the air was achieved. Death was confirmed by cessation of both
heartbeat and respiration, as well as the absence of corneal and toe pinch reflexes.
Subsequently, cervical dislocation was performed to ensure euthanasia, and the mice were
sterilized using 70 % ethanol. For the collection of organs, bones and blood the abdominal

cavity or the thorax were aseptically opened.

1.2.2 Preparation of Murine Autologous Serum

Murine blood was collected from the vena cava of euthanized animals using a TmL syringe
with a 27G needle and subsequently transferred into Serum Gel micro tubes, which were
immediately stored on ice. The tubes were then centrifuged at 4000 rcf, at 4 °C, for 10 min.
Following centrifugation, the serum supernatant was aspirated from the top of the gel layer

and was stored at — 80 °C until further use.

1.2.3 Isolation and Preparation of Murine Bone Marrow Cells

Murine Bone marrow was isolated from femur and tibia. The hind legs were dissected, and
excess soft and connecting tissue was removed using tissue cloth and scissors. The
epiphyses were excised and preserved in a 70 um cell strainer that was used for subsequent
bone flushing. The strainer was placed on a 50 mL conical tube, and each bone was gently
flushed through the strainer with 10 mL cRPMI1640 using a syringe fitted with a 28G needle.
The epiphyses were cut into smaller pieces and superficially flushed with cRPMI1640 (4 °C)
while concurrently crushing the pieces with the syringe plunger until a total volume of 50 mL
was reached. The bone marrow sample was centrifuged at 500 rcf at 4 °C for 5 min. and
resuspended in 3 mL erythrocyte lysis buffer at room temperature. Lysis was terminated by
the addition of 20 mL cRPMI1640 (4 °C) and the sample was centrifuged again at 500 rcf at 4
°C for 5 min. The resulting pellet was resuspended in either 1 mL cRPMI1640 (37 °C) for cell

culture (section C.3) or 1 mL PBS (4 °C) for subsequent magnetic-activated cell separation
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(MACS) (section C.1.2.4). The final cell count was determined using a light microscope and

a counting chamber, with a 1:100 dilution in PBS.

1.2.4 Enrichment of Hematopoietic Progenitors from Murine
Bone Marrow Cells

To enrich the proportion of hematopoietic progenitor cells in murine bone marrow samples
(section C.1.2.3), lineage-positive cells (CD3*, CD45R" (B220), CD11b*, Gr-1* (Ly-6G/C), and
Ter-119*) were depleted using magnetic cell separation via the ‘direct lineage cell depletion
Kit - mouse’ (Miltenyi Biotec), following the manufacturer’s instructions. Isolated murine bone
marrow cells were transferred into a 15 mL conical tube and centrifuged (500 rcf, 4 °C, 5 min.).
The pellet was resuspended in an appropriate volume of MACS buffer, to which magnetic
bead-coupled antibodies were added. Lineage-positive cells were retained in a LS Column
(Miltenyi Biotec), while untouched lineage-negative hematopoietic progenitors were
collected in the flow-through. After a wash step (500 rcf, 4 °C, 5 min.), the cells of the flow-
through were resuspended in cRPMI1640. The cell count was determined using a light
microscope and a counting chamber, with a 1:10 dilution in PBS. The enriched progenitor

cells were then seeded for cell culture (section C.3).

1.3 Preparation of Human Samples

1.3.1 Preparation of Mononucleated Cells from Adult
Human Peripheral Blood

Peripheral blood (300 — 400 mL) from adult mixed sex, healthy donors between the age of 18
to 65 was collected. Blood was diluted 1:1 with PBS (37 °C). Carefully, 10 mL Pancoll (37 °C),
was overlaid with 40 mL blood in 50 mL conical tubes. After centrifugation (500 rcf, RT, 45
min.) without breaks, mononucleated cells were aspirated from the Pancoll-PBS interface
layer and transferred to new tubes on ice. Cells were washed once (500 rcf, 4 °C, 5 min.),
unified and resuspended in 20 mL PBS (4 °C). Platelets were depleted by centrifugation (300
rcf, 4 °C, 10 min.) and supernatants, containing most platelets, were carefully aspirated. The
pellet was resuspended in either cRPMI1640 (37 °C) forimmediate use as a mononuclear cell
(MNC) culture (section C.3.1), in elutriation medium for elutriation and macrophage

differentiation (C.1.3.5), or in PBS (4 °C) for further enrichment by MACS (C.1.3.3). For either
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use, the final cell count was determined by cell counting in a light microscope, using a

counting chamber with a 1:1000 dilution in PBS.

1.3.2 Preparation of Mononucleated Cells from Neonatal
Human Umbilical Cord Blood

Pregnant women aged 18 to 36 scheduled for non-emergency caesarean sections were
enrolled in the study. Immunologically relevant exclusion criteria included antenatal
antibiotic administration 2 — 14 days before delivery, HIV-positivity, heritable autoimmune
diseases and fever exceeding 38 °C. The status of BCG vaccination or prior M. tuberculosis

infection was assessed through patient notification.

Neonatal umbilical cord blood (5 - 10 mL) was collected via puncture of the vena umbilicalis
impar immediately after umbilical cord disconnection. The umbilical cord blood was diluted
1:1 with PBS (37 °C). 10 mL Pancoll, (37 °C), was carefully overlaid with 10-20 mL of the
diluted blood sample in 50 mL conical tubes. Following centrifugation (500 rcf, RT, 45 min.)
without breaks, mononucleated cells were aspirated from the Pancoll-PBS interface layer
and transferred to new tubes onice. The cells were then washed once by centrifugation (500
rcf, 4 °C, 5 min.), unified, and resuspended in 20 mL PBS (4 °C). Platelets were depleted by
centrifugation (300 rfc, 4 °C, 10 min.) and the supernatant, containing most platelets, was
carefully aspirated. The pellet was resuspended in PBS (4 °C) for subsequent enrichment
through magnetic cell separation (MACS) (section C.1.3.3). The final cell count was
determined using a light microscope and using a counting chamber, with a 1:1000 dilution in

PBS.

1.3.3 Enrichment of Hematopoietic Progenitors from
Human Mononucleated Peripheral Blood Cells

Human hematopoietic stem and progenitor cells (HSPCs) from peripheral blood were
enriched using magnetic cell separation with the ‘CD34 MicroBead Kit UltraPure, human’
(Miltenyi Biotec) in accordance with the manufacturer’s instructions. Briefly, isolated
mononucleated cells from human blood were transferred into a 15 mL conical tube and
centrifuged (500 rcf, 4°C, 5 min.). The resulting pellet was resuspended in an appropriate
volume of MACS buffer, and magnetic bead-conjugated antibodies were added. A LS-column

(Miltenyi Biotiec) was used to retain labelled CD34" cells, while non-target cells were
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discarded with the flow-through. After removing the column from the magnetic separator, it
was eluted to collect the CD34"-enriched hematopoietic progenitors. Following a wash step
(500 rcf, 4°C, 5 min.), the cells were resuspended in cRPMI1640. The cell count was
determined using a light microscope and a counting chamber, with 1:10 dilution in PBS. The

enriched cells were then seeded for further cell culture (section C.3).

1.3.4 Preparation of Adult Human Autologous Serum

To prepare human autologous serum for the opsonization of mycobacteria or to use as a
component of the Fc receptor-blocking buffer, 1 mL of donor blood was collected into a
Serum Gel micro tube, prior to initial 1:1 PBS dilution, and immediately placed on ice. Tubes
were centrifuged (4000 rcf, 4°C, 10 min.) before the serum supernatant was aspirated from

the top of the gel layer and was stored at — 80 °C until use.

1.3.5 Elutriation and Differentiation of Human Monocyte-
Derived Macrophages

For elutriation cell numbers were quantified using the CASY 2 cell counter. The cell

suspension was mixed 1:1 with CASYton cellpak and measured with the following setup:

Table 11: CASY 2 cell counter setup.

Setup number 18 Name Macrophage
Capillary 150 um X-axis 30 um
Sample volume 400 pl Cycles 3

Dilution 1.000e+0.3

Y-axis Auto

Eval. cursor 8.25-25.58 ym

Norm. cursor 5.25-30.00 ym

% calucation % via Debris On

Aggr. correction Off P. vol 0.000e+00 fl
Interface Par P. feed Off

Print mode Manual Graphic On

Before elutriation, the centrifuge was cooled to 4 °C, the tubing system was flushed with 200
mL 70 % ethanol, 300 mL sterile double distilled water and 200 mL elutriation medium. The
pump speed was setto 1.8 mL/min. and 50 mL of the prepared MNC cell suspension (section
C.1.3.1) was loaded. The valve was changed, and the elutriation buffer was led through the

tubing system. Flow-through was collected in a sterile glass cylinder. After 200 mL elutriation
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volume, the speed was set to 2 mL/min. After another 50 mL elutriation volume, the speed
was to 2.2 mL/min. and gradually increased for every 50 mL of elutriation volume, up to a
maximum of 2.7 mL/min. Elutriated cells were counted using the CASY 2 cell counter and at
2.7 mL/min. and around 80 % monocyte purity, centrifugation was stopped. 50 mL were
subsequently collected in a sterile tube. Final cell counting yielded monocyte purity of around
90 % on average. The cell suspension was centrifuged (500 rcf, RT, 10 min.), the supernatant
was discarded, and the pellet was resuspended in 1 mL cRPMI1640 medium. To differentiate
monocytes into monocyte-derived macrophages, 25 — 30 million monocytes were diluted in
50 mL macrophage differentiation medium (10 ng/mL M-CSF) and incubated in a sterile
polytetrafluoroethylene-coated plastic bag for 6-7 days at 37 °C and 5 % CO.,. After
incubation, the plastic bag was pulled along an edge and the cell suspension was transferred
to a 50 mL conical tube. Following centrifugation (500 rcf, 4°C, 10 min.), the supernatant was
discarded, and the macrophage cell pellet was resuspended in 1 mL macrophage medium.
Cells count and viability was determined via Trypan blue staining using a light microscope
and a counting chamber. Cells were seeded at the desired concentration in KM-IMDM (serum

free) and used for STAT3 activation controls (section C. 3.3).

2. Microbiological Techniques

2.1 Cultivation of M. tuberculosis

For most in vitro cell culture infections, a genetically modified strain of Mycobacterium
tuberculosis H37Rv NY, constitutively expressing a DsRed vector was used. A wildtype strain

was used for non-fluorescent controls or lysate preparations when indicated.

Frozen stocks were thawed and cultured at a 1:5 ratio in Middlebrook 7H9 liquid medium,
supplemented with 10 % (v/v) OADC (Oleic acid, Albumin, Dextrose, Catalase). For
fluorescent strains, the appropriate antibiotic was added to the medium (section B.8). After
incubation at 37 °C for 3 — 4 days in a humidified chamber, a 1:10 subculture was passaged

into fresh medium. For in vitro infections, only bacteria from passages 2 — 4 were used.

2.2 Isolation of Single Cell Suspensions of M. tuberculosis

To obtain single cell suspensions, mycobacteria from passages 2 — 4 were transferred into 15

mL conical tubes. Bacteria were washed twice with 10 mL PBS (4000 rcf, 4 °C, 10 min.) and
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subsequently resuspended in 1 mL PBS. To separate cell aggregates bacterial suspensions
were passed 5 times though a 27G blunt end needle attached to a 1 mL syringe. The bacterial
concentration was determined by measuring the optical density (OD) at 580 nm. For this
purpose, the bacterial suspension was transferred into polystyrene cuvettes ata 1:10 dilution

in 4 % PFA. The following equation was used to estimate the number of bacteria per mL:
BaCteria / ml— = OD580 nm X (5 X 108) [conversion factor] X 10 [dilution factor]

2.3 Colony-Forming Unit Enumeration Assay

To quantify viable mycobacteria in vitro, 100 pl of the prepared M. tuberculosis lysates
(section C.3.2) were plated onto Middlebrook 7H11 agar plates, supplemented with 10%
(w/v) OADC, in triplicates. Colonies were counted after 21 — 28 days of incubation at 37 °C in

a humified chamber.

3. Cultivation of Primary Cells and Cell Culture Assays

3.1 In Vitro Infection of Murine and Human Primary Cells

Following the isolation of murine and human mononucleated cells or enriched
hematopoietic progenitor cells (sections C.1.2 & C.1.3), the cells were seeded at a
concentration of 2.5 x 10° cells/mL in cRPMI1640 for most experiments, unless otherwise
specified. For human cell cultures designated for subsequent measurement of intracellular
phosphorylation of signal transducers and transcription factors (section C.4.4), cells were
cultured in serum-free KM-IMDM medium instead. For in vitro infection, single-cell
suspensions of M. tuberculosis (section C.2.2) were inoculated at multiplicities of infection
(MOls) of 1, 3, 5 or 10, immediately after seeding the primary cells. All cultures were
incubated at 37 °C and 5 % CO, in humified chambers for 20 hours post infection, unless

other timepoints are specified.

3.2 Characterization of Internalization Pathways

Cells were treated with inhibitors of the respective internalization pathways 2 hours prior to
the infection, where indicated. Table 12 provides a summary of the inhibitors used, their final

concentration in the cell culture and their diluents.
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Table 12: Internalization pathway inhibitors used in hematopoietic stem and progenitor cells
and their application specificities.

Inhibitor Final concentration Diluent
Cytochalasin D 2pug/ mL DMSO
Pitstop Il 20 uM DMSO
Imipramine Hydrochloride 5uM Water
Sulfo-N-succinimidyl oleate (SSO) 200 uM DMSO
Mannan from S. cerevisiae Tug/mL-10mg/ mL Water

For all inhibitor-treated conditions, single-cell suspensions of My. tuberculosis (section
C.2.2) were inoculated at a MOI of 10, following the pre-treatment period. Cultures were

incubated at 37 °C and 5 % CO, in humified chambers for 20 hours post-infection.

To assess the influence of opsonic phagocytosis, M. tuberculosis single cell suspensions
were incubated at a ratio of 1:1 with autologous donor serum (sections C.1.2.2 & C.1.3.4) for
30 min. prior to infection at room temperature. Subsequently, opsonized M. tuberculosis
(section C.2.2) were inoculated at a MOI of 10, immediately after seeding of primary cells.
Cultures were incubated at 37 °C and 5 % CO; in humified chambers for 20 hours post-

infection.

After incubation, the infection frequency in all conditions was determined by fluorescence-

activated cell sorting (FACS) (section C.4.3).

3.2 Pre-Stimulation with Lysates and Pathogen-Associated
Molecular Patterns

For lysate pretreatment, a single-cell suspension of wildtype Mycobacterium tuberculosis
wildtype with a known concentration was obtained (section C.2.2) and subjected to 12
cycles of sonication (10 seconds sonification, 5 seconds pause, Branson Sonicator Cell
Disrupter W450). Successful lysis was confirmed by CFU analysis of an undiluted sample
(section C.2.3). The cell culture was pre-treated with the lysate at a concentration equivalent
to a MOl of 10 for 18 hours at 37 °C and 5 % CO.. Following this treatment, the cell culture
was inoculated with viable M. tuberculosis DsRed at a MOl of 10 for 2 hours. Post-incubation,

the infection frequency was determined by FACS (section C.4.3).

For the characterization of responses to specific mycobacterial PAMPs, cell cultures of

enriched hematopoietic progenitors were incubated with purified M. tuberculosis-derived
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PAMPs, lipopolysaccharide (LPS) or Interluekin-6 (IL-6) for 20 hours at 37 °C ad 5 % CO.. The
proportion of CD36" HSCs, as a proxy for permissiveness, was quantified by FACS (section

C.4). Table 13 lists the specific molecules, their final concentration in cell culture and their

respective diluents.

Table 13: Pathogen-associated molecular patterns (PAMPs) used for stimulation of

hematopoietic stem and progenitor cells and their application specificities.

PAMP Final Concentration Diluent
Gamma-Irradiated Whole Cells 20 pg/ mL PBS
Whole Cell Lysate 20 pg/ mL PBS
Cell Membrane Fraction 20 pg/ mL PBS
Cell Wall Fraction 20 pg/ mL PBS
Total Lipids 20 pg/ mL DMSO
Purified Peptidoglycan 20 ug/ mL 50 % Methanol
Culture Filtrate Proteins 20 ug/ mL PBS
Purified Trehalose Dimycolate 20 ug/ mL DMSO
Controls:

LPS 100 ng / mL PBS
IL-6, human recombinant 200 ng/ mL PBS

3.3 Stimulation of Monocyte-Derived Macrophages for

Phosphoprotein Analysis

Following the differentiation into human monocyte-derived macrophages (section C.1.3.5),
macrophages were seeded at a concentration of 1 x 10° cells/mL in KM-IMDM (serum free).
As a positive-control for STAT3 activation, IL-6 was added to a final concentration of 200
ng/mL. Cultures were incubated at 37 °C and 5 % CO, in humified chambers for 15 min. After

incubation, stimulated macrophages were collected and used for phosphoprotein analysis

of STAT3 activation (section C.4.4).

4. Phenotypic Analysis of Cell Populations Using FACS

4.1 Immunofluorescence Staining of Surface Antigens

For in vitro phenotypic analysis or sorting for confocal laser scanning microscopy, cell
cultures were transferred to FACS tubes for immunofluorescence staining at indicated time

points post-infection. Cells were centrifuged (500 rcf, 4 °C, 5 min.) and the supernatant was
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discarded. For optional cell viability determination, either the ‘Zombie NIR™ Fixable Viability’-
Kit (Biolegend) or the ‘Zombie Green™ Fixable Viability’-Kit (Biolegend) were used, according
to the manufacturer’s instructions. Briefly, the cell pellet was washed with PBS (500 rcf, 4 °C,
5 min.) and resuspended in 200 pl of a 1:1000 diluted dye solution in PBS. Samples were
incubated for 30 min. at room temperature, centrifuged (500 rcf, 4 °C, 5 min.) and the
supernatants were discarded. Cells were then resuspended in 100 pl Fc receptor-blocking
buffer to prevent unspecific binding. For staining protocols without cell viability
determination, cells were immediately resuspended in 100 ul Fc receptor-blocking buffer
after initial transfer and centrifugation of the cell culture. Following incubation on ice for 15
min., 100 pl of antibodies diluted in FACS buffer (Lin-antibodies: 20 pl / 10° cells; other
antibodies: 5 ul / 10° cells) were added, and cells were further incubated on ice for 15 min.
The specific antibody panels used can be found in section C.4.2. Post-incubation, cells were
centrifuged (500 rcf, 4 °C, 5 min.) and resuspended in 4% PFA in PBS for overnight fixation at
4 °C. Prior to FACS, the cell were centrifuged (500 rcf, 4 °C, 5 min.) again and resuspended in
either 300 pyl FACS buffer for flow cytometric analysis, or 500 pl MACS buffer for flow

cytometric sorting.

4.2 Panel Design for Multi-Parameter Flow Cytometry

The following flow cytometry staining panels (Tables 14-17) were utilized to identify murine
and human HSPCs using flow cytometric analysers (BD FACSCanto™ Il, BD LSRFortessa™ and
BD FACSymphony™ A3) or flow cytometric sorters (BD FACSAria™ IlIU). To mitigate potential
epitope interference, a distinct a-human CD34 antibody (561) was employed, recognizing an
epitope different from that recognized by the a-human CD34 antibody (QBEND/10) included
in the ‘CD34 MicroBead Kit UltraPure, human’ (Miltenyi Biotec).

Table 14: FACS-panel used for flow cytometric analysis in a BD FACSCanto™ Il.

Laser Filter Fluorochrome Murine Human
HSPCs HSPCs

405 nm 450/40 BV421 c-Kit CD34
510/50 BV510 Lineage*1 -

488 nm 530/30 FITC/AF488 - Referto Tab. S
585/42 DsRed/mCherry  Referto C.5.3 Referto C.5.3
670/LP PerCP-Cy5.5 CD150 CD90
780/60 PE-Cy7 CD127 CD38

633nm 660/20 APC Sca-1 Lineage™
780/60 APC-Cy7 CD48 CD45RA
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Table 15: FACS-panel used for flow cytometric analysis in a BD LSRFortessa™

Laser Filter Fluorochrome Human
HSPCs
405nm 450/50 BV421 CD34
488 nm 530/30 FITC Referto Tab. S
694/40 PerCP-Cy5.5 CDo0
561 nm 780/60 PE-Cy7 CD38
633nm 670/14 APC Lineage™
780/60 APC-Cy7 CD45RA
Zombie NIR™ LIVE/DEAD™®
Table 16: FACS-panel used for flow cytometric analysis in a BD FACSymphony™ A3.
Laser Filter Fluorochrome Human
HSPCs
405nm 431/28 BV421 CD34
488 nm 710/50 PerCP-Cy5.5 CD90
561 nm 586/15 DsRed Referto C.5.3
780/60 PE-Cy7 CD38
633nm 670/30 APC Lineage™
780/60 APC-Cy7 CD45RA
Zombie-NIR™ LIVE/DEAD™
Table 17: FACS-panel used for flow cytometric sorting in a BD FACSAria™ lllu.
Laser Filter Fluorochrome Murine HSPCs Murine HSPCs Human HSPCs
| ]
405 nm  450/40 BVv421 c-Kit c-Kit CD34
525/50 BV510 Lineage*1 Lineage*1 -
661/20 BV650 - CD150 -
488 nm 695/40 PerCP-Cy5.5 CD150 - CD90
561 nm 582/15 DsRed Referto C.5.3 Referto C.5.3 Referto C.5.3
780/60 PE-Cy7 CD127 CD127 CD38
633nm 660/20 APC Sca-1 Sca-1 Lineage™
780/60 APC-Cy7 CD48 CD48 CD45RA

“: The murine Lineage-antigens include: CD3, Gr-1, CD11b, CD45R/B220, Ter-119
“2: The human Lineage-antigens include: CD3, CD14, CD19, CD20, CD56
*3: The Zombie NIR™ Fixable Viability Kit was only used where indicated
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Additional surface and intracellular antigens were analyzed using FITC or AF488-conjugated

antibodies or molecules (Tab. 18) in the panels described above.

Table 18: Additional surface and intracellular antigens analyzed for phenotypic
characterization of hematopoietic stem and progenitor cells.

Antigen Fluorochrome

CD36 FITC

MMR (CD206) FITC

pSTAT3 (pY705) AF488

TLR2 FITC

TLR4 FITC (Biotin — Streptavidin)
TLR9 FITC

Zombie Green™ Fixable Viability Kit Zombie Green™ dye™

*1: Excitation and Emission (Ex./Em. 488 nm/515 nm) comparable to FITC/AF488.

4.3 |ldentification of Infected Cells and Quantification of
Infection Frequency

Infected murine and human HSPCs were identified by DsRed and mCherry, which are
expressed by genetically modified Mycobacterium tuberculosis strains. To identify infected
DsRed*/mCherry*-cells by FACS the following flow cytometers were utilized: BD FACSCanto™
II, BD LSRFortessa™, BD FACSymphony™ A3, BD FACSAria™ lllu. Positive signals for DsRed and
mCherry were distinguished from background fluorescence and gated accordingly by
employing samples infected with a non-fluorescent wildtype M. tuberculosis strain, as

fluorescence minus one (FMO) control. The cytometers were operated with BD FACSDiva

software, and final data analysis was performed using FlowJo™ (BD Biosciences, v10.10).

4.4 Intracellular Single Cell Phosphoprotein Analysis Via
FACS

Immunofluorescence staining of surface antigens was performed as outlined in section
C.4.1. Instead of fixation with 4 % PFA, cells were resuspended in 500 pl of preheated (37 °C)
BD Cytofix fixation buffer (BD Biosciences) and incubated at 37 °C for 10 min. Following
incubation, cells were centrifuged (500 rcf, 6 min.) and the supernatant was discarded. For
alcoholic permeabilization, the pellet was resuspended 1 mL prechilled (-20 °C) BD Phosflow
Perm buffer lll (BD Biosciences) and incubated on ice for 15 min. After permeabilization, cells
were washed twice (600 rcf, 5 min, 4 °C) with 500 pl FACS buffer. After the second wash, the

pellet was resuspended in 100 ul fluorochrome-conjugated antibodies, appropriately diluted
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in FACS buffer. After a 30 min. incubation at room temperature, cells were centrifuged (600
rcf, 5 min., 4 °C) and the supernatant was discarded. The pellet was resuspended in 300 pl

FACS buffer for fluorescent activated cell sorting and quantification of pSTAT3 (pY705).

4.5 Sorting of HSCs for Microscopic Analysis

HSC populations were sorted for microscopic analysis following immunofluorescence
staining (section C.4.1). To remove aggregates and debris, a 70 pm nylon cell strainer was
placed over a 50 ml conical tube and rinsed with 1 mL MACS buffer. The cell suspension was
poured over the strainer, and the flow-through was collected in a new 50 mL conical tube. The
strainer was washed with 1 mL MACS buffer, and the residual liquid from the bottom of the
strainer was collected and added to the same tube. The cell suspension was sorted using a
BD FACSAria™ lllu cytometer with purity sort settings and a 100 um nozzle into 5 mL FACS
tubes containing 500 ul PBS. Sorted murine cell populations were centrifuged (500 rcf, 4 °C,
5 min.), and the supernatant was carefully aspirated, leaving a residual volume of
approximately 40 ul. Cells were then transferred into a y-Slide VI 0.4 (ibidi) for subsequent
confocal laser scanning microscopy (section C.5.3.1). Sorted human cell populations were
centrifuged (500 rcf, 5 min.). The supernatant was discarded, and the pellets were
resuspended in 200 pl phalloidin staining solution (66 nM phalloidin-AF488, 1% (v/v) normal
goat serum (NGS) in PBS) for 20 min. at room temperature. The samples were washed once
with 200 ul PBS (500 rcf, 5 min.), centrifuged (500 rcf, 5 min.) again and the supernatant was
discarded. The samples were eventually resuspended in 40 ul PBS and transferred into a p-

Slide VI 0.4 (ibidi) for subsequent confocal laser scanning microscopy (section C.5.3).

5. Microscopic Analyses

5.1 Immunofluorescence Staining for Intracellular Actin
Imaging

After successful sorting, PBS was completely aspirated after centrifugation (500 rcf, 4 °C, 5
min.) and sorted cells were permeabilized with 300 pl 0.1 % (v/v) Triton X-100 in PBS for 3 min.
at room temperature. Permeabilization was halted by adding 2 mL PBS. The cells were
washed once with 200 pl PBS (500 rcf, 5 min.) and centrifuged (500 rcf, 5 min.) again. The

supernatant was discarded, and the pellets were resuspended in 200 pl phalloidin staining
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solution (66 nM phalloidin-AF488, 1% (v/v) normal goat serum (NGS) in PBS) for 20 min. at
room temperature. The samples were washed once with 200 pl Milli-Q water (500 rcf, 5 min.),
and centrifuged (500 rcf, 5 min.) again. The supernatant was discarded, and the pellets were
resuspended in 200 pl 1:1000 DAPI in Milli-Q water for 7 min. at room temperature. The
samples were washed once with 200 pl PBS (500 rcf, 5 min.), centrifuged (500 rcf, 5 min.)
again and the supernatant was discarded. The samples were eventually resuspended in 40 pl
PBS and transferred into a u-Slide VI 0.4 (ibidi) for subsequent confocal laser scanning

microscopy (section C.5.3).

5.2 Immunofluorescence Staining for Murine Whole-Mount
Bone Marrow Microscopy

C57Bl6/) wildtype mice were sacrificed. The bodies were sterilized with 70 % ethanol, and the
thorax was opened via an incision below the sternum. Sterna were dissected, cleared of soft
and connective tissue, and sectioned at the 3", 4™ and 5™ articular facets to collect the two
central segments. The bone marrow within each sternal segment was exposed by sectioning
along the coronal plane under a dissecting microscope. Each sternal segment half was
immediately fixed in 150 pl 4 % (w/v) PFA in PBS on ice for 3 hours. The segments were then
carefully washed three times for 10 min. each with 200 uyl PBS and blocked with 150 pl 10%
(v/v) goat serum in PBS at 4 °C for 2 hours. The blocking solution was carefully aspirated, and
fluorochrome-conjugated antibodies (Tab. 19) were added in 2 % (v/v) goat serum in PBS for
overnight staining at 4 °C.

Table 19: Multi-parameter Immunofluorescence Panel for murine whole-mount bone marrow
microscopy.

Antigen Fluorochrome
CD3 APC/Fire 750
CD117 (c-Kit) BV480

CD41 AF647

CD48 AF488

CD150 BV421

ESAM PE

After staining, the sternal segments were washed three times with PBS for 10 min. and
transferred to microscopic slides for imaging in a Nikon AXR Inverted Confocal Microscope

(section C.5.3.2).
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5.3 Confocal Laser Scanning Microscopy

5.3.1 Confocal Laser Scanning Microscopy of Single Cell
Suspensions of Human and Murine HSCs

Confocal imaging of sorted human and murine HSCs was performed in a Leica TCS SP5
confocal microscope. The system was equipped with solid-state diode laser at 405 nm and
561 nm, as well as 488 nm argon and 633 nm helium-neon gas lasers. Detection of
fluorescence emission was facilitated by Leica HyD high-quantum efficiency, low noise
hybrid detectors, paired with acousto-optical tuneable filters allowing detection across a
spectrum of 400 — 780 nm. Super-resolution imaging was achieved with a HC PL APO CS2
63.0x/1.40 UV oil-immersion objective (Leica Microsystems), incorporating 4X line averaging,
ataresolution of 2024 x 2024 pixels, with 120-240 nm Z-step intervals, using a galvanometric
scanner, and a pinhole of 1 AU. This configuration yielded an average voxel size of 60 x 60 x

180 nm, suitable for subsequent lightning deconvolution.

5.3.2 Confocal Laser Scanning Microscopy of Whole-Mount
Murine Bone Marrow

Confocal imaging of murine whole-mount sternum segments was performed in a Nikon AXR
Inverted Confocal Microscope. The system was equipped with solid-state diode lasers at 405
nm, 445 nm, 488 nm, 514 nm, 561 nm, 594 nm, 640 nm, and 730 nm. Fluorescence emission
across the spectrum of 400 — 820 nm was detected via one high-quantum efficiency, low-
noise Hamamatsu photomultiplier tube and three high-quantum efficiency gallium arsenide
phosphide photomultiplier tubes (GaAsp-PMTs). Images of single sections were acquired
using a Plan Apo 20x/0.75 DIC N2 oil-immersion objective (Nikon), incorporating 4X line
averaging, at a resolution of 2048 x 2048 pixels, with 1.5 - 2 ym Z-step intervals using a
resonant scanner, and a pinhole of 1.6 airy units (AU). This configuration yielded an average

voxel size of 0.426 x 0.426 x 0.954-3.61 pm.

5.4 Image Processing

Images of single cell suspension were deconvoluted using the lightning module of the Leica

Application Suite X software (Leica Microsystems, version 3.5.2).
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Images of single sections of murine whole mount sternum segments were stitched together
and denoised by a built-in gaussian denoise algorithm using the Imaris software (Bitplane,

version 10.1to 10.2).

6. Data Analysis and Statistical Tests

Numerical data were exported to GraphPad Prism® (GraphPad Software, version v10.3.0) for
statistical analysis and graphical display and are presented as mean values *= standard
deviation. Statistical analysis between two groups of normally distributed data at a single
timepoint was performed using student’s t-test for paired samples, if not specified otherwise.
Human data, with underlying donor variability were analysed with ratio-paired t-tests.
Differences between data groups were considered statistically significant at a p-value < 0.05.
P-values are displayed in graphs with blank space or ‘ns’ for p-values =0.05, “*’ for p-values <

0.05, “**’ for p-values < 0.005, and ‘“***’ for p-values < 0.0005.
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D. Results

The permissiveness of HSCs to M. tuberculosis infection remains a subject of debate. While
HSCs have traditionally been considered non-phagocytic cells, recent reports demonstrated
the presence of mycobacterial DNA within these cells [187]. To address this discrepancy, we
analyzed the permissiveness of murine and human HSCs as host cells for M. tuberculosis,
(section D.1), delineated events from pathogen recognition to internalization (section D.2)
and identified factors contributing to the permissiveness of these cells to infection (section
D.3). Building on these studies, we started to adapt novel methods for future studies to

characterize M. tuberculosis in vivo niches in bone marrow (section D.5).

1. HSCs Are Host Cells of M. tuberculosis

The controversy whether HSCs can be host cells for M. tuberculosis arose from conflicting
results in the literature, about the permissiveness of HSCs to infection. Additionally, M.
tuberculosis-infected cells were identified by DNA detection, an error prone method rather
than imaging-based approaches. Therefore, direct detection of M. tuberculosis harboring

HSCs is crucial for all subsequent analyses.

1.1 Reliable Infection of HSCs

In murine models of experimental tuberculosis and in human patient cohorts with latent
tuberculosis infection, less than 1 % of analysed HSCs harbored M. tuberculosis DNA [187].
To increase the frequency of infected HSCs for experimental applications and to create a
more controllable and manipulable environment than a whole host organism, we established
a method to infect HSCs in vitro. As the bone marrow is the prime reservoir of HSCs in vivo,
we isolated mononucleated cells from the bone marrow of C57Bl/6J mice. Since sustained in
vitro proliferation of HSCs was not required for our experiments, we cultured cells in
supplemented RPMI1640 medium. To allow quantification of infected HSCs by fluorescence-
activated cell sorting (FACS), we employed a fluorescent M. tuberculosis H37Rv strain
expressing DsRed. Hematopoietic progenitors were identified by the lineage, c-Kit and Sca-1
(LKS) markers. In combination with signalling lymphocytic activation molecule (SLAM) family
receptor expression (CD150 and CD48), four sub-populations highly enriched in multilineage

reconstituting cells were distinguished, based on the studies of Kiel et al. 2005 and Pietras at
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al. 2015 [138,197]. HSCs were identified by FACS as Lin" Sca-1" ¢c-Kit" (LKS") CD150" CD48",
MPP1 as LKS* CD150° CD48°, MPP2 as LKS* CD150" CD48" and a heterogenous population of
MPP3 and MPP4 as LKS* CD150° CD48" (Fig. 6A&B). In former studies, the MPP1 population
was referred to as short-term HSC (ST-HSC) and the HSC population as long-term HSC (LT-
HSC). Recent data on the serial reconstitution capacity of the ‘ST-HSC’ population rather
suggest their classification as MPP1, so that only Lin" Sca-1* c-Kit" (LKS*) CD150*" CD48 ‘LT-
HSCs’ are bona fide HSCs abandoning the older binary LT-HSC-ST-HSC stratification [142].
While only the population of HSCs comprise serial long-term multilineage reconstituting
cells, we also included the other early and multipotent progenitors sharing common
characteristics in our analyses. Within these distinct populations, infected cells were

distinguished from uninfected cells by DsRed fluorescence (Fig. 6C).
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Figure 6: Representative gating scheme to immunophenotypically identify infected murine hematopoietic stem cells and
multipotent progenitors. The gating scheme for murine hematopoietic stem and progenitor cell (HSPC) populations was
adapted from Pietras et al. 2015 and Kiel et al. 2005. Representative gating is shown for a Lin*-depleted murine bone marrow
culture, infected with M. tuberculosis DsRed at a MOI of 10 for 24 hours. A) Cells are gated in FSC-A against SSC-A. Following
doublet-exclusion using FSC-H against FSC-A and autofluorescence-exclusion using FITC, distinct subpopulations of primitive
hematopoietic progenitors are then identified by LKS-SLAM multiparameter phenotyping: HSC: Lin™ c-Kit" Sca-1* CD150" CD48"
; MPP1: Lin™ c-Kit" Sca-1* CD150° CD487; MPP2: Lin™ c-Kit* Sca-1* CD150" CD48"; MPP3/MPP4: Lin™ c-Kit* Sca-1* CD150" CD48".
B) Immunophenotypes of murine HSPC populations. C) Cells infected with fluorescent M. tuberculosis H37Rv DsRed are
distinguished by DsRed fluorescence from uninfected cells. HSPC populations (HSCs, MPP1, MPP2, MPP3/MPP4) from
uninfected cultures (grey) are plotted in comparison to HSPC populations from infected cultures (red).

To optimize the bacterial load necessary to achieve a sufficient frequency of infected
hematopoietic stem and progenitor cells (HSPCs), we infected murine bone marrow
mononucleated cell cultures with M. tuberculosis at increasing multiplicities of infection
(MOls) for 20 hours. Following immunofluorescence staining the frequency of infected
HSPCs was quantified by FACS (Fig. 7). After in vitro infection at an MOI of 10, the earliest
progenitor population, the HSCs, were identified as the population with the lowest mean
mycobacterial burden of 4.3 £ 1.8 % DsRed" cells. The MPP1 population demonstrated a
comparable mean frequency with 4.5 = 3.0 % under the same conditions. The highest
mycobacterial burden was observed in the myeloid-biased MPP2 population with 30.6 + 21.5
% DsRed" cells, while the MPP3/MPP4 population of myeloid and lymphoid biased cells
exhibited a frequency of infection of 12.3 + 8.8 % at the highest MOI. For all progenitor
populations, except MPP2, the observed infection frequency significantly correlated with the
concentration of the bacterial inoculum in a dose dependent manner, as demonstrated by
the calculated Pearson correlation coefficients: HSC: r=0.678, p = 0.023; MPP1:r=0.750, p
=0.01; MPP2:r=0.538, p=0.0674; MPP3/MPP4:r=0.699, p =0.018. However, due to the low
frequencies of the respective progenitor populations within the infected cultures, the
absolute number of cells available was insufficient for quantitative phenotyping in
downstream analyses. Hence, further refinement of the conditions underlying the in vitro

infection of HSCs by M. tuberculosis was required.
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Figure 7: Dose dependent frequency of M. tuberculosis-infected hematopoietic stem and progenitor cells in vitro. Bone
marrow cells from C57Bl/6J) mice were collected and infected with M. tuberculosis H37Rv DsRed at MOls of 1, 5 and 10 for 24
hours. The frequency of infected hematopoietic stem and progenitor cells (HSPCs) was quantified using FACS (HSC: Lin™ c-Kit"
Sca-1" CD150" CD48 DsRed*; MPP1: Lin™ c-Kit* Sca-1* CD150" CD48 DsRed*; MPP2: Lin™ c-Kit* Sca-1* CD150" CD48" DsRed";
MPP3/MPP4: Lin" c-Kit* Sca-1* CD150  CD48"DsRed*). Bars represent the mean + SD [n=3]. Statistical significance is determined
by paired one-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05). Pearson correlation coefficients are computed
between MOI and infected cell frequency: HSC: r = 0.678, p = 0.023; MPP1: r = 0.750, p = 0.01; MPP2: r = 0.538, p = 0.0674;
MPP3/MPP4:r=0.699, p=0.018.

Bone marrow mononuclear cell cultures contain mature hematopoietic cells including
professional phagocytes that take up M. tuberculosis. We thus hypothesized that depleting
these cells prior to infection could significantly increase the HSC infection frequency in vitro.
Additionally, increasing the HSC to M. tuberculosis ratio was expected to elevate the
likelihood of HSCs to encounter M. tuberculosis, thereby increasing the frequency of
infection further. To evaluate this hypothesis, lineage-positive (Lin*) cells, including CD3* T
cells, Gr-1* granulocytes, CD11b* monocytes, CD45R/B220" B cells, Ter-119" erythroid cells
and their respective committed precursors, were selectively depleted prior to infection with
M. tuberculosis. Comparing the DsRed* frequency of HSPCs between Lin*-depleted and
naive bone marrow cultures after in vitro infection, no significant differences were detected
(Fig. 8A). However, prior Lin*-depletion led to an approximately ninefold increase in the
relative population sizes of HSCs (0.03 £ 0.02 % to 0.32 + 0.24 %), MPP1 (0.16 £ 0.03 % t0 0.54
+0.60 %), MPP2 (0.05 +£0.02 % to 0.65 + 0.84 %) and MPP3/MPP4 (0.74 + 0.30 % t0 8.09 £ 9.04
%) suggesting enrichment of Lin" cells as afeasible approach to increase the absolute counts
of infected HSCs for downstream analyses (Fig. 8B). Prior Lin*-depletion did not lead to a
significant difference of the Lin" population size (39.8 + 16.1 % vs. 45.9 = 38.1 %). This was not

a contradiction as the Lin" populations comprises mostly professional phagocytes, which
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succumb to death after infection with M. tuberculosis, when missing proper activation.

Hence, they were similarly reduced in non-depleted cultures as well.
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Figure 8: Influence of the depletion of Lin* cells in murine bone marrow cultures prior to infection with M. tuberculosis.
Bone marrow cells from C57BLl/6) mice were collected and Lin*-cells were depleted. Progenitor-enriched cultures were infected
with M. tuberculosis H37Rv DsRed at MOI 10 for 24 hours. A) Influence of Lin* depletion on the relative hematopoietic stem and
progenitor cell (HSPC) population sizes. The relative proportion of the indicated cell populations was quantified using FACS
(Lineage’; HSC: Lin c-Kit* Sca-1" CD150" CD48"; MPP1: Lin™ ¢c-Kit* Sca-1* CD150" CD48"; MPP2: Lin™ c-Kit* Sca-1* CD150* CD48";
MPP3/MPP4: Lin™ c-Kit* Sca-1* CD150° CD48") and calculated as n [HSPCs] / n [total cells]. B) Influence of Lin" depletion on the
M. tuberculosis infection frequency of HSPC populations. The frequency of infected HSCs, MPP1, MPP2, and MPP3/MPP4 was
quantified using FACS (HSC: Lin™ c-Kit* Sca-1" CD150" CD48 DsRed*; MPP1: Lin" c-Kit* Sca-1* CD150" CD48 DsRed*; MPP2: Lin
c-Kit* Sca-1* CD150" CD48" DsRed*; MPP3/MPP4: Lin" c-Kit* Sca-1* CD150° CD48* DsRed*) and compared to cells within non-
Lin*-depleted cell cultures. Bars represent the mean = SD [two experiments: n=3 (naive) & n=6 (Lin*-depleted)]. Statistical
significance is determined by unpaired one-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

In most studies, in vitro infection of canonical host cells by M. tuberculosis, such as
macrophages or polymorphonuclear neutrophils, is analyzed between two and eight hours
after initial infection, a timeframe during which nearly all permissive cells become infected.

However, it was unclear whether HSPCs exhibit infection kinetics comparable to those of
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professional phagocytes and if they achieve the infection frequencies observed in overnight
cultures within a shorter incubation period already. To potentially reduce the exposure to in
vitro conditions following isolation and infection, we characterized the kinetics of HSPC
infection. Lin"-depleted bone marrow cultures were infected with M. tuberculosis DsRed, and
the frequency of DsRed” HSCs and MPPs was quantified by FACS 8-, 12-, and 24-hours post-
infection (Fig. 9). The frequency of infection significantly increased over time and correlated
with the incubation period for HSCs [r = 0.683; p = 0.004], MPP1 [r = 0.729; p=0.002], MPP2 [r
=0.912; p<0.0001] and MPP3/MPP4 [r = 0.739; p=0.001]. Furthermore, a significantly higher
mean proportion of HSPCs became infected between 12- and 24-hours post-infection (HSC:
4.2 %; MPP1: 4.2 %; MPP2 32.8 %; MPP3/MPP4: 9.3 %), compared to the first 12 hours post-
infection (HSC: 1.2 % %; MPP1: 1.7 % %; MPP2: 3.9 %; MPP3/MPP4: 2.5 %). These infection
kinetics suggest an underlying mechanism in HSCs that requires a longer period to achieve
proper infection beyond the first 12 hours of incubation and successively increase HSC
permissiveness in overnight cell cultures. Consequently, due to these slow kinetics, an

overnight incubation of 20 hours post-infection remained the standard for all subsequent

analyses.
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Figure 9: Kinetics of in vitro infection of hematopoietic stem and progenitor cells with M. tuberculosis. Bone marrow cells
from C57BU6J mice were collected and Lin*-cells were depleted. Progenitor-enriched cultures were infected with M.
tuberculosis H37Rv DsRed at a MOI of 10. The frequency of infected hematopoietic stem and progenitor cells (HSPCs) was
quantified at indicated time points using FACS (HSC: Lin" c-Kit* Sca-1" CD150* CD48 DsRed*; MPP1: Lin" c-Kit* Sca-1* CD150"
CD48 DsRed*; MPP2: Lin™ c-Kit* Sca-1* CD150* CD48" DsRed*; MPP3/MPP4: Lin" c-Kit* Sca-1* CD150° CD48" DsRed*). Bars
represent the mean = SD [8 h.p.i: n = 4; 12 h.p.i: n = 4; 24 h.p.i: n = 6]. Statistical significance is determined by unpaired and
paired one-tailed t-test. Asterisks indicate p-values (*p < 0.05; **p < 0.005; ***p < 0.0005; ns p > 0.05). Pearson correlation
coefficients are calculated between time post infection and infected cell frequency: HSCs [r =0.683; p =0.004], MPP1[r=0.729;
p=0.002], MPP2 [r = 0.912; p<0.0001] and MPP3/MPP4 [r = 0.739; p=0.001].

As M. tuberculosis is a human pathogen, analyses carried out in human cells are of greater
clinical relevance in the context of tuberculosis. We therefore translated the established in

vitro infection system to primary cells of human origin. Instead of bone marrow, primary
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human cells were sourced from peripheral blood, as a smallfraction of HSCs regularly leaves
the bone marrow to enter circulation. Peripheral blood mononuclear cells (PBMCs) were
isolated and CD34" cells, enriched in hematopoietic progenitors, were cultured in
supplemented RPMI1640. Enriched CD34" cell cultures were infected with fluorescent M.
tuberculosis H37Rv DsRed. Human HSCs were identified by FACS as CD34" CD45RA" Lin
CD38"*" CD90" cells according to Majeti et al. 2007 [198]. A heterogenous population that
comprises hematopoietic progenitors equivalent to the murine MPP1 (the former ST-HSC)
population and other multipotent progenitors, is further on categorized as MPPs, and was

identified as the CD34* CD45RA Lin- CD387°" CD90 population (Fig. 10).

250k o 1* CD45- CD34+
848
200k
<| <.( 150K = ;r) %
[&] (o]
@ 2 38 8
1o0¢ 4
SOK =
Cells
46,3 >
o stk 1wk 2a o s ek vk a0k 2 T T T
FSC-A FSC-H CDA45RA Lineage
¥
DsRed+ 250¢ DsRed+
204 772 04 835
—_—e |
200K =
154 04
€ < sk £
=3 [&] 3
8 104 g 8 20
1o0x
50 sok 10+
MPP HSC
329 68,2
o T Ll T Al il ° T o T Ll T T T
2l 3 ] 103 10" 105 1 J va’ [ 103 va‘ 1 J
DsRed DsRed
Population Immunophenotype
HSC CD34* CD45RA Lin"CD38"°" CD90*
MPP CD34* CD45RA Lin"CD38"°" CD90"

Figure 10: Representative gating strategy to immunophenotypically identify human hematopoietic stem cells and
multilineage potential progenitors. Cells are gated in FSC-A against SSC-A. Following doublet-exclusion using FSC-H against
FSC-A, human hematopoietic stem cells (HSCs) are identified as CD34* CD45RA" Lin- CD38™°" CD90* cells. Human multipotent
progenitors (MPPs) are identified as CD34* CD45RA" Lin- CD387°" CD90" cells. Cells infected with fluorescent M. tuberculosis
DsRed are identified as the respective subsets of DsRed* HSC and DsRed" MPP. Representative gating is shown for a CD34"-
enriched human peripheral blood culture, infected with M. tuberculosis DsRed at a MOl of 10 for 20 hours.

To evaluate the adapted human in vitro system for HSPC infection, we compared infection
frequencies of HSCs and MPPs between murine and human cultures (Fig. 11A). Of note, the
heterogenous murine MPP1 and the human MPP population may comprise differently
committed hematopoietic progenitors. Data from multiple experiments, in which progenitor
populations were infected with M. tuberculosis at a MOI of 10 under normalized conditions

were summarized. Human and murine populations of MPPs did not show significant
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differences in mycobacterial burden carried (human: 5.9 = 3.4 % vs. murine: 4.4 £ 4.0 %). In
contrast, HSCs from human origin had a significantly increased infection frequency
compared to those from murine origin (human: 21.3 £ 20.1 % vs. murine: 4.4 = 4.0 %). The
elevated infection frequency in human HSCs was driven by a subset of donors who exhibited
significantly (p < 0.0001) greater permissiveness to M. tuberculosis infection. The two donor
subgroups, categorized as ‘permissive’ and ‘resistant’ based on unsupervised k-means
clustering (k = 2), demonstrated a mean frequency of 51.2 + 9.8 % DsRed" HSCs in
‘permissive’ donors compared to 10.2 = 6.6 % DsRed* HSC in ‘resistant’ donors (Fig. 11B).
Notably, only ‘permissive’ donors showed a significant increase in infected HSCs compared
to their murine counterparts but not ‘resistant’ donors. These results demonstrate both host-

species-specific differences but also intra-species donor heterogeneity.
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Figure 11: Host-specific differences and donor variances in the frequencies of M. tuberculosis-infected hematopoietic
stem cells. Bone marrow cells from C57Bl/6J mice were collected and Lin*-cells were depleted. Peripheral blood mononuclear
cells from adult human donors were collected and CD34"-cells were enriched. Progenitor-enriched cultures were infected with
M. tuberculosis H37Rv DsRed at a MOl of 10. A) Frequency of M. tuberculosis-infected murine and human hematopoietic stem
cell (HSC) and multipotent progenitor (MPP) populations. The frequency of infected murine and human HSCs and MPPs was
quantified 20 hours post-infection using FACS (murine HSC: Lin™ c-Kit" Sca-1* CD150* CD48 DsRed*; murine MPP1: Lin™ c-Kit*
Sca-1" CD150 CD48 DsRed*; human HSC: CD34* CD45RA" Lin CD38"°*" CD90" DsRed*; human MPP: CD34* CD45RA" Lin" CD38"
ow CD90 DsRed*). Individual data points are shown with mean [murine data n=6; human data summarized from 10 experiments
nwta=29]. B) Stratification of human donors based on the permissiveness of HSCs to M. tuberculosis infection. Donors were
stratified into two subsets based on unsupervised k-means clustering (k = 2). Statistical significance is determined by unpaired
two-tailed t-test. Asterisks indicate p-values (*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005; ns p > 0.05).

Overall, the in vitro systems established for HSC infection successfully compensate the rarity
of these cells in both, host tissues and cell cultures through the extended incubation period
and the prior enrichment of progenitor target cells. The systems yield sufficient quantities of
M. tuberculosis-infected HSCs for further analyses under controlled experimental

conditions.
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1.2 Intracellular Localization of M. tuberculosis

A significant limitation in the initial study by Tornack et al. was the potential for misidentifying
surface-adherent mycobacteria as intracellular infections. The polymerase chain reaction
(PCR)-based approach used in the study critically depended on the effective removal of
extracellular mycobacteria. Due to the tendency of mycobacteria to adhere to surfaces and
form aggregates or biofilms, an imaging-based method was necessary to definitively confirm
the intracellular localization of M. tuberculosis in infected HSCs. To facilitate this, we infected
hematopoietic progenitor cultures (murine Lin" and human CD34" cells) with fluorescent M.
tuberculosis H37Rv DsRed at an MOI of 10 for 20 hours. Given that some surface antigens
used for immunophenotyping of HSCs by FACS are not sufficiently expressed for detection
through multiparameter immunofluorescence microscopy alone, we isolated HSCs prior to
imaging by FACS and sorted the HSC population for subsequent microscopy (Fig. 12). The
murine MPP1 and the human MPP population represent heterogeneous populations
including cells of varying characteristics. We thus focused our microscopic studies of

intracellular bacteria on the more homogenous population of HSCs.
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Figure 12: Sorting of murine and human hematopoietic stem cells for confocal laser scanning microscopy. Hematopoietic
progenitor cell cultures from murine bone marrow or human peripheral blood were infected with M. tuberculosis H37Rv DsRed
at a MOI of 10. 20 hours post-infection immunofluorescence staining for surface antigens was performed and cells were sorted.
Cells are gated in FSC-A against SSC-A. Following doublet-exclusion using FSC-H against FSC-A, murine hematopoietic stem
cells (HSCs) are identified as Lin" Sca-1" c-Kit* CD150" CD48 cells, and human HSC are identified as CD34* CD45RA" Lin" CD38"
low CD90" cells. A) FACS-plots representing the isolation of murine HSCs for samples displayed in Fig. 13A. B) FACS-plots
representing the isolation of human HSCs for samples displayed in Fig. 13B-F.

Confocal imaging was performed at a single optical plane within the cell centre, with a
pinhole size of 1 to 1.6 AU, to exclude the possibility to falsely detect surface-adherent
mycobacteria above and below the optical plane (Fig. 13). The cell surface was used as a
boundary to distinguish intracellular from extracellular spaces. In murine HSCs (Fig. 13A),

the cell surface (green) was detected using a-Sca-1-APC. In human HSCs (Fig. 13B-F), we
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observed phalloidin-AF488, without additional permeabilization, to stain the cell boundaries,
either by accessing sub-membranous actin or unspecific binding to the surface. M.
tuberculosis (red) was identified by DsRed fluorescence, appearing as rod-shaped bacteria
0f 0.2-0.5 pm width and 2-5 pm length. Intracellular DsRed" bacteria were detected in murine
(Fig. 13A) and human HSCs (Fig. 13B-F). Surface-adherent M. tuberculosis were only
observed as rare events. Infected HSCs were found to mostly harbor multiple mycobacteria.
HSCs, infected with only a single bacterium, were not detected. Most infected HSCs
exhibited no visual signs of membrane damage, necrosis, or cell death. However, some cells
showed atypical membrane formations, which may have resulted from the pressure applied

during sorting or could be artifacts of PFA fixation.
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Figure 13: Intracellular localization of M. tuberculosis in hematopoietic stem cells as demonstrated by confocal laser
scanning microscopy. Hematopoietic progenitor cell cultures from murine bone marrow or human peripheral blood were
infected with M. tuberculosis H37Rv DsRed at a MOI of 10. 20 hours post-infection hematopoietic stem cells (HSCs) (murine
HSC: Lin" Sca-1* ¢c-Kit* CD150* CD48" ; human HSC: CD34* CD45RA" Lin' CD38”°" CD90") were sorted and imaged using a Leica
TCS SP5 confocal microscope. The cell surface (green) of murine HSC was detected by a-Sca1-APC (Aex.= 651 nm Aem. = 660 nm;
Laser = 633 nm; Filter = 640-700 nm). The cell surface (green) of human HSC was detected by phalloidin-AF488 (Aex.= 494 nm /
Aem.= 517 nm; Laser = 488 nm; Filter = 500-545 nm). M. tuberculosis (red) was detected through DsRed (Aex.= 558 nm / Aem. =583
nm; Laser = 488 nm / 561 nm; Filter = 590-625 nm / 621-718 nm). A) Murine HSC. B-F) Human HSCs from a single donor. All
Images were processed using adaptive LIGHTNING deconvolution and automatic LUT-adjustment.

In conclusion, we pivotally show M. tuberculosis bacteria within HSCs, demonstrating that
HSC are permissive to M. tuberculosis in vitro. Furthermore, the rarity of surface-adherent M.
tuberculosis in our observations supports the validity of FACS-driven analysis as a reliable
method using DsRed signals to quantify HSC infection. In summary, our in vitro HSC infection
system provides a robust platform for studying the process of HSC infection under controlled

conditions, with proven intracellular presence of M. tuberculosis.
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2. Molecular Factors Involved in HSC Infection

M. tuberculosis is known to use distinct host internalization pathways for infection, such as
phagocytosis in professional phagocytes (macrophages, dendritic cells and neutrophils) and
macropinocytosis in non-phagocytic host cells (microfold cells, epithelial cells and
adipocytes) [199,200]. However, the specific mechanisms by which M. tuberculosis infects
HSCs remain entirely unknown. HSCs are considered non-phagocytic cells, with
phagocytosis and macropinocytosis pathways only emerging during later stages of myeloid
differentiation [189]. Given our results that HSCs definitively serve as host cells for M.
tuberculosis in vitro, we aimed to characterize the internalization pathways facilitating
bacterial uptake in HSCs and to identify the receptors involved in the initial recognition and

internalization of M. tuberculosis.

2.1 Internalization Requires Actin-Cytoskeleton Dynamics

Internalization of larger particles through both phagocytic and non-phagocytic pathways
necessitates the remodelling of the host cell’s actin cytoskeleton. This remodelling generates
the membrane protrusions, invaginations, or incisions that facilitate uptake [201]. Based on
this, we hypothesized that if HSCs internalize M. tuberculosis in an active manner, the
internalization will be influenced or reduced by agents that disrupt actin polymerisation. To
test this hypothesis, we infected hematopoietic progenitor cultures from murine bone
marrow with M. tuberculosis in the presence of 2 pg/mL cytochalasin D (Fig. 14).
Cytochalasin D is a cell-permeable toxin that binds to F-actin polymers and prevents further
polymerization, thereby arresting actin cytoskeleton dynamics. Comparison between
untreated and cytochalasin D-treated cultures revealed a significant reduction in the
frequency of infected MPP1, which decreased tenfold (3.5 = 1.0 % to 0.3 £ 0.5 %), and MPP2,
which decreased twofold (42.3 £ 13.5 % to 21.2 = 8.7 %). Reduction in infection frequency
was also observed in HSC (4.3 £ 2.9t0 2.8 + 0.3 %) and MPP3/MPP4 (6.0 +2.3% t03.2+0.4
%), although this reduction did not reach statistical significance (HSC: p = 0.237;
MPP3/MPP4: p = 0.098). These findings demonstrate that M. tuberculosis infects HSCs and
MPPs in an active internalization process that requires actin cytoskeleton dynamics.
However, further studies are necessary to statistically support this finding in the most

upstream progenitors, the HSCs, as well.
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Figure 14: Inhibition of actin-polymerisation in hematopoietic stem and progenitor cells through cytochalasin D during M.
tuberculosis in vitro infection. Bone marrow cells from C57Bl/6) mice were collected and Lin*-cells were depleted. Progenitor-
enriched cultures were treated with cytochalasin D [2 pg/mL] for 2 hours and infected with M. tuberculosis H37Rv DsRed at a
MOI of 10 without removing cytochalasin D. The frequency of infected hematopoietic stem and progenitor cells (HSPCs) was
quantified 20 hours post-infection using FACS (HSC: Lin" c-Kit" Sca-1* CD150" CD48 DsRed*; MPP1: Lin™ c-Kit* Sca-1* CD150
CD48 DsRed*; MPP2: Lin™ c-Kit* Sca-1* CD150* CD48" DsRed*; MPP3/MPP4: Lin" c-Kit* Sca-1* CD150° CD48"* DsRed*). Bars
represent the mean = SD [n=3]. Statistical significance is determined by paired one-tailed t-test. Asterisks indicate p-values (*p
< 0.05; ns p>0.05).

To further elucidate the role of actin cytoskeleton dynamics and membrane remodelling in
the uptake of M. tuberculosis in HSCs, we hypothesized that phenotypic signs thereof might
be detectable through immunofluorescence imaging of HSCs interacting with surface-
adherent M. tuberculosis. To test this, we reanalysed previously sorted suspensions of
murine and human HSCs. These samples had been infected with fluorescent M. tuberculosis
DsRed, followed by cell-sorting to obtain homogenous populations of HSCs (Fig. 12). In
murine HSCs, the host cell surface was labelled with a-Sca-1-APC, while in human HSCs,
phalloidin-AF488 was used without additional extensive permeabilization to either binding

sub-membranous actin or surface molecules in a non-specific manner.

We employed confocal laser scanning microscopy to identify HSCs with surface-adherent M.
tuberculosis DsRed (red) (Fig. 15). Although most M. tuberculosis-associated HSCs are
infected, as previously described, we also identified surface-adherent mycobacteria in
murine (Fig. 15A), and humane HSC (Fig. 15B-D). Notably, M. tuberculosis was consistently
found in close proximity to the host cells. Bacteria not associated with HSCs were not

observed.

We frequently observed membrane protrusions, morphological signs of membrane ruffling,
(indicated by arrows) extending towards extracellular bacteria. Membrane protrusions

reminiscent of filopodia or lamellipodia were not observed. In multiple instances, M.
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tuberculosis was observed crossing the host cell membrane adjacent to a membrane
protrusion (Fig. 15C&D). In these cases, the fluorescence signal from membrane labelling
was absent at the site of bacterial entry, indicating either lack of the cell membrane or

inaccessibility to the phalloidin dye.

In summary, our findings demonstrate that murine and human HSCs exhibit a morphological
phenotype reminiscent of membrane ruffling in response to surface-adherent M.
tuberculosis, providing further evidence that an active, actin-driven internalization

mechanism and membrane remodelling facilitate the infection of HSCs by M. tuberculosis.

Sca-1 (APC) M. Tubercutosis (DsRed)

Merge

Actin (Phalloidin-AF488)

M. Tuberculosis (DsRed) Merge

M. Tuberculosis (DsRed)

Actin (Phalloidin-AF488) M. Tuberculosis (DsRed)

Figure 15: Morphological analysis of hematopoietic stem cells by confocal laser scanning microscopy following M.
tuberculosis in vitro infection. Hematopoietic progenitor cell cultures from murine bone marrow or human peripheral blood
were infected with M. tuberculosis H37Rv DsRed at a MOI of 10. 20 hours post-infection hematopoietic stem cells (HSCs) were
sorted and imaged using a Leica TCS SP5 confocal microscope. The cell surface (green) of murine HSCs is detected by a-Sca1-
APC (Aex.= 651 nm Aem. = 660 nm; Laser = 633 nm; Filter = 640-700 nm). The cell surface (green) of human HSCs is detected by
phalloidin-AF488 (Aex. = 494 nm / Aem. = 517 nm; Laser = 488 nm; Filter = 500-545 nm). M. tuberculosis (red]) is detected through
DsRed (Aex. = 558 nm / Aem. = 583 nm; Laser = 488 nm / 561 nm; Filter = 590-625 nm / 621-718 nm). A) Murine HSC. B-D) Human
HSCs from a single donor. Arrows indicate membrane protrusions extending towards extracellular bacteria. Images were
processed using adaptive LIGHTNING deconvolution and automatic LUT-adjustment.

To further delineate the pathways utilized by M. tuberculosis to infect HSCs and to confirm
the involvement of actin cytoskeletal dynamics, we aimed to visualize actin polymerisation
during and after M. tuberculosis internalization. The force generated by actin-polymerisation
pushes the cell membrane around the particle and is thus typically associated with
membrane protrusions and internalized membrane compartments after uptake [203]. Our
objective was to detect these focal accumulations of actin in infected HSCs by

immunofluorescence imaging.

Human CD34"-enriched cell cultures were infected with fluorescent M. tuberculosis H37Rv
DsRed, followed by cell sorting to isolate a homogeneous population of HSCs (Fig. S1). To
visualize the actin cytoskeleton phalloidin-AF488 was used to detect F-actin polymers in

permeabilized cells. Additionally, DNA was detected using 4,6-Diamidino-2-Phenylindole
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2. Molecular Factors Involved in HSC Infection

(DAPI). Afterimmunofluorescence staining, HSCs were imaged using confocal laser scanning

microscopy (Fig. 16).

Actin (Phalloidin-AF488) DNA (DAPI) M. Tuberculosis (DsRed) Merge

Figure 16: Detection of intracellular F-actin polymers by confocal laser scanning microscopy following M. tuberculosis in
vitro infection. A hematopoietic progenitor cell culture from human peripheral blood was infected with M. tuberculosis H37Rv
DsRed at a MOI of 10. 20 hours post-infection human hematopoietic stem cells (HSCs) were sorted and imaged using a Leica
TCS SP5 confocal microscope. F-actin (green) is detected through phalloidin-AF488 (Aex. = 494 nm / Aem.= 517 nm; Laser = 488
nm; Filter = 506-555 nm). DNA (blue) is detected through DAPI (Aex. = 359 nm / Aem. = 457 nm; Laser = 405 nm; Filter = 420-490

m). M. tuberculosis (red) is detected through DsRed (Aex. = 558 nm / Aem. = 583 nm; Laser = 561 nm; Filter = 566-614 nm). A) Z-
stack at 3.13 pm. B) Z-stack at 3.55 pm. C) Z-stack at 4.3 ym. D) Maximum projection image of 200 z-stacks from O pm to 8.35

pm. Arrows indicate membrane F-actin polymers surrounding intracellular bacteria and at the site of entry. Images were
processed using adaptive LIGHTNING deconvolution and automatic LUT-adjustment.

We found that an accumulation of actin polymers enwrapped intracellular bacteria (upward
arrows, first column). Actin polymers were also detected associated with the host cell plasma
membrane where membrane protrusions exhibited intensified actin-signals (downward
arrows) compared to adjacent structures. Therefore, our microscopic results demonstrate
actin polymerization in both the initial (membrane remodeling) and final stages (particle

internalization) of bacterial uptake in HSCs.

In summary, our quantitative and qualitative findings show M. tuberculosis infection in HSCs
as an actin-dependent process. We found actin polymerization to be involved on both a
molecular level, through Cytochalasin D-inhibition, and a morphological level, as shown
through association between membrane protrusions and intracellular mycobacteria with the

actin cytoskeleton.
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2.2 HSC Infection Involves neither Phagocytosis nor
Macropinocytosis

Bacterialinternalization recognizes two major categories of uptake, namely phagocytosis and
pinocytosis. They are differentiated by receptor engagement, membrane dynamics, and
distinct molecular signalling pathways. Phagocytosis, exclusive to innate immune cells of
myeloid origin, involves the uptake of large particles, whereas pinocytosis is primarily a fluid
intake process that is co-opted by pathogens for cellular invasion. Pinocytosis occurs in
almost all cell types and is further categorizes into macropinocytosis, clathrin-mediated
endocytosis, caveolin-mediated endocytosis, and clathrin-and-caveolin-independent

endocytosis.
Phagocytosis:

To elucidate the mechanism of HSC infection by M. tuberculosis, we sought to determine the
specific pathway involved. Phagocytosis is the principal mechanism by which M. tuberculosis
is taken up by professional phagocytes and is predominantly mediated by opsonic receptors,
particularly complement receptors (CRs) following opsonization, and nhon-opsonic receptors
such as the C-type lectins, macrophage mannose receptor (MMR/CD206) on macrophages
and dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-
SIGN/CD209) on dendritic cells. Non-opsonic receptors primarily recognize mannose-
capped lipoarabinomannan (ManLAM) and other similar saccharide motifs of the
mycobacterial cell wall [204]. Consequently, our objective was to assess the involvement of
both opsonic- and non-opsonic phagocytosis in the process of infection of HSCs by M.

tuberculosis.

To investigate the role of opsonic phagocytosis, M. tuberculosis H37Rv DsRed was pre-
incubated with autologous donor serum to facilitate the deposition of opsonins, such as C3b,
on the bacterial surface prior to infection. Human hematopoietic progenitor cultures were
then infected with either opsonized or non-opsonized M. tuberculosis. Following infection,
the frequency of infected HSCs was quantified using FACS after immunofluorescence
staining (Fig. 17). Prior opsonization resulted in a slight reduction in the frequency of infected
HSCs (9.2 £ 6.0 % vs. 6.0 = 4.1 %) and MPPs (6.9 = 5.6 % vs. 5.4 = 4.6 %) compared to the
untreated group. However, these differences did not achieve statistical significance (pusc =
0.133; pmee = 0.231). As opsonization did not increase infection frequency in HSCs, opsonic-

phagocytosis is not involved in HSC infection.
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Figure 17: Influence of prior M. tuberculosis opsonisation on the infection frequency of hematopoietic stem and
progenitor cells in vitro. Peripheral blood cells together with autologous sera from adult human donors were collected and
CD34"-cells were enriched. M. tuberculosis H37Rv DsRed was incubated 1:1 with autologous donor serum for 30 min. at room
temperature. Progenitor-enriched cultures were infected with opsonized M. tuberculosis at a MOI of 10. The frequency of
infected hematopoietic stem cells (HSCs) and multipotent progenitors (MPP) was quantified 20 hours post-infection using FACS
(HSC: CD34" CD45RA" Lin- CD38™°" CD90* DsRed*; MPP: CD34" CD45RA" Lin"CD387°* CD90 DsRed*). Bars represent the mean
+ SD [n=3]. Statistical significance is determined by paired two-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

To assess the role of non-opsonic phagocytosis in the infection of HSCs by M. tuberculosis,
we investigated the involvement of non-opsonic receptors that recognize ManLAM, a key
component of the mycobacterial cell wall. We hypothesized that competitive inhibition of
these receptors with mannose-polymers, as described in earlier studies, could reduce HSC
infection [205,206]. To evaluate this hypothesis, we infected human hematopoietic
progenitors with M. tuberculosis H37Rv DsRed in the presence of mannan at varying
concentrations. Following infection, the frequency of infected HSCs in untreated versus

mannan-treated cultures was quantified by FACS (Fig. 18).

We observed no significant differences by mannan treatment in the frequency of infected
HSC (17.6 £19.9 % vs. 18.9 = 28.0 % [10 mg/mL mannan]) or MPPs (9.0 + 10.2 % vs. 4.5+ 3.0
% [10 mg/mL mannan]) compared to untreated controls. Mannan, intended to competitively
inhibit mannose binding C-type lectins had no observable influence on HSC infection. Hence,
carbohydrate recognition by C-type lectins is also not involved in M. tuberculosis

internalization by HSCs.
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Figure 18: Influence of competitive inhibition of mannose binding C-type lectins through mannan on M. tuberculosis in
vitro infection of hematopoietic stem and progenitor cells. Peripheral blood cells from adult human donors were collected
and CD34"-cells were enriched. Progenitor-enriched cultures were incubated with Mannan from S. cerevisiae at indicated
concentrations and infected with M. tuberculosis H37Rv DsRed at a MOI of 10. The frequency of infected hematopoietic stem
cells (HSCs) and multipotent progenitors (MPP) was quantified 20 hours post-infection using FACS (HSC: CD34* CD45RA" Lin®
CD387°" CD90" DsRed*; MPP: CD34* CD45RA" Lin- CD38"°" CD90  DsRed"). Bars represent the mean + SD [n=3]. Statistical
significance is determined by paired two-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

In summary, our data shows neither opsonic nor non-opsonic phagocytosis to be involved in
the infection of HSCs and MPPs by M. tuberculosis. Instead, induced internalization
pathways, which mediate infection of non-phagocytic cells, are speculated to be

responsible.
Macropinocytosis:

Macropinocytosis is the earliest internalization pathway to emerge during myeloid
differentiation, involves membrane ruffling, and was shown to facilitate M. tuberculosis
internalization by non-phagocytic cells other than HSCs [189]. We hypothesized that HSC
infection may also depend on this pathway, and thus, inhibition of macropinocytosis would
reduce the frequency of infection [189]. Due to the strong fluorescence of amiloride, a well-
established inhibitor of macropinocytosis, we instead employed imipramine, a repurposed
drug discovered to inhibit macropinocytosis without affecting other internalization pathways

[208].

Human hematopoietic progenitor cultures were treated with 5 pM imipramine and
subsequently infected with M. tuberculosis H37Rv DsRed. Following immunofluorescence
staining, the frequency of infected HSCs in untreated versus imipramine-treated cultures was
quantified by FACS (Fig. 19). A refined gating strategy was applied to exclude non-viable but
intact HSCs (Fig. S2). No significant differences in infection frequency were observed

between untreated and treated groups for HSCs (31.8 £ 18.2 % vs. 29.8 = 17.1 %) and MPPs
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(4.1 £ 0.4 % vs. 4.6 £ 0.7 %). These results show that classical macropinocytosis pathways

are not involved in the infection of HSCs by M. tuberculosis.
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Figure 19: Inhibition of macropinocytosis during M. tuberculosis in vitro infection of hematopoietic stem and progenitor
cells. Peripheral blood cells from adult human donors were collected and CD34"-cells were enriched. Progenitor-enriched
cultures were incubated with imipramine hydrochloride [5 pM] and infected with M. tuberculosis H37Rv DsRed at a MOl of 10.
The frequency of infected hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) was quantified 20 hours post-
infection using FACS (HSC: CD34* CD45RA" Lin” CD38"°" CD90* DsRed*; MPP: CD34* CD45RA" Lin- CD38"°" CD90  DsRed").
Bars represent the mean = SD [n=2]. Statistical significance is determined by paired one-tailed t-test. Asterisks indicate p-values
(*p =0.05; ns p>0.05).

Clathrin-mediated internalization:

Clathrin can function as a hub for the complex spatiotemporal recruitment of proteins during
particle internalization. Beyond its established role in receptor-mediated endocytosis of
small particles, clathrin also orchestrates actin network regulation during uptake of larger
particles such as bacteria[191,209]. Unlike clathrin-coated pits observed during viral uptake,
bacterial internalization involves clathrin plagues on the cytoplasmic face of the plasma
membrane, which have been implicated to function as scaffolds coordinating the interaction
of key regulators of the actin cytoskeleton [209]. Demonstrating that M. tuberculosis
internalization by HSCs is non-phagocytic, we aimed to investigate whether internalization
may involve clathrin, similar to induced bacterial internalization in other non-phagocytic
cells. We thus hypothesized that interference with clathrin function would impair the

infection frequency of HSCs if clathrin played a role in uptake.

To test this hypothesis, we employed Pitstop Il, an inhibitor of clathrin-mediated endocytosis
that targets the N-terminal domain of the clathrin heavy chain, blocking the interaction with
clathrin-box-motif-containing peptides in downstream pathways [210]. Human
hematopoietic progenitor cultures were cultured with 20 yM Pitstop Il and subsequently

infected with M. tuberculosis H37Rv DsRed. The frequency of infected HSCs in untreated
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versus Pitstop lI-treated cultures was quantified using FACS (Fig. 20, Fig. S2). Treatment with
Pitstop Il resulted in a significant reduction in the frequency of infected HSCs, decreasing to
57.0 % of the untreated level (52.3 = 9.1 % vs. 29.8 = 20.9 %). No significant difference was
observed in the frequency of infected MPPs (2.9 £ 0.7 % vs. 4.4 = 1.2 %) between untreated
and treated groups. The reduction in HSC infection frequency achieved with Pitstop |l
treatment — comparable to the reduction observed with cytochalasin D treatment in HSPCs
(Fig. 14) - demonstrates that clathrin is involved in the internalization of M. tuberculosis by

HSCs.
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Figure 20: Inhibition of Clathrin-mediated endocytosis through Pitstop 2 during hematopoietic stem and progenitor cellin
vitro infection with M. tuberculosis. Peripheral blood cells from adult human donors were collected and CD34"-cells were
enriched. Progenitor-enriched cultures were incubated with Pitstop 2 [20 uM] and infected with M. tuberculosis H37Rv DsRed at
a MOl of 10. The frequency of infected hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) was quantified 20
hours post-infection using FACS (HSC: CD34* CD45RA" Lin” CD38"°" CD90* DsRed*; MPP: CD34* CD45RA" Lin" CD38""°" CD90"
DsRed"). Bars represent the mean + SD [n=3]. Statistical significance is determined by paired one-tailed t-test. Asterisks indicate
p-values (*p < 0.05; ns p > 0.05).

2.3 Internalization of M. tuberculosis by HSCs Involves
CD36 Engagement

Following the identification of clathrin interactions and both non-phagocytic and non-
macropinocytic membrane ruffling, as underlying mechanisms of mycobacterial uptake in
HSCs, our next objective was to identify the receptor responsible for initiating internalization
of M. tuberculosis. Since our data showed no involvement of carbohydrate recognition by C-
type lectins or opsonin recognition by opsonic receptors, we explored the role of scavenger

receptors recognizing lipid motifs on M. tuberculosis.

Among potential candidates, we focused on scavenger receptor class B member 3 (SCAR-

B3), also known as CD36 or fatty acid translocase (FAT). CD36 is known for its role in
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facilitating free fatty acid uptake in HSCs during emergency hematopoiesis [151].
Furthermore, its analogue, scavenger receptor B1 (SR-B1) has been implicated in the invasion
of non-phagocytic cells, such as airway microfold cells and mesenchymal stem cells by M.
tuberculosis [211,212]. Given these findings, we sought to investigate the involvement of
CD36 in the infection of HSCs by M. tuberculosis. We aimed to quantify the surface
expression of CD36 on HSCs, and to analyze whether CD36 expression correlates with

infection frequency and might thereby represent a determinant for permissiveness.

Human hematopoietic progenitor cultures were infected with M. tuberculosis H37Rv DsRed.
Following infection, immunofluorescence staining was performed for subsequent
identification of HSCs and MPPs. The presence of CD36 was quantified using a-CD36-FITC
and the frequency of CD36" HSCs (CD34" CD45RA" Lin CD38™°" CD90* CD36") and CD36*
MPPs (CD34* CD45RA Lin"CD38"°" CD90 CD36") was quantified by FACS (Fig. 21A; Fig. S3).
We found that 91.1 £ 4.1 % of all HSCs and 77.4 + 17.8 % of all MPPs expressed CD36 on their

surface. Hence, the scavenger receptor CD36 is present on human HSCs.

To determine whether CD36 is enriched among infected HSCs and may represent a
determinant for HSC permissiveness, we quantified the subsets of CD36" DsRed” HSCs
versus CD36" DsRed* HSCs (Fig. 21B). CD36 was neither enriched nor reduced in infected
cells, as no significant difference in the ratio of CD36" cells in uninfected versus infected
HSCs (90.1 £6.4 % vs. 90.0 = 7.1 %) and MPPs (74.6 £ 22.2 % vs. 82.3 + 19.8 %) was observed.
Additionally, the frequency of CD36" HSC did not correlate with variations in infection
frequency among donors (r = 0.5758 p = 0.1159). Substantially more HSCs were found to be
CD36" (HSC:91.1 £ 4.1 %; MPP: 77.4 = 17.8 %) than DsRed" (HSC: 4.0 + 1.1 %; MPP: 3.8+ 0.5
%). Although CD36 may be involved in M. tuberculosis uptake by HSCs, it is not the only

receptor responsible for determining permissiveness of HSCs to M. tuberculosis infection.

In summary, our data pivotally demonstrate surface expression of CD36, a known receptor to

recognize M. tuberculosis, in HSCs.
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Figure 21: Surface expression of the class B type scavenger receptor CD36 in naive human hematopoietic stem and
progenitor cells and following M. tuberculosis in vitro infection. Peripheral blood cells from adult human donors were
collected and CD34"-cells were enriched. A) After 20 hours, the frequency of CD36" hematopoietic stem cells (HSCs) and
multipotent progenitors (MPPs) was quantified using FACS (HSC: CD34" CD45RA" Lin” CD38™°" CD90* CD36*; MPP: CD34"
CDA45RA’ Lin" CD38™°" CD90" CD36%). B) Progenitor-enriched cultures were infected with M. tuberculosis H37Rv DsRed at a MOI
of 10. After 20 hours, the frequency of CD36-positive cells among infected versus uninfected HSCs and MPPs was quantified
using FACS. Pearson correlation coefficients were computed between the frequency of CD36* HSCs and the frequency of
infection: r=0.5758 p = 0.1159. Bars represent the mean = SD [n = 3]. Statistical significance is determined by paired two-tailed
t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

Tovalidate the role of CD36 in mediating M. tuberculosis uptake by HSCs, we employed sulfo-
N-succinimidyl oleate (SSO), a described inhibitor of CD36 binding. SSO binds irreversibly to
lysine 164 within the hydrophobic binding pocket of CD36, thereby preventing the access of
fatty acids and oxidized low-density lipoproteins (oxLDLs) [213]. We hypothesized that
inhibiting ligand recognition by CD36 would lead to a decrease in the frequency of infected

HSCs if the receptor played a pivotal role in M. tuberculosis internalization.

To test this hypothesis, human hematopoietic progenitor cultures were treated with 200 uM
SSO prior to infection with M. tuberculosis H37Rv DsRed. Following immunofluorescence
staining, the frequency of infected HSCs in untreated versus SSO-treated cultures was
quantified via FACS (Fig. 22, Fig. S2). SSO treatment led to a significant reduction in the
frequency of infected HSC, decreasing it to 22.7 % of the untreated control (13.0 £ 0.6 % vs.
2.9 = 4.2 %). A slight reduction in the infection frequency of MPPs was also observed (5.7
3.3%vs. 3.6 £5.0 %) but notin a statistically significant manner. With the observed reduction
of infection frequency in HSCs following CD36 inhibition, these results show that CD36-

mediated recognition is involved in M. tuberculosis internalization by HSCs.
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Figure 22: Inhibition of the class B type scavenger receptor CD36 through Sulfo-N-succinimidyl oleate during
hematopoietic stem and progenitor cell in vitro infection with M. tuberculosis. Peripheral blood cells from adult human
donors were collected and CD34"-cells were enriched. Progenitor-enriched cultures were incubated with Sulfo-N-succinimidyl
oleate (SSO) [200 pM] and infected with M. tuberculosis H37Rv DsRed at a MOI of 10. The frequency of infected hematopoietic
stem cells (HSCs) and multipotent progenitors (MPPs) was quantified 20 hours post-infection using FACS (HSC: CD34" CD45RA"
Lin- CD387°% CD90* DsRed*; MPP: CD34" CD45RA" Lin" CD38"°* CD90 DsRed*). Bars represent the mean * SD [n=2]. Statistical
significance is determined by paired one-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

2.4 The RD1-Locus is Not Crucial for HSC infection

The closely related class B scavenger receptor, SR-B1, has been shown to facilitate entry of
M. tuberculosis into another type of non-phagocytic cell, airway microfold cells. EsxA/ESAT-
6, a protein secreted by a mycobacterial T7SS, was identified as the ligand to initiate this
process [211]. Given the homology between SR-B1 and CD36 within the conserved CD36
binding domain, we sought to determine whether EsxA or other Esx-T7SS-secreted factors are
similarly required for HSC infection by M. tuberculosis. The T7SS machinery, and its secreted
effectors are encoded by the region of difference 1 (RD1) [214]. Consequently, we aimed to
assess whether deletion of the RD1 locus impacts the ability of M. tuberculosis to infect

HSCs.

To test this, we infected human hematopoietic progenitor cultures with either a wildtype RD1
strain, M. tuberculosis H37Rv DsRed, or an RD1-deletion strain, M. tuberculosis H37Rv ARD1
mCherry. Following immunofluorescence staining, the frequency of infected HSCs was
quantified using FACS (Fig. 23). Deletion of RD1 did not significantly affect the frequency of
infected HSCs (3.1+1.2%vs 4.6 +4.9%) and MPPs (2.4 0.2 % vs. 3.8 £ 0.5 %). These findings
showthat HSC infection by M. tuberculosis is independent of T7SS-associated, RD1-encoded
factors. This indicates that bacterial recognition and internalization by HSCs involves

mechanisms and interactions other than those active in airway microfold cells.
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Figure 23: In vitro hematopoietic stem and progenitor cell infection with a RD1-locus deletion mutant of M. tuberculosis.
Peripheral blood cells from adult human donors were collected and CD34"-cells were enriched. Progenitor-enriched cultures
were either infected with M. tuberculosis H37Rv DsRed or M. tuberculosis H37Rv ARD1 mCherry at a MOI of 10. The frequency
of infected hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) was quantified 20 hours post-infection using
FACS (HSC: CD34' CD45RA Lin® CD38"°" CD90* DsRed'/mCherry’; MPP: CD34' CD45RA" Lin- CD38"°% CD90
DsRed*/mCherry*). Bars represent the mean = SD [n=2]. Statistical significance is determined by paired two-tailed t-test.
Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

In conclusion, we found CD36 to be expressed by most HSCs and that M. tuberculosis
infection can be fundamentally reduced by inhibiting CD36 binding. Furthermore, molecular
characterization of the underlying pathways using Cytochalasin D and Pitstop Il identified
actin cytoskeleton dynamics and clathrin interactions as key molecular factors of M.
tuberculosis internalization. Lastly, morphological observations with confocal laser scanning
microscopy identified membrane structures reminiscent of membrane ruffles towards
surface adherent mycobacteria. Co-localization of actin-polymers with both, the membrane
protrusions and intracellular M. tuberculosis after successful internalization demonstrated

the engagement of actin as the final step of the signalling cascade.
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3. Naive HSCs Are Rendered Permissive to Infection by
Unknown Stimuli

The observed slow kinetics of HSC infection in vitro (section D.1.1) led us to hypothesize that
specific stimuli may render those otherwise non-permissive cells permissive to M.
tuberculosis. We speculated that this change in permissiveness could be induced by
microbial stimuli. Accordingly, our objective was to identify these stimuli and to elucidate

underlying mechanisms that promote HSC permissiveness to infection.

3.1 HSCs of Neonatal Origin Are Non-Permissiveness to M.
tuberculosis Infection

We hypothesized that HSCs permissiveness is a result of atypical genetic programs in HSCs
arising from the cumulative impact of microbial exposure during an individual’s life. To
elucidate the mechanisms underlying HSC permissiveness to infection, we initially focused
on neonatal HSCs. Neonatal HSCs, which have not been exposed to any microbial stimuli
yet, were selected as anideal model to test this hypothesis. Unlike adult-derived HSCs, which
have been exposed to a history of infections and repeating exposure to microbiome-derived
microbe-associated molecular patterns (MAMPs), neonatal HSCs offer a unique opportunity
to examine the effects of initial exposure to M. tuberculosis as their first encounter with

bacterial antigens.

Human hematopoietic progenitor cultures isolated from neonatal umbilical cord blood were
infected with M. tuberculosis H37Rv DsRed. Following immunofluorescence staining, the
frequency of infected HSCs was quantified using FACS. Infection frequency of umbilical cord
blood HSCs was compared to that of adult HSCs, infected under standardized conditions
across multiple experiments (Fig. 24). HSC infection frequencies were significantly lower in
HSCs (0.6 £ 0.2 % vs. 21.3 £ 20.1 %) and MPPs (0.3 = 0.4 % vs. 4.5 £ 4.0 %) derived from
umbilical cord blood compared to adult peripheral blood. Umbilical cord blood HSCs and
MPPs were almost entirely non-permissive to infection under conditions in which adult
peripheral blood HSCs and MPPs are permissive. Hence, HSCs of equal immunophenotypes
exhibit distinct host-specific functional characteristics in the acquisition of permissiveness

to M. tuberculosis infection. These results show that the host’s age and immunological
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background are critical determinants of acquired permissiveness to M. tuberculosis

infection.
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Figure 24: Comparison of M. tuberculosis in vitro infection between hematopoietic stem and progenitor cells derived from
neonatal umbilical cord blood and adult peripheral blood. Peripheral blood cells from adult human donors and umbilical
cord blood cells from neonates was collected and CD34"-cells were enriched. Progenitor-enriched cultures were infected with
M. tuberculosis H37Rv DsRed at a MOI of 10. The frequency of infected hematopoietic stem cells (HSCs) and multipotent
progenitors (MPPs) was quantified 20 hours post-infection using FACS (HSC: CD34* CD45RA" Lin" CD38”°* CD90* DsRed*; MPP:
CD34* CD45RA" Lin- CD38™°" CD90" DsRed"). Bars represent the mean = SD [Adult Peripheral Blood n=29; Umbilical Cord Blood
n=4]. Statistical significance is determined by unpaired one-tailed t-test with Welch’s correction. Asterisks indicate p-values
(****p < 0.00005; ns p > 0.05).

In accordance with our hypothesis of microbe-induced permissiveness, we sought to
determine whether the non-permissiveness of HSCs of neonatal origin is due to a general lack
of responsiveness to microbial stimuli. Therefore, we examined the well-described response
of emergency hematopoiesis in infected umbilical cord blood cultures. As a hallmark of
emergency hematopoiesis, we analysed the expansion of lineage-committed progenitor and
leukocyte populations (Fig. 25). Using FACS, we distinguished between early hematopoietic
progenitors (CD45 CD34"), lineage-committed hematopoietic progenitors (CD45RA" CD34"),
and mature leukocytes (CD45RA™ CD34) (Fig. 25A&B). A comparative analysis of these
populations before and after infection revealed significant differences between umbilical
cord blood and adult peripheral blood cultures (Fig. 25C). We observed a significant
expansion of the committed hematopoietic progenitor population (CD45RA* CD34%)
exclusively in adult peripheral blood cultures (2.2 = 1.9% vs. 11.7 £ 5.9 %). No comparable
change was detected in umbilical cord blood cultures (3.0 = 0.9 % vs. 1.4 = 0.3). The
expansion of CD45RA" CD34" cells appeared to result from a newly emerging population
arising from the population of CD45RA" CD34" early hematopoietic progenitors (Fig. 25B). It
was accompanied by a significant reduction in the CD45RA  CD34" population (74.0 = 14.6 %
vs. 64.5 £ 16.9 %), while the CD45RA* CD34 population remained unchanged (18.8 £ 10.0 %
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vs. 18.7 £ 11.7 %) (Fig. 25C). Additionally, umbilical cord blood cultures exhibited a distinct

CD34"e" population, which is absent in adult peripheral blood cultures. As all HSCs derived

from umbilical cord blood were non-permissive we did not further investigate whether

heterogeneity in their CD34 expression correlates with permissiveness.

In summary, these findings demonstrate that only hematopoietic progenitor cultures derived

from adult peripheral blood respond with the expansion of committed progenitors, whereas

umbilical cord blood cultures remained unresponsive to the same stimuli. Consequently, the

observed non-permissiveness of HSCs from umbilical cord blood correlates with the

absence of committed progenitor expansion during in vitro infection. This indicates that key

hematopoietic responses towards microbial stimuli are not yet present in cultures from

neonatal origin.
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Figure 25: Expansion of the CD45RA* CD34* committed progenitor population following M. tuberculosis in vitro infection
in adult peripheral blood and umbilical cord blood hematopoietic stem and progenitor cell cultures. Peripheral blood cells
from adult human donors and umbilical cord blood cells from neonates were collected and CD34"-cells were enriched. The
frequency of the indicated populations, distinguished by CD45RA and CD34 expression, was quantified before and 20 hours
post infection with M. tuberculosis H37Rv DsRed (MOI of 10) using FACS (CD45RA CD34": Early Hematopoietic Progenitors and
hematopoietic stem cells (HSCs); CD45RA™ CD34": Committed Hematopoietic Progenitors; CD45RA* CD34: Mature
Leukocytes). A) FACS-plots of CD45RA and CD34 expression in umbilical cord blood (UCB) cultures. B) FACS-plots of CD45RA
and CD34 expression in adult peripheral blood (aPB) cultures. C) Quantification of the indicated populations between umbilical
cord blood (UCB) and adult peripheral blood (aPB) cultures pre- and post-infection. Bars represent the mean = SD [UCB n=4;
aPB n=9]. Statistical significance is determined by paired two-tailed t-test within UCB or aPB-samples and unpaired two-tailed
t-test between UCB and aPB-samples. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

To determine whether the expansion of the CD45RA" CD34" population was specifically
induced by M. tuberculosis or a general consequence of in vitro cultivation, hematopoietic
progenitors derived from adult peripheral blood were cultured in the absence of M.
tuberculosis. These cultures were maintained in either supplemented cRPMI1640 or serum-
free KM-IMDM. The latter contains defined cytokines, namely stem cell factor (SCF), IL-6,
thrombopoietin (TPO), and angiopoietin (ANG1), excluding potential influences from
undefined cytokines and growth factors present in fetal calf serum. Following
immunofluorescence staining, we quantified the frequency of CD45RA" CD34*, CD45RA"
CD34" and CD45RA* CD34 cells by FACS, comparing post-incubation frequences with those

measured pre-incubation (Fig. 26).

We observed a significant expansion of the CD45RA" CD34" population (2.7 2.1 % vs 17.5
1.7 %) in cRPMI1640 and KM-IMDM cultures (2.7 2.1 %vs. 13.5 + 1.4 %). These findings show
that the expansion of the CD45RA" CD34" population is observed independent of M.
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tuberculosis, as it remained in its absence. Therefore, the expansion is driven by cytokines
shared in both media, most likely SCF and IL-6 — or by autocrine or paracrine effects of

cytokine produced by the cultured cells.
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Figure 26: Expansion of the CD45RA* CD34" committed progenitor population in serum-free media without M.
tuberculosis infection. Peripheral blood cells from adult human donors were collected and CD34"-cells were enriched. The
frequency of the indicated populations, distinguished by CD45RA and CD34 expression, was quantified before and 21 hours
post incubation in either cRPMI1640, containing FCS, or serum-free KM-IMDM (SCF, IL-6, TPO. ANG1) using FACS (CD45RA"
CD34": Early Hematopoietic Progenitors and hematopoietic stem cells (HSCs); CD45RA* CD34": Committed Hematopoietic
Progenitors; CD45RA* CD34: Mature Leukocytes). Bars represent the mean + SD [n=3]. Statistical significance is determined by
paired two-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

Contrary to our initial hypothesis, the expansion of the CD45RA" CD34" population was not
directly driven by M. tuberculosis. It nevertheless emerged as a significant distinction
between cultures of ‘primed‘ permissive (adult peripheral blood-derived) and ‘naive‘ non-
permissive (umbilical cord blood-derived) HSCs. Given our hypothesis that certain stimuli
might induce atypical (myeloid) genetic programs in HSCs that render them permissive to
infection, we sought to determine whether the magnitude of CD45RA" CD34" expansion

correlates with HSC infection frequency.

To address this question, we calculated the Pearson correlation coefficient between the post-
infection frequencies of CD45RA* CD34" cells and the frequency of infected HSCs and MPPs
from adult donors across multiple experiments with standardized conditions. Data from 18
blood donors were plotted as a linear regression (Fig. 27). No significant correlation between
the frequency of CD45RA* CD34" cells and infected HSCs (r = 0.395; p = 0.052) or MPPs (r =
0.261; p =0.148) was observed.
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Figure 27: Correlation analysis between the size of the CD45RA+ CD34+ population and the infection frequency of
hematopoietic stem cells derived from adult peripheral blood in vitro. Peripheral blood cells from adult human donors were
collected and CD34'-cells were enriched. The frequency of the indicated CD45RA+ CD34+ population and infected
hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) was quantified 20 hours post infection with M.
tuberculosis H37Rv DsRed at a MOI of 10 using FACS (Committed Hematopoietic Progenitors: CD45RA" CD34"; HSC: CD34"
CD45RA" Lin" CD38"°" CD90* DsRed*; MPP: CD34" CD45RA" Lin" CD38"°" CD90 DsRed"). A linear regression was calculated for
both HSCs and MPPs and Pearson correlation coefficients were determined between the ratio of infected HSCs or MPPs and the
ratio of CD45RA* CD34" cells. HSC: rpearson = 0.395 p = 0.0523; MPP: rpearson = 0.2605 p=0.1482.

Based on these findings, we conclude that the expansion of CD45RA* CD34" cells, is not a
reliable predictor of HSC permissiveness to M. tuberculosis. Instead, differences in
permissiveness between umbilical cord blood-derived HSCs and adult peripheral blood-
derived HSCs arise from different factors. Nonetheless, the absence of canonical responses
of emergency hematopoiesis in umbilical cord blood-derived HSCs provides valuable

insights into the nature of possible determinants of HSC permissiveness.

3.2 M. tuberculosis-Derived PAMPs Do Not Increase
Permissiveness to Infection in HSCs

We pivotally demonstrated that HSCs exhibit slower infection kinetics compared to
professional phagocyte, coupled with an exponential increase in the number of infected
HSCs over time (section D.1.1). Therefore, we hypothesized that HSCs gradually become
more permissive to mycobacterial infection when exposed to pathogen-associated
molecular patterns during in vitro culture. To evaluate this hypothesis, we reduced the
infection period, but in return pre-exposed HSCs to M. tuberculosis lysates prior to infection.
The lysates were generated via sonication to preserve the integrity of most three-dimensional

PAMP structures while also producing larger particles for optimal recognition. Colony-
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forming unit enumeration assays confirmed that no viable mycobacteria remained post-

sonication (data not shown).

Hematopoietic progenitor cultures, isolated from adult peripheral blood, were treated with
either PBS or M. tuberculosis-derived lysates, at an equivalent concentration to an MOI of 10
for 18 hours before being infected with live M. tuberculosis H37RV DsRed at an MOI of 10 for
2 hours. Following immunofluorescence staining, the frequency of infected HSCs and MPPs
was quantified by FACS (Fig. 28A). Our analysis revealed no significant differences in
infection frequencies between untreated and lysate-treated conditions for either HSCs (2.1
0.7 % vs. 2.3+ 0.8 %) or MPPs (0.1 £ 0.3 % vs. 0.3 £ 0.3 %). Moreover, the overall frequency of
HSC infection under both conditions was markedly lower than that observed in experiments
where HSCs were co-cultured with live M. tuberculosis for 20 hours (HSCs: 21.3 = 20.1 %;
MPPs: 4.5 = 4.0 %) (Fig. 28B). Hence, neither pre-culture infection alone (in PBS), nor the
additional exposure to M. tuberculosis lysates had a significant effect on the permissiveness
of HSC to M. tuberculosis infection. These findings show that pre-treatment with M.
tuberculosis-lysates does not enhance the permissiveness of HSCs to a level that allows for
internalization at kinetics comparable to professional phagocytes. Instead, prolonged

exposure to live, intact mycobacteria is necessary for efficient infection.
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Figure 28: Influence of pre-treatment with M. tuberculosis-derived lysate on the infection frequency of hematopoietic
stem and progenitor cells in vitro. A) Peripheral blood cells from adult human donors were collected and CD34"-cells were
enriched. Progenitor-enriched cultures were incubated with M. tuberculosis H37Rv wildtype sonication-lysates at a
concentration equivalent to a MOI of 10 or PBS for 18 hours. After treatment cultures were infected with M. tuberculosis H37Rv
DsRed at a MOI of 10. The frequency of infected hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) was
quantified 2 hours post-infection using FACS (HSC: CD34* CD45RA" Lin- CD38"°" CD90* DsRed*; MPP: CD34* CD45RA" Lin-
CD38™°" CD90 DsRed*). Bars represent the mean = SD [n=3]. Statistical significance is determined by paired one-tailed t-test.
Asterisks indicate p-values (*p < 0.05; ns p > 0.05). B) Mean M. tuberculosis infection frequency of HSCs and MPPs after 20
hours of infection across multiple experiments. Peripheral blood from adult human donors was collected and CD34*-cells were
enriched. Progenitor-enriched cultures were infected with M. tuberculosis H37Rv DsRed ata MOl of 10. The frequency of infected
HSCs and MPPs was quantified 20 hours post-infection using FACS (HSC: CD34* CD45RA" Lin CD38”'°¥ CD90"* DsRed*; MPP:
CD34" CD45RA" Lin- CD38™°" CD90 DsRed"). Bars represent the mean + SD [n=29].
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Although our data did not support the generation of permissiveness in response to M.
tuberculosis lysates alone, further elucidation of HSC responses to specific M. tuberculosis-
derived PAMPs may still provide valuable insights into the host pathogen interaction. In initial
experiments, we observed high degrees of donor heterogeneity regarding M. tuberculosis
HSC infection frequencies (section D.1.1, Fig. 11). We also demonstrated that CD36 has an
essential role in the uptake of M. tuberculosis (section D.2.3, Fig. 22). We thus aimed to
further characterize a hypothetical donor-specific heterogeneity in CD36 surface expression.
As CD36 surface expression by HSCs was only characterized in a small number of donors at
our primary study site before, we aimed to repeat this characterization at a secondary study

site with more donors.

When comparing hematopoietic progenitor cultures from our primary site (RCB, Germany) to
those from a secondary site (CCHMC, Ohio, USA), we observed a significant reduction in the
proportion of CD36" cells within both HSCs (90.5 = 6.4% vs. 30.9 * 20.0) and MPPs (74.9
22.1 % vs. 37.0 £ 25.6 %) (Fig. 29A). Beyond these site-specific discrepancies, we also
identified significant inter-donor variability at the CCHMC-study site (Fig. 29B). Stratification
of donors via unsupervised k-means clustering (k = 2) identified subgroups with significantly
different frequencies of CD36 expression in the HSPC populations, designated ‘low CD36"
(HSCs: 6.8 = 1.5 %; MPPs: 9.2 £ 4.2 %) and ‘high CD36" (HSC: 42.9 = 10.9 %; MPPs: 50.1
18.6 %).
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Figure 29: Differences in surface expression of CD36, a class B type scavenger receptor, in hematopoietic stem and
progenitor cells isolated at distinct study sites and between individual blood donors. Peripheral blood cells from adult
human donors were collected and CD34"-cells were enriched. After incubation for 20 hours, the frequency of CD36"
hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) was quantified using FACS (HSC: CD34" CD45RA" Lin"
CD38”°" CD90* CD36*; MPP: CD34" CD45RA" Lin"CD38"°” CD90" CD36"). A) Samples collected at the Research Center Borstel
(RCB, Germany) and the Cincinnati Children’s Hospital Medical Center (CCHMC, USA) were compared in the frequency of CD36"
HSC. B) Individual blood samples collected at the Cincinnati Children’s Hospital Medical Center (CCHMC, USA) were compared
regarding the frequency of CD36" hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) and stratified into two
subgroups by k-means clustering (k = 2). Bars represent the mean = SD [RCB n = 3; CCHMC n = 9]. Statistical significance is
determined by unpaired two-tailed t-test. Asterisks indicate p-values (*p < 0.05; **p < 0.005; ns p > 0.05).
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The characterization of CD36 expression at a secondary study site demonstrated significant
variations both between individual donors and across study sites. These observations show
that CD36 expression in HSCs is not as rigidly programmed as initially assumed but rather
modulated by host- or external factors such as microbial or pro-inflammatory stimuli. This
heterogeneity in CD36 expression led us to further investigate potential cues that regulate this
receptor’s expression, although M. tuberculosis-derived lysates failed to ultimately induce
permissiveness in previous experiments. We thus sought to explore whether CD36 surface
expression, as a potential determinant of permissiveness, can be influenced by M.

tuberculosis-derived PAMPs.

We quantified the surface expression of the receptor in response to specific M. tuberculosis-
derived PAMPs by FACS. Unlike previous experiments that relied solely on whole-cell lysates,
we employed a range of defined mycobacterial molecules, each characterized by distinct
molecular properties and capable of engaging different host cell pattern recognition
receptors. These included culture-filtrate proteins (CFP), trehalose dimycolate (TDM),
peptidoglycans (PG), and cell-derived lipids next to enzymatically active but non-viable y-
irradiated cells (whole bacteria), and whole cell lysates (lysate). For additional controls, Il-6
was used as a pro-inflammatory cytokine, while lipopolysaccharide (LPS) was used as a

positive control for CD36 induction [151].

Human hematopoietic progenitor cultures were exposed to the indicated molecules for 20
hours. Post-treatment, cells were immunofluorescently stained and the mean fluorescence
intensity (MFI) of CD36-FITC was measured across untreated and treated HSC populations to
assess changes in CD36 receptor levels in response to these stimuli (Fig. 30). No significant
differences in the MFI between untreated and treated groups were observed. Neither M.
tuberculosis-derived PAMPs, I1-6 nor LPS significantly increased the surface levels of CD36"
on HSCs after in vitro culture. We were not able to acquire sufficient data for every condition
to be further stratified into our previously defined categories of ‘low CD36"’ and ‘high CD36"
with enough donors for statistical significance (Fig. S4), leading to a marked influence of
donor variability. Based on this, we are also not able to determine whether PAMP treatment
may only influence the ‘low CD36" donor subset, reminiscent of a naive state, but not the

‘high CD36" donor subset.
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Figure 30: Surface expression of the class B type scavenger receptor CD36 by hematopoietic stem and progenitor cells in
response to treatment with M. tuberculosis-derived pathogen-associated molecular patterns in vitro. Peripheral blood
cells from adult human donors were collected and CD34*-cells were enriched. Progenitor-enriched cultures were incubated M.
tuberculosis H37Rv-derived pathogen-associated molecular patterns (PAMPs) for 20 hours: Whole Bacteria = y-irradiated cells
[20 pg/mL]; Lysate = Whole Cell Lysates [20 pg/mL]; CFP = Culture filtrate protein [20 pg/mL]; TDM = trehalose dimycolate [20
pg/mL]; PG = Peptidoglycan [20 pg/mL]; Lipids = Lipids [20 pg/mL]; IL-6 = Interleukin-6 [200 ng/mL]; LPS = Lipopolysaccharide
(from S. Minnesota R595) [100 ng/mL]. The mean fluorescence intensity (MFI) of CD36-FITC, was quantified using FACS (HSC:
CD34* CD45RA" Lin"CD387°" CD90*; MPP: CD34* CD45RA" Lin" CD38"°" CD90"). Bars represent the mean = SD [n=3]. Statistical
significance is determined by paired one-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).

In conclusion, our findings show that exposure to M. tuberculosis-derived PAMPs alone is not
sufficienttoincrease HSC permissiveness. Neither the frequency of infected HSCs nor CD36"
HSCs, the receptor indicated in M. tuberculosis internalization by HSCs, was significantly
elevated in response to mycobacterial PAMPs. These results demonstrate that factors other

than PAMPs must play a role in rendering HSCs permissive to M. tuberculosis infection.

To confirm whether HSCs could actually respond to microbial PAMPs, we investigated the
presence of specific pattern recognition receptors on HSCs. We analyzed presence of toll-
like receptor 2 (TLR2), toll-like receptor 4, toll-like receptor 9 and MMR, all of which have been
implicated in influencing myeloid lineage differentiation and thus may induce myeloid
genetic programs in HSCs leading to permissiveness [165,189]. We analyzed the surface
expression of these receptors on freshly isolated human HSCs using FACS to verify our
previous observations that HSCs do not become permissive in response to M. tuberculosis
PAMPS (Fig. 31). Our results revealed a complete absence of TLR4 and TLR9 HSCs. Only a
minor fraction of HSCs expressed TLR2 (1.01 £ 1.17 %) and MMR (0.36 + 0.63 %). Comparably
small fractions of MPPs expressed PRRs (TLR2: 0.08 £ 0.12 %; TLR4: 0.10 = 0.09 %; TLR9: 0.00
+0.00 %; MMR: 0.02 £ 0.01 %). The exceedingly low frequency of PRR* HSCs, with fewer than
one in a hundred cells expressing these receptors, demonstrates that canonical pattern
recognition receptors involved in pathogen sensing are largely absent in HSCs and MPPs.
Consequently, these receptors are unlikely to play a direct role in the development of HSC
permissiveness to M. tuberculosis infection. Our findings that treatment with dead

mycobacteria and selected mycobacterial PAMPs had no effect on HSC permissiveness,
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instead indicate an inflammatory response towards infection and viable bacteria to be

responsible.
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Figure 31: Presence of pattern recognition receptors involved in the potential recognition of M. tuberculosis by
hematopoietic stem and progenitor cells. Peripheral blood cells from adult human donors were collected and CD34"-cells
were enriched. Expression of pattern recognition receptors (PRRs), toll-like receptor 2 (TLR2), TLR4, TLR9O and macrophage
mannose receptor (MMR) was quantified in hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) using FACS
(HSC: CD34* CD45RA" Lin" CD387°" CD90*; MPP: CD34"' CD45RA" Lin" CD38°" CD90"). A) Bars represent the mean = SD [n=3].
B) Histograms of surface PRR expression and mean gate frequencies [n=3]. Upper panel: Hematopoietic stem cells (HSCs).
Lower panel: multipotent progenitors (MPPs) [n=3]

3.3 Cell Intrinsic Inflammatory Pathways Are Activated
Upon Infection in HSCs

To evaluate whether HSCs exhibit responses indicative of pro-inflammatory signalling, we
investigated the phosphorylation of signal transducer and activator of transcription 3 (STAT3).
Phosphorylation of STAT3 at tyrosine 705, mediated by receptor-associated Janus kinases

(JAK), is a critical step that enables its translocation to the nucleus, where it activates target
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gene expression. STAT3 is known to play a role in the genetic programs driving myeloid cell
differentiation in response to inflammatory stimuli through the induction of CCAAT-enhancer-

binding-protein B (C/EBP) expression and co-regulation of c-Myc [216].

We thus hypothesized that STAT3 activation may contribute to the induction of certain genetic
programs in HSCs, potentially rendering them permissive to M. tuberculosis infection. To test
this hypothesis, we employed an antibody specific to phosphorylated STAT3 at tyrosine 705
(pY705) to quantify pSTAT3 levels. This approach allowed us to assess the activation of the
JAK-STAT3 signaling pathway on a cellular level in response to M. tuberculosis infection,
thereby providing insights into the molecular mechanisms that might underly HSC

permissiveness.

To validate the assay to measure STAT3 activation in our approach, we treated human
macrophages with 200 ng/mL I1-6, a well-characterized activator of STAT3 phosphorylation
through the II-6/JAK2/STAT3 signaling axis. Phosphorylated STAT3 (pY705) levels in
macrophages were quantitatively assessed using FACS, demonstrating the system’s
reliability in detecting STAT3 activation (Fig. 32A). Subsequently, naive human hematopoietic
progenitor cultures or those infected with M. tuberculosis H37Rv DsRed were investigated

(Fig. 32B).
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Figure 32: Signal transducer and activator of transcription 3 activation in M. tuberculosis-infected hematopoietic stem
and progenitor cells. A) Peripheral blood-derived macrophages were incubated with 200 ng/mL human recombinant IL-6 for 15
min. before the frequency of signal transducer and activator of transcription 3 (STAT3) phosphorylation (pSTAT3-AF488*) was
quantified using FACS. B) Peripheral blood cells from adult human donors were collected and CD34"-cells were enriched.
Progenitor-enriched cultures were infected with M. tuberculosis H37Rv DsRed at a MOI of 10. The frequency of STAT3
phosphorylation (pSTAT3-AF488*) of infected and uninfected hematopoietic stem cells (HSCs) and multipotent progenitors
(MPPs) was quantified 20 hours post-infection using FACS (HSC: CD34" CD45RA" Lin- CD38™°" CD90" DsRed"; MPP: CD34"
CD45RA Lin" CD38"°" CD90 DsRed"). The graphs represent preliminary data of n = 1.
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A greater proportion of pSTAT3" cells was observed in infected HSCs (44.4 %) and MPPs (28.6
%) compared to their uninfected counterparts (HSCs: 0 %; MPPs: 17.3 %). The increased
phosphorylation of STAT3 in infected cells shows that inflammatory cytokine signaling in
response toviable M. tuberculosis correlates with HSC permissiveness to infection. However,
given the preliminary nature of these analyses (n=1), which is primarily attributable to cell
loss during permeabilization and subpar kit-protocols for HSCs, definitive conclusions

cannot yet be drawn in a statistically significant manner.

In conclusion, naive HSCs derived from neonatal umbilical cord blood are intrinsically non-
permissive to M. tuberculosis infection, while HSCs sourced from adult peripheral blood are.
Our data show that HSCs acquire a degree of priming towards adulthood that allows them to
become more permissive during in vitro infection. These differences correlate with an
underlying lack of anti-microbial responses as known adaptions of emergency
hematopoiesis were absent in umbilical cord blood HSC. The acquisition of permissiveness
is not driven by exposure to mere M. tuberculosis-derived PAMPs, as no corresponding
increase in permissiveness was observed, nor were pattern recognition receptors expressed
by HSCs in a significant manner. Instead, preliminary findings point towards a potential role
for inflammatory cytokine signalling in response to viable M. tuberculosis in the process of
becoming permissive. However, further analysis is required to substantiate this hypothesis
and fully elucidate the molecular mechanisms underlying the acquisition of a permissive

phenotype in HSCs.

4. The Spatial Organization of HSC Microenvironments

M. tuberculosis is suggested to persist during antibiotic treatment by establishing a niche
within the marrow [181,185]. Additionally, Tornack et al. reported that M. tuberculosis enters
a dormant state within infected HSCs [187]. Both findings may be attributed to the spatial
organization of HSC niches within the bone marrow, which are predominantly found in the
hypoxic microenvironments of the endosteal regions, distant from arterioles and sinusoids
[131-133]. To investigate whether M. tuberculosis residing in the bone marrow localizes
specifically within HSC microenvironments or close to sinusoids, we aimed to develop a
whole-mount multiparameter immunofluorescence imaging approach to visualize spatial

bone marrow organization following infection with mycobacteria.

The protocol for whole-mount multiparameter immunofluorescence imaging was adapted

from Wu et al. 2024, including further parameters to additionally detect T cells [217]. Sternal
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segments were excised at the designated timepoint, and the bone marrow cavity was
exposed via coronal sectioning prior to immunofluorescence staining. Six markers were
selected for the identification of HSCs, endothelial structures, and T cell receptor bearing
cells. Sinusoids and arterioles were detected based on their structural characteristics in
conjunction with ESAM expression. The following markers were employed for
immunophenotyping of hematopoietic progenitors: CD150, c-Kit, CD48, ESAM and CD41
enabling the identification of HSCs (c-Kit* ESAM* CD150" CD48  CD41°), MPP1 (c-Kit" ESAM*
CD150 CD48 CD41%), MPP2/MyE (c-Kit* ESAM* CD150" CD48* CD41°), MPP3/MPP4/CMP: c-
Kit" ESAM* CD150° CD48" CD41°), and megakaryocytic progenitors (c-Kit" ESAM* CD150"
CD48 CD417%). CD3 was selected as a marker for T lymphocytes (CD3"). Confocal laser

scanning microscopy was subsequently used for whole-mount multiparameter imaging.

Significant challenges were encountered in identifying of hematopoietic progenitors within
whole-mount sterna. Although individual markers were reliably detected, multiparameter
identification of hematopoietic progenitors was not possible. For instance, the diameters of
cells expressing ESAM and CD41, located adjacent to blood vessels (Fig. 33A), were
consistent with megakaryocytes (50 — 100 pum) or megakaryocyte progenitors (10 — 20 ym).
However, the co-expression of c-Kit in the absence of CD150 excluded these cells as either
of these cell types, as megakaryocytes are c-Kit, while megakaryocyte progenitors are
CD150". Furthermore, neither HSCs nor other early hematopoietic progenitors could be
reliably identified, as no c-Kit" ESAM* CD41" cells simultaneously expressed CD150 or CD48
(Fig. 33B). More surprisingly, we did not observe c-Kit expression in any cells of ~10 pm
diameter in size identified by CD150 and CD48 as the most abundant cells in bone marrow
(Fig. 33C). The underlying reasons for these discrepancies in antigen detection by the
employed antibody conjugates remain unclear. Given these challenges, further refinement
of the multiparameter immunofluorescence staining protocol is required before this

approach can be effectively applied to models of experimental tuberculosis.
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Merge

Figure 33: Multiparameter immunofluorescence staining fails to reliably detect hematopoietic progenitors in murine
whole-mount bone marrow. SPF female C57Bl6/) mice were sacrificed, and sterna were prepared for whole-mount
immunofluorescence imaging. The following antibody-conjugates were used for immunofluorescence staining: ESAM-PE
(vellow), c-Kit-BV480 (blue), CD150-BV420 (cyan); CD48-AF488 (green); CD41-AF647 (white), CD3-APC/Fire™750 (not shown).
A) Empirically and morphologically identified megakaryocytes (c-Kit ESAM* CD150° CD48 CD41%, 50-100 ym diameter) or
megakaryocyte progenitors (c-Kit® ESAM* CD150" CD48 CD41" cells of 10-20 um diameter) are not reliably detected by
immunophenotyping. B) Hematopoietic stem cells (HSCs) c-Kit" ESAM" CD150" CD48 CD41°) and multipotent progenitors
(MPPs) (MPP1: c-Kit" ESAM" CD150° CD48 CD41°, MPP2/MyE: c-Kit" ESAM* CD150" CD48" CD41", MPP3/MPP4/CMP: c-Kit*
ESAM® CD150° CD48* CD41") are not detectable by immunophenotyping. C) No cells co-expressing c-Kit and CD150 or CD48
are presents. All panels display representative images of whole-mount sterna from uninfected mice.
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E. Discussion

Approximately two billion human beings are estimated to be potent carriers of M.
tuberculosis. Of those, only 10% fall il during their lifetime, making M. tuberculosis a perfect
example of pathogen persistence and host-adaption [52]. The central feature of tuberculosis
immune responses is the formation of granulomas, which sequester invading mycobacteria.
However, rather than representing an effective containment strategy, granulomas should be
perceived as a mere immunological comprise that fails to fully eradicate the pathogen [59].
Far from being a protective ‘prison’, granulomas serve as dynamic sites of continuous
immune cell recruitment in favor of an ever-regenerating reservoir of host cells unable to
control M. tuberculosis. The lack of mycobacterial control has been linked to impaired
immune resistance mechanisms and deficiencies in T cell-mediated immunity alongside
immune evasion, particularly in macrophages and neutrophils [106,107,218,219].
Consequently, prior vaccine research has focused on the interactions between M.
tuberculosis and T cells, with innate immune cells recently emerging as novel targets for host-

directed therapy strategies [50,220].

Advances in the fields of trained immunity and HSC imprinting, have suggested that the basis
of immune impairment beyond transient effects in mostly — post-mitotic and mature —innate
immune cells also originates from imprinted self-renewing and differentiating HSCs
[158,169]. During tuberculosis, imprinted HSCs produce macrophage progeny with
compromised antimicrobial function [158]. However, the mechanisms by which HSCs get
imprinted remain unclear. Reports conflict as to whether HSCs directly interact with M.
tuberculosis in the context of an infection or only respond to extrinsic trans-signaling
[158,187,189]. So far, the scenario of direct infection of HSCs in the bone marrow has been
vastly neglected. Given the crucial role of HSCs in immune homeostasis, the potential
significance of bone marrow as an extrapulmonary reservoir for M. tuberculosis, and possible
healthcare consequences for bone marrow transplant recipients, we aimed to characterize

the ability of HSCs to internalize M. tuberculosis.

Building on a previous report of the detection of mycobacterial DNA in HSCs in vivo, we
pivotally demonstrated internalization of M. tuberculosis inimmunophenotyped HSCs in vitro
[187]. Infection of HSCs in vitro prompted us to study the process of infection under
controlled conditions and let us reconcile discrepancies between previous reports. We found

these were not mutually exclusive. Our results showed that HSCs internalize M. tuberculosis
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through mechanisms similar to those seen in other non-phagocytic cells, such as epithelial
cells, endothelial cells, airway microfold «cells, B cells and adipocytes
[186,199,211,221,222]. Molecular characterization of the underlying pathways identified
interactions with the actin cytoskeleton and clathrin as key molecular factors in the
internalization of M. tuberculosis. We identified CD36, a member of the class B scavenger
receptor family, as a surface receptor, at least partly, facilitating uptake of M. tuberculosis.
Consistent with described signalling cascades upon CD36 engagement we observed that M.
tuberculosis-internalization is associated with macropinocytosis-like membrane ruffling,

which is insensitive to inhibitors of classical macropinocytosis [223].

As M. tuberculosis remains yet the only bacterial pathogen known to infect HSCs, we
explored HSC permissiveness to infection. Our findings suggest a link between
permissiveness and inflammaging. HSCs derived from neonatal umbilical cord blood were
intrinsically non-permissive to M. tuberculosis infection, and lacked hematopoietic
responses common to adult HSC cultures, indicating the absence of critical signalling
pathways of microbial recognition. In HSC cultures from adult donors, permissiveness was
neither induced by exposure to M. tuberculosis-derived PAMPs, nor did HSCs express
common pattern recognition receptors. Instead, our preliminary data indicate trans-
signalling by pro-inflammatory cytokine signalling in conferring permissiveness to M.

tuberculosis internalization.

1. Identification of HSCs as Definitive Host Cells of M.
tuberculosis

HSCs are multipotent and self-renewing cells at the apex of the hematopoietic system and
thus responsible for the generation of every single immune cell in the host organism [117].
Due to their primitive identity, HSCs have long been considered to neither directly interact
with pathogens nor take part in immune responses. However, emerging evidence suggests a
more relevant role in immune surveillance mechanisms than initially anticipated [224,225].
Detection of M. tuberculosis DNA in HSCs further promoted the recent paradigm change
[187]. To settle the persisting controversy about the permissiveness of HSCs to M.
tuberculosis infection, we used an imaging-based approach combined with FACS to

determine M. tuberculosis intracellular localization.
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1.1 The Immunophenotypic ldentity of HSCs

Characterization of HSCs as host cells for M. tuberculosis critically depends on the precise
identification of these cells. Early hematopoietic progenitors exhibit a considerable degree of
heterogeneity, encompassing cells with varying potency for multilineage bone marrow
reconstitution. Among these progenitors, only those displaying both, multilineage potential
and the ability to sustain long-term reconstitution across serial transplants are classified as
bona fide HSCs. Cells that exhibit more limited or non-serial reconstitution potential are
instead categorized as MPPs [142]. Over recent decades, advances in elucidating
immunophenotypic correlates of hematopoietic function have significantly improved the
identification of distinct hematopoietic stem and progenitor cell (HSPC) populations. In the
absence of a single, uniquely expressed marker, several multiparameter identification
schemes have been developed, each with varying specificity and composition in the
identified populations [142]. In both, humans and mice, HSCs are now well-characterized
immunophenotypically, though a standardized approach to identifying MPPs remains to be

established [142,226].

The state-of-the-art identification methods for HSPCs, which were employed in this study
(Tab. 20), balance practical applicability and the precise identification of HSCs. These
methods have improved the single-cell engraftment efficiency to approximately 50 % for
murine cells in vivo and 70 % for human cells in vitro [142,227,228]. The incorporation of dye
efflux and additional markers — such as Flk2, CD34, EPCR, CD229, CD244, CD41 in mice, and
CD133, CD201, GPI-80 and CD49fin humans - has further enhanced the enrichment of long-
term reconstituting cells, leading to even higher rates of single cell engraftment
[197,226,227,229]. Nonetheless, the relationship between stemness, steady-state
hematopoiesis and engraftment mechanisms remains a subject of ongoing debate.
Specifically, it is unclear whether successful reconstitution in vivo is a universal HSC trait or

if it is confined to specific HSC subsets [230].
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Population Immunophenotype Output Reconstitution
Murine:
HSC Lin c-Kit* Sca-1* Multilineage Long-term, serial
CD150* CD48
MPP1* Lin c-Kit* Sca-1* Multilineage Long-/
CD150 CD48- intermediate-term,
MPP2 Lin c-Kit* Sca-1* Mk/E, GM > Ly Intermediate-term /
CD150* CD48* transient
MPP3/MPP4  Lin c-Kit* Sca-1* GM>Ly/Ly>GM Transient
CD150 CD48*
Human:
HSC Lin-CD34* CD38"ow Multilineage Long-term, serial
CD45RA CD90*
MPP* Lin-CD34* CD38"ow Multilineage Long-term

CD45RA  CD90

*: Previously referred to as ST-HSC

Table 20: Immunophenotypic identification panels for murine and human hematopoietic stem and progenitor cell
populations applied in this study. HSC = Hematopoietic stem cell. MPP1 = Multipotent progenitor cell 1. MPP2 = Multipotent
progenitor cell 2. MPP3 = Multipotent progenitor cell 3. MPP4 = Multipotent progenitor cell 4. ’Multilineage’ output = Multipotent
differentiation into myeloid, erythroid and lymphoid cells. "MK/E, GM > Ly’ output = Multipotent biased differentiation into
erythroid and myeloid cells. ’‘GM > Ly’ = Oligopotent biased differentiation into myeloid cells. ‘Ly > GM’ = Oligopotent biased
differentiation into lymphoid cells. Long-term reconstitution = myeloid output for > 16 weeks. Intermediate-term reconstitution
= myeloid output for 6-16 weeks. transient reconstitution = myeloid output for < 6 weeks. Serial reconstitution = providing
multilineage reconstitution in a secondary recipient. Adapted from [142,227,228].

While bona fide HSCs are classically defined by their capacity for multilineage reconstitution,
they do not represent a homogenous population. Emerging evidence indicates that lineage
fate decision can occur already within HSCs prior to differentiation [143,144,231]. In murine
models, at least four distinct subsets of HSCs, each with unique engraftment capacities, self-
renewal potential, and differentiation programs have been identified within the Lin" c-Kit* Sca-
1* CD150" CD48 HSC population. These subsets are primarily characterized by their lineage
bias towards either myeloid (my-bi-HSC) or lymphoid (ly-bi-HSC) fate [232-234]. Although
CD150 expression has been proposed to distinguish between CD150"¢" myeloid-biased
HSCs, CD150"" lymphoid-biased HSCs and CD150™ balanced HSCs, this method has not
consistently enriched for functionally distinct and pure populations in vitro [232,234].
Furthermore, self-renewing progenitors exhibiting oligo-, bi-, and unipotent megakaryocyte,
megakaryocyte-erythroid and myeloid restricted lineage commitment, have been identified
within immunophenotypically defined HSC populations [235]. In humans, comparable
myeloid-, lymphoid- and megakaryocyte-/erythrocyte-biased HSC with long-term

repopulating potential, have been detected in rare CD34° HSC subsets [236,237].
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The underlying causes of HSC heterogeneity remain incompletely understood. Evidence from
studies on epigenetic imprinting and transcriptional regulation suggests that intrinsic
hardwired differences exist between distinct HSC subsets. However, functional
heterogeneity has also been attributed to extrinsic factors, such as microenvironmental
influences and the individual cell cycle history [238]. Heterogeneity may therefore represent
an acquired, transient functional state rather than being strictly hardwired to allow flexibility

in responses to exogenous and endogenous alterations.

It should be noted that the classification of HSCs and their progeny is arbitrary, representing
a shapshot within a continuous spectrum of differentiation stages, with no discrete
boundaries separating these stages in a strict hematopoietic hierarchy [140,141]. Thus, the
current concept of HSCs does not represent a single, well-defined cell type with uniform
functional and phenotypic characteristics. Given the challenges in delineating HSPC
heterogeneity, conclusions drawn about the interactions between M. tuberculosis and bona
fide HSCs in this study must be understood as referring to an heterogenous population of
HSC subtypes, each instructed by potentially distinct genetic programs. Future advances
could redefine certain HSC subsets, possibly reclassifying further HSCs as MPPs, as it was
the case when the former terms ‘ST-HSC’ and ‘IT-HSC’ were abandoned [142]. Despite their
functional diversity, all primitive hematopoietic progenitors — whether HSCs or MPPs - still
play an essential role in the de novo generation of immune cells are thus equally relevant

targets for potential immune impairments.

1.2 Replicating In Vivo Encounters In Vitro

In vivo, macrophages, neutrophils and dendritic cells in the lung are the prime cells infected
with M. tuberculosis [239]. In contrast, fewer than one in a hundred HSCs have been shown
to harbor M. tuberculosis DNA during experimental active tuberculosis in mice or latent
tuberculosis infection in humans[187]. To address this limitation, we established in vitro HSC
culture models of M. tuberculosis infection to significantly enrich the population of infected
cells for further studies. Given the ongoing uncertainties regarding the primary site and
mechanisms of the encounters between M. tuberculosis and HSCs in vivo, it remains unclear
whether predominantly bone marrow or circulating HSCs become infected and thus serve as

equally representative models for modelling HSC infection in vitro.

While most HSCs reside within bone marrow, a certain number of HSCs continuously egress

into circulation under steady-state conditions. During emergency hematopoiesis, this
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number is further increased [224,240,241]. Circulating HSCs are thought to play a role in
immune surveillance and can serve as localized sources of immune cell proliferation through
extramedullary hematopoiesis in peripheral tissues [224,225]. For instance, extramedullary
hematopoiesis and tissue-resident HSCs and MPPs have been documented in lung and
spleen [242,243]. Reflecting their function, circulating HSCs exhibit enhanced priming for
differentiation, adhesion, and immune responses compared to their bone marrow counter
parts, while still retaining reconstitution potential [225,244]. Reports conflict as to whether
circulating bone marrow derived HSCs regularly home back to bone marrow, in the absence
of bone marrow ablation [245-247]. Thereis also no evidence that HSCs residing in peripheral
tissues can re-enter circulation [187]. Hence, the question emerges, how and where bone

marrow HSCs encounter M. tuberculosis during granulomatous control.

The ability of M. tuberculosis to access the bone marrow following aerosol infection, without
apparent vascular dissemination of free bacteria, suggests a potential mechanism of APC-
mediated transport [158]. Occasional egress of infected macrophages from granulomas,
even during latency, suggests that infection of bone marrow HSC is most likely promoted by
migrating infected macrophages [174,175]. Antigen transport to bone marrow by
macrophages, dendritic cells, and neutrophils has also been documented as a natural
immune response mechanism during infections with pathogens other than M. tuberculosis

[160-164].

In conclusion, considering the HSCs’ migration behaviour and known routes of M.
tuberculosis dissemination in the host, HSCs are most likely to encounter M. tuberculosis in
bone marrow. Since circulating HSCs typically home back to the bone marrow only under
hematopoietic stress, when spatial niche availability permits, the observation of M.
tuberculosis DNAin bone marrow HSCs in vivo implies that infection likely occurs within bone
marrow itself [187,245-247]. M. tuberculosis DNA harboring HSCs observed in circulation are
more likely the result of infected HSCs entering circulation from bone marrow compared to
peripheral sites or even infection in the blood stream itself [187]. Peripheral infection cannot
fully be excluded, as extramedullary hematopoiesis shares potential sites of M. tuberculosis
infection. Namely, the lungs being the primary site of tuberculosis infection and the spleen
serving an indirect role by hosting cross-presentation of M. tuberculosis-infected APCs to

lymphocytes.

Taken together, bone marrow-derived HSCs may provide a more natural model for mimicking

HSC infection in vitro. However, due to limited availability of human bone marrow samples,
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only murine HSCs were sourced from bone marrow, while human HSCs were derived from
peripheral blood for in vitro infection studies. To mitigate the potential confounding
influences from the distinct bystander cell populations between bone marrow and peripheral
blood cultures, mature myeloid cell populations were removed, although some residual

effects cannot be fully excluded.

Using these in vitro models, we mimicked the in vivo situation during M. tuberculosis infection
and demonstrated that M. tuberculosis can indeed infect HSCs. Notably, no significant
differences in permissiveness to M. tuberculosis between circulating human and bone
marrow murine HSCs were observed (Fig. 11). However, further studies with murine

circulating and human bone marrow derived HSCs are needed to draw definitive conclusions.

1.3 Preserving HSC ldentity In Vitro

A critical question in evaluating our in vitro M. tuberculosis infection model is whether
isolated HSCs retain their original phenotype and functional properties during the
experiments to draw parallels to the situation in vivo. In vivo, HSC self-renewal and
quiescence are tightly regulated by a cooperative network of niche-derived factors within
their microenvironment (Fig. 34) [248,249]. Physical manipulation during HSPC enrichment,
transition from hypoxic to normoxic conditions, and loss of essential stromal factors —
particularly CXCL-12, transforming growth factor beta (TGF-), SCF, ANG-1 and Notch ligands
— disrupt cell cycle regulation (cyclins, cyclin-dependent kinases (CDKs), cyclin-dependent
kinase inhibitors (CDKIls), transcription factors and microRNAs), which leads to a progressive
loss of quiescence and favours differentiation in vitro [248,250,251]. The most significant
limitation of in vitro HSC models lies in the fact that these functional changes do not
necessarily go along phenotypic alterations. Notably, the loss of reconstitution capacity is
associated with decreased CD150 or CD90 expression [226]. According to Mayer et al. 2022,
these changes become particularly visible during long-term culture in vitro over several
weeks but less obvious within the first 24 hours [248]. One rapid response triggered by the
transition from hypoxic in vivo to normoxic in vitro conditions leads to metabolic and
mitochondrial adaptions in HSCs just within the first 30 minutes ex vivo [251]. However, in the
context of host-pathogen interactions, HSC differentiation in vitro generally requires 72 hours
to generate cells, which can be infected by bacterial pathogens such as Listeria
monocytogenes, Salmonella Typhimurium, and Yersinia enterocolitca, suggesting that in

vitro, M. tuberculosis infection within 24 hours is unlikely to be driven by differentiation-
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mediated acquisition of phagocytosis competence but rather by a HSC intrinsic uptake
mechanism [189]. Apart from expansion of hematopoietic progenitor populations we did not
observe changes in HSC permissiveness to M. tuberculosis infection over the observation

time from culture alone (Fig. 28).
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Figure 34: Niche factors in the bone marrow hematopoietic stem cell microenvironments that regulate self-renewal and
quiescence. Hematopoietic stem cell (HSC) quiescence and self-renewal during homeostatic conditions is regulated by
stromal factors, especially chemokine (C-X-C motif) ligand 12 (CXCL-12), transforming growth factor beta (TGF-B), stem cell
factor (SCF), angiopoietin 1 (ANG-1), thrombopoietin (TPO) and Notch ligands. HSCs are also subject to an oxygen gradient
between hypoxic conditions in the endosteal niches (most quiescent) and normoxic conditions near the sinusoids and arterioles
(least quiescent). Eventually, progressing through repeated cell cycles HSCs successively lose quiescence during aging.

In summary, the in vitro HSC infection models used in here remain indispensable for
elucidating the mechanistic interactions between HSCs and M. tuberculosis, and to gain
critical insights into host-pathogen dynamics in the bone marrow. Still, HSC in vitro culture
may not fully replicate the in vivo microenvironment and its associated functional
heterogeneity. Although advances in long-term HSC culture techniques have been made,
maintaining HSCs in an undifferentiated state remains a challenge. Given the complexities of
long-term culture requirements such as maintenance of hypoxic conditions, appropriate
cytokine stimulation, and so-called 2.5D co-culture with mesenchymal stem and endothelial
cells, we opted for short-term cultivation of freshly isolated primary cells to mitigate long-

term culture-induced artifacts [248].

1.4 Permissiveness of HSCs to M. tuberculosis Infection

Using the in vitro models for M. tuberculosis infection of murine bone marrow and human

circulating HSCs, the interaction between pathogen and host HSCs was studied by confocal
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laser scanning microscopy. Thereby intracellular mycobacteria were detected in
immunophenotypically defined stem cell populations. We detected M. tuberculosis within
sorted murine Lin" c-Kit" Sca-1* CD150" CD48 and human Lin" CD34" CD38  CD45RA" CD90*
HSCs (Fig. 13). Infected HSCs mostly harbored multiple mycobacteria. Given the generation
time of M. tuberculosis of at least 14 hours in nutrient-rich media and ranging from 21 to over
100 hours in macrophages, it is unlikely that detection of more than one mycobacterium per
HSC is due to proliferation [252,253]. Instead, HSCs have likely internalized multiple

mycobacteria independently or multicellular bacterial aggregates.

We pivotally demonstrate that HSC can indeed become infected with M. tuberculosis in vitro.
While M. tuberculosis DNA detection —though specific —cannot distinguish between surface-
adherent bacteria or DNA thereof, our imaging-based approach conclusively revealed the
intracellular localization of M. tuberculosis within immunophenotypically defined HSC
populations. Using a DsRed fluorescent M. tuberculosis strain as an effective method to
quantify HSC infection rate by FACS, in vitro M. tuberculosis infection of HSCs provides a
robust platform for studying host-pathogen interaction mechanisms under controlled

conditions in a quantitative manner.

Other reports suggesting that HSCs are non-permissive to M. tuberculosis do not necessarily
contradict our findings. Three key studies examined HSCs for the presence of mycobacteria
post-infection but failed to detect intracellular bacteria. Khan et al. conducted in vitro M.
tuberculosis infection experiments in HSCs at a MOI of 3 for four hours after infection [158].
Our data indicate that an incubation period of 12 hours at a higher MOlI, is required to achieve
detectable infection rates in vitro (Fig. 7, Fig. 9). Moreover, despite studying HSC responses
during experimental tuberculosis in mice, Khan et al. did not provide in vivo data from M.
tuberculosis-infected animals regarding HSC infection in a similar experimental setting to

Tornack et al. to corroborate their in vitro observations [158,187].

Two previous studies on HSC permissiveness to mycobacteria were conducted with M. bovis
BCG and M. avium, both of reduced pathogenicity due to the lack of certain virulence factors
[254,255]. Moreover, reported non-permissiveness to M. avium, was based on sole absence
of bacteria in spleens of bone marrow graft recipients 20 weeks post-transplantation, despite
the actual presence of mycobacteria in the graft itself [153]. Recent murine models have
shown that wildtype graft recipients do not develop tuberculosis after the transfer of M.
tuberculosis-infected HSCs while immunodeficient Nos2-/- recipients, lacking an important

anti-mycobacterial defence mechanism, do [188]. This demonstrates that tuberculosis
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transmission, through bone marrow transfer to immune competent recipients, fails as a proxy
for bone marrow cell permissiveness. Permissiveness of HSCs to M. bovis BCG was
characterized three days after intravenous injection, as M. bovis BCG does not replicate
within the host [169]. In contrast, in the study by Tornack et al. animals infected with M.
tuberculosis were analyzed at 28 days post-infection [187]. Hence, all three studies differ not

only in the mycobacterial species studied, but also in the stage of infection.

Thus, the apparent discrepancies in HSC permissiveness to mycobacterial infection are not
mutually exclusive but rather highlight species-specific differences in virulence, in vivo
growth rates and dissemination that determine HSC tropism and infection kinetics. These
findings underscore the importance of considering mycobacterial species variations and

experimental conditions when assessing HSC infection by mycobacteria.

2. Characterizing M. tuberculosis Internalization in HSCs

Facultative intracellular pathogens generally employ two main strategies for entering host
cells. Some pathogens, including M. tuberculosis, are passively taken up by professional
phagocytic cells but developed strategies to deviate their phagosomal fate by arresting
phagosomal maturation [190]. Other pathogens, such as Salmonella, actively invade non-
phagocytic cells by inducing their own internalization to shield themselves from professional

phagocytes and humoral immune responses [191].

HSCs are generally regarded non-phagocytic. Macropinocytosis and phagocytosis pathways
which could facilitate pathogen internalization emerge only at later stages of myeloid cell
differentiation [189]. It has been assumed that acquisition of phagocytosis is synchronized
with the capacity for phagosomal processing machinery, which inherently protects the most
primitive progenitors from microbial infection [189,256]. Following our demonstration that
HSCs can serve as host cells for M. tuberculosis, we investigated the mechanisms of

mycobacterial internalization by these cells.

2.1 Actin-Remodelling is Associated with M. tuberculosis
Internalization by HSCs

The polymerization force generated by the actin cytoskeleton as it pushes the cell membrane
around a target particle is fundamental to all forms of particle internalization [203]. During

phagocytosis, actin is polymerized to form a structured cup, which progressively extends as
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a ring to the distal end of the particle [203]. In contrast, during macropinocytosis — and
similarly in complement-triggered phagocytosis — large, actin-rich protrusions envelop
particles within a thin membrane veil [257]. While these processes differ in their initiation and
signaling pathways, both require actin-remodeling to facilitate particle internalization. The
spatiotemporal regulation of upstream regulators of actin polymerization, including Rho
GTPases, phosphoinositides and their associated enzymes are prime drivers of the
morphological distinctions between these pathways. These regulators integrate signals that
ultimately modulate the nucleation-promoting factors (NPFs) Wiskott-Aldrich syndrome
protein (WASP) and neuronal WASP (N-WASP), which, in turn, activate the actin related
protein 2 and 3 complexes (ARP2/3) [203].

Activation of ARP2/3 by NPFs induces a conformational change, creating a heterodimeric
template for nucleation and branching of new actin filaments, forming a dense network of
actin filaments ideally suited for force generation [258]. The precise kinetic and spatial
organization of the upstream effectors orchestrating distinct modes of actin remodeling
remains incompletely understood. Other cytoskeletal components may be engaged as well,
as complement-mediated phagocytoses does not critically rely on WASP but involves

microtubules instead [203].

In non-phagocytic cells, induced internalization is broadly categorized as either a ‘zipper’ and
‘trigger’ mechanism [259]. The ‘trigger’ mechanism is defined by actin-cytoskeleton
rearrangements — reminiscent of macropinocytosis - initiated by translocated virulence
factors that directly interact with Rho-GTPases [191,259]. Conversely, the ‘zipper’
mechanism resembles phagocytosis and involves direct interaction of particle surface
molecules with host transmembrane receptors, such as E-cadherin or B-integrin [260,261].
Binding induces a signalling cascade that activates phosphatidylinositol 3-kinases (PI3Ks)
and Rho-GTPases Rac and cell division cycle 42 (Cdc42), leading to a controlled and localized

internalization process [259,262].

In our investigation of M. tuberculosis internalization, we observed membrane morphology
consistent with findings in other non-phagocytic cells [221]. HSCs exhibited morphological
characteristics reminiscent of membrane ruffling adjacent to surface-adherent
mycobacteria, but neither lamellipodia, filopodia or phagocytic cups were observed (Fig. 15).
This suggests that M. tuberculosis infection of HSCs shares morphological traits with
macropinocytosis. Notably, while internalization of enteroinvasive bacteria in non-

phagocytic cells also elicits longer actin projections, such responses were markedly less
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pronounced during M. tuberculosis infection of B cells observed by Garcia-Pérez et al. and
completely absent in HSCs in our study [221]. In both epithelial cells and B cells, membrane
ruffling induced by M. tuberculosis is associated with actin reorganization at sites of bacterial
adhesion and within membrane protrusions [199,221]. In HSCs and MPPs, we identified actin
polymers enriched within membrane protrusions and surrounding intracellular bacteria as
well (Fig. 16). Furthermore, we found the internalization of M. tuberculosis to be at least
partially sensitive to inhibitors of actin polymerization, such as Cytochalasin D (Fig. 14). The
observed induction of membrane ruffling, coupled with actin reorganization, indicates
macropinocytosis as the pathway for M. tuberculosis uptake over alternative forms of
membrane remodeling facilitating particle uptake. Nevertheless, morphological evidence
alone is insufficient for comprehensive characterization, given the intricate crosstalk among
pathways associated with canonical macropinocytosis, complement-triggered phagocytosis

and ‘trigger’ mechanism phagocytosis, all of which culminate in membrane ruffling.

2.2 Internalization of M. tuberculosis by HSCs Is Not
Phagocytic

Phagocytosis constitutes the principal mechanism for the internalization of M. tuberculosis
by professional phagocytes [263]. Certain subsets of HSCs, which exhibit intrinsic myeloid
lineage commitment, may already be predisposed to the associated transcriptional programs
underlying phagocytosis pathways [232,235]. Generally, phagocytosis is directed to a ligand
spotted surface recognized by cellular receptors. It can be conceptualized as a stepwise
process characterized by three key events, each involving multiple simultaneously engaged
signalling cascades: |) Ligation of cell-surface phagocytic receptors ii) formation of the

phagocytic cup and internalization, and iii) phagosomal maturation [264].

The recognition of M. tuberculosis by antigen-presenting cells initially occurs through non-
opsonic phagocytosis, which is mediated through the engagement of certain PRRs, although
not ubiquitously expressed by all APCs [265,266]. Among the relevant PRRs are
transmembrane C-type lectins, recognizing glycoconjugates of the M. tuberculosis cell wall,
particularly ManLAM [267]. Soluble C-type lectins, such as surfactant protein A (SP-A), SP-B,
along with the mannose-binding lectin (MBL), facilitate crosstalk with opsonic phagocytosis
by activating the complement cascade, which leads to C3bi-opsonization and subsequent
recognition by CR3 [269]. Importantly, in addition to the lectin pathway, both classical and

alternative complement cascades contribute to C3b/C3bi opsonization of M. tuberculosis
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[266]. After initial infection of the host and the onset of adaptive immune responses FcyR
binding of immunoglobulin G- (IgG) decorated mycobacteria mediates opsonic-

phagocytosis.

In both scenarios of recognition, opsonic and non-opsonic, phagocytosis is achieved through
the sequential activation of small GTPases. FcyR-mediated phagocytosis is the most studied
form and predominantly relies on Rac1, Cdc42 and WASP, whereas CR3-mediated
phagocytosis requires RhoA formin activation, but does neither involve Cdc42 nor WASP
[203,270,271]. Upon activation, these GTPases recruit WASP, which in turn recruits the
ARP2/3 complex, facilitating subsequent F-actin remodeling and phagosome internalization

[264].

Despite recognizing opsonins and mycobacterial lipoglycans as key determinants of M.
tuberculosis phagocytic uptake, our data did not support the notion that HSCs engage
classical non-opsonic or opsonic phagocytosis for the internalization of M. tuberculosis.
Neither the competitive inhibition of mannan-binding C-type lectins, nor prior opsonization
of M. tuberculosis with autologous serum compounds significantly altered the frequency of
HSC infection (Fig. 17, Fig. 18). This came to no surprise, as HSCs - in contrast to
macrophages — lack CR3 and only weakly express opsonic-receptor, such as CD16, CD32,
and CD64, on their surface [189]. These results demonstrate that M. tuberculosis infects
HSCs through induced internalization instead of classical phagocytic pathways. However,
the potential compensatory role of non-opsonic recognition in the absence of opsonic
recognition, and vice versa, remains unexplored. Notably, in macrophages, receptor-blocking
agents targeting either CR3 or C-type lectins did not significantly reduce infection when

applied alone but did so in conjunction with aCR1 [272].

2.3 Induced Internalization in HSCs

Among the recognized mechanisms underlying induced internalization by non-phagocytic
cells, macropinocytosis is one of two general pathways invasive bacteria primarily exploit
[191]. Physiologically, classical macropinocytosis mediates the non-selective uptake of large
volumes of extracellular fluids and macromolecules. Nevertheless, the channelling of
antigens ingested through macropinocytosis by APCs into MHC-II pathways also implies an
inherent role in immune surveillance [264,273]. Macropinocytosis, a constitutive process in
many cell types, can also be induced by extracellular signals such as growth factor, cytokine,

or scavenger receptor engagement, as well as experimentally by phorbol esters triggering
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protein kinase C. These signals activate distinct downstream pathways, thereby
distinguishing constitutive from induced macropinocytosis [264,274,275]. Ultimately, all
these pathways promote F-actin nucleation through the activation of the ARP2/3 complex,
leading to actin-remodelling and subsequent membrane ruffling [264]. However, contrasting
phagocytosis, signals inducing macropinocytosis only indirectly activate pathways but do not
represent a selective receptor ligand recognition for targeted uptake of a ligand-spotted

particle.

Invasive bacteria co-opt these processes by translocating effectors into the host cell
cytoplasm that mimic guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs), thereby modulating the activity of the small GTPases central to
macropinocytosis [191,276]. This manipulation triggers focal membrane ruffling at sites of
bacterial adhesion. However, unlike the type Ill secretion systems employed by
enteroinvasive pathogens such as Salmonella, M. tuberculosis expresses a T7SS, which is
incapable of transmembrane effector secretion due to its structural constraints [277].
Consequently, outside-in receptor signalling cascades may be of relevance instead (section

E.3).

While M. tuberculosis is a paradigm of phagocytic uptake and intracellular survival within
professional phagocytes, reports exist that M. tuberculosis can also infect non-phagocytic
cells, including endothelial cells, epithelial cells, airway microfold cells, B cells, and
mesenchymal stem cells [186,190,199,211,221,222]. In these non-phagocytic cells,
macropinocytotic internalization has previously been implicated for M. tuberculosis
internalization, as demonstrated by characteristic morphological changes and sensitivity to
macropinocytosis inhibitors, such as amiloride [199,221]. Engagement of surface
transmembrane receptors by M. tuberculosis surface proteins, such as Mce and heparin
binding haemagglutinin, induces membrane protrusions in epithelial cells, underscoring a
general mechanism for induced macropinocytosis in non-phagocytic cells, despite the

absence of transmembrane effector secretion [199].

Microscopic analysis of HSCs during their interaction with M. tuberculosis revealed
morphological features reminiscent of membrane ruffling (Fig. 15). Yet, uptake was not
reduced by macropinocytosis inhibitors (Fig. 19), suggesting that the mechanisms of induced
internalization in HSCs may differ from those in other non-phagocytic cells. Notably, instead
of amiloride we employed imipramine, a repurposed drug with macropinocytosis inhibitor

capacity and no cross-inhibition of other uptake pathways, albeit its precise target remains
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unknown [207,208]. Of note, imipramine, as a cationic amphiphilic drug, also interferes with
lysosomal lipid metabolism and pH, thus influencing a variety of cellular processes [278]. As
the drug’s exact mode of macropinocytosis inhibition is yet to be fully characterized, the
insensitivity of HSC infection to imipramine does not provide clear information about the

underlying signalling pathways beyond independence of canonical macropinocytosis.

While M. tuberculosis infection of non-phagocytic cells, such as epithelial cells and B cells,
shares similarities regarding the employment of macropinocytosis by other invasive bacteria,
our data demonstrate that distinct signalling pathways mediate HSC infection. Key surface
receptors and intracellular signalling pathways described so far to be hijacked by invasive
bacteria, may be absentin HSCs thus explaining their generalresistance to infection and may

thus explain why M. tuberculosis is uniquely capable of infecting HSCs.

2.4 Clathrin as a Protein Recruitment Hub During HSC
Infection by M. tuberculosis

Clathrin-mediated endocytosis (CME) in the context of infection has beenrecognized as a key
mechanism of viral entry due to the size constraints of the clathrin triskelion lattice, which
forms clathrin-coated pits ranging from 1000 - 2000 A (100 -200 nm) in diameter [279]. This
classical paradigm is being reconsidered as evidence emerges that clathrin functions as a
major hub for the recruitment of proteins during bacterial uptake, orchestrating actin network
regulation beyond its established role as a membrane coat for receptor-mediated
endocytosis of small particles [191,209]. Notably, clathrin recruitment is critical for the
‘zipper mechanism’ uptake mode of various invasive bacteria, such as L. monocytogenes, R.
conorii and enteropathogenic E. coli, where it precedes actin rearrangements [191,209].
Clathrin plagues on the cytoplasmic face of the plasma membrane, distinct from the
classical clathrin-coated pits, have been described as scaffolds coordinating the interaction
of key regulators of the actin cytoskeleton during induced phagocytosis [209]. Importantly,
clathrin was found to be absent from internalized phagosomes, underscoring its regulatory
role rather than direct structural involvement in clathrin-coated vesicle formation during

bacterial internalization [209].

In alignment with this emerging understanding that clathrin is involved in induced
internalization by non-phagocytic cells, our results demonstrate that M. tuberculosis
infection of HSCs can be inhibited by CME inhibitors, showing that clathrin-mediated

recruitment of downstream regulators plays a pivotal role in mycobacterial internalization
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(Fig. 20). Specifically, we utilized Pitstop Il, an inhibitor that targets the clathrin terminal
domain and disrupts interactions with clathrin box ligands, such as amphiphysin, assembly
protein 180 (AP180) and sorting nexin 9 (SNX9), notably without affecting adaptor protein
complex 1 (AP-1)- or AP-2-mediated clathrin recruitment to the membrane itself [210].
Therefore, the lower uptake frequency of M. tuberculosis by Pitstop ll-treated HSCs results
from impaired recruitment of clathrin box ligands and their downstream interactions. Among
them, dynamin, which is recruited through clathrin box ligands (via Bin/Amphiphysin/Rvs
domains), mostly to facilitate membrane fission, is also involved in membrane ruffling during
macropinocytotic uptake, via regulation of Rac1 GTPase distribution and is further indicated
to influence ARP2/3 recruitment through cortactin or syndapin [280,281,209,264]. Thus,
dynamin recruitment to clathrin plagues could present a critical checkpoint bridging clathrin
recruitment to membrane ruffling, membrane fission and vesicle internalization following M.
tuberculosis adhesion. However, not all interaction partners of clathrin bind the terminal
domain. For instance, the binding domain of clathrin for Huntington-interacting protein-1
related (HIP1R), which directly binds F-actin, is located outside of the domain targeted by
Pitstop 11 [282]. While putative interactions with HIP1R remaining in Pitstop ll-treated cultures

did not sufficiently compensate the inhibition, they might still play a role in uptake.

Hence, further investigations are necessary to delineate the extent to which clathrin-box
ligands contribute to M. tuberculosis internalization in HSCs in cooperation with dynamin and
HIP1R recruitment [209]. Exploring the colocalization with F-actin of clathrin, major clathrin-
box ligands, dynamin, ARP2/3 and HIP1R at sites of M. tuberculosis surface adhesion, might
thus provide initial hints towards the complex interplay of regulators during the mechanism

of internalization in HSCs.

2.5 The Model of Mycobacterial Internalization by HSCs

Based on our findings, we propose a hypothetical model for induced internalization of M.
tuberculosis by permissive HSCs, wherein the engagement of host cell surface receptors by
M. tuberculosis initiates an intracellular signalling cascade (Fig. 35). The specific receptors
involved are likely distinct from opsonic receptors, such as Fc receptors and complement

receptors, as well as C type lectins and will be discussed in more detail in the next section.

Among several possible pathways, we hypothesize that the triggered signalling cascade
activates GTPases and phopshoinositides involved in macropinocytosis-independent

membrane ruffling. Additionally, clathrin seems to be focally recruited to form a lattice

98



E. Discussion

structure on the inner face of the plasma membrane, orchestrating the activation of actin-
network regulators. The coordinated action of downstream clathrin box ligands, HIP1R,
dynamin and clathrin-independently activated GTPases, may then recruit nucleation
promoting factors. Their spatiotemporal regulation may then result in the formation of
membrane ruffles that enwrap M. tuberculosis, leading to its internalization in a membrane

vesicle linked to the growing actin network.

I: Recognition II: Actin-associated II: Actin-associated
membrane ruffling internalization

F-Actin

M. tuberculosis

Insensitive to: - i
Opsonisation
Mannan

Macropinocytosis-inhibitors Cytochalasin D

Figure 35: Morphological and molecular observations during M. tuberculosis internalization by hematopoietic stem cells
within our hypothetical model. Internalization in hematopoietic stem cells (HSCs) deviates from common phagocytosis and
macropinocytosis pathways described for phagocytic and non-phagocytic M. tuberculosis host cells, regarding recognition and
uptake. We demonstrated that internalization of M. tuberculosis is not reduced when targeting classical phagocytosis and
macropinocytosis pathways (section D.2.2). Nevertheless, following recognition, HSCs exhibited morphological characteristics
indicative of membrane ruffling adjacent to surface-adherent mycobacteria (section D.2.1). Actin polymers were enriched
within these membrane protrusions (section D.2.1). Furthermore, we found the internalization of M. tuberculosis to be
targetable by inhibitors of actin polymerization (section D.2.1), such as Cytochalasin D, and clathrin-interactions (section
D.2.2), such as Pitstop Il, resulting in reduced HSC infection rates. Within infected HSCs, we found intracellular mycobacteria
enwrapped by actin polymers (section D.2.1), indicative of the actin-mediated membrane vesicle internalization, as the final
step of uptake.

3. CD36 as a Putative M. tuberculosis Receptor in HSCs

Bacterial internalization by non-phagocytic cells involves either mimicking endogenous
ligands of surface receptors or translocating virulence factors with enzymatic activity into the
cytoplasm to manipulate host signalling pathways [191]. M. tuberculosis lacks the secretion
systems required for cross-membrane protein translocation into the host cell cytosol.
Furthermore, our data did not support any involvement of complement receptors, Fc
receptors and C type lectins in the recognition of M. tuberculosis by HSC. We thus aimed to
elucidate the engaged surface receptors and focused on class B scavenger receptors which
have already been implicated as receptors of M. tuberculosis uptake in other non-phagocytic

cells [277].
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3.1 Class B Scavenger Receptors in Mycobacterial
Recognition

Scavenger receptors exhibit considerable diversity in their structure, function, and ligand
repertoire. They are classified into twelve distinct groups based on their molecular structure.
Among these, classes A (SR-Al, SR-All and MARCO), B (SR-B1 and CD36) and E (dectin-1 and
MMR) are particularly relevant for interactions with M. tuberculosis [265,284]. Expressed on
innate immune cells they play crucial roles in recognizing mycobacterial lipids and
glycoproteins, thereby integrating pathogen sensing into signalling pathways associated with

inflammatory responses, immune metabolism, lysosomal trafficking and phagocytosis [285].

CD36, a member of the class B scavenger receptor family, is an 88 kDa heavily glycosylated
transmembrane protein that plays a role in lipid acquisition, metabolic regulation, immune
recognition, inflammation and cell adhesion. The receptor is expressed across a variety of
immune and non-immune cells [285]. Structurallyy, CD36 consists of an extracellular
ectodomain and two short, C- and N-terminal cytosolic domains [286]. Binding to microbial
and endogenous ligands, respectively microbe-associated molecular patterns (MAMPs) and
damage-associated molecular patterns (DAMPs), is mediated through the conserved CD36-
region, which is shared by other class B scavenger receptors, such as SR-B1 [287]. These
ligands include oxidized phospholipid moieties (in oxLDLs and on apoptotic cells), glycated
proteins, glycans, long chain fatty acids, lipoteichoic acid (LTA) and lipopolysaccharides (LPS)
[286,288]. In the context of M. tuberculosis recognition, ManLAM has been identified as the
predominant ligand for CD36 recognition, as strains deficient in ManLAM synthesis are not

bound by CD36 [285].

In our study, we found that CD36 is expressed by bona fide human HSCs in vitro as well as
MPPs (Fig. 21). We observed significant donor-dependent variability in the frequency of
CD36"HSCs, but surface expression was not influenced by inflammatory stimuli such as LPS,
IL-6, or M. tuberculosis-derived PAMPs (Fig. 29, Fig. 30). We demonstrated that CD36 can
facilitate internalization of M. tuberculosis into HSCs as specific inhibition of CD36 using
SSO, a compound that specifically binds CD36 but not SR-B1 (despite sharing 30% sequence
identity), significantly reduced the M. tuberculosis infection rate of HSCs in vitro (Fig. 22)
[213,290]. Notably, CD36 alone is not sufficient for uptake as i) ~10 times more HSCs were
CD36" than M. tuberculosis DsRed® and ii) the frequency of CD36'-HSCs did not correlate

with donor variabilities of HSC infection rates. Furthermore, MPP infection frequency was
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slightly but not significantly reduced by SSO, highlighting this population’s heterogeneity in
function and potential receptor recognizing M. tuberculosis [197]. These findings
demonstrate that while CD36 plays a role in uptake, additional receptors must be involved in

M. tuberculosis recognition and HSC permissiveness.

3.1 The Role of CD36 in Mycobacterial Recognition

Our findings in HSCs, support the involvement of class B scavenger receptors, particularly
CD36 and SR-B1, in the internalization of M. tuberculosis in distinct canonical and especially
non-canonical host cells. While scavenger receptors play partly redundant roles to other
PRRs in phagocytic cells, they are essential in various non-phagocytic cells [265]. For
instance, in airway microfold cells, SR-B1 facilitates internalization upon M. tuberculosis-
derived EsxA ligation, a process critical for translocation through the airway mucosa to initiate
infection of the lung [211]. While expression of both, bacterial exsA by and host SR-B1 were
essential for this mechanism, we found that a ARD1 mutant strain of M. tuberculosis, lacking
the esxA gene, was still able to infect HSCs, indicating that CD36 recognition of M.
tuberculosis in HSCs differs from SR-B1 recognition, despite the shared CD36-loop region
(Fig. 23)[211]. MSCs also express SR-B1 and internalize M. tuberculosis ina MARCO- and SR-
B1 dependent manner [212]. B cells, which internalize M. tuberculosis through induced
macropinocytosis also express CD36, among other PRRs, although the specific interaction
has not yet been extensively studied [221]. In adipocytes, CD36 likely plays a role in M.
tuberculosis recognition as well, as binding of OxLDLs, known ligands of CD36, either directly
or indirectly inhibits internalization [291]. Most interestingly, transfection of HeLa cells with
human CD36 significantly enhances internalization of both Gram-negative and Gram-positive
bacteria, underscoring CD36’s role in bacterial uptake by non-phagocytic cells [288]. Yet,
transfection of Hela cells promoted bacterial internalization in an unspecific manner
whereas our and previous data suggest rather mycobacteria-specific uptake in HSCs. Hence,
secondary pathways, distinguishing HelLa cells from HSCs, influence species-specific

differences in CD36-mediated uptake.

Since we could not entirely exclude efferocytosis underlying the delayed kinetics of HSC
infection in vitro, it remains a possibility that instead of free bacteria, CD36 recognizes host
ligands of infected cells or M. tuberculosis containing apoptotic bodies. Indeed, invasion of
non-phagocytic epithelial cells via CD36-mediated efferocytosis has previously been shown

to occur during Salmonella infection [292]. However, in the absence of other pathogens
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infecting HSCs, efferocytosis seems rather unlikely to be the underlying mechanism. In
addition, depletion of mature myeloid cells prior to infection, prime targets of M. tuberculosis,

did not influence infection frequency of HSCs.

The exact mechanism by which CD36 engagement leads to M. tuberculosis internalization in
HSCs remains to be elucidated. Interestingly, CD36-mediated uptake resembles
macropinocytosis-like morphology but is mechanistically distinct. Compounds described to
inhibit classical macropinocytosis do not affect CD36-mediated uptake [223]. This aligns
with our observation that imipramine did not inhibit CD36-mediated M. tuberculosis infection
in HSCs, despite the observation of membrane ruffling reminiscent of macropinocytosis (Fig.
36). While the cytosolic domains of CD36 are essential for particle uptake, neither the
cytosolic C- nor N-terminal regions exhibit intrinsic kinase or phosphatase activity [286,293].
Instead, palmitoylation of these cytosolic tails allows CD36 to localize in lipid rafts, where the
receptor physically interacts with other signalling proteins [294,295]. Upon ligand binding,
CD36 initiates assembly of a signalosome complex, including src-family kinases (SFKs) such
as Fyn, Yes, and Lyn as well as the c-Jun NH.-terminal kinases 1/2 (JNK1/2), activating
transcription factors, mitogen-activated protein kinases (MAPKs) and Vav-family guanine
nucleotide exchange factors (Vav-GEFs) involved in Rho and Rac GTPases, which are crucial
for cytoskeletal reorganization [286,288]. Indeed, CD36 activation has also been linked to Rac
GTPases, Cdc42 and ADP-ribosylation factor 6 (Arf6) activation, although the upstream
mediators connecting CD36 to these regulators are still obscure [223]. Additionally, CD36
ligation promotes phosphorylation of p130-Crk-associated substrate (Cas) and paxillin,
activating the Rac1 exchange factor complex Dock180/Elmo, which facilitates membrane
ruffling and lamellipodia formation [296]. Eventually, the signalling cascades result in
macropinocytosis-like CD36 receptor-internalization with a bound ligand, which
hypothetically could be M. tuberculosis [223,285]. However, we have yet to confirm CD36
receptor internalization and vesicular co-localization in infected HSCs. Whether the CD36
signalling pathways observed in HEK293 cells, macrophages, microglia cells and adipocytes
are equally present to their full extent in HSCs and thus truly responsible for M. tuberculosis

internalization by these cells remains an open question.
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Figure 36: Described CD36 downstream signalling cascades that facilitate membrane ruffling and particle internalization.
Ligation of the receptor initiates assembly of a signalosome complex, including src-family kinases (SFKs), c-Jun NHz-terminal
kinases 1/2 (JNK1/2), mitogen-activated protein kinases (MAPKs) and Vav-family guanine nucleotide exchange factors (Vav-
GEFs). The signalosome complex activates small GTPases involved in cytoskeletal reorganization, such as Rho GTPases, Rac
GTPases, cell division cycle 42 (Cdc42) and ADP-ribosylation factor 6 (Arf6). These small GTPases facilitate nucleation promoting
factor (NPF)-recruitment leading to actin polymerisation to form membrane ruffles for particle or fluid internalization.

Beyond its role in microbial internalization, CD36 can also promote inflammatory responses,
either autonomously or in conjunction with engagement of TLR2/6 and TLR4/6 heterodimers
thereby enhancing cytokine production, such as IL-1B and TNFa [285,297]. Although, the
downstream pathways of pro-inflammatory CD36 signalling upon receptor engagement are
still not well-defined, CD36 engagement in HSCs might promote the emergency
hematopoiesis signalling observed during mycobacterial infections [147,216,285]. In support
of this hypothesis and our preliminary data on the phosphorylation status of STAT3 in M.
tuberculosis infected HSCs in vitro, in vivo studies observe enrichment of Il6/JAK2/STAT3-
pathway target genes in HSCs during experimental tuberculosis [158]. Moreover, STAT3
phosphorylation mediates myeloid lineage commitment by activating Spi1, Gfi1, Cebpa/b
and Myc expression [216,298]. Despite the presence of a CD36/STAT3 signalling axis in
metabolic regulation, there is yet no evidence in HSCs that inflammatory pathways are
activated in direct response to CD36 signalling [299]. Thus, while CD36 plays a role in M.
tuberculosis recognition and internalization by HSCs, further research is needed to delineate
the exact signalling pathways triggered and the putative participation of other accessory

receptors and downstream signalling molecules.

3.2 Exploiting CD-36 mediated Lipid Homeostasis

CD36 plays a multifaceted role during tuberculosis. Next to being a receptor involved in
pathogen recognition and internalization, the receptor predominantly functions by mediating

host cell lipid uptake and metabolism. Exploitation of CD36-mediated lipid homeostasis
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marks an apparently widely spread virulence mechanism of M. tuberculosis host-pathogen
interaction fostering intracellular survival. Enabling access to nutrients, especially fatty acids
and cholesterols is crucial for M. tuberculosis growth [300]. M. tuberculosis relies on these
host lipids to maintain its complex cell wall, to use them as a carbon and energy source, and
to store them in the form of intracytoplasmic lipid inclusions for persistence during latent

infection [301].

In macrophages, CD36 expression is upregulated during infection, facilitating the uptake of
long chain fatty acids (LFCAs) and (oxidized) low density lipoproteins ((ox-)LDLs) due to its
hybrid transporter function [301]. Additionally, this process is enhanced by CD36 and TLR2
signalling in an autocrine manner, which synergistically modulate lipid metabolism through
peroxisome proliferator-activated receptor gamma (PPAR-y) and NF-kB dependent pathways.
The increase in intake and disruption of intracellular lipid regulatory mechanisms results in
the accumulation of triacylglycerols (TAGs) and esterified cholesterol as lipid droplets (LD),
leading to a ‘foamy’ macrophage phenotype that benefits M. tuberculosis survival by

providing a nutrient-rich environment (Fig. 37) [285].

Interestingly, a similar mechanism occurs in HSCs [151]. Under steady state conditions,
quiescent HSCs primarily rely on anaerobic glycolysis to maintain their minimal function.
However, to compensate for the increased metabolic requirements during emergency
hematopoiesis in response to infection and inflammation, they shift to fatty acid B-oxidation
to meet the energy demands of cell cycling and proliferation [151]. Similarly to macrophages,
this metabolic shift is driven by CD36-mediated uptake of fatty acid, which are readily
released by lipolysis from bone marrow adipocytes and contributes to the increased
production of myeloid cells during emergency hematopoiesis (Fig. 37) [151]. Studies in CD36
knockout mice demonstrate that this process is critical to stem cell and myeloid expansion,
and its absence increases mortality during infection [151]. The positive feedback loop
between CD36 engagement, PPAR-y activation and CD36 expression, might thus provide M.
tuberculosis with a carbon source after infection of HSCs, further shaping HSCs as a reservoir
for persistence. The crosstalk between CD36-mediated pathways for actin-remodelling but
also lipid acquisition and metabolism, makes HSCs a useful niche for M. tuberculosis, as
initial receptor engagement might concomitantly activate the relevant pathways to facilitate
a steady supply of energy and building blocks for the mycobacterial cell wall [302]. A potential

prime example of host-pathogen interaction where metabolism and infection meet.
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Figure 37: Parallels of lipid metabolism adaptations between M. tuberculosis infected macrophages and hematopoietic
stem cells during emergency hematopoiesis. In infected macrophages, CD36 expression is upregulated during infection,
facilitating the uptake of long-chain fatty acids (LCFAs) and (oxidized) low-density lipoproteins ((ox-)LDLs) through CD36. M.
tuberculosis interferes with host lipid metabolism leading to the accumulation of these lipids as lipid droplets (LD). This benefits
its survival representing a nutrient source and concomitantly reducing NAD(P)H levels for the generation of nitric oxides (NO)
and reactive oxygen species (ROS) [303]. In hematopoietic stem cells (HSCs), CD36 expression is upregulated during emergency
hematopoiesis facilitating the uptake of LFCAs and (ox-)LDLs. This uptake supports the increased energy demands of
differentiation and proliferation and could potentially be exploited by M. tuberculosis [151].

In theory, the increase in nutrient availability and metabolic shift to fatty acid p-oxidation of
quiescent HSCs during emergency hematopoiesis could re-activate persisting dormant M.
tuberculosis in infected HSCs upon a secondary acute infection [151]. However,
resuscitation of tuberculosis, at least in a clinically relevant context, is not common to
secondary acute infections other than HIV. Hence, further studies are required to

characterize the extent to which M. tuberculosis accesses HSC lipid metabolism and storage.

Persistence of M. tuberculosis as facilitated in lipid-rich environments is paralleled in both,
phagocytic cells, such as foamy macrophages, as well as non-phagocytic cells such as
HSCs. Activated monocyte-derived macrophages that switch to glycolysis can control M.
tuberculosis more effectively than alveolar macrophages relying on fatty acid metabolism
[285,304]. These observations have prompted novel therapeutic strategies focusing on
metabolic reprogramming, and CD36 has been proposed as a target for host-directed

therapies. However, targeting CD36 might prove challenging. While targeting CD36 could
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3. CD36 as a Putative M. tuberculosis Receptor in HSCs

theoretically improve macrophage-mediated control and protect the HSC reservoir from
infection by M. tuberculosis, it would likely impair essential hematopoietic processes.
Despite identifying the receptor for M. tuberculosis internalization in HSCs, CD36 is an

unsuitable target to interfere with M. tuberculosis pathogenicity.

3.3 Concluding Remarks on CD36

In conclusion, our findings reveal a novel mechanism by which M. tuberculosis exploits a
CD36-mediated process, canonically involved in the metabolic adaption of HSCs to stress,
to facilitate its own entry into these non-phagocytic cells. The capacity of mycobacterial
surface molecules to bind CD36, or the capacity of CD36 to also recognize pathogen-derived
molecules, represent a prime example of host-pathogen co-evolution. As M. tuberculosis
remains the only bacterial pathogen known to infect HSCs to this date, this represents a yet
unique strategy of host-cell invasion. The molecular resemblance of endogenous ligands by
mycobacterial surface molecules might trigger CD36 recognition, initiating an intracellular
signalling cascade that leads to actin-remodelling and eventual internalization by a
macropinocytosis-like mechanism. As pathogens other than M. tuberculosis also target
CD36 for host cell invasion, CD36 alone cannot be the sole determinant for M. tuberculosis

permissiveness in HSCs and secondary pathways are likely involved [288,292].

Despite these insights, several key aspects of this mechanism remain unexplored. The exact
molecular pathways linking CD36 ligation to the activation of small GTPases and NPFs require
further investigation, particularly how these pathways drive the tightly spatiotemporally
regulated cytoskeletal rearrangement critical for bacterial uptake. Additionally, the role of
CD36 in the recruitment of clathrin during M. tuberculosis internalization is still entirely
unclear, as is the degree to which clathrin is essential for this process in general. Future
studies are necessary to fully delineate these pathways and to understand the broader

implications of CD36 in both host-pathogen interaction and HSC physiology.

4. Developing Permissiveness to Infection in HSCs

The differential susceptibility of HSCs to infection by a certain but not to other pathogens -
specifically, their resistance to invasive bacteria such as Salmonella and Listeria while being
permissiveness to M. tuberculosis — remains a fundamental question. Elucidating the
mechanisms underlying permissiveness will provide valuable insights into protecting the

HSC niche against infection during tuberculosis. While receptors such as CD36, along with
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other yet-to-be-identified receptors, have been implicated to play an important role in HSC
permissiveness, these factor alone cannot fully account for the observed permissiveness.
Moreover, our findings indicate that M. tuberculosis-induced signalling primes HSCs to
become permissive to infection, as we found both, host-specific variability and differential

kinetics of in vitro HSC infection by M. tuberculosis.

4.1 Inflammaging as a Driver of HSC Permissiveness

In contrast to murine bone marrow HSCs and adult human circulating HSCs, we demonstrate
that neonatal umbilical cord blood HSCs are resistant to infection by M. tuberculosis (Fig.
24). The observed differences between immunophenotypically identical cells under identical
experimental conditions, proof that donor age exerts a more pronounced influence on
permissiveness than host species or tissue origin. This heterogeneity led to the hypothesis
that HSC subsets acquire age-related modifications over time between birth and adulthood,
rendering them increasingly permissive to infection over time. Aging in HSCs is recognized by
epigenetic and transcriptional imprinting, increased expression of stress markers and
accumulation of DNA damage, resulting in reduced self-renewal capacity, myeloid lineage
bias, resistance to apoptosis, impaired autophagy, and disturbed migration [305]. These
physiological differences between adult and neonatal HSCs arise from cumulative exposure

to inflammatory signals, a process described as ‘inflammaging’ (Fig. 38) [238,306].

Further, the ‘generation age hypothesis’ postulates that HSC heterogeneity is driven by an
individual cell’s proliferative history, shaped by repeated inflammatory events that require the
cell cycling of the most upstream progenitors [307]. Over time, these cumulative events not
only induce intrinsic changes within HSCs but also alter the cellular composition of the HSC
pool, leading to the accumulation of myeloid-biased HSCs that replace the predominantly
lymphoid biased HSCs present during early stages of life [232]. Key drivers of this progression
include interactions with the commensal microbiome and pathogenic agents, which begin
influencing the hematopoietic system as early as during embryonal development and are
essential for maintaining healthy, steady-state hematopoiesis [305,308]. Microbial
translocation from the intestinal lumen into circulation along with chronic exposure to
microbiome-derived molecules, sustains pro-inflammatory signalling — particularly through
IL-1 and TNF-a pathways — which promote the accumulation of myeloid-biased HSCs
expressing Csf3r, Eto, Hoxb6 and Meis2 alongside other aging-related phenotypes [305].

Furthermore, microbiome-derived short-chain fatty acids (SCFAs) have been shown to
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modulate HSC commitment by influencing metabolic processes, such as iron availability in

the bone marrow [309].
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Figure 38: Inflammaging of hematopoietic stem cells. Hematopoietic stem cell (HSC) heterogeneity is shaped by repeated
inflammatory events. Chronic exposure to microbiome-derived microbe-associated molecular patterns (MAMPs) and short-
chain fatty acids (SCFAs), which affect iron availability, and pro-inflammatory cytokines in response to infections (particularly
interleukin 1 (IL-1) and tumor necrosis factor alpha (TNF-a)), promote the accumulation of myeloid-biased HSCs over time. This
leads to reduced self-renewal capacities and increased differentiation towards myeloid effector cells, which impairs immune
competence of the host [305].

Although we did not directly assess the differentiation potential between neonatal HSCs and
M. tuberculosis-infected adult HSCs, we hypothesize that the permissive cells observed in
adults became enriched in humbers over time forming a subset of myeloid-biased HSCs,
which are scarce in neonatal hosts but accumulate with age and exposure to inflammatory
signals. This hypothesis could explain the differential infection frequencies, as only myeloid
biased HSCs may express the requisite signalling pathways for CD36- and clathrin-mediated
internalization of M. tuberculosis or may represent a distinct stage of myeloid-biased HSCs.
Since reliable immunophenotypic markers to distinguish lineage-biased HSC subsets are not
yet established, future research will be required to characterize these subsets in greater
detail and validate our hypothesis. Given the wide distribution in CD36 surface expression
between study sites and donors (Fig. 29), a substantial influence of inflammaging and donor
heterogeneity on the receptor that facilitates M. tuberculosis internalization by HSCs is
indicated. Evaluation of HSC permissiveness in germ-free mice and CD36 expression in
neonatal HSCs might provide initial insights in support of this hypothesis. In summary, we

propose that the proliferative history of HSCs and their exposure to various commensal and
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pathogenic stimuli not only dictate lineage commitment and stemness but also confer the

genetic plasticity required for permissiveness to M. tuberculosis infection.

4.2 M. tuberculosis Induces Permissiveness in HSCs During
In Vitro Culture

In our own observations of in vitro infection of phagocytic macrophages or neutrophils,
intracellular localization of M. tuberculosis is typically observed within 2 hours, reaching an
infection rate of ~100 % at a MOI of 3. In contrast, infection of HSCs progresses markedly
slower, with most cells becoming infected between 12- and 24-hours upon inoculation (Fig.
9). These observations cannot solely be explained by differences in cellular motility between

the cell types.

We hypothesize that, rather than being inherently permissive, myeloid-biased HSCs acquire
a state of priming that predisposes them to become permissive in response to additional
stimuli encountered during culture in presence of M. tuberculosis. Although in vitro culture
alone induced an expansion of CD34" CD45RA" hematopoietic progenitors, this expansion
did not correlate with increased HSC infection rates (Fig. 26). Moreover, periods of culturing
HSCs with mycobacterial PAMPs in the absence of viable M. tuberculosis did not enhance
permissiveness or accelerated the kinetics of infection after such initial culture (Fig. 28).
These findings indicate that permissiveness to M. tuberculosis infection is not a mere
consequence of in vitro culture and the loss of niche-specific host factors, as has been

described in long-term cultured of HSCs, which tend to accumulate myeloid functions [248].

Notably, treatment of HSCs with mycobacterial PAMPs did not induce a permissive
phenotype either. Although some studies claim that HSCs express TLRs, allowing them to
directly respond to PAMPs, these reports are often misattributed to HSCs. Misleading
nomenclature — where murine LKS (Lin" c-Kit* Sca-1*), or human CD34" populations are
labelled as HSCs - alongside the inaccurate use of HSC and HSPC terms has contributed to
an ambiguous literature landscape [166,310-312]. Yet, no study has comprehensively
characterized the PRR repertoire in precisely defined HSC populations. In support of our
observation that M. tuberculosis -derived PAMPs did not induce permissiveness, we found
that in our hands HSCs lack TLR2, TLR4, TLR9 and MMR, with CD36 being the only PRR
detected on HSCs (Fig. 31). However, the absence of any influence from potential CD36-
ligands such as irradiated mycobacteria, whole cell lysates, cell wall fractions, or mannan on

HSC infection rate suggest that while CD36 is involved in uptake, its signalling does not
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influence permissiveness. However, we cannot completely exclude the possibility of intrinsic
PAMP-mediated signalling in HSCs, as not all receptors described to recognize M.

tuberculosis were included in our analysis, such as C-type lectins other than MMR [313].

Responses of HSCs to non-mycobacterial PAMPs have been shown to be mostly indirectly
mediated by cytokine secretion from stromal cells and hematopoietic progenitors [136]. Our
findings that neither M. tuberculosis-derived PAMPs nor dead whole bacteria induced
permissiveness, led us to rather hypothesize that inflammatory mediators secreted in
response to infection with viable M. tuberculosis are necessary to trigger signalling cascades
that gradually render HSCs permissive. Studies on emergency hematopoiesis and HSC
imprinting during mycobacterial infections highlight the role of interferons, particularly IFN-y
upon M. bovis infection and IFN-a upon M. tuberculosis infection, in triggering HSC signalling
pathways [158,169]. Gene expression profiling of HSCs from M. tuberculosis-infected
animals revealed enrichment in pathways related to interferon responses, inflammation and
IL-6/JAK2/STAT3 signalling [158]. Consistent with our preliminary findings showing STAT3
activation in infected HSCs, these results suggest that pro-inflammatory signalling may
represent the missing link between M. tuberculosis and the induction of HSCs

permissiveness (Fig. 32).

Most importantly, we found no evidence that permissiveness to M. tuberculosis is due to
differentiation into myeloid progenitors. Permissiveness to non-mycobacterial pathogens in
comparable experimental settings were only observed by Kolb-Maurer et al. 2002 after three
days of culture and was associated with the expression of lineage markers as signs of
differentiation [189]. In our study, infected HSCs retained all immunophenotypic markers
characteristic of bona fide HSCs throughout the experiments. Nevertheless, it remains
possible that HSC permissiveness is a byproduct of myeloid-biased HSCs on the verge of
differentiation, driven by cytokine instruction. Unilineage-restricted cells can emerge directly
from cytokine-primed, undifferentiated HSC without transitioning through recognizable MPP
stages [141,314]. Especially type | and Il interferon signatures are both, established key
mediators of HSC-signalling, but also define immune protective (IFN-Il) versus susceptible
pathogenic (IFN-1) host responses during tuberculosis [157,158,169,315,170-173]. Therefore,
detailed transcriptional analysis and characterization of the differentiation potential of

infected HSCs are crucial to elucidate genetic-based factors of permissiveness.

In summary, our findings suggest that the permissiveness of HSCs to M. tuberculosis is not

intrinsic but rather a product of extrinsic inflammatory signals, potentially mediated by

110



E. Discussion

cytokines such as interferons | and/or Il. Certain HSC subsets might undergo functional
changes during culture, rendering them permissive to M. tuberculosis. Thus, permissiveness
to infection may represent a side-effect, of the HSC’s role in immune surveillance and their
ability to adapt their hematopoietic function and lineage commitment in response to
microbial and inflammatory signals. Future studies should aim to precisely define the
molecular mechanisms underlying this phenomenon and the definitive role of lineage-biased

HSC subsets.

5. HSCs - Prime Targets for Mycobacterial Persistence

While our study provides a foundational understanding of the key processes leading up to the
infection of HSCs, the functional role of infected HSCs — once M. tuberculosis successfully
establishes this reservoir — remains largely undefined. The bone marrow’s unique function,
combining both primary and secondary lymphoid features, and the distinct properties of
HSCs and their niches, makes it an attractive site for pathogen persistence and host immune
system manipulation. Although hematopoietic manifestations of tuberculosis, such as
pancytopenia, are observed, they are typically linked to miliary tuberculosis in patients with
pre-existing immune impairing comorbidities [316]. Moreover, the idea that impaired
immune-driven resistance allows pathogen persistence has so far been primarily attributed
to systemic signals transferred to bone marrow cells instead of direct interactions of M.
tuberculosis within the bone marrow environment [158,317,318]. Therefore, our
understanding of the interactions within the bone marrow in the context of tuberculosis is still

limited.

However, it is important to note that M. tuberculosis is not the only pathogen known to
infiltrate the bone marrow, as several other pathogens exhibit a tropism for hematopoietic
progenitors, albeit not specifically HSCs. Comparison with other infectious diseases in which
bone marrow progenitors become infected, may offer valuable insights into the potential
consequences of HSC infection during tuberculosis (Tab. 21). Exploring these parallels could
elucidate the broader implications of HSC involvement in latent infections and pathogen

persistence.
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Table 21: Non-viral pathogens infecting bone marrow cells.

Species Host cell Role during Infection Ref.

Bacteria:

M. tuberculosis Mesenchymal Stem Cells, Surviving treatment [158]
Myeloid Cells, Interference with innate [186]
Hematopoietic Stem Cells immune training [187]

M. bovis BCG Monocytes Innate immune training [169]

L. monocytogenes Macrophages, Reservoir with insufficient [319]
Myelomonocytic Progenitors  antimicrobial properties [320]

[321]

B. abortus Monocytes, Neutrophils, Disease Resuscitation [322]
Granulocyte Monocyte [323]
Progenitors [324]

S. typhi Not assessed Surviving Treatment [325]

S. typhimurium Mature Myeloid Cells, Surviving Treatment [189]
Myeloid Progenitors, B Cells, Reservoir with insufficient [326]
B plasma cells, B cell antimicrobial properties
precursors

Protozoa:

L. infantum, Hematopoietic Stem Cells, Surviving Treatment [327]

L. donovani & Mesenchymal Stem Cells, Disease Resuscitation [328]

L. major Mature Myeloid Cells, Early Reservoir with insufficient [329]
Myeloid Progenitors (L. antimicrobial properties
major)

Fungi:

H. capsulatum Mesenchymal Stem Cells, Reservoir with insufficient [330]
Hematopoietic Progenitors antimicrobial properties [331]

P. brasiliensis Mesenchymal Stem Cells Reservoir with insufficient [332]

antimicrobial properties

Protection against antimicrobial regimen and a source of disease resuscitation

The primary implication of bone marrow infection, common to most pathogens is the

establishment of a persisting reservoir throughoutimmune responses and medicaltreatment

(Fig. 39). This reservoir can serve as a source for disease resuscitation and peripheral

dissemination, although in case of tuberculosis, lung granulomas are still assumed to be the

primary source of reactivation. Among the unique traits of the bone marrow environment, the

impaired efficacy of antimicrobial regimen holds the highest clinical relevance and often led

to the initial discovery of bone marrow infections by various pathogens. Relapses after

‘successful’ treatment of tuberculosis, visceral leishmaniasis, and typhoid fever have been

112



E. Discussion

attributed to a bone marrow reservoir that persists through treatment, causing disease
relapses [180-183,187,327]. Although tuberculosis patients may meet the WHO’s guidelines
for clinical treatment endpoints (e.g., consecutive culture negativity in sputum), viable
mycobacteria were still recovered from CD271" CD45  mesenchymal stem cells in bone
marrow [181,185]. The persistence of bone marrow-dwelling mycobacteria throughout

treatment was also confirmed in controlled experimental tuberculosis in mice [182].

The generally lower perfusion of bone marrow compared to other tissues might drive this
observation [333]. Perfusion negatively correlates with the distance to the sinusoids and is
most pronounced in the endosteal microenvironments, which is the main niche of HSCs
[334]. Additionally, M. tuberculosis enters a dormant, non-replicative state within the hypoxic
endosteal HSC niches, which is indicated by dosR, c-lat and hspX expression facilitating
reduced drug efficacy as most first-line drugs — except pyrazinamide - only target
metabolically active bacteria [132,335,336]. The elevated activity of efflux pumps in HSPCs
might further reduce intracellular drug concentration and efficacy, lowering the effective

intracellular drug concentrations reaching the pathogen [337].
Immune impairment through modulated hematopoiesis:

Since the discovery of trained immunity and HSC imprinting, it has been hypothesized that
immune impairment allowing mycobacterial persistence is not only mediated by transient
effects in mature post-mitotic immune cells but originates from imprinted self-renewing
HSCs [158,169]. Negatively imprinted HSCs are known to cause long-term impairments in
the immune system’s antimicrobial function (Fig. 39) [158]. Macrophages derived from M.
tuberculosis-infected donors fail to control mycobacterial growth upon a secondary
infectious challenge, both in vitro and in vivo. This impairment persists for at least one year
after pathogen clearance and originates from epigenetically imprinted HSCs [158]. It has also
long been speculated that the lack of natural T cell driven immunity and protection originates
from intrinsic reprogramming as well [218,338]. While both M. bovis BCG and virulent M.
tuberculosis induce similar transcriptional changes in HSCs, HSCs exposed to M.
tuberculosis do not develop trained immunity phenotypes but conferimmune impairment in
their progeny due to additional activation of type | IFN and heme pathways. These detrimental
effects were solely attributed to the paracrine responses of type | IFN production [158]. Given
the conflicting reports on the permissiveness of HSCs to M. tuberculosis and the incomplete
validation in the respective studies, as discussed above (section E.1.4), a contribution of

infected HSCs and early progenitors to the phenotypes described should not be entirely
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omitted. Particularly the finding that necrotic cell death in myeloid but not other
hematopoietic progenitors skews hematopoiesis toward lymphopoiesis, could be explained
by M. tuberculosis infection, although it remains an open question why necrosis was not
observed in HSCs [158]. The distinct outcomes of interactions between M. tuberculosis and
M. bovis BCG with HSCs considering that only M. tuberculosis but no other mycobacterial
species might be able to infect them, opens the possibility that this difference is a key driver

of detrimental imprinting driving M. tuberculosis persistence.

In addition to the direct interaction between HSCs and M. tuberculosis, the chronic exposure
to microbial and pro-inflammatory signals during mycobacterial persistence might further
drive immune impairment. Signaling in response to acute infection mediates protective
emergency hematopoiesis [147,166,339]. In contrast, the chronic exposure to identical
signals asiit likely happens in tuberculosis mediates HSC exhaustion in association with long-

term impairments in myeloid output [157,340,341]

In conclusion, the immune dysfunction apparent throughout the distinct disease stages of
tuberculosis is not only driven by direct interactions between M. tuberculosis and immune
effector cells at the primary site of infection but also by lasting impairments imposed on the
hematopoietic system. To which extent infected MPP populations are also involved in these
impairments has yet to be characterized. HSCs may primarily serve as a long-term source of
imprinted cells, whereas MPPs could represent the more immediate targets to induce
immune impairment, as only during acute inflammation, but unlikely during mycobacterial
persistence in latent tuberculosis, HSCs extensively engage in proliferation [342]. This
underscores the need for further investigation into the mechanisms underlying HSC infection

and its broader implications for long-term immune competence.
Infecting cells with insufficient antimicrobial properties:

The primary hallmark of the bone marrow is the presence of immature immune cells. As a
result, cells that lack fully developed downstream processing pathways may internalize
pathogens. This concept is supported by the Infection of HSCs by Leishmania, the only other
non-viral pathogen known to infect HSCs. Unlike IFN-y-activated macrophages, in which
reactive oxygen species and nitric oxide (ROS/NO) production increases upon infection,
production declines over time in infeced HSCs, resulting in increasing amastigote burdens
[327,343,344]. Similar effects could lead to reduced tuberculocidal activity in M.
tuberculosis-infected HSCs. Although further experiments are needed to support our

observation, deletion of the RD1 region, which attenuates M. tuberculosis and is necessary
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for macrophage intracellular survival and growth, did not affect the infection frequency in
HSCs 20 hours after inoculation (Fig. 23) [345,346]. Additionally, myeloid progenitors with
inadequate antimicrobial responses undergo delayed apoptosis upon infection compared to
activated professional phagocytes, extending the potential period of intracellular replication

and delaying immune recognition [189].

Besides intrinsic lack of antimicrobial responses, there is also a lack of exogenous pro-
inflammatory signals in the bone marrow to mediate immune protection [347]. The bone
marrow contains the highest numbers of CD4" CD25" FoxP3" regulatory T cells (Tregs)
compared to any other secondary lymphoid organ [348]. These T limit inflammation in the
stem cell niche through IL-10 production [348,349]. HSCs play a significant role in
maintaining this immune privilege by engaging in immune surveillance to prime resident CD4"
T cells via MHC-II-presented endo- and exogenous antigens (Fig. 39) [347,350]. While HSCs
only weakly express classical co-stimulatory molecules, the co-inhibitory molecule PD-L1 is
abundant. When primed by antigen-presenting HSCs, T cells are polarized into a Tr1-like
phenotype associated with the expression of IL-10, programmed death-1 (PD1), programmed
death ligand-1 (PDL1), lymphocyte-activation gene 3 (LAG3) and T-cell immunoglobulin and
mucin-domain containg-3 (TIM3), limiting inflammation [350]. In a similar mechanism,
infection of HSCs by M. tuberculosis could lead to the cross-presentation of mycobacterial
antigens to CD4" T cells and the subsequent priming and expansion of M. tuberculosis-
reactive T.g With anti-inflammatory properties. Nevertheless, maintenance of immune
privilege during bone marrow infections and how T..es may influence pathogen persistence in

HSC microenvironments has yet to be characterized.
Conclusions

The published data on tuberculosis, listeriosis, typhoid fever, and leishmaniasis — where
pathogens have been identified within bone marrow — suggest that bone marrow infection is
an integral part of the pathogenicity of these facultative intracellular microbes. The infection
of HSCs by M. tuberculosis particularly highlights how pathogens can hijack the unique
features of HSCs and the hematopoietic system. In the light of evolution, the human immune
system likely benefitted from HSCs that acquired mechanisms enabling them to take part in
immune surveillance. However, the same mechanisms are in danger of being exploited by
bacteria, especially by using a receptor for infection, CD36, which is critical for HSC function,
so that mutations conferring resistance to infection are unlikely. A perfect example of the

arms race that is host-pathogen co-evolution.
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Figure 39: Consequences of bone marrow infection. A) Lower perfusion and sinusoidal distance protect against anti-microbial
regimen. Host cells expressing efflux pumps and bacterial dormancy in hypoxic endosteal niches further improve protection. B)
Hematopoietic stem cells (HSCs) can become detrimentally imprinted by adverse immune responses in bone marrow or
interactions with bone marrow dwelling bacteria. Imprinted progeny has impaired antimicrobial function and potentially
interfere with bacterial control in the periphery. C) The bone marrow is an immune privileged niche and contains the highest
numbers of regulatory T cells (Tregs) compared to any other secondary lymphoid organ. Dampening pro-inflammatory responses
could protect bone marrow bacteria against elimination. Hematopoietic progenitors also possess inferior microbial processing
functions compared to their mature counterparts. D) The bone marrow can function as a reservoir of infected migrating cells
disseminating pathogens into peripheral tissues.

6. How M. tuberculosis Infects HSCs — An Outlook

Our findings propose a hypothetical model delineating a sequential cascade of events that
ultimately enable M. tuberculosis to infect HSCs (Fig. 40). At birth, HSCs exist in their most
naive state, characterized by maximal ‘stemness’ [306]. With advancing age, HSCs
accumulate pro-inflammatory signals that are essential for maintaining healthy steady-state
hematopoiesis but also drive a progressive shift toward myeloid-biased HSCs, concomitant
with a decline in intrinsic ‘stemness’ [232]. We hypothesize that specific subsets of HSCs,
particularly myeloid-biased subpopulation, may exhibit a genetically primed state that
induces key factors required for pathogen internalization in response to M. tuberculosis-

triggered inflammatory cues.
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Engagement of CD36, may initiate signalling cascades leading to cytoskeletal remodelling,
engaging clathrin in a yet to define function. This remodelling likely triggers an actin-driven
macropinocytosis-like mechanism that, although mechanistically distinct from classical
macropinocytosis, generates membrane ruffles leading to M. tuberculosis uptake into HSCs.
Onceinfected, HSCs may constitute a critical niche for persistence, contributing to long-term

immune dysregulation and serving as a reservoir for disease resuscitation.
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Figure 40: The hypothetical chain of events enabling M. tuberculosis to establish a niche in hematopoietic stem cells.
Naive hematopoietic stem cells (HSCs) acquire myeloid bias (my-HSC) through inflammaging and become permissive to M.
tuberculosis infection by extrinsic signals to viable mycobacteria. This enables M. tuberculosis to induce its internalization
through CD36-signalling and eventual actin-mediated membrane remodelling. Infected HSCs might represent the source of
long-lasting immune impairments and a potential niche for persistence and disease resuscitation.

Several open questions along this cascade of events warrant further investigation, as
elaborated in the respective sections. A key question is whether inflammaging and myeloid
lineage bias indeed influence differential permissiveness between neonatal and adult-
derived HSCs (section E.4.1). Germ-free murine models may provide a suitable system to
examine HSCs in the absence of prior microbial exposure and assess their susceptibility to
M. tuberculosis infection. To further explore CD36 as a putative receptor, investigating its
expression in HSCs of neonatal or germ-free origin could elucidate the heterogeneity within
the HSC compartment as observed in our study. Given the lack of reliable phenotypic markers

for myeloid lineage bias in HSCs, confirming myeloid bias in permissive HSCs subsets
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requires functional characterization [232,234]. However, such characterization is
challenging, as permissiveness is only then becoming obvious when HSCs internalize M.
tuberculosis. This interaction may however immediately alter host cell physiology, harrowing
the window in which the functional state can be assessed un-biased. Deciphering the
molecular pathways mediating internalization could thus offer an indirect means of defining

permissiveness to circumvent this limitation.

In this study, we identified CD36 recognition (section E.3), clathrin interactions (section
E.2.4), and subsequent actin polymerisation (section E.2.1) as key checkpoints of M.
tuberculosis uptake in HSCs. The involvement of yet-to-be verified SFKs, clathrin-box ligands
and NPFs, represents missing mechanistic links between M. tuberculosis recognition and
cytoskeletal remodelling. Their expression could identify permissiveness-determining
genetic programs in HSC subsets. Investigating the spatial co-localization of clathrin (within
sub-membranous plagues) and NPFs, such as ARP2/3, at sites of M. tuberculosis adherence,
along with analyses of downstream signalling, for example through interference with CD36-

palmitoylation constitutes a logical next step [209,294].

Moreover, to define the role of HSC infection in M. tuberculosis persistence, we propose
refining our whole-mount multiparameter immunofluorescence imaging approach to
spatially resolve the M. tuberculosis reservoir within bone marrow. Potential localization
within hypoxic endosteal regions together with spatial transcriptomics of bone marrow cells
may inform a dormant bacterial phenotype within quiescent HSCs, conferring protection
against both immune clearance and therapeutic interventions (section E.5). Initial analyses
in vivo found M. tuberculosis in an unculturable state within HSCs, expressing dormancy-
related genes [187]. We have yet to investigate whether M. tuberculosis shares this phenotype
in vitro for future studies. So far, CFU-assays in vitro have been inconclusive due to technical
and bio-safety limitations when isolating an infected homogenous HSC population without

fixation.

Finally, utilizing our in vitro models to inhibit HSC infection may clarify whether the immune
imprinting effects observed by Khan et al. arise from direct intracellular infection or indirect

host-pathogen interactions [158].

Understanding the distinct implications of mycobacterial persistence in HSCs within the
bone marrow and in peripheral tissue is crucial. Only through an in-depth understanding of
these interactions, can we fully recognize the role of HSCs and their infection in tuberculosis

and ultimately invent strategies to safeguard the HSC niche against infection.
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Figure S1: Sorting of human Hematopoietic Stem Cells for Confocal Laser Scanning Microscopy. Hematopoietic progenitor
cell cultures from human peripheral blood were infected with M. tuberculosis H37Rv DsRed at a MOI of 10. 20 hours post-
infection immunofluorescence staining for surface antigens was performed and HSCs were sorted. Cells are gated in FSC-A
against SSC-A. Following doublet-exclusion using FSC-H against FSC-A. Human HSCs are identified as CD34* CD45RA" Lin’
CD38"°" CD90" cells. Human MPPs are identified as CD34* CD45RA  Lin CD38°" CD90" cells.
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Figure S2: Representative gating scheme to immunophenotypically identify viable human hematopoietic stem cells and
multilineage potential progenitors. Cells are gated in FSC-A against SSC-A. Following doublet-exclusion using FSC-H against
FSC-A, human HSCs are identified as CD34* CD45RA" Live/Dead” Lin- CD387°" CD90" cells. Human MPPs are identified as
CD34" CD45RA" Live/Dead Lin CD38"°" CD90" cells. Representative gating is shown for a CD34"-enriched human peripheral
blood culture after 20 hours of incubation.
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Figure S3: Representative FACS plots to immunophenotypically identify CD36* HSCs. Human HSCs are identified as CD34"
CD45RA" Live/Dead” Lin” CD387°" CD90" cells. Human MPPs are identified as CD34" CD45RA" Live/Dead" Lin- CD38"'°¥ CD90"
cells. Subpopulations of CD36" HSCs (A) and CD36" MPPs (B) are identified by CD36-FITC fluorescence. C) Frequency of all
CD36" cells in the cell culture. Representative gating is shown for a CD34"-enriched human peripheral blood culture after 20
hours of incubation.
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Figure S4: Surface expression of the class B type scavenger receptor CD36 by Hematopoietic Stem Cells from low-
baseline donors in response to M. tuberculosis-derived pathogen-associated molecular patterns in vitro. Peripheral blood
cells from adult human donors were collected and CD34"-cells were enriched. Progenitor-enriched cultures were incubated M.
tuberculosis H37Rv-derived pathogen-associated molecular patterns for 20 hours: Whole bacteria = y-irradiated M.
tuberculosis [20 pg/mL]; Lysate = Whole cell cysates [20 pg/mL]; CFP = Culture filtrate protein [20 pg/mL]; TDM = Trehalose
dimycolate [20 pg/mL]; PG = Peptidoglycan [20 pg/mL]; Lipids = Lipids [20 pg/mL]; IL-6 = Interleukin-6 [200 ng/mL]; LPS =
Lipopolysaccharide (from S. Minnesota R595) [100 ng/mL]. The mean fluorescence intensity (MFI) of CD36-FITC, was quantified
using FACS (HSC: CD34* CD45RA" Lin- CD38"°" CD90*; MPP: CD34* CD45RA" Lin- CD38"°" CD90"). Donors were stratified into
two subgroups based on the ratio of CD36" hematopoietic stem cells in untreated samples by k-means clustering (k = 2). Only
donors of the identified low-baseline expression group were analyzed. Bars represent the mean = SD [n=3]. Statistical
significance is determined by paired one-tailed t-test. Asterisks indicate p-values (*p < 0.05; ns p > 0.05).
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