UNIVERSITAT ZU LUBECK

From the Priority Research Area Infections
Division of Cellular Microbiology

Research Center Borstel-Leibniz Lung Center
Director: Prof. Dr. Ulrich E. Schaible

Influence of Alterations in lron Metabolism on
Anti-mycobacterial Host Defense

Dissertation
for Fulfillment of
Requirements
for the Doctoral Degree
of the University of Liibeck

from the Department of Natural Sciences

Submitted by

Jessica Ebot-Otang Akoh-Arrey
From Yaounde, Cameroon

Libeck 2023



First referee: Prof. Dr. rer. nat. Ulrich E. Schaible
Second referee: Prof. Dr. med. Christian Sina
Rapporteur: Prof. Dr. rer. nat. Norbert Tautz
Date of oral examination: 29 November 2023

Approved for printing. Libeck, 19 December 2023






Table of Contents

Table of Contents

Abstract

1

Introduction

1.1 lIron Biology . . . . . . . . . .. ..
1.1.1 lron acquisition, absorption, and homeostasis | . . . . . . . . . ..
1.1.2  Regulation of cellular iron homeostasis via the IRE/IRP network/ . .
1.1.3  Systemic regulation of iron homeostasis by hepcidin| . . . . . . ..
1.1.4 Crosstalk between iron regulation and innate immunity . . . . . . .

1.2 Tuberculosis . . . . . . . . . ...
1.2.1  Microbiology of M. tuberculosis (Mtb) . . . . . . . ... ... ..
1.2.2 Epidemiology of TB| . . . . . . . .. .. ... ... ...
1.2.3 Pathogenesis and pathophysiology . . . . . . . . . ... ... ...
1.2.4 Treatment and vaccine . . . . . . . . . . .. .. ... .. .....
1.2.5 Host response to Mtb and nutritional immunity . . . . . . . . . ..

1.3 The Microbiotal. . . . . . . . . . . . . ...
1.3.1 The intestinal microbiota . . . . . . . ... .. ... ... ....
1.3.2  The respiratory tract microbiota . . . . . . . . .. ... ... ...

1.4 Statement of intent and objectives| . . . . . . . ... ...

Materials

2.1 Chemicals and Reagents . . . . . . . . . .. ... .. ... ... ...
2.2 Consumables . . . . . . .
2.3 Buffers, Solutions and Medial . . . . . . . . . ...
2.4  Kitsl. . .
2.5 Antibodies . . . . . ...
2.6 Primers . . . . ..
2.7 Equipment . . . . . . ...
2.8 _Softwarel . . . . ..
2.9 Bacterial Strainsl . . . . ..
2.10 Mice . . . . .

Methods

3.1 Invitro Experiments . . . . . . .. ..
3.1.1 lIsolation of mouse bone marrow-derived macrophages . . . . . ..
3.1.2 Isolation of mouse peritoneal macrophages . . . . . . ... .. ..
3.1.3 Isolation of mouse alveolar macrophages . . . . .. .. ... ...
3.1.4 Treatment of mouse macrophages . . . . . . . . . ... ... ...

vii

~N W N e

12
12
13
14
15
17
17
18
19

21
21
23
24
25
25
26
27
27
28
28

29
29
29
29
30
30



3.1.5  Culturing of Mtb for in vitro infections | . . . . . . . . . ... ...
3.1.6  Colony-forming unit (CFU) numeration assay, . . . . . . . ... ..
3.1.7 Measurement of nitrite production . . . . . .. ...

3.2 Invivo Experiments . . . . .. ..
3.2.1 FEthicsstatement/ . . . . . . . .. ... .
3.2.2 Experimental animals . . . . ... ... ... 0.
3.2.3 Infection of experimental animals with Mtb . . . . . . . .. .. ..
3.2.4 Health monitoring . . . . . . ... . ...
325 Organremoval . . . . . . . ...
3.2.6 Colony-forming unit (CFU) enumeration assay| . . . . . . ... ..
3.2.7 Whole blood collection and serum preparation| . . . . ... .. ..

3.3 Histopathological and Immunohistochemical Analyses . . . . . . ... ..
3.3.1 Tissue processing for histopathology . . . . . . . .. .. ... ...
3.3.2 Cryopreservation of tissues|. . . . . . . . . .. . ... ... ....
3.3.3 Hematoxylin and eosin (H&E) stain . . . . . .. ... ... ....
334 Perl'sstain . . . ... ...
3.3.5 Ziehl-Neelsen (ZN) stain . . . . . ... ... ... ... .. ....
33.6 OilRed Ostainf . . . . .. . ... ... ... ...
3.3.7 Immunohistochemistry . . . . . . . ... .00

3.4 Biochemical Analyses . . . . . . .. .. ...
3.4.1 Protein concentration measurement . . . . . . . ... ... . ...
3.4.2  Enzyme-linked immunosorbent assay (ELISA) . . . . ... ... ..
3.4.3 Determination of biochemical iron parameters . . . . . . . .. ..

3.5 Molecular Biology Analyses . . . . . .. .. ... ... ... ..
3.5.1 Total RNA extraction from tissuel . . . . . . . . ... ... . ...
3.5.2 Quantitative real-time reverse transcription (RT)- polymerase chain

reaction (PCR) (qRT-PCR) . . . . .. ... ... ... ... ...
3.5.3 DNA extraction of tissue . . . . . . .. ... ...
3.5.4 Genotying PCR . . . . . . . ..
3.5.5 16S rRNA library preparation . . . . . . ... ... .. ... ...

3.6 Immunological Analyses . . . . . . . ...
3.6.1 Multiplex cytokine assay| . . . . . . ...
3.6.2 Measurement of reactive nitrogen species production . . . . . . . .

3.7 Data Analyses . . . . . . ..
3.7.1 Bioinformatic analyses . . . . . . ... ... 0L
3.7.2 Statistical tests. . . . . . .. ..

Results

4.1 Effects of Dietary Iron Manipulation in Mtb Infection in vivo . . . . . . . .
4.1.1 Investigation of host responsiveness to Mtb . . . . . . . . . .. ..
4.1.2 Histopathological analysis of lung tissue . . . . . . . .. ... ...
4.1.3 Investigation of indicators of iron status/. . . . . .. .. ... ...
4.1.4 Quantitative evaluation of expression of iron metabolism genes
4.1.5 Investigation of mMRNA and protein expression levels of inflammatory

cytokines . . . . . .. L
4.1.6 Histological analysis for iron deposits in lung tissues . . . . . . . .
4.2 The Role of Iron Regulatory Proteins 1 and 2 in Mtb H37Rv Infection in

Macrophages in vitro, . . . . . . . . ... ..
4.2.1 Assessment of tissue-resident macrophage numbers . . . . . . . ..

30
31
31
31
31
31
32
32
33
34
34
34
35
35
36
36
36
37
37
38
38
38
38
38
38

39
40
41
42
43
43
43
43
43
44

45
45
45
47
48
49

51
52

54
54



4.2.2 Investigation of macrophage responsiveness to Mth|. . . . . . . ..
4.2.3  Determination of phagocytosis rate of bone marrow-derived macrophages
4.2.4  Evaluation of nitric oxide production in macrophages . . . . . . . .
4.2.5 Permissiveness of macrophages to Mtb following iron supplementation
and depletion . . . . . ...
4.3 The Influence of Iron Regulatory Proteins 1 and 2 on Host Responsiveness to
Mtb Infection . . . . . . . .. .
4.3.1 Investigation of host responsiveness to Mtb . . . . . . . .. .. ..
4.3.2 Clinical and pathological signs of Mtb infection/ . . . . . . . . . ..
4.3.3 Cytokine and chemokine quantification . . . . . ... ... .. ..
4.3.4 Determination of iNOS . . . . . . ... ... ... L.
4.3.5 Histopathological analysis of lung and liver tissue . . . . . . . . ..
4.4 The Role of Iron Regulatory Proteins 1 and 2 on Host lron Status during Mtb
Infection | . . . . . . ..
441 Quantitative evaluation of expression of iron metabolism genes
4.4.2 Histological analysis for iron deposits in lung, liver and spleen tissues
4.4.3 Assessment of red blood cell parameters . . . . . . ... ... ..
4,44 Evaluation of indicators of iron status/ . . . . . . ... ... . ...
4.5 The Influence of Microbiota Composition on Host Phenotypic Variation during
Mtb infection/. . . . . . .. ..
4.5.1 Visualization of differences or similarities in caecal microbiota composi-
tionl. . ..
452 16S rRNA taxonomy analysis . . . . . . .. .. ... ... ...
4.5.3 Investigation of host responsiveness to Mtb following cohousing . .
4.5.4 Histopathological analysis of lung tissue/. . . . . . . . .. .. ...
455 Assessment of red blood cell parameters . . . . . .. ... .. ..
4.5.6 Measurement of immune blood cells. . . . . .. ... ... ....
45.7 Cytokine quantification| . . . . . . . . ... ... ...

5 Discussion
5.1 The Effects of Altered Iron Regulation On Host Iron Status During Mtb Infection
5.2 The Influence of Iron Availability on Mtb Growth in Macrophages and Mice
5.3 The Role of Iron in Immunity against Mtb Infection| . . . . . . .. .. ..
5.4 The Influence of the Gut Microbiota on Host Phenotypic Variation during Mtb
Infection' . . . . . ...
5.5 Conclusion and Outlook . . . . . . . . ... ... ... ... ... ...

Bibliography

Glossary of Symbols and Abbreviations
List of Tables

List of Figures

Appendix

Publications and Presentations

Curriculum vitae

Vi

55
56
57

59

60
61
61
04
67
68

71
71
73
76
80

81

82
86

91
93
93
94

97
98
102
105

111
115

119
147
150
151
165
167

171



Abstract

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) remains a major global health
threat. Mtb relies heavily on iron for its growth, metabolism, and virulence. Iron plays an
equally crucial role in both the growth and survival of the eukaryotic host and the existing
resident organisms within the gut and lung or newly acquired organisms which may further
exacerbate TB or pave the way for co-infections. However, the impact of disruptions in iron
homeostasis on host iron status during Mtb infection and the contribution of two key regulators
of cellular iron metabolism, iron regulatory proteins (IRP) 1 and 2, to TB pathogenesis have
not yet been studied. Therefore, this study aimed to investigate the effects of altered iron
regulation on host iron status and immune responses before and during experimental Mtb
infection.

Wild type (wt) mice were fed an iron-control, iron-low or iron-rich diet before and during Mtb
infection. Additionally, wt mice and mice homozygous for IRP1 (Irp1~/=) or 2 (Irp2~/~) or
heterozygous for IRP2 (Irp2/~) were fed standard chow before and after infection with Mtb.
Expression of iron metabolism genes, indicators of host iron status, colony-forming units, and
cytokine levels were determined at various time points of the infection.

W1t mice fed an iron-rich diet showed higher hepatic hepcidin mRNA expression, higher Mtb
loads in lungs, spleens, and livers and more severe pulmonary pathology characterized by
larger inflammatory cellular infiltrates compared to controls. Iron-rich diet also led to iron
accumulation in alveolar macrophages and elevated serum ferritin levels which was exacerbated
during Mtb infection. Similar phenotypes were observed in Irp2~/~ mice. Furthermore, higher
TNFa and IFNy concentrations were observed in the lungs of Mtb infected /rp2~/~ mice at
days 28 and 63 post Mtb infection (p.i.) as well as in wt mice on an iron-rich diet at days
29 and 120 p.i. IL-13, IL-6, KC/GRO, MCP-1 and MIP-2 levels and nitric oxide production
were increased in Irp2~/~ mice compared to IrpI~/~ and wt mice at day 28 p.i. Therefore,
IRP2 downstream effects seem to be relevant for clearing Mtb and mediating host immune
responses in the early phase of Mtb infection. Taken together, these results indicate that
wt mice on an iron-rich diet and /rp2~/~ mice developed an iron overload phenotype, which
promoted growth of Mtb and inflammation.

To investigate if the observed phenotypes were driven by differences in microbiota composition,
a cohousing approach with germ-free wt mice was employed. Examination of the caecal
microbiota via 16S rRNA gene sequencing revealed that the genera Barnesiella and Turicibacter
were highly represented in IrpI~/~ mice, while Alloprevotella, Helicobacter, and Flavonifractor
were more abundant in /rp2*/~ mice when compared to wt mice. Bray-Curtis index of
dissimilarity showed comparable caecal microbiota composition between offspring of germ-
free wt mice (acceptor mice) cohoused with corresponding wt, IrpI~/~ and Irp2*/~ mice.
Furthermore, Mtb infection of these acceptor mice revealed lower Mtb loads in the lungs of
IRP1-acceptor during the early stages of infection, along with lower serum TNFa and IFN~
and blood monocyte counts. These results suggest an iron availability driven microbiota effect
on host response to Mtb infection independent of the iron overload phenotype observed in
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Irp2~/~ mice, which otherwise rendered these mice more susceptible to Mtb infection.
Overall, these results indicate that IRP1 and IRP2 have opposite downstream effects that
can influence host responses which control Mtb replication in mice in the early phase of
Mtb infection. The data presented in this thesis provides the basis for future studies on the
interplay of iron regulatory proteins, Mtb infection, and the ecological dynamics of microbial
communities within this context, which could potentially reveal new host-directed therapies to
effectively combat TB.

Zusammenfassung

Die durch Mycobacterium tuberculosis (Mtb) verursachte Tuberkulose (TB) ist nach wie vor
eine groBe globale Gesundheitsbedrohung. Mtb ist fiir sein Wachstum, seinen Stoffwechsel und
seine Virulenz stark auf Eisen angewiesen. Eisen ist aber auch wichtig fiir das Wachstum, die
Differenzierung und das Uberleben sowohl des eukaryotischen Wirts als auch der MikroOrgan-
ismen im Darm und in der Lunge als auch fiir andere Pathogene, als Koinfecktionen die TB
beeinflussen kénnen. Allerdings sind die Auswirkungen von Stoérungen der Eisenhomoostase auf
den Eisenstatus des Wirts wahrend einer Mtb-Infektion und der Beitrag von zwei Regulatoren
des zellularen Eisenstoffwechsels, der EisenregulierendenProteine, (IRP) 1 und 2, zur TB
Pathogenese noch nicht untersucht worden. Ziel dieser Studie war daher die Untersuchung
der Auswirkungen einer veranderten Eisenregulation auf den Eisenstatus des Wirts und die
Immunantwort vor und wahrend der experimentellen Mtb-Infektion.

Wildtyp Mause (wt) wurden vor und wahrend einer Infektion mit Mtb mit einer eisenfreien,
eisenarmen oder eisenreichen Diat geflittert. Zusatzlich wurden Mause, die homozygot fiir IRP1
(IrpI=/~) oder 2 (Irp2~/~) oder heterozygot fiir IRP2 (Irp2*/~) vor und nach der Infektion
mit Mtb mit Standardfutter erndhrt. Die Expression von Eisenstoffwechselgenen, Indikatoren
fur den Eisenstatus des Wirts, Mtb mengen und Zytokinspiegel wurden zu verschiedenen
Zeitpunkten der Infektion bestimmt.

Wt Mause, die mit einer eisenreichen Diat geflittert wurden, zeigten eine hohere hepatische
Hepcidin-mRNA-Expression, héhere Mtb-Zahlen in Lunge, Milz und Leber sowie eine schwerere
Lungenpathologie, die durch groBere entziindliche zellulare Infiltrate im Vergleich zu den Kon-
trollen charakterisiert war. Die eisenhaltige Ernahrung fiihrte auch zu einer Eisenakkumulation
in alveoldren Makrophagen und erhéhten Serumferritinwerten was sich wahrend einer Mtb-
Infektion noch verschlimmerte. Ahnliche Phanotypen wurden bei Irp2~/~ Mause beobachtet.
Hohere TNFa and IFN+-Konzentrationen in der Lunge von Mtb infizierten /rp2~/~ Mause
an den Tagen 28 und 63 nach der Mtb-Infektion (p.i.) sowie bei wt-Mausen mit eisenreicher
Erndhrung an den Tagen 29 und 120 p.i. genessen. Hohere Konzentrationen an IL-1/3, IL-6,
KC/GRO, MCP-1- und MIP-2-Spiegel sowie Stickoxid waren bei Irp2~/~ Mause im Vergleich
zu Irp1~/~ und wt-Miause am Tag 28 p.i. zu beobachtet. Daher scheinen die nachgeschalteten
Effekte von IRP2 fiir die Beseitigung von Mtb und die Vermittlung von Immunreaktionen des
Wirts in der friihen Phase der Mtb Infektion wichtig zu sein. Insgesamt entwickelten Mause,
die eine eisenreiche Diat erhielten, und lrp2_/_ Mause einen Phanotyp der Eiseniiberladung,
der Entziindungen und Wachstum von Mtb fordert.

Um zu untersuchen, ob die beobachteten Phanotypen auf eine Unterschiede in der Zusam-
mensetzung der Mikrobiota zuriickzufiihren sind, wurde ein Co-Housing-Ansatz mit keim-
freien wt-Mausen angewandt. Die Untersuchung des Zakalmikrobiota mittels 16S rRNA-
Gen-Sequenzierung ergab, dass im Vergleich zu wt-Mausen wurden in IrpI~/~ Mausen mehr
Bakterien der Gattungen Barnesiella und Turicibacter beobachtet, un der Gattungen Al-
loprevotella, Helicobacter, and Flavonifractor in Irp2t/~ Mausen. Der Bray-Curtis-Index
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of dissimiliarity zeigte eine vergleichbare Zusammensetzung der Zakalmikrobiota zwischen
Nachkommen keimfreien wt-Mause (Akzeptor-Mausen), die mit entsprechenden wt-, Irpl~/~
und Irp2t/~ Mausen gehalten wurden. Die Mtb-Infektion von Akzeptoren zeigte eine geringere
Mtb-Belastung in den Lungen von IRP1-Akzeptor Mause im Vergleich zu wt-Akzeptor- und
IRP2-Akzeptor Mausen zu Beginn der Infektion eine geringere Mtb-Belastung in der Lunge,
begleitet von niedrigerem Serum-TNF« and IFN~ sowie einer geringeren Anzahl von Monozyten
im Blut der IRP1-Akzeptor Mausen.

Diese Ergebnisse deuten auf einen von der Eisenverfiigbarkeit abhangigen Effekt der Mikrobiota
auf die Reaktion des Wirts auf eine Mtb Infektion, hin. Diese Ergebnisse deuten auf einen
von der Eisenverfligbarkeit abhangigen Effekt der Mikrobiota auf die Reaktion des Wirts auf
eine Mtb Infektion, hin. Dies ist uunanabhangig von dem Eisenliberladungsphanotyp, der bei
Irp2~/= Mausen beobachtet wurde, die ansonsten diese Mause anfalliger fiir Mtb-Infektionen
machten. Diese Ergebnisse zeigen, dass IRP1 und IRP2 entgegengesetzte nachgeschaltete
Effekte haben, die Wirtsreaktionen beeinflussen konnen, welche die Mtb-Replikation in Mause
in der frithen Phase der Infektion kontrollieren. Die Daten in dieser Arbeit bilden die Grundlage
fiir zukiinftige Studien zur Okologie mikrobieller Gemeinschaften und zur Analyse der Wechsel-
wirkungen zwischen Eisen, Mikrobiota und Mtb-Infektion, die neue, auf den Wirt ausgerichtete
Therapien zur wirksamen Bekdmpfung von TB ermdglichenkdnnten.






CHAPTER

Introduction

1.1 Iron Biology

Iron ranks among the most prevalent elements found in the Earth’s crust [1]. As a transition
metal, iron has oxidation states ranging from -2 to +7, with ferrous (Fe*™) and ferric (Fe3")
iron ions being the most common forms. Fe?T is soluble in aqueous solutions at physiological
pH and readily oxidized to Fe**. In contrast, Fe3* steadily remains insoluble at neutral pH.
Equally, iron is an essential micronutrient used by organisms of all domains of life. Due to its
redox properties, iron participates in many electron transfer and redox reactions by forming
complexes with iron-containing functional groups such as heme, iron-sulfur clusters, and
iron-oxo centers to function as enzyme cofactors (Table 1.1). These cofactors are required
for the activity of many enzymes [2] 3] to catalyze an array of essential biochemical processes
and metabolic pathways vital for cell survival.

Table 1.1: Iron cofactors and their essential functions

Cofactor Function
Oxygen transport (hemoglobin and myoglobin)
Heme Enzyme catalysis (such as nitric oxide synthases and oxidases)

Electron transfer reactions (cytochromes)

Regulation of gene expression (bacterial transcription factors AirS, SoxR)
Electron transfer and redox reactions (such as oxidative phosphorylation)
Enzyme catalysis (such as aconitases)

Nucleic acid metabolism in DNA/RNA synthesis and repair

Iron-sulfur cluster

Enzyme catalysis (ribonucleotide reductase)

Iron-oxo centre .
Oxygen transport (hemerythrin)

Despite being beneficial, surplus iron in an unbound labile form can be toxic by acting as a
catalyst for forming reactive free hydroxyl radicals through the Fenton reaction. These radicals
can cause protein oxidation, membrane lipid peroxidation, and mutagenesis of nucleic acids.
To avoid these detrimental effects, organisms have developed highly controlled strategies to
import, manage, store and export iron at both the cellular and systemic levels.
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1.1.1 lron acquisition, absorption, and homeostasis

On average, the iron content in a healthy adult human body typically ranges from 3-5g of iron,
consisting of heme-bound iron and Fe?™ and Fe3* iron ions. Most total body iron is present
as heme, contained within hemoglobin (Hgb) in red blood cells (RBCs). Meanwhile, 10-15%
is present as myoglobin in muscles and other tissues. The liver and spleen are the main iron
reservoirs in the body as damaged, or senescent RBCs are phagocytosed by the bone marrow
resident hepatic, and splenic macrophages (M@s). Effective mechanisms to excrete iron are
lacking. Therefore, systemic iron homeostasis is regulated through iron recycling by M&s from
these sources and via dietary iron absorption by duodenal enterocytes. In this way, healthy
adults procure only 1-2mg of iron from their diet daily to compensate for unspecific losses.
These losses occur through daily cell desquamation or elimination of body fluids such as sweat
or urine [4].

Heme-bound iron is taken up by scavenger receptors (SRs). Of note, circulating ferritin is also
imported via SR class A member 5 (SCARAb) [5]. SRs recognize and eliminate damaged and
senescent RBCs, other forms of protein-bound iron, and by-products of RBC degradation [6].
For example, Haptoglobin, a liver-derived protein with high binding affinity to free Hgb in the
blood, is taken up and cleared by the cluster of differentiation (CD) 163 (CD163), an SR of
the cysteine-rich superfamily. Also, hemopexin, a plasma protein which binds free heme in
plasma during intravascular hemolytic conditions such as infection-induced anemia, malaria,
and sickle cell anemia, is internalized and cleared by CD91 [6) [7] (Fig. 1.5C).

Several transporters are involved in cellular heme transport, including the heme carrier protein
1 (HCP-1) and the feline leukemia virus subgroup C (FLVCR2) [8, 9]. HCP-1 is predominantly
expressed in M@s and colocalizes with the Hgb-Hp complex, which is subsequently taken up by
CD163, indicating that HCP-1 is involved in heme uptake. The cell surface receptor, FLVCR2,
is also involved in heme uptake [8, [9]. Meanwhile, FLVCR1, a homologue of FLVCR2, and ATP-
binding cassette transporter G2 (ABCG2) have been linked to heme export in mammalian cells
[10, 11]. Another heme transporter is the heme-responsive gene-1 (HRG-1). HRG-1 transports
heme from phagolysosomes and RBC degrading M@s into the cytoplasm. Mouse M&s deficient
for Hrg-1 show a decrease in heme transport from the phagolysosome, indicating that HRG-1
is essential for heme transport and iron recycling in M@s [12]. Primarily expressed by M@s,
HRG-1 colocalizes with natural resistance-associated macrophage protein 1 (NRAMP1) to
erythrophagolysosomes, a vesicle formed following the merging of RBC-containing phagosomes
with lysosomal vesicles. NRAMP1 is expressed in the membrane of lysosomes in M@s and
recruited to the phagosome membrane. NRAMP1 mediates iron import to the cytoplasm and
maintains intracellular iron recycling following erythrophagocytosis [13] [14] 15].

In contrast to heme iron, most human non-heme iron, which exists as Fe?*t, is bound to
iron-binding glycoproteins such as transferrin (TF) in plasma and lactoferrin in extracellular
fluids such as breastmilk. This is why Fe3* is poorly bioavailable and must first be reduced to
Fe?* before it is transported across the intestinal epithelium. Duodenal cytochrome b (DcytB),
a membrane metalloreductase protein expressed on the apical surface of enterocytes, ensures
the reduction of Fe3™ to Fe*™ (Fig. 1.5A). Recent studies have shown that the Zrt-Irt-like
protein (ZIP) family of transporters, ZIP8 and ZIP14 have been identified as fundamental in
transporting Fe’" into the cytoplasm. This is achieved by the action of prion protein (PRNP),
expressed on the surfaces of most nucleated cells, acting as a ferrireductase. A few authors
have hypothesized that during digestion, the low pH of the stomach and ascorbic acid in
the intestinal lumen contribute to the reduction of Fe3*. Once reduced, Fe?* binds to poly
(rC)-binding protein-2 (PCBP2). PCBP2 is an iron chaperone which transports Fe’" via
divalent metal transporter-1 (DMT1), a significant iron transporter on the cell surface of
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various cell types. Transported Fe®T is delivered to the labile iron pool(LIP) which is composed
of redox-active iron. Most of the iron from the LIP is delivered to the mitochondria, which are
used for iron-sulfur cluster and heme group synthesis. Mediated by PCBP1 and PCBP2, iron
from the LIP can also be inserted into cytoplasmic ferritin for storage. Another portion of iron
from the LIP is destined for export into systemic circulation via ferroportin (FPN), the only
known mammalian cellular iron exporter [16],[17].

Extracellularly, unbound Fe*™ atoms are scavenged by TF to become TF-bound iron (TBI).
Interaction of TBI with transferrin receptor 1 (TFR1) expressed ubiquitously on the surfaces
of most nucleated cells leads to its internalization by receptor-mediated endocytosis. As
the pH of the endocytic vesicle drops, Fe?" is released from TF and reduced to Fe?* by six
transmembrane epithelial antigen of the prostate 3 (STEAP3). STEAP3 is a ferrireductase
essential for cellular iron uptake and homeostasis [18]. Fe®" is mainly transported from
the endosome into the cytoplasm by DMTT1 or its homologue, solute carrier (SLC) 11A1, a
member of the membrane transport protein family. In addition, ZIP14 transports TBI from the
endosome to the cytoplasm [19]. Subsequently, Apo-TF (iron deficient TF form) and the TBI
and transferrin receptor 1 complex are reprocessed for further iron binding and TBI endocytosis,
respectively (Fig. 1.5B). Under physiological conditions, TF-mediated iron uptake is the most
crucial pathway, particularly in developing erythroid precursors, due to their immense need
for iron to support hemoglobin synthesis. However, in iron overload conditions, TF becomes
heavily saturated with iron and circulating “free” iron (or non-transferrin bound iron (NTBI))
accumulates in blood circulation. NTBI is distributed to tissues through TF-independent
mechanisms. Notably, mice and humans deficient in TF develop severe iron overload in the
liver and pancreas, indicating distinct organ-specific transport mechanisms for NTBI. Studies
have revealed that NTBI can be taken up by ZIP8 and ZIP14 into cells and stored within
ferritin. There are also other mechanisms required for regulating iron transport, utilization,
and storage. These mechanisms involve the synergistic action of iron-responsive elements
(IREs) and iron regulatory proteins (IRPs) 1 and 2 (IRP1 and IRP2), which are critical in
maintaining cellular iron homeostasis in vertebrates [20].

1.1.2 Regulation of cellular iron homeostasis via the IRE/IRP
network

The IREs are highly conserved RNA motifs that form hairpin structures in the untranslated
regions (UTRs) of various target mRNAs [20]. These mRNAs encode proteins involved in
iron transport (TFR1, DMT1, FPN) and storage (ferritin light (L-) and heavy (-H), FtL
and FtH, chains). The IRPs are predominantly located in the cytosol and encoded by the
IRP1 and IRP2 genes. IRP1 and IRP2 are analogues of the tricarboxylic acid cycle enzyme
mitochondrial aconitase (MACON) [20]. m-ACONSs have a characteristic iron-sulfur (4Fe-4S)
cluster required for the conversion of citrate to isocitrate. IRP1 and IRP2 regulate intracellular
iron concentrations through different IRE-binding mechanisms.

IRP1 functions as a cytosolic aconitase (c-aconitase) using a catalytic 4Fe-4S cluster which is
assembled under high iron conditions and prevents IRE-binding [2I]. Under low iron conditions
or in the presence of other oxidative signals such as reactive oxygen (ROS) and reactive
nitrogen species (RNS) including nitric oxide (NO), hydrogen peroxide (H203), respectively,
the 4Fe-4S cluster disassembles and induces IRP1 to acquire RNA- binding activity [2I] (Fig.
1.1A).

Hypoxia stabilizes the IRP1 c-aconitase form by decreasing oxygen or ROS levels. A few
studies have shown a protein kinase C phosphorylation site in IRP1-serine (S) 138. Notably,
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5138 phosphomimetic mutants of IRP1 can assemble a Fe-S cluster leading IRP1 to display
aconitase activity (Fig. 1.1B). Nevertheless, the Fe-S cluster is highly susceptible to the
presence of oxygen, ROS, and H,0, [22] 23]. Additionally, IRP1 acts as a substrate for F box
and leucine-rich repeat protein 5 (FBXL5), an E3 ligase ubiquitin ligase subunit which regulates
cellular and systemic iron homeostasis [24]. Particularly, FBXL5-dependent ubiquitination is pro-
moted by iron during S138 phosphorylation or when Fe-S cluster biogenesis is compromised [25].
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Figure 1.1: Mechanisms for IRP1 regulation. IRP1 can be regulated by the assembly or
disassembly of the 4Fe-4S cluster resulting in the IRP1 functioning as either a c-aconitase or
IRE-binding protein (A). Phosphorylation at S138 can also stimulate iron-sulfur assembly in
IRP1 (B). Abbreviations: 4Fe-4S= iron-sulfur cluster, FBXL5= F-box and leucine-rich repeat
protein 5, ROS= reactive oxygen species, RNS= reactive nitrogen species, Adapted from
[26, 27]. Created with BioRender.com

Like IRP1, IRP2 is an RNA-binding protein but is enzymatically inactive and unable to assemble
the 4Fe-4S cluster. The regulation of IRP2 primarily occurs at the protein stability level.
Under iron-starved or hypoxic conditions, FBXL5 is marked for proteasomal degradation by an
unknown E3 ligase leading to IRP2 stabilization and accumulation. In iron-replete conditions
and hyperoxia, the FBXL5 hemerythrin domain binds to iron. This induces a conformational
change that mediates FBXL5 stability triggering a cascade of events. These events include
FBXL5 binding to IRP2, which connects with the S-phase kinase-associated protein 1, and
culin 1 (SKPI-CUL1) complex to the RING domain-containing protein, RBX1 that binds an
activated E2 conjugating enzyme. Ultimately, these events lead to IRP2 ubiquitination and
degradation (Fig. 1.2A).

IRP2 activity can also be regulated by the phosphorylation at S157 via cyclin-dependent
kinase 1 (CDK1/cyclinB1) and dephosphorylated by cell division cycle 14A (CDC14A), a
protein-coding gene. Of note, phosphorylated and non-phosphorylated IRP2 can go through
iron-dependent FBXL5-mediated degradation (Fig. 1.2B). Finally, IRP2 is also modulated in
response to oxidative stress, primarily through ROS and RNS production [28].
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Figure 1.2: Mechanisms for IRP2 regulation. IRP2 is regulated at the level of protein
stability in response to cellular iron and oxygen concentrations. In high iron and oxygen
conditions, FBXL5 is stabilized, and IRP2 is degraded (A). Under iron or oxygen-deficient
conditions, FBXL5 is destabilized, leading to an increase in IRP2 levels (B). Abbreviations:
FBXL5= F-box and leucine-rich repeat protein 5, SKPI= S-phase kinase-associated protein
1, CUL1= culin 1, G2-M= Gap 2-mitosis, CDC14A= cell division cycle 14A, CDK1= cyclin-
dependent kinase 1. Adapted from [26), [27]. Created with BioRender.com

Ultimately, under low cytoplasmic iron conditions, both IRP1 and IRP2 are active and bind to
the IREs in the 5'-UTR of FPN, FtL, and FtH chains, and hypoxia-inducible factor (HIF)-2«a
mRNAs to induce translational repression [29] (Fig. 1.3A). HIF-2a belongs to the family
of HIF transcription factors and mediates cellular responses to low oxygen concentrations
[30]. When IRPs bind to 3'-UTR of TFR1 or DMT1 mRNAs, their degradation is impeded.
Consequently, iron uptake is upregulated while iron storage and export are downregulated,
leading to intracellular iron accumulation. When iron levels are abundant, IRP1 is converted to
an iron-sulfur-containing cytosolic aconitase, whereas IRP2 undergoes proteasomal degradation
[24]. Consequently, IRPs do not bind to IREs and allow FPN, FtL and FtH chains and HIF-2«
mRNA translation in the 5’URT. This promotes TFR1 and DMT1 mRNA degradation to
prevent more iron uptake and avoid excess iron-induced damage [31] (Fig. 1.3B).
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Figure 1.3: IRE/IRP regulatory system. The activity of IRPs is dependent on cellular
iron concentrations. Under iron-deficient conditions, IRPs bind to IREs in 5'-UTR of the
mRNA and translation of the target protein is repressed. Binding to 3'-UTR of the mRNA
stabilizes and protects the transcripts from endonucleolytic cleavage and degradation (A).
Under iron-replete conditions, IRP1 functions as a cytosolic aconitase cluster while IRP2 is
degraded allowing for the translation of mRNA containing an IRE in the 5'-UTR and the
degradation of mRNAs in the 3'-UTR (B). Abbreviations: IRP= iron regulatory protein, IRE=
iron responsive element, UTR= untranslated region, TFR1= transferrin receptor 1, DMT1=
divalent metal transporter 1, FPN= ferroportin, FtL/FtH= ferritin light and heavy chains,
HIF-2a= hypoxia-inducible factor-2 alpha. Adapted from [32]. Created with BioRender.com

Some IRE/IRP system defects have been linked to human inheritable disorders [33] [34]
summarized in Table 1.2. Meanwhile, genome-wide association studies (GWAS) have
identified several genetic polymorphisms in /RP1 and IRP2, which researchers have associated
with a few human pathological conditions (see Table 1.3).
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Table 1.2: Human disorders linked to IRE/IRP system defects. Modified from [35].

Disorder

Mutation

Phenotype

Hereditary hyperferritinemia- IRE motif of L-ferritin gene that
obstructs IRP binding

cataract syndrome

Acute hyperferritinemia,
no systemic iron overload
or inflammation [33]

GBLX5 deficiency resulting in
enhanced IRE-binding activity

of IRP1 and ALAS2 mRNA
repression

Sideroblastic-like anemia
with iron overload

Sideroblastic-like anemia,
microcytosis and
systemic iron overload [36]

Autosomal dominant iron
overload disorder in
hepatocytes and Kupffer
cells

A single mutation in the
IRE motif of H-ferritin mRNA
transcript which promotes IRP binding

H-ferritin mRNA

repression resulting in iron

overload disorder

related to hemochromatosis [37]

Table 1.3: GWAS involving IRP1 and IRP2 polymorphisms. Modified from [35]

Gene Disease

Association

Polymorphisms

Cutaneous malignant

IRP1
melanoma

Cutaneous malignant
melanoma risk

rs7855483, rs10813813,
rs17288067 [38]

Neuropathic pain in

IRPI HIV-infected patients

Distal neuropathic pain in
HIV patients on ART

rs2026739 [39]

IRP2  Lung cancer

Lung cancer

rs2036534 [40]

Chronic obstructive
IRP2  pulmonary disease
(COPD)

Increased mRNA and protein

expression in patients with
COPD

rs2568494, rs2656069,
rs10851906,
rs12593229, rs13180
[41], 42| (43, 44]

IRP2  Alzheimer's disease

Alzheimer's disease

rs2656070, rs13180

[45]
IRP1 Age—relate'd macular Migraine suscept|b.|||ty and 5867469, rs17483548
and degeneration and macular degeneration 126]

IRP2  migraine

typically in older individuals

Abbreviations: w/= with HIV= Human immunodeficiency virus, ART= Antiretroviral therapy

IRP/IRE system interconnects with systemic iron metabolism through the regulation of FPN.
FPN expression is also controlled at the post-transcriptional level by hepcidin, a key regulator
of systemic iron homeostasis [47].

1.1.3 Systemic regulation of iron homeostasis by hepcidin

Hepcidin regulates iron availability by binding to and inactivating FPN leading to its clathrin-
mediated internalization and proteolytic degradation [48]. Consequently, FPN-mediated iron
export and uptake in duodenal enterocytes is hindered, leading to increased intracellular iron
accumulation and hypoferremia in plasma [49]. Ultimately, these events are commonly associ-
ated with anemia of inflammation (Al), usually seen in the setting of systemic inflammation
[48]. Of note, IRPs may regulate hepcidin transcription under conditions of iron deficiency or
hypoxia by controlling HIF-2aw mRNA translation.

Defect in regulating hepcidin expression leads to clinical conditions such as hereditary hemochro-
matosis (HH), “ferroportin disease”, and iron-refractory iron-deficiency anemia (IRIDA). HH is a
hereditary genetic disorder affecting genes encoding proteins involved in the signalling pathways
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regulating hepcidin expression. Of these genes, the major ones include HFE (responsible for
HH type I), HFE2 (or hemojuvelin (HJV) responsible for HH type IIA), and HAMP (responsible
for HH type IIB) and TFR2 (transferrin receptor 2, responsible for HH type IIl). HH individuals
have low hepcidin levels and unregulated dietary iron absorption reflected by increased intra-
cellular iron and tissue iron overload in the liver, heart, and pancreas. Consequently, this leads
to conditions such as liver cirrhosis, heart failure and diabetes [49]. However, iron-depleting
remedies like iron chelation by deferoxamine, phlebotomy and bloodletting can rescue the
condition but not rectify the primary disorder. “Ferroportin disease”, or HH type IV, is an
autosomal-dominant genetic disorder. It is characterized by iron overload in the body caused
by mutations in the SLC40A1 gene encoding for FPN [49]. These mutations lead to reduced
FPN plasma membrane localization or impaired hepcidin-induced FPN degradation. Mutations
in the gene encoding for activin receptor-like kinase 2 (ALK?2), the primary signal receptor
suggested to induce hepcidin transcription and the transmembrane serine protease matriptase-2
(TMPRSS6), a negative regulator of hepcidin production (Fig. 1.4A), leads to iron-refractory
iron deficiency anemia. Individuals with iron-refractory iron deficiency anemia have moderate
to severe iron deficiency anemia with minimal response to oral iron supplementation.

Several intracellular signalling cascades trigger hepcidin upregulation by diverse mechanisms.
Systemic iron availability and inflammatory and infectious signals are the most prominent of
these mechanisms. For iron signalling, an increase in TF saturation in plasma and secretion of
bone morphogenetic protein (BMP6) from liver sinusoidal cells induce hepcidin transcription via
the BMP6/Small Mothers Against Decapentaplegic (SMAD) signalling pathways. Following
the binding of TF to transferrin receptor 2 (TFR2), and BMP6 to BMP receptors, SMAD1/5/8
are phosphorylated and together with SMAD4 form a complex which is translocated to the
nucleus and binds to BMP response elements in the HAMP promoter, thereby activating hep-
cidin transcription. This restricts iron availability to pathogens thereby linking iron metabolism
and anti-microbial responses [47]. Successful hepcidin expression via iron signalling requires
the action of HJV, which is also a BMP co-receptor, as well as HFE, which is negatively
regulated by TMPRSS6 (Fig. 1.4A). Under infectious or inflammatory conditions, hepcidin
expression is upregulated to limit iron availability to invading extracellular pathogens. Several
stimuli initiate this, including LPS, interleukin (IL)-1, IL-6, or IL-22, partially through signal
transducer and activator of transcription (STAT3). The IL-6/JAK/STAT (Janus kinase/Signal
Transducer and Activator of Transcription) signalling pathway is the most studied one of
these inflammatory mediators. IL-6 binds to IL-6 receptors, activates JAK1/2, and STAT3 is
phosphorylated and translocated to the nucleus. Eventually, hepcidin transcription is stimulated
through the binding of the STAT3-binding motif on the HAMPI promoter [50] (Fig. 1.4B).
In this way, plasma iron is decreased, and iron export from M@s is prevented, leading to
increased intracellular iron accumulation in M@s. Ultimately, this prevents iron sequestration
by pathogens, which depend on this essential micronutrient for growth and survival. Therefore,
iron regulation by M@s is a vital defense strategy during infection [51].
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Figure 1.4: Major molecular mechanisms for hepcidin regulation. These include
BMP6/SMAD (A) and IL-6/JAK/STAT (B) signalling pathways. Hepcidin expression is
inhibited by hypoxia to stimulate iron recruitment and erythropoiesis. Other regulators
such as erythropoietin (EPO), growth differentiation factor-15 (GDF15) and platelet-driven
growth factor-BB (PDGF-BB) and erythroferrone (ERFE) both inhibit hepcidin expression
[52, 53] and neutralize BMP6 [54] (C). Abbreviations: EPO= Erythropoietin, GDF15= Growth
differentiation factor-15, PDGF-BB= Platelet-driven growth factor-BB, ERFE= Erythroferrone.
Numbers and black arrows denote the sequence of events. Red arrows represent inhibitory
effects. Adapted from [55]. Created with BioRender.com

1.1.4 Crosstalk between iron regulation and innate immunity

Iron homeostasis and M@ effector functions are closely connected. M@s are essential in
maintaining iron homeostasis by recycling iron for storage and supplying 95% of iron needed
during erythropoiesis. Iron plays two critical roles in M@-pathogen interactions; first, by
serving as a vital source of nutrients for intracellular pathogens such as Salmonella (S.)
enterica serovar Typhimurium (referred hereon as S. Typhimurium), Legionella pneumophilia,
Plasmodium falciparum, Coxiella burnettiand Mycobacterium (M.) tuberculosis [56]. Second,
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by acting as a catalyst promoting the production of antimicrobial effectors such as RNS and
nicotinamide adenine dinucleotide phosphate-oxidase (NADPH)-generated ROS, contributing
to the elimination of invading pathogens [57]. Notably, RNS and ROS modulate IRP1 and IRP2
binding activity [58] 28] 21]. In turn, this regulates the expression of DMT1 and TFR1, which
limit iron uptake and ultimately restrict iron availability to intracellular pathogens. Through
ROS generation, iron stimulates the binding activity of several transcription factors such as
NF-xB and Nrf2 (Fig. 1.5). NF-xB serves as a critical mediator of inflammatory responses
and induces the expression of several inflammatory cytokines including IL-153, IL-6, and tumor
necrosis factor (TNF)-« [59, 60]. NF-xB also promotes the transcription of HIF-1c, which
impedes NF-xB-induced gene expression [61], [30]. In contrast to NF-xB, the binding activities
of HIF-1av and nuclear factor for IL-6 expression (NF-IL-6) are inhibited by iron overload in
vitro. Weiss et al. [62] reported that upon stimulation with interferon (IFN)-gamma (IFN~)
and LPS followed by treatment with Fe**, NF-IL6 activation was decreased in the M@ cell
line, J774A.1 [62]. Interestingly, this reduced NF-IL6 activation also impaired nitric oxide
synthase (NOS2) mRNA transcription and NO production [62]. In response to IFN+, decreased
intracellular heme-iron in M@s induces the expression of IL-6, IL-12, NOS2, TNF, and major
histocompatibility complex (MHC) Il [61]. IL-6 induces the expression of hepcidin which
inactivates and degrades FPN. In M®@s, FPN transcription is decreased by the toll-like receptor
(TLR) 4 or TLR2/TLRG6 signalling pathways leading to hypoferremia which is a host defense
strategy to limit iron availability to invading pathogens. In the same line, IFNvy modulates
TFR1 expression and intracellular ferritin concentration either in the absence or upon infection
with various mycobacterial species (spp.), which can restrict iron availability to intracellular
pathogens.

Taken together, within the M@, iron promotes the binding activities of several transcription
factors, which regulate the expression of several inflammatory cytokines and iron transport
and storage proteins, mediating host susceptibility or resistance to infections.
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Figure 1.5: Iron metabolism in the macrophage. M®s can acquire iron from various
sources including NTBI (A) and TBI uptake (B), and scavenger receptors (C). Excess labile
iron generates ROS. ROS stimulates transcription factors' binding activities, which modulates
the expression of several iron transport and storage proteins. In turn, the expression of
these proteins is regulated posttranscriptionally by the IRPs. Abbreviations: HMOX1= heme
oxygenase 1, TBI= transferrin-bound iron, NTBIl= non-transferrin-bound iron, LIP= labile
iron pool, FRTN= ferritin, FPNI= ferroportin; dRBCs= damaged RBCs, Hgb= hemoglobin.
Numbers denote the sequence of events. Arrows represent iron movements (black), stimulatory
effects (green), or inhibitory effects (red). Created with BioRender.com

1.2 Tuberculosis

TB ranks among the leading causes of death worldwide. In 2021, an estimated 10.6 million
people developed TB worldwide, of which 1.6 million succumbed to the disease. TB predomi-
nantly causes a lung infection, but other sites such as meninges, pleura, lymphatic system,
and bones can also be affected. Although some patients with active pulmonary TB and
culture-positive results may be asymptomatic, typical symptoms include mild fever, generalized

fatigue, persistent cough, chest pain, bloody sputum, weight loss, and drenching night sweats
[63].
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1.2.1 Microbiology of M. tuberculosis (Mtb)

M. tuberculosis (Mtb) and a group of phylogenetically closely related bacterial species assembled
under the Mycobacterium tuberculosis complex (MTBC) are the causative agents for TB. While
Mtb is the principal causative agent of human TB, M. africanum and M. canettii can also cause
TB in humans in certain endemic regions of Africa [64]. First described in 1882 by Robert
Koch, Mtb is a rod-shaped, aerobic, non-motile, non-spore-forming, facultative intracellular
bacterium. Typically, slow-growing, the generation times of Mtb range between 18-54 h, and
therefore, long culture times are required. Mtb is Gram-positive with a thick waxy cell wall, 60%
of which comprises lipids. The cell wall consists of peptidoglycan and arabinogalactan layers
with non-covalently attached macromolecules such as mycolic acids, trehalose dimycolate,
glycoproteins and glycolipids [65]. Owing to this unique cell wall composition, mycobacteria
are described as acid-fast bacteria as their lipid-rich cell wall repels water and soluble dyes and
therefore, resists decolorization by acids or alcohols.

1.2.2 Epidemiology of TB

Currently, the epidemiology of TB varies depending on the geographical region as opposed
to its global widespread until the mid-20th century. South-East Asia (43%), Africa (25%),
and the Western Pacific (18%) are the most areas affected by TB. In 2020, the 30 high TB
burden countries accounted for 86% of new TB cases. Of note, over 60 % of the people who
developed TB worldwide were residents of 8 of the 30 high TB burden countries, including
India (26%), China (8.5%), Indonesia (8.4%), the Philippines (6%), Pakistan (5.8%), Nigeria
(4.6%), Bangladesh (3.6%) and South Africa (3.3%). In 2020, there were over 500 TB cases
per 100 000 population in Lesotho, South Africa, Central Africa Republic, the Philippines and
the Democratic People’s Republic of Korea [63]. Some socio-economic factors account for
the high TB incidence in some countries. These include malnutrition, poverty, overcrowded
or poorly ventilated living or work spaces, poor sanitary conditions, mass migration due to
geopolitical instability, and non-existent or low-quality health care systems [66]. There were
150-400 TB cases per 100 000 population in most of the 30 high TB burden countries and
less than 10 TB cases per 100 000 population, mainly in Europe and the Americas (Fig.
1.6). Several factors such as alcoholism, tobacco smoking, indoor air pollution, prolonged
exposure to silica dust, HIV infection, vitamin D deficiency, iron deficiency and iron overload
of environmental or genetic origin are known risk factors for TB [67) 68| [69]. Interestingly,
the male sex is a risk factor for TB, with a global male-to-female ratio of 1.75 [63)].
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Figure 1.6: Estimated Global TB incidence rates in 2021 [63]

1.2.3 Pathogenesis and pathophysiology

According to the World Health Organization (WHO), approximately one-fourth of the global
population is estimated to be infected with TB. Only 5-10% of those infected are predicted to
develop active TB during their lifetime, while the remainder will maintain a latent TB infection
(LTBI). Individuals with latent TB are asymptomatic and non-infectious, but they remain at risk
of developing active TB at any point during their lifetime. HIV infection, autoimmune diseases,
and immunosuppressive treatments such as anti-TNF therapy increase the likelihood of LTBI
reactivation [63]. Aerosol particle production by coughing is the main route of pulmonary
TB transmission [70]. Following inhalation, Mtb reaches the alveoli, where it encounters
alveolar M@s (aM®@s), the niche for Mtb, and dendritic cells (DCs). This initial encounter
can lead to immediate clearance by ingestion and destruction of the bacteria. Sometimes,
these responses are enough to contain and eliminate Mtb in healthy persons. However, Mtb
often evades initial destruction by phagocytes to ensure its survival and replication leading to
either immediate onset of active disease following infection (primary TB) usually seen in small
children and immunodeficient adults, LTBI, or reactivation in 5-10% of LTBI individuals later
in life. Infected aM@s produce chemoattractants. These chemoattractants recruit resting
innate immune cells such as neutrophils (or polymorphonuclear neutrophils, PMN), natural
killer cells, and v0 T-cells and blood monocytes to the initial infection focus. This initial
immune response induces the formation of granulomas. The granuloma constitutes the major
pathological hallmark of TB. At this point, monocytes can ingest the bacteria but fail to
contain the bacilli. Professional antigen-presenting cells such as DCs and M®@s transport the
bacteria to local lymph nodes and present mycobacterial antigens to prime and activate specific
T-cells. Specific T-cells relocate to the site of infection, further promoting the formation of
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granulomas. T-cell derived IFN~ can activate granuloma M@s, which in turn can differentiate
into either epithelioid cells, fuse to form multi-nucleated giant cells (MCG), or lipid-loaded
“foamy macrophages” [71]. At this stage, the granuloma is encapsulated by well-organized rims
comprising of DCs, B- and T-lymphocytes gathered around the M@-rich area and surrounded
by fibroblasts and a fibrotic cuff of collagen (Fig. 1.7A). In this way, the granuloma prevents
further bacterial dissemination and tissue damage and thus contains the infection. In LTBI,
the granuloma serves as a reservoir for Mtb, providing an environment for rapid bacterial
proliferation when immunity is compromised. As the infection progresses, invading PMN alters
the granuloma to a caseating granulomatous lesion with a central region of necrotic cells and
damaged tissue (Fig. 1.7B). Interestingly, a few studies have reported necrotic centers of
granulomas of human TB patients to contain a high concentration of host iron-withholding
proteins and hypothesized that the host is establishing an iron-deprived environment for Mtb .
However, at the same time, these iron-containing proteins could serve as an iron source for the
bacteria upon proteolytic degradation [72]. Caseating granulomas can burst open and promote
Mtb dissemination into the surrounding tissue, thereby rendering the host infectious and most
often symptomatic. In extreme cases, pulmonary cavitation is characterized by liquefaction of
the granuloma and destruction of lung tissue leading to reduced lung function can occur [73].
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Figure 1.7: Granuloma formation during Mtb infection. Mtb infects aM@s. This is
followed by an influx of innate immune cells, such as PMNs, DCs, and NK cells, to the site of
infection, leading to granuloma formation (A). Granuloma M@s differentiate into giant cells
and foamy M@s. Surrounded by B- and T-lymphocytes and a fibrous cuff, the granuloma
restricts Mtb dissemination (B). Created with BioRender.com

1.2.4 Treatment and vaccine

The standard anti-TB treatment regimen for drug-susceptible TB consists of a 2-month daily
treatment with four first-line anti-TB drugs; rifampicin (RIF), isoniazid (INH), ethambutol
(EMB), and pyrazinamide (PZA), followed by 4-7-month daily treatment with RIF and INH
[63]. In the case of multi-drug resistant TB, treatment mostly requires prolongation for up
to a year or even longer. Patient non-compliance with treatment regimens due to prolonged
duration of drug therapy and drug-associated adverse effects are common causes of drug
resistance in TB. Resistances against one of the first-line anti-TB drugs (drug-resistant TB),
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or at least RIF and INH (multi-drug resistant TB, MDR-TB), or RIF and INH, fluoroquinolones
(such as levofloxacin or moxifloxacin), and one of the second-line drugs such as capreomycin or
kanamycin (extensively drug-resistant TB, XDR-TB) have become a menacing public health
concern. In 2020, there were 500 000 reported new cases of RIF-resistant TB (RR-TB),
of which 78% were attributable to MDR-TB. Shockingly, only one in three people with
drug-resistant TB had access to treatment in 2020[63]. Therefore, there is a crucial need
to shorten the duration of TB treatment, alleviate the associated side effects of anti-TB
drugs to increase patient compliance during treatment and, most importantly, investigate
supporting treatment methods such as host-directed therapies (HDT). HDTs are an emerging
TB therapeutic strategy in which certain host immune response functions are modulated by
interfering with host cell components or host metabolic pathways required by the pathogen for
replication or survival [74]. Mtb requires iron for growth and survival and competes with the
host for this micronutrient by utilizing several mechanisms to obtain host iron. One of such
mechanisms includes the production of mycobactins, i.e. iron-chelating molecules, to scavenge
iron from the host [75]. Therefore, targeting iron metabolism by interfering with Mtb iron
acquisition mechanisms can be exploited as an HDT. Arnold et al. [72] identified IrtAB, an
ATP-binding cassette transporter that imports and modifies mycobacterial siderophores, as a
potential drug target against Mtb infection [72]. Also, targeting iron metabolism through iron
chelation can be exploited as an HDT. Studies have shown that iron chelation directly inhibits
the growth of Mtb and several mycobacterial spps. both in vitro and in vivo [76].
Furthermore, the combined administration of anti-TB drugs, HDTs, and iron chelators could
potentially improve TB disease outcomes. For instance, retinoic acid, a vitamin A metabolite,
significantly downregulates the transferrin receptors’ expression on M@s limiting iron availability
to Mtb [77]. Accordingly, Coleman et al. [78] reported that bone marrow-derived macrophages
(BMM@s) and human M@s were less permissive to Mtb following treatment with retinoic
acid [78]. Finally, targeting iron regulatory systems such as the hepcidin-ferroportin axis and
IRE/IRP system to alter intra-and-extracellular iron concentration could also be exploited as
promising HDT in TB.

Ultimately, HDT is essential because there is still no effective TB vaccine. The Bacille
Calmette-Guérin (BCG) vaccine is currently the only available authorized vaccine against TB.
The BCG vaccine is an attenuated strain of M. bovis, the agent of cattle TB. Although the
BCG vaccine is protective against TB meningitis and disseminated TB in young children,
it is ineffective in preventing pulmonary TB in adults [63]. Currently, several TB vaccine
candidates are in clinical trials. However, developing new TB vaccines to improve BCG to
achieve enhanced infection control or replace BCG is challenging as the antigen-specific T-cell
responses relevant for inducing sufficient protective and sterile immunity against TB have still
not been entirely determined.

1.2.5 Host response to Mtb and nutritional immunity

Developing a functional innate immune system that synergizes with the adaptive immune system
is vital for the control and clearance of Mtb. Initiation of host innate defenses against Mtb
starts with recognizing different mycobacterial ligands termed pathogen-associated molecular
patterns (PAMPs) [79]. Pattern recognition receptors identify PAMPs (PRRs) predominantly
expressed by immune cells such as M@s and DCs [80]. PRRs such as NOD-like receptors
(NLRs) and C-type lectin receptors (CLRs), including mannose receptors, Mincle, and Dectin-1
have been implicated in PRR signalling pathways activating M@s and other myeloid cells
such as DCs [8I]. Toll-like receptor (TLR) 2 and TLR9 members of the PRR family also
recognize mycobacterial lipopeptide-containing antigens and CpG motifs, respectively [82].
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TLR2 signalling is inhibited by the early secreted antigenic target of 6kDa (ESAT-6), an
abundantly secreted protein and critical virulence factor of Mtb. Engaging TLR2 and TLR9
leads to myeloid differentiation primary response gene 88 (MyD88)-mediated activation of
NF-xB, which stimulates the production of various cytokines and chemokines such as IL-18,
CXCL1, CXCL2 needed to promote protective immunity against Mtb [83]. DCs also produce
IL-12 and IL-18 which are important cytokines that determine the direction toward a Thl
response during immune activation. The production of these cytokines and chemokines
leads to the recruitment of distinct immune cell populations to the site of infection in the
lung. These chemokines (for example, CCL2, also known as monocyte chemotactic protein-1
(MCP-1)) bind to G-protein-coupled receptors (GPCRs) and modulate the recruitment of
leukocytes and monocytes, which migrate into the lung tissue in response to Mtb infection.
TNFa also controls the expression of chemokine receptors and chemokines, such as CCL3 also
known as macrophage inflammatory protein ((MIP)1-a), CCL4/MIP1-53, CCL2/MCP-1 and
CCL5/RANTES, which are involved in the recruitment of immune cells from the blood to the
site of the local infection in the lungs. TNFa and IFN+y promote monocyte differentiation into
M@s. Depending on their localization, M@s can exhibit different phenotypes in response to
priming. This M@ subset polarization can determine the outcome of the host response by
either adopting the classical (M1) or the non-classical (alternative, M2) activation pathway.
The development of a functional Th1l antigen-specific T-cell response leads to classical M1
activation of M@s, resulting in a pro-inflammatory response involving the secretion of various
cytokines. This changes the cell morphology and the secretory profile of M@s, leading to the
production of pro-inflammatory cytokines such as IL-15, IL-6, IL-12, IL-18, and TNF« [84].

Iron modulates M@-mediated inflammatory responses during pathogenic infections. Most
bacteria, be they commensal or pathogenic, require 10~ - 1075 M iron for optimal growth.
As a defense strategy, the host limits free non-bound iron concentrations down to < 107
M to 10~'® M to invading pathogens in a process called “nutritional immunity” [85]. An
example is a host-mediated restriction of iron by SLC11A1, formerly referred to as NRAMP1.
SLC11A1 impedes iron transport to the phagosome and pumps iron out of late phagosomes,
thereby reducing the availability of the metal in the phagosome for mycobacteria. Several
polymorphisms in SLCI1A1 gene in humans have been identified to increase susceptibility to
TB [86, 187]. In murine M@s, SLC11A1 mediates M@ resistance to intracellular pathogens,
including Leishmania donovani, S. enterica subspecies (subspp.) serovar Typhimurium (hereon
referred to as S. Typhimurium), as well as M. avium, and M. bovis (BCG) but not Mtb. This
is achieved by limiting iron availability to these invading pathogens and eventually controlling
intracellular microbial replication in M@s.

Mtb, similar to many pathogenic bacteria has developed strategies to scavenge host iron sources
for survival. These strategies include endocytic uptake of TF-bound iron, binding iron-loaded
TF, uptake of cytoplasmic or heme-bound iron, or production of small organic molecules
with high-iron binding affinity called siderophores such as mycobactin and carboxymycobactin,
which can bind and recycle iron [88].

Another host strategy to prevent Mtb iron acquisition is through IFNy-mediated M@s activation
which inhibits transcriptional expression of TfR, thereby diminishing uptake of TF-bound iron
and its availability in the endosomes. IFN+v also promotes IRE/IRP binding and regulates
the posttranscriptional expression of ferritin. TNFa stimulates the synthesis of ferritin and
lactoferrin, which makes iron less inaccessible for intracellular as well as extracellular bacteria
to scavenge iron, respectively [89]. In addition, IFN+ induces lipocalin-2 (LCN2) expression in
M@s, which is transferred into the phagolysosome. LCN2 can bind and inactivate mycobactin
and carboxymycobactin [90, O], thereby interfering with mycobacterial iron acquisition
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system. M@s activated by IFN+y and TNFa also produce RNIs such as toxic NO generated by
NOS2, which intoxicate intracellular Mtb [88]. Following NO production, M@s promote the
upregulation of Fpn mRNA transcripts through the Nrf2 signalling pathway [92]. Mtb can
bypass these host iron-withholding strategies through the direct modulation of FPN expression
by inducing hepcidin expression. This eventually leads to increased intracellular iron, thereby
enabling mycobacterial replication within aM@s [93].

A few studies suggest that pulmonary TB may be connected to changes in the resident
microbial populations in the lung known as the lung microbiota [94] [95]. It has also been
speculated that pulmonary TB may be ensuing a shift in microbial dynamics and homeostasis
in the lung, which ultimately affects the gut microbial communities or vice versa. It has been
suggested that this shift in the pulmonary microbial lung profile may affect the composition of
these communities in the gut which rely on the availability of host nutrients such as iron [94].

1.3 The Microbiota

The human body is home to many microbes, including bacteria, fungi, protozoa, and archaea,
together defined as the microbiota [96]. These microbes inhabit specific ecological niches and
colonize biological surfaces including the skin and the epithelia of the oral-nasal cavity, lower
respiratory tract (LRT), upper respiratory tract (URT), gastrointestinal tract (GIT), vagina
and uterus [97, 98| 99, 100, [101].

1.3.1 The intestinal microbiota

With over 1000 distinct bacterial species [102], the microbial populations in the GIT expand
from the stomach to the colon. Microbial colonization of the GIT in healthy humans begins
at birth and is mainly influenced by the mode of delivery and feeding during infancy [99]. In
the healthy human adult GIT, members of the phyla Bacteroidetes and Firmicutes are the
most commonly identified ones based on their relative abundance. Other phyla present are
Proteobacteria, Actinobacteria, Verrucomicrobia, Fusobacteria and Cyanobacteria [103, 104].
The gut microbiota (GM) functions in the biosynthesis of essential vitamins such as vitamin K,
some B vitamins, and amino acids, which are critical for bacterial metabolism [I05]. GM plays
a vital role in the microbial fermentation of non-digestible substrates such as dietary fibers,
complex carbohydrates, and host glycans into biologically active microbial metabolites. The
primary metabolites (known as short-chain fatty acids (SCFAs)) include butyrate, acetate, and
propionate and account for approximately 90-95% of the SCFAs in the colon [106]. SCFAs are
mediators between the GM and immune system by activating “metabolite sensing” receptors
GPCRs, including GPCR43, GPCR41, GPCR109A/HCAR?2, and GPCR164, expressed on many
cells. The GM also plays a role in the development and training of the immune system [107]
and in modifying the nervous system [108]. Furthermore, the GM prevents bacterial overgrowth
and provides colonization resistance by preventing the attachment of extracellular pathogenic
bacteria to the wall of the GIT and inducing the production of host IgA. [109].

Diet, lifestyle, age, non-antibiotic drugs, host genome, infections, sanitary, environmental,
and stress-related conditions can alter the homeostasis of the GM in a process termed
“dysbiosis”. Several studies have shown that alterations in host iron homeostasis can also
lead to gut dysbiosis. For example, most iron supplementation studies in humans have
shown that orally administered iron leads to an increase in the abundance of Escherichia (E.)
spps., Shigella spps., Clostridium spp., and pathogenic E. coli [I10]. Additionally, increased
enterobacteria/bifidobacterial ratio [I11], lower abundance of Bifidobacterium accompanied by
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increased gut inflammation [I11], and increased incidence of diarrhea [112], hospitalizations
and even mortality [113] have also been observed in the GM upon iron supplementation in
human microbiome studies.

Alterations in the GM have been implicated in the development of diarrhea infections, and gut
infections such as Clostridiodes (C.) difficile, S. enterica, and bowel disorders such as irritable
bowel syndrome. GM dysbiosis has also been reported to be involved in type Il diabetes,
inflammatory bowel disease, and stress-related conditions, including depression and anxiety
and neurological disorders such as autism [114) [115].

Interventions manipulating the GM composition have been successful in the treatment of
certain GIT diseases in humans. For example, fecal microbiota transplantation (FMT), the
administration of fecal matter from a healthy donor into the recipient’s intestinal tract, has
proven effective and safe in over 90% of C. difficile patients suffering from dysbiotic diarrhoea
[116]. However, the mechanisms underlying the associated therapeutic effects of FMT have
not been completely elucidated. An experimental strategy to manipulate the gut microbiota in
mice is cohousing. Cohousing is used to investigate the influence of the GM on a phenotype
of interest through microbiota transfer from “affected” or colonized animals (GM donors)
to “unaffected” or germ-free animals (GM recipients or acceptors) [117, 118| 119, 120, 121].
The cohousing approach is based on the hypothesis that through the inter-grooming and
coprophagic behaviour of murine cagemates, the element of the GM responsible for the
phenotype of donor animals will be transferred to recipient animals. Therefore, cohousing
experiments are an essential way to unravel the GM's influence on a phenotype that confers
susceptibility or resistance to a particular disease.

Several studies show that GM influences lung immunity [122]. For instance, higher gut
microbial diversity in childhood is protective against allergic asthma. Also, asthma, respiratory
allergies and lung infections such as influenza virus, Streptococcus pneumoniae and Klebsiella
(K.). pneumoniae [123| 124], [125] have been associated with gut dysbiosis. Conversely, the
lung microbiota (LM) also affects the GM [126]. This bidirectional immunological link between
gut and lung, also called the gut-lung axis [127], enables the transport of endotoxins, cytokines,
hormones, soluble microbial components, and microbial metabolites into the bloodstream,
thus connecting both niches.

1.3.2 The respiratory tract microbiota

Recent employment of culture-independent techniques to detect low abundant microbes
has shown that the lungs harbour their own microbiomes in the healthy and diseased state
[128| 129]. Dickson et al. [130] proposed that in health, the LM composition depends on
immigration and the elimination of microbial community members [130]. Dickson et al. [130]
interpreted this proposal that, at the steady-state, the rate of microbial immigration through
microaspiration and inhalation of air equals the rate of microbial elimination through coughing,
mucociliary clearance, and innate and adaptive immune defenses.

Numerous challenges are encountered in the investigation of the LM. These include low
microbial biomass, nucleic acid extraction techniques, and sample type used (i.e. sputum,
bronchoalveolar lavage (BAL) or tissue). In addition, contamination from multiple sources,
such as contaminant DNA from the URT during sample collection and processing or from
laboratory settings, “sterile” reagents and DNA/RNA isolation kits also account for challenges
in LM studies. Cross-contamination from other samples and barcode cross-contamination
during library preparation and sequencing runs are problems encountered in LM studies [131].
The healthy LM has a low density of microbial populations at 10 — 105 CFU/g of lung tissue
[132] and contains approx. 2.2 x 10 bacterial genomes per cm?. These populations mainly
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consist of members of the phyla Bacteroidetes, Firmicutes and Proteobacteria, followed by
Actinobacteria and Fusobacteria [133]. Several studies have shown that the LM composition
significantly differs between the URT and the LRT in healthy individuals. Interestingly, the
LRT microbiome in healthy individuals shares similarities to the oropharyngeal microbiota and
is dominated by populations of the phyla Firmicutes, Bacteroidetes and Proteobacteria [134].
A few studies, though inconsistent in their findings, have shown that the microbiome might in-
fluence susceptibility to Mtb infection and even have a role in TB pathogenesis (i.e. progression
from LTBI to active TB), treatment and outcome [94] 135]. Although these studies suggest
that TB causes changes in microbiota communities, this connection remains elusive, whether
directly through a local lung microbiota or indirectly through the gut-lung axis. Furthermore,
it is still unclear if alterations in host iron metabolism first and foremost exert influence on the
microbiota, eventually promoting TB susceptibility or driving pathogenesis or if Mtb infection
alters the microbiota, which ultimately changes iron availability. Therefore, research must be
carried out to comprehend the pathways and mechanisms that alter host iron metabolism and
the homeostasis of the gut and lung microbiota in response to Mtb. Targeting alterations in
host iron metabolism in the framework of gut and lung microbiota dysbiosis could be exploited
as an HDT in TB and potentially improve the quality of treatment of TB patients globally.

1.4 Statement of intent and objectives

Many studies have identified the importance of iron availability for the pathogenesis of Mtb
infection. Nevertheless, there are several knowledge gaps on the effects of alterations in iron
metabolism on the susceptibility to mycobacterial infections. IRP1 and IRP2 have only been
studied in the infection model of S. Typhimurium, a facultative intracellular pathogen which
equally depends on host-derived iron sources as Mtb [136]. However, there are no studies yet
on the role of these crucial regulators in response to Mtb infection. Therefore, the effects of
IRP1 and IRP2 or dietary-mediated changes in iron availability on the outcome of experimental
Mtb infection and homeostasis of the gut microbiota were investigated. The objectives of this
study were to:

1. Examine the influence of the presence and absence of IRP1 and IRP2 on host iron status
and host responses during experimental Mtb Infection in invitro and in invivo

2. Analyse the effects of changes in dietary iron metabolism on host responses and experi-
mental Mtb infection outcome

3. Study whether iron status mediated differences in microbiota composition are linked to
altered host responses
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2.1 Chemicals and Reagents

CHAPTER

Materials

Table 2.1: Chemicals and reagents used in this study

Chemical /Reagent Supplier Order-Nr.
Acetic acid Carl Roth 3738.5
Albumin bovine Fraktion V, Protease-free Serva 9048-46-8
Aqua destilata (Aq. dest.) B. Braun 0082479E
Bovine serum Biowest S0250-500
BBL Middlebrook OADC Enrichment BD Biosciences 21186
Carbol-fuchsin Carl Roth A130.1
Citric acid anhydrous Sigma-Aldrich C2404-100G
Chloroform MP Biomedicals, LLC ~ MFCDO00000826
cOmplete EDTA-free Protease Inhibitor ~ Roche 11873580001
Deferoxamine mesylate Sigma-Aldrich D9533
Difco Asparagine BD Biosciences 214410
Difco Middlebrook 7H9 medium BD Biosciences 262710
Difco 7H11 Agar BD Biosciences 212203
Dimethyl sulfoxide (DMSO) Carl Roth D2650
DMEM (High D—Glucos_e, with sodium PAN Biotech P04-03600
pyruvate, w/o L-glutamine)
DNase/RNase-free water Gibco 10977-035
Donor horse serum PAN Biotech P30-0702
DPBS PAN Biotech P04-36500
Entellan Merck KGaA 1.07961.0500
Eosin Carl Roth 7089.2
Ethanol absolute for molecular biology AppliChem A3678,0500
Ethylenediaminetetraacetic acid (EDTA)  AppliChem A2937,0500
Fetal calf serum (FCS) PAN Biotech P30-3306

: . : . . RES20400-
Ferric Ammonium Citrate Sigma-Aldrich A700X
Glycerol Sigma-Aldrich Gb516
Goat serum PAN Biotech P30-1001
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Guanidine thiocyanate

Mayer's Haematoxylin

HEPES buffer solution
Hydrochloric acid (37 %)
Immersion oil for microscopy
Iso-Pentane

Isopropanol

Kaiser's glycerol gelatin

Ketamin

L-Glutamin (200mM)

Liberase TL

Loeffler's methylene blue solution
MagSi-NGS Prep Plus

Milli-Q water

N-(-1-Napthyl) ethylene diamine
dihydrochloride

Neutral red

Oil Red O stain
Ortho-phosphoric acid 85 %
Paraplast embedding agent for histology
Parafilm M All-purpose laboratory film
Paraformaldehyde (PFA)
Potassium hexacynoferrate (II)
Trihydrate

Recomninant murine IFN-gamma
RPMI 1640 w/o L-Glutamin
Saccharose

Sodium azide

Sodium citrate

Sodium hydroxide

Sulfanilamide

Tissue freezing medium

Tween 20/-80

Triethyl Phosphate
TRI Reagent
Triton X-100
Trizma base
Trypan Blue
Xylene

Xylazin

Ambion

Carl Roth

PAN Biotech
Merck KGaA
Carl Roth

VWR Chemicals
AppliChem
VWR Chemicals
WDT

PAN Biotech
Roche

Carl Roth
Magna Medics
In-house

Sigma-Aldrich

PAN Biotech
Sigma-Aldrich
Merck KGaA

McCorkick Scientific

Bemis
Carl Roth

Merck KGaA

PeproTech
PAN Biotech
Carl Roth
Merck KGaA
Sigma-Aldrich
Carl Roth
Sigma-Aldrich
Leica

Sigma-Aldrich

Sigma-Aldrich
Zymo Research
Carl Roth
Sigma-Aldrich
Carl Roth

VWR Chemicals
cp Pharma

AM9422
T865.2
P05-01100
1.00317.2500
X8991
24872.298
A3928
1.09242.0100
16D 257
P04-80100
05401020001
AE64.3
MDKT00010075
N/A

N9125-10G

MOLEM27400744
00625
100573.1000
502004

PM996

0335.3

1.04984.0100

315-05
P04-17500
9286.1
8.22335.0100
54641
0356.1
59251-100G
14020108926
P9416 /-
P8074
538728
R2050-1-200
3052.3
T6066
CN76.1
28975.360
16D 257
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2.2 Consumables

Table 2.2: Consumables used in this study

Item Supplier Order-Nr.
25/10/5 mL serological pipettes Corning Costar Stripette ﬁ:;879/4488/_

. . . 70.762.211/-
1000/200 uL Biosphere filter tips Sarstedt AG & Co. KG 1130.210
20 puL ART barrier tips Thermo Scientific 2149P-HR

. : . 300296/309110/
20/10/5 mL syringes BD Discardit I 309050
0,1 mm Neubauer-counting chamber  Marienfeld GmbH&C0.KG 06 400 10
50/1 mL syringes BD Plastipak 300865,/303172
26G 3/8", 23G 1" cannulas BD Bioscience 300300/ 300800
Serum separator 1,1 mL Z-Gel tubes  Sarstedt AG & Co. KG 41.1500.005F
Microvette 500 K3E Sarstedt AG & Co. KG 20.1341
ZR Bashing Beads Lysis Tubes Zymo Research $6012.50

62.547.254/

50 /15 mL tubes Sarstedt AG & Co. KG 62,554 502
2/1/0,5 mL micro tubes Sarstedt AG & Co. KG 2326835(}(?3&006
DNase/RNase free tubes Sarstedt AG & Co. KG 72.706.200
TC Flask T25, Standard Sarstedt AG & Co. KG 83.3910
Spin-X 0,22 um centrifuge tube filter  Costar 8160
0,20 pm syringe pre-filter BD Bioscience 83.1826.102
iﬁ'g“g;;ig?g’g”'pore Express EMDMillipore Corporation SCGPUO5RE
70/100 pum cell strainer BD Bioscience 431751
96 round/96/ 48/24/ 12/ 6 flat well . 3596/3799/3548
cell cultu{e p/Iates/ [ Corning Costar 3526?3513?3516/
96-well 0.2 mL skirtless PCR plate/ Bio-Rad MLL9601/
Microseal film “A" adhesive seals MSA5001
Black flat bottom 96 well assay plate  Costar 3915
92 x 16 mm Petri dishes Sarstedt AG &Co. KG 82.1472
Light Cycler 480 (LC480) multiwell Roche 04 729 692 001/04
plate 96, white/ LC480 sealing foil 729 757 001
92 x 16 mm Petri dishes Sarstedt AG &Co. KG 82.1472
26 x 76 mm frosted microscope slides R. Langenbrinck GmbH 03-0003
10 mm @ microscope cover glasses VWR Chemicals ECN 631-1576
DynaMag-96 side skirted magnet Thermo Scientific 12027
Parafilm Bemis PM 996
16 mm Cell Scraper Sarstedt AG &Co. KG 83.1832
Embedding cassettes for histology Carl Roth K113.1
10 x 4 x 5 mm polystyrene cuvettes Sarstedt AG &Co. 67.742
185 x 75 mm Whirl Pak plastic bags ~ Neo Lab- Whirl-Pak 1-7139
Vasofix Safety-Shielded IV catheter B. Braun 00198137

with injection port
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2.3 Buffers, Solutions and Media

Table 2.3: Buffers, solutions and media used in this study

Buffer/Solution/Medium

Composition

Back Extraction buffer

4 mM Guanidine thiocyanate

50 mM Sodium citrate

1 mM Trizma base in PBS

sterile filtered (0,20 um syringe pre-filter)

Citrate buffer

10 mM citric acid anhydrous
0,05% (v/v) Tween 20 in Milli-Q water
pH adjusted to 6.0 with 10 mM NaOH

Lung lysis buffer

0,05% (v/v) Tween 20
1 Protease inhibitor tablet in PBS
sterile filtered (0,20 um syringe pre-filter)

Spleen lysis buffer

0,1% (v/v) Tween 20
1 Protease inhibitor tablet in PBS
sterile filtered (0,20 um syringe pre-filter)

1% (w/v) BSA

WTA buffer 0,5% (v/v) Tween 80 in Ag. dest.
sterile filtered (0,22 um PES Sterricup)
4% PFA 4% (w/v) Paraformaldehyde (PFA) in PBS

DMEM- Full Medium

10% (v/v) h.i. FCS

1% (v/v) L929 cell supernatants
1% (v/v) HEPES-buffer solution in
DMEM

Bone marrow-derived M@ medium

10% (v/v) hi. FCS

5% (v/v) h.i. horse serum

20% (v/v) L929 cell supernatants

1% (v/v) HEPES-buffer solution

1% (v/v) L-Glutamine in DMEM
sterile filtered (0,22 um PES Sterricup)

7TH11 Agar medium

1,9% (w/v) TH11 Agar
0,5% (v/v) TH11 Glycerine
0,1% (w/v) L-Asparagine
in 900 mL Milli Q water

7H9 medium

0,05% (v/v) Tween 80

0,47% (w/v) TH9 Agar

in 1000 mL Milli Q water

10% (v/v) OADC medium prior to use
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2.4 Kits
Table 2.4: Kits used in this study
Kit Supplier Order-Nr.
Avidin/Biotin Blocking Kit/ : SP-2001/
VECTASTAIN ABC HRP kit Vector Laboratories, Inc 5y 6149
DAB Peroxidase Substrate Kit Vector Laboratories, Inc SK-4100
Direct-zol RNA MiniPrep Plus Zymo Research R2072
[ron Assay Kit Sigma-Aldrich MAKO025
Light Cycler 480 SYBR Green | Roche 04 887 352 001
Master
Linear Acylamide (1 mL, 5 mg/mL)  Invitrogen AM9520
M.aX|ma F|rst. Strand cDNA Synthesis Thermo Scientific K1672
Kit for quantitative w/ dsDNase
Miseq Reagent Kit V3 (600 cycles) lllumina MS-102-3003
Mouse Ferritin-Light chain ELISA Kit Abcam Ab157713
Nextera XT index Kit v2 Set B lllumina 15052164
Nextera XT index Kit V2 Set C lllumina 15052165
OneStep PCR Inhibitor Removal Kit ~ Zymo Research D6030
Pierce BCA Protein Assay Kit Thermo Scientific TG265238
PhiX Sequencng Control V3 lllumina 15017666
Phusion Hot start High-Fidelity (HiFi) Thermo Scientific F_540L
DNA Polymerase
Red Taq DNA polymerase Master Mix VWR Chemicals 5200300-1250
Total Iron Binding Capacity Kit Abcam Ab239715
Total Nitric Oxide Assay Kit Cayman Chemical 780001
Quant-iT PicoGreen dsDNA Assay Kit Thermo Fisher Scientific P7589
U-plgx Biomarker Group | (mouse) Meso Scale Discovery K15069L-2
Multiplex Assay
2.5 Antibodies
Table 2.5: Antibodies used in this study for Immunohistochemistry
. Host . A .
Antigen . Species Dilution Fluorophore Supplier Order-Nr.
species
NOS2 Rabbit  Mouse  1:200 N/A Merck KGaA ABN26
CD68 Rabbit ~ Mouse  1:250 N/A Abcam ab125212
IgG Rat  Goat 1500  Biotinylated 2CKSO" IMMUNC 314 g66 047

Research

25



2.

MATERIALS

2.6 Primers

Table 2.6: Primers used for Amplicon PCR

Primer

Sequence (5’->3’)

TCG-TCG-GCA-GCG-TCA-GAT-GTG-TAT-AAG-AGA-CAG-CCT-ACG-

llumina-16S 357F

GGA-CGG-GCA-TGC-AG

GTG-CTC-GTG-GGC-TCG-GAG-ATG-TGT-ATA-AGA-GAC-AGG-GAC-

Illumina-16S 806R

TAC-ATC-GAC-GGG-TAT-TCT-AAT

F and R indicate forward and reverse primer sequences, respectively

Table 2.7: qRT-PCR murine primer sequences used in this study

Transcript Forward sequence (5’->3’)

Reverse sequence (5'->3’)

Dmtl
Fpnl
Frt-L

Hampl
Hprt
Ifng

II-6
Irpl
Irp2

Lcn2

Nos2
Tnfa
Tfrl

CTA-TCG-CCA-TCA-TCC-CCA-CC
CTC-CAA-CCC-GCT-CCC-ATA-AG
CAC-CTA-CCT-CTC-TCT-GGG-CT

GCC-ACC-ACA-CAA-GTC-CTT-AGA

TCC-TCC-TCA-GAC-CGC-TTT-T
TCA-AGT-GGC-ATA-GAT-GTG-
GAA-GAA
GAG-GAT-ACC-ACT-CCC-AAC-AGA-
CC
TGA-AGG-CGA-GTC-CAT-CCT-A
CTG-CAT-CCC-AGC-CTA-TTG-
AAA-A
CCA-TCT-ATG-AGC-TAC-AAG-
AGA-ACA-AT
CTG-CAG-CAC-TTG-GAT-CAG-GA
CCA-CCA-CGC-TCT-TCT-GTC-TAC
AGT-AGG-AGC-CCA-GAG-AGA-CG

GCA-ATC-CTC-CAG-CCT-ATT-CCA
AGC-CTT-ATG-CCG-AAA-GAC-CC
ACA-TCC-TGG-AAG-AGT-GCA-CG
TCT-CTT-CTG-CAT-TGG-TAT-CGC-
A
CAT-AAC-CTG-GTT-CAT-CAT-CGC

TGG-CTC-TGC-AGG-ATT-TTC-ATG

AAG-TGC-ATC-ATC-GTT-GTT-CAT-
ACA
CGT-TCA-CTC-CCA-AAG-GCT-CT
GCA-CTG-CTC-CTA-GCA-ATG-CTT-
C

TCT-GAT-CCA-GTA-GCG-ACA-GC

TCC-TTT-GAG-CCC-TTT-GTG-CT
AGG-GTC-TGG-GCC-ATA-GAA-CT
GGT-ATC-CCT-CCA-ACC-ACT-CAG
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2.7 Equipment

Table 2.8: Equipment used in this study

Equipment Manufacturer
MSC-Advantage™ Class |l Biological Safety Cabinet Thermo Scientific
UVFS-AR DNA/RNA UV cleaner box Biosan

099C A4224 Inhalation exposure system Glas-Col, LLC

Hera cell 240 incubator
Type KC-1 special biosafety cabinet

Heraeus Multifugue 3SR+
LightCycler®480 Instrument Il

BX41 Light Microscope

LEICA EG 1140 C Paraffin dough station
Tissue float bath 1052

STP-120 Spin Tissue Processor Microm
RM 2155 Rotary Microtome

Precision balance AY303 Sartorius

QTUMOOOEX Quantum EX Polishing Cartridge for

Mill-Q system

MiSeq next-generation sequencer
Infinite® M200PRO NanoQuant
FastPrep-24

R2100 Antigen Retriever device
Meso QuickPlex SQ 120 instrument

BioTek Synergy Multi-Mode Microplate Reader

VetScan HMb

Thermocycler

Thermo Scientific
Kojair Tech Oy,
Mantta-Vilppula, Fl
Thermo Scientific
Roche

Olympus

Leica

GFL

Thermo Scientific
Leica

Sartorius AG

Merck Chemicals GmbH

[llumina

Tecan

MP Biomedicals, LLC
ProteoGenix, Schilitigheim
Meso Scale Discovery

Bio Tek Instruments

SCIL animal care company
GmbH

SensoQuest

2.8 Software

Table 2.9: Software used in this study

Software

Developer

Anaconda3 2021.05
BioRender 2022*

GraphPad Prism version (v) 9.4.1.681.

[llumina Sequencing Analysis Viewer
v2.1.8

[llumina Experiment Manager v1.18.0
LightCycler 480 v1.5.1.62

Magellan v7

Mendeley Desktop v 1.19.8

i-Control microplate reader software

pyRAT System v4.2-323

Anaconda, Inc. (Austin, U.S.A)
BioRender (Toronto, Canada)
GraphPad Software, Inc. (La Jolla,
US.A)

lllumina (San Diego, U.S.A)

lllumina (San Diego, U.S.A)

Roche (Mannheim, DE)

Tecan Group Ltd (Mannedorf, CH)
Elsevier (London, UK)

Tecan Group Ltd (Mannedorf, CH)
Scionics Computer Innovation GmbH
(Dresden, DE)
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cellSens Imaging software v3.3

Discovery Workbench v4.0

VetScan HMb5-C software v2.2

R studio v.1.1.1.383

Olympus Corporation (Tokyo, Japan

(JP))

Meso Scale Discovery (Rockville, U.S.A)
Abaxis (Griesheim, DE)
R Studio, PBC (Boston, U.S.A)

*Except Fig. 1.6, all figures in this study were created with biorender.com

2.9 Bacterial Strains

Table 2.10: Bacterial strains used in this study

Strain

Genotype Source

M. tuberculosis H37Rv

Wild type

Albert Einstein College of Medicine, New
York, USA (Prof. Dr. W.R. Jacobs)

2.10 Mice

Female mice homozygous for either iron regulatory protein 1 (IrpI~/~) or 2 (Irp2~/~) genes
were generated as described in [137, 138, 139] and provided by Prof. Dr. Esther Meyron
at the Technion - Israel Institute of Technology, Israel. Upon arrival at the Research Centre
Borstel (RCB), these mice were mated with wild type (wt) C57BL/6J male mice to expand
the breeding stock. From these matings, IrpI~/~, Irp2~/~ and Irp2t/~ were generated and
used in this study. Unless otherwise stated, 8-20- week-old female wt, lrplf/*, /rpT/* and
Irp2*/~ mice were used for both in vitro and in vivo studies. 3-week-old female C57BL/6J
mice purchased from Charles River (Suelzfeld, DE) were also used in this study. Pregnant
Germ-free (GF) wt mice used in this study were a kind gift from Prof. Dr. Ulrich Steinhoff at
the Philipps-University of Marburg, DE.

Table 2.11: Mice used in this study

Strain Genotype ;Itzit: Breeder Reference
C57BI/6J  wt SPF Animal facility, RCB N/A
C57BI/6J  Irpl~/~ SPF Animal facility, RCB  [137]
C57BI/6J  Irp2~/~ SPF Animal facility, RCB  [139]
C57BI/6J Irp2*/~ SPF Animal facility, RCB- N/A
C57BI/6J  wt SPF Charles River, DE N/A
C57BI/6)  wt GE Philipps University of N/A

Marburg, DE
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Methods

3.1 In vitro Experiments

3.1.1 Isolation of mouse bone marrow-derived macrophages

Non-infected wt, IrpI~/~, Irp2~/~ were used to generate all M@ types used in this study.
Mice were euthanized by CO, exposure followed by cervical dislocation. Bone marrow-derived
M®@s (BMM®s) were isolated and differentiated as described in [140] with slight modifications.
Femora and tibiae were isolated, and bone marrow cavities were flushed with a 10 mL BMM®
medium using a 0.5mm x 25 mm 25 G cannula loaded on a 10 mL syringe. The flushed
cells were pelleted at 485 rcf for 5 mins at 4°C and resuspended in 1 mL BMM®@ medium.
Viable cells were counted by trypan blue dye exclusion test on a hemocytometer, adjusted
to a concentration of 5 x 10° cells in 10 mL BMM® medium and plated onto 92 x 16 mm
Petri dishes. Bone marrow M@ progenitors were allowed to proliferate and differentiate into
mature BMM®@s in a humidified chamber with 7.5% CO, at 37°C. 4 days after seeding the
cells, 5mL BMM® medium prewarmed at 37°C was added per petri dish and further incubated
for another 4 days. On day 8, the culture supernatant (s/n) was collected in 50 mL tubes and
stored temporarily on ice. Cells were detached by adding 5 mL ice-cold 1 x DPBS per petri
dish before incubation at 4°C for 15 mins. Using a cell scraper, adherent cells were scraped,
pooled with the previously collected s/n and centrifuged at 485 rcf for 5 mins at 4°C. Cells
were resuspended in 1 mL DMEM-FM supplemented with 20% (v/v) heat-inactivated (h.i.)
FCS and adjusted to a concentration 2 x 107 cells/ mL. DMEM-FM supplemented with 20%
(v/v) h.i. FCS and 20% (v/v) DMSO were used to cryopreserve freshly harvested BMM®@s in
a final concentration of 107cells/ mL. Cells were temporarily stored at -80°C for 24 h and then
transferred to a liquid nitrogen tank for long-term storage.

3.1.2 Isolation of mouse peritoneal macrophages

Peritoneal lavages were performed as described in [141] with slight modifications. Using a
10 mL syringe and 0.9 mm x 40 mm 20 G cannula, 10 mL cold 1 x DPBS supplemented
with 4% (v/v) h.i. FCS was injected into the peritoneal cavity. The abdominal cavity was
gently massaged for approx. 30 s to displace the peritoneal cells. The injected fluid was
aspirated from the peritoneum, centrifuged at 485 rcf for 5 mins at 4°C and resuspended in 1
mL DMEM-FM.
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3.1.3 Isolation of mouse alveolar macrophages

Following euthanization by CO, exposure, aM@s were isolated as described in [142] with slight
modifications. An incision was made on the animal’s thorax, extending to the neck to expose
the trachea. Using curved tip forceps, surgical suture thread was passed under the trachea
and left untied at both ends. A Vasofix Safety-Shielded IV catheter with an injection port
was gently inserted through the tracheal wall into the tracheal lumen. The surgical thread
was knotted on the uppermost part of the trachea to secure the catheter in place firmly. The
20 G needle lodged within the catheter was carefully removed, leaving the plastic holder in
place. 1 mL syringe prefilled with ice-cold 1 x DPBS supplemented with 0.2% (w/v) EDTA
was attached to the catheter, and the buffer solution was infused into the lungs. The thorax
was gently massaged for approx. 30 s, the injected fluid was aspirated from the lungs back
into the syringe and collected into a sterile 50 mL tube on ice. The lung infusion step was
repeated 7 times. Cells were pelleted at 485 rcf for 5 mins at 4°C and resuspended in 1 mL
RPMI 1640 medium supplemented with 10% (v/v) h.i. FCS.

3.1.4 Treatment of mouse macrophages

For infection of BMM@®s, previously cryopreserved cells were thawed in a water bath at 37°C.
Thawed cells were transferred to 15 mL tubes containing 9 mL DMEM-FM, pelleted at 485 rcf
for 5 mins at 4°C, and resuspended in 1 mL DMEM-FM. BMM® and freshly isolated aM@s
and peritoneal M@s (pM®@s) were counted by trypan blue exclusion test for cell viability on a
hemocytometer. Unless otherwise stated, M@s were adjusted to a concentration of 10° cells.
Cells were incubated overnight (o/n) in a humidified chamber with 7.5% CO, at 37°C prior to
any further experiments. Where indicated, cells were stimulated 2 h after seeding with 500
U/mL of recombinant murine IFN-gamma or treated with 100 M Ferric Ammonium citrate
(FAC) and 100 puM Deferoxamine (DFO). Furthermore, the phagocytosis rate of BMM®@s
was measured using the Phagocytosis assay kit (Cell Biolabs, San Diego, USA). This was
achieved by treating cells with either 500 U/mL of recombinant murine IFN-gamma or 10
1M cytochalasin D before adding prelabelled Zymosan particles (MOI of 3:1) as per the
manufacturer's protocol.

3.1.5 Culturing of Mtb for in vitro infections

Mtb stocks were grown in Middlebrook 7H9 broth supplemented with 10% (v/v) OADC
enrichment medium. Bacterial cells were harvested at the mid-log phase of growth and frozen
in 1 mL aliquots at -80°C for future use. For in vitro infections, frozen aliquots were thawed
and grown in Middlebrook 7H9 broth supplemented 10% (v/v) OADC enrichment medium in
a 1:10 dilution. After 3 days in culture, a 1:10 subculture in 7H9 broth supplemented with
10% (v/v) OADC enrichment medium was prepared and incubated in a humidified chamber
at 37°C for an additional 4 days. On day 7, the bacterial culture was centrifuged at 3500 rcf
for 10 mins at 4°C. The cells were washed with 10 mL 1 x DPBS and centrifuged again at
3500 rcf for 10 mins at 4°C. The resulting pellet was resuspended in 1 mL 1 x DPBS and the
bacterial suspension was homogenized several times using a 0.4mm x 23 mm 27 G blunt end
cannula loaded onto a 1 mL syringe to separate cell aggregates. The turbidity of the bacterial
suspension was determined by measuring the optical density (OD) at 580 nm (ODsgo). To
calculate the OD, a 1:10 dilution of the bacterial suspension in 4% (w/v) PFA was made.
Based on OD5g9 measured and considering the dilution factor used, the concentration of the
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bacteria per mL was calculated using the formula below.
Bacteria [ x 10%/mL] = ODsgo x (5 x 10%) x 10

3.1.6 Colony-forming unit (CFU) numeration assay

Unless otherwise stated, M@s were adjusted to a concentration of 10° cells in 100 uL DMEM-
FM and infected with different multiplicity of infection (MOI) values of Mtb at various time
points post-infection. Infected M@s were incubated in a humidified chamber with 5% CO, at
37°C. Colony-forming unit enumeration assays (CFU) were performed. Cell culture s/n were
collected and stored at -80°C for future use. M@s were washed twice with cold 1 x DPBS
and treated with 0.5% (v/v) Triton X-100 in PBS to permeabilize cell membranes. 10 L
Triton X-100 treated cells were tenfold serially diluted in 90 uL 0.05% (v/v) Tween 80 in PBS
and plated onto 7H11 agar plates supplemented with 10% (v/v) h.i. bovine serum. Plates
were incubated in a humidified chamber at 37°C and observed for 21-28 days. The highest
countable dilution was chosen for all experimental groups, and the results were shown as CFU
per mL.

3.1.7 Measurement of nitrite production

Nitrite production in cell culture s/n was measured using the Griess reaction [143]. 50 ulL
Griess reagent was added to 50 uL of cell culture s/n per well and incubated in the dark for
30 mins at room temperature (RT). Absorbance was measured at 540 nm using the Synergy 2
Multi-Mode Microplate Reader (Biotek Instruments, Inc., Winooski, USA), and a standard
curve (0-100M) was established with NaNO,.

3.2 In vivo Experiments

3.2.1 Ethics statement

Animal handling and experimental protocols reported herein complied with the German Animal
Protection Law and were approved by the Ethics Committee for Animal Experiments of the
Ministry of Energy, Agriculture, Environment, Nature and Digitalization, State of Schleswig-
Holstein, Germany, under licenses V 242- 24752/2018 (78-6/15) and V 241-32204/2018
(82-6/17).

3.2.2 Experimental animals

8-20-week-old female wt, Irp1~/=, Irp2~/~ and Irp2*/~ mice were bred under specific-pathogen-
free (SPF) conditions and maintained under a controlled temperature of 20-24°C, humidity
45-65°C and a constant 12-hour light/dark cycle. For the cohousing study, 20-week-old
pregnant germ-free (GF) C57BL/6J mice from the Philipps University of Marburg (Marburg,
DE) were transported to the Research Center Borstel (RCB) in the 2nd gestational week
at E16 of embryonic development. GF mice were maintained under the same conditions
described above. 3-5 mice were housed in type Il long, individually ventilated cages (IVC) in
the Biosafety level 3 (BSL-3) facility of the RCB. Cages and cage enrichment materials were
changed every week. Mice were allowed free access to drinking water and fed a maintenance
diet (ssniff Spezialdidten GmbH, Soest, DE) ad libitum sterilized by 25 kGy/min~y-irradiation.
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Drinking water was routinely examined (AGROLAB Agrar und Umwelt GmbH, Kiel, Prifbericht
1776575-102794)) to have an iron concentration of 0.016 mg/L and a pH value of 7.5.

For the feeding study, 3-week-old female C57BL/6J cage mates were purchased from Charles
River (Siilzfeld, DE) and maintained under the conditions described above except for varying
diet types. Upon arrival at RCB, C57BL/6J mice were acclimatized to a purified pellet diet
of 46 mg/kg Fe (I1) fumarate (S0647-E712) for 8 weeks. After that, mice were randomly
assigned to three feeding groups. These groups consisted of an iron-rich diet (460 mg/kg Fe
(1) fumarate (S0647-E716)), an iron-low diet (< 9 mg/kg Fe (1) fumarate (S0647-E724)) or
maintained on the initial diet of 46 mg/kg Fe (II) fumarate for 16 weeks plus the duration of
the infection for an additional 16 weeks. All diets were purchased from ssniff Spezialdiaten
GmbH (Soest, DE), sterilized by 25 kGy/min gamma-irradiation, vacuum-packed, and stored
at 4°C.

3.2.3 Infection of experimental animals with Mtb

Mice were allowed to acclimatize to the BSL-3 facility of the RCB for at least 2 weeks before
infection with Mtb H37Rv. Mice were infected via the aerosol route in an inhalation exposure
chamber (IEC) (Glas-Col, Terre Haute, USA). Mtb stocks prepared as described in section
3.1.5 were thawed at RT and briefly vortexed. To achieve uptake of approx. 100 viable
bacilli per mouse lung, the bacterial stock was thawed and homogenized several times using
a 0.4mm x 23 mm 27 G blunt end cannula loaded onto a 1 mL syringe to separate cell
aggregates. 200 uL of the bacterial stock was added to 6 mL Aq. Dest. and briefly vortexed.
To measure the inoculum, 500 pL of the bacterial suspension was tenfold serially diluted
up to 107 in 4.5 mL of 0.05% (v/v) Tween 80 in Aq. Dest. Dilutions were plated onto
7H11 agar plates supplemented with 10% (v/v) h.i. bovine serum and colonies were counted
after incubating plates in a humidified chamber at 37°C for 21-28 days. To proceed with the
infection of experimental animals, 5.5 mL of the bacterial suspension was introduced into the
nebulizer-venturi unit attached to the IEC. The device was calibrated to include preheating,
nebulizing, cloud decay, and decontamination programs which ran for 900 s, 2400 s, 2400 s
and 900 s, respectively. Deeper decontamination of the IEC was performed under the exact
settings mentioned above with 7% (v/v) optisept in 6 mL Aq. Dest. The in vivo target
infectious dose was confirmed by measuring lung CFU in 4 Mtb infected C57BL/6J mice 24 h
post-infection (p.i.) by plating homogenized lung tissue onto 7H11 agar plates supplemented
with 10% (v/v) h.i. bovine serum.

3.2.4 Health monitoring

Mice were monitored for disease severity based on general behaviour, activity, appearance,
and variations in weight as per an adapted protocol proposed by Morton and Griffiths [144]
(Table 3.1). Based on an in-house identification system, 2 mm notches were made in mice
ears. Animals reaching a score of 2 were monitored 2-3 times per week or daily for a score
of 3. Animals with severe symptoms, getting a clinical score of 3.5 or more, were withdrawn
from the experiment and sacrificed.

32



3.2. In vivo Experiments

Table 3.1: Scoring scheme for experimental animals. Adapted from [144]

Activity and

Score Body weight General condition Behaviour
stress levels
. . Unaffected or Smooth, sleek, and  Alert, close physical
Highly active, . : . . . .
1 increase in body shiny fur, kempt, interaction with
no stress . .
weight shiny eyes cagemates
Change in posture, A slight deviation
5 Active, mild Slight weight nasal discharge, from the
stress change reduced or excessive above-described
(<10%) grooming behaviour
Inactive or
Less active, Dull fur, increased  hyperactive response
Reduced .
3 moderate . muscle tone, body to stimuli, limited
stress weight loss cuts interaction with
(<10 - 20%)
cagemates
Unkempt fur, Lethargy,
Barely active, Reduced crouched posture, self—lsolatlon,' no.
4 . dull cloudy eyes, response to stimuli,
severe stress weight loss o o
o shivering, motor coordination
(<20 - 30%) . . )
piloerection disorders
. Reduced Shlverl_ng, cramps, Al:ItO aggression,
5 Lethargic . paralysis, abnormal painful shrieks on
weight loss breathing sounds touch
(>30%) &

3.2.5 Organ removal

Mice were sacrificed by an overdose cocktail of ketamine-xylazine (180 mg/kg body weight
Ketamidor and 24 mg/kg body weight Xylavet) in 1 x DPBS administered intraperitoneally.
To avoid cross-contamination, separate dissection tools were used to cut open the skin and
dissect the organs. Blood was collected from the inferior vena cava using a 0.4 mm x 19 mm
27 G cannulae and a 1 mL syringe. Lung perfusions were performed using a 20 mL syringe, and
1.2 mm x 40 mm 18 G cannula by passing Ca®>"/Mg?* free HBSS supplemented with 1 mM
EDTA through the right ventricle and pulmonary artery. Lungs, liver, spleen, and caeca were
aseptically removed, briefly rinsed in 1 x DPBS, weighed, and allocated to different read-outs

as outlined in Table 3.2.
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Table 3.2: Allocation of organs to different experiments following organ harvesting

Storage
Organ Read-out buffer/medium
Whole blood Hematological analyses K3 EDTA
Whole blood Serological analyses Clot activator
. . 5
Superior lung lobe Paraffin embeddllng and 4% (w/v) PFA for
cryopreservation 24 h
Remainder of the lung 1/2 of minced lung lobes for CFU and 1 mL lung lysis
lobes multiplex cytokine assays buffer
Remainder of the lung 1/2 of minced lung lobes for RNA
lobes isolation for qRT-PCR 1 mL TRI Reagent
0
1/4 left liver lobe Paraffin embedding 4% (W/Q\Q hPFA for
Left liver lobe (approx. . .
50-100 mg) RNA isolation for gRT-PCR 1 mL TRI reagent
Right liver lobe CFU assays WTA buffer
Spleen CFU assays and multiplex cytokine 1 mL spleen lysis
assays buffer
Caecum RNA isolation (16S rRNA sequencing) 1 mL TRI reagent

3.2.6 Colony-forming unit (CFU) enumeration assay

To determine the mycobacterial load in vivo, lungs, spleens, and livers were aseptically removed,
and total organ weights were recorded. Organs were mechanically homogenized in Whirl Pak
plastic bags prefilled with corresponding buffers indicated in Table 3.2. 50 uL or 100 uL
organ homogenates were subjected to tenfold serial dilutions in WTA buffer and plated onto
half, or whole Middlebrook 7H11 agar plates supplemented with 10% (v/v) h.i. bovine serum,
respectively. After incubation in a humidified chamber at 37°C for 21-28 days, the number of
colonies per plate were counted. The highest countable dilution was considered for results and
standardized per gram of net organ weight.

3.2.7 Whole blood collection and serum preparation

Evaluation of hematological parameters was performed from whole blood on VetScan HM5-C
hematology analyzer (Scil animal care company GmbH, Viernheim, DE) according to the
manufacturer’'s user manual. Whole blood collected in serum separator tubes was centrifuged
at 7000 rcf for 5 mins at 4°C to obtain a transparent barrier between the blood clot and serum.
Using 0.22um filter tubes, the serum was filtered by centrifugation at 7000 rcf for 3 mins at
4°C, transferred to 0.5 mL microtubes, and stored at -80°C until further use.

3.3 Histopathological and Immunohistochemical
Analyses

Tissues were fixed in 5 volumes 4% (w/v) PFA to organ weight and incubated at 4°C for 24 h.
The following day, samples were transferred to 0,1% (w/v) sodium azide in PBS and stored at
4°C until further processing.
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3.3.1 Tissue processing for histopathology

Tissues were loaded onto embedding cassettes and dehydrated using the Spin Tissue Processor
Microm STP-120 (Thermo Fisher Scientific, Walldorf, DE), consisting of graded ethanol baths.
The dehydration steps included are shown in Table 3.3.

Table 3.3: Paraffin processing of tissues

Immersion time

Reagent (min) per cycle Cycles
4% PFA 60 1
70% Ethanol 60 1
80% Ethanol 60 1
90% Ethanol 60 1
96% Ethanol 60 1
100% Ethanol 60 3
Xylol 60 2
Paraffin (65°C) 90 1

Paraffin-treated tissues were mounted on metal moulds and embedded in liquid paraffin at
65°C using the HistoStar Embedding Workstation (Thermo Scientific, Dreieich, DE). The
paraffinized tissues were allowed to solidify into paraffin blocks for approx. 30 mins and
sectioned at 4 um using a Leica RM 2155 rotary microtome (Leica Biosystems, Wetzlar, DE).
Sections were placed to float in a 37°C water bath, mounted onto SuperFrostPlus microscope
slides, and air-dried at 37°C o/n. All paraffin-embedded tissue sections were deparaffinized and
rehydrated before treatment with any stain of interest. The deparaffinization and rehydration
steps consisted of incubating the sections in 2 changes of xylol for 5 mins each, 2 changes of
100% Ethanol for 2 mins each, 2 changes of 96% Ethanol for 2 mins, once in 70% Ethanol for
1 min, and finally in Agq. Dest. for 2 mins followed by a brief rinse in PBS.

3.3.2 Cryopreservation of tissues

Deparaffinized tissues were incubated in varying concentrations of saccharose in PBS, as
indicated in Table 3.4.

Table 3.4: Tissue processing for cryopreservation

Steps Incubation time Temperature
5% Saccharose 45 min RT
5% Saccharose + 20% Saccharose (2:1) 45 min RT
5% Saccharose + 20% Saccharose (1:1) 45 min RT
5% Saccharose + 20% Saccharose (1:2) 45 min RT
20% Saccharose o/n 4°C
20% Saccharose + Tissue Tek (2:1) 30 mins RT

(infiltration solution)

Saccharose-treated tissues were loaded onto plastic cryo moulds containing 1 mL of the
infiltration solution. For cryopreservation of tissues, tissue-loaded moulds were immersed into
a beaker containing Isopentane cushioned on 19 mm dry ice pellets until frozen. For actual
immunochemistry staining, frozen samples were mounted on a CM1850 cryostat-microtome
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(Leica Biosystems, Wetzlar, DE), sectioned at 4 um, and placed on SuperFrost Plus microscope
slides and stored at -80°C until further use.

3.3.3 Hematoxylin and eosin (H&E) stain

4 pm deparaffinized tissue sections were stained with Mayer's Hematoxylin for 10 mins. Tissues
were rinsed briefly in running tap water, then Aq. Dest. for 2 mins and counter-stained with
1% (w/v) Eosin in Milli-Q water for 1 min. Following brief rinsing in Aq. Dest., subsequent
dehydration steps were performed to include incubation in; 96% Ethanol for 2 mins, 100%
Ethanol for 4 mins and briefly in xylene. Sections were embedded in Entellan and examined
under the BX41 light microscope (Olympus Corporation, Tokyo, JP). Hematoxylin stains the
nuclei blue-purple while eosin stains the cytoplasm and extracellular matrix pink. Quantitative
assessment of lesion size and lymphoid aggregates in Mtb infected lung, and liver tissue was
performed by measuring the affected lung and liver areas using CellSensB microscopy imaging
software (Olympus Corporation, Tokyo, JP).

3.3.4 Perl’s stain

Paraffin sections were used for Perl's stain to demonstrate the presence of ferritin within cells in
tissues. Deparaffinized and rehydrated sections were incubated at RT for 15 mins in a working
solution consisting of equal parts of 4% (w/v) aq. potassium ferrocyanide and 4% (v/v) aq.
HCI. Tissue sections were briefly rinsed in Aq. Dest. and tap water. Following treatment with
1% (w/v) filtered neutral red for 2 mins, tissue sections were rinsed in Aq. Dest, dehydrated
in absolute alcohol, cleared with xylene and mounted with Entellan towards microscopy under
the BX41 light microscope (Olympus Corporation, Tokyo, JP). Ferritin appears bright-to-deep
blue, nuclei and cytoplasm appear pink-to-red, and erythrocytes appear yellow.

3.3.5 Ziehl-Neelsen (ZN) stain

ZN staining was used to identify Mycobacterium species in deparaffinized sections. Deparaf-
finization was done as outlined in Table 3.5.

Table 3.5: Treatment of tissue sections prior to ZN staining

Reagent Time (min)  Temperature
Xylol | 5 RT
Xylol 111 5 RT
Xylol 111 5 RT
Xylol I/Ethanol 1:2 1, swivel lightly RT
100% Ethanol | 5 RT
100% Ethanol | 5 RT
100% Ethanol Il dip briefly RT
100% Ethanol 111 dip briefly RT
96% Ethanol dip briefly RT
70% Ethanol dip briefly RT
40% Ethanol dip briefly RT
Aq. dest. 5 RT

Sections were flooded with carbol-fuchsin and passed over a heat source until the appearance
of fumes. After 5 mins of cooling, sections were washed in Aq. dest. and flooded with 0.5%
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(v/v) HCl in 70% (v/v) Ethanol until the sections were decolorized to pale pink. After that,
tissue sections were treated as indicated in Table 3.6.

Table 3.6: ZN staining

Reagent Time (min) Temperature
Aq. dest. rinse briefly RT
1:10 Loeffler's methylene 1 min RT

blue solution

Aqg. dest. rinse briefly RT
96% Ethanol dip briefly RT
Isopropanol dip briefly RT
Xylol 1st wash 5 mins RT
Xylol 2nd wash 5 mins RT
Xylol 3rd wash 5 mins RT

Finally, tissue sections were allowed to air dry and mounted in Entellan for microscopic
examinations using the BX41 light microscope (Olympus Corporation, Tokyo, JP). Acid-fast
mycobacteria stain hot pink-red.

3.3.6 Oil Red O stain

Oil red O (ORO) staining was used to identify triglycerides, triacylglycerols, and lipid droplets
in cryosections. Sections were rinsed in PBS and treated with freshly prepared ORO working
solution (0.5% (w/v) ORO stock solution in 60% triethyl phosphate, diluted to 0.35% (v/v)
ORO in Aqg. dest.) for 30 mins. Sections were washed thrice in Aq. Dest, stained with Mayer's
Hematoxylin for 10 mins and briefly rinsed in Aq. Dest. Finally, slides were mounted in aq.
Kaiser's glycerol gelatin in advance of microscopy using a BX41 light microscope (Olympus
Corporation, Tokyo, JP).

3.3.7 Immunohistochemistry

Deparaffinized tissue sections were loaded in staining cuvettes prefilled with citrate buffer.
Cuvettes were placed in a Retriever 2100 pressure cooker prefilled with water and treated for
45 min to unmask the antigenic epitopes. Tissues were allowed to cool at RT for approx. 20
mins and washed thrice with PBS. After that, sections were incubated with 1% (v/v) H202 in
the dark at RT for 20 mins to block endogenous peroxidase activity. Sections were washed
thrice with PBS and treated with 100 pL 0,1% (v/v) Triton X-100 in 3% (w/v) BSA in PBS
supplemented with 5% (v/v) normal goat serum (NGS) to block unspecific binding sites and
permeabilize the cells for 10 mins at RT. This was followed by treatment with or without 100
pL primary antibody (diluted in 2% (w/v) BSA in PBS) o/n at 4°C. Samples treated without
the primary antibody served as negative controls. The following day, tissue sections were rinsed
thrice with PBS and incubated in 100 plL biotinylated goat anti-rabbit secondary antibody
(diluted in 2% (w/v) BSA in PBS) for 45 mins in the dark at RT. Following three times
rinsing with PBS, 100 uL VECTASTAIN ELITE ABC kit reagents prepared according to the
manufacturer’s protocol were added to the tissue sections. Tissue sections were again washed
thrice with PBS and treated with 200 uL DAB peroxidase substrate per microscope slide.
Finally, tissue sections were rinsed for 5 mins with Aq. Dest. after the desired stain intensity
had been achieved when viewed under the light microscope. Sections were counterstained with
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Gill's Hematoxylin for 5 mins, washed under running tap water for an additional 5 mins, and
rinsed in Aq. Dest. Tissue sections were dehydrated as described in section 3.3.1, mounted in
aq. Kaiser's glycerol gelatin and imaged with a BX41 light microscope (Olympus Corporation,
Tokyo, JP).

3.4 Biochemical Analyses

3.4.1 Protein concentration measurement

Following organ homogenization as described in section 3.2.6, 300 L organ lysates were
transferred to 0.22 um centrifuge filter tubes, centrifuged at 7000 rcf for 5 mins at 4°C,
transferred to 0.5 mL microtubes and stored at -80°C until further experiments. Protein
concentration in organ lysates was determined using the Pierce BCA protein assay kit (Thermo
Fisher Scientific, Rockford, USA) according to the manufacturer’s instructions and normalized
before cytokine and chemokine measurements.

3.4.2 Enzyme-linked immunosorbent assay (ELISA)

Murine serum was used to quantify ferritin using mouse ferritin light chain kit (Abcam,
Cambridge, United Kingdom (UK)) through ELISA per the manufacturer’s protocol.

3.4.3 Determination of biochemical iron parameters

Total iron concentration in serum was measured using the lron assay kit (Sigma-Aldrich,
Steinheim, DE) as per the manufacturer's instructions. Total iron-binding capacity (TIBC) using
the TIBC kit (Abcam, Cambridge, UK) was measured in murine sera per the manufacturer’s
instructions. Transferrin saturation in serum was not measured but calculated as a ratio of
the serum iron concentration and the TIBC expressed as a percentage.

3.5 Molecular Biology Analyses

3.5.1 Total RNA extraction from tissue

Samples were collected in BashingBead™ lysis tubes (containing 0.1 and 0.5mm beads)
pre-filled with 1 mL TRI reagent. Tissues were homogenized using the FastPrep 24 (MP
Biomedicals, CA, USA) by performing 5 cycles of homogenization for 50 secs at a speed
of 6.5 m/s. A 5 mins cool-down on ice was performed between each homogenization cycle.
After that, samples were centrifuged at 12 000 rcf at RT for 1 min. RNA was isolated by the
phase separation method [145] with slight modifications. 400 L of the tissue homogenate
was transferred to a DNAse/RNAse free tube, and 80 uL of Chloroform was added to the
homogenate. Samples were briefly vortexed, incubated for 3 mins at RT, and spun at 12000 rcf
for 15 min at 4°C. The upper aqueous phase containing the RNA was transferred into a new
tube and processed using the Direct-zol RNA MiniPrep kit according to the manufacturer’s
protocol (Zymo Research, Freiburg, DE). The resulting RNA was purified using One-Step
PCR Inhibitor Removal Kit (Zymo Research, Freiburg, DE) according to the manufacturer’s
protocol. RNA concentrations were determined at 260 nm on the Infinite M200Pro NanoQuant
Plate reader (Tecan, Mannedorf, CH), diluted to 100 ng/uL in DNAse/RNAse free water and
stored at -80°C until further use.
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3.5.2 Quantitative real-time reverse transcription (RT)- polymerase
chain reaction (PCR) (qRT-PCR)

Reverse transcription

RNA was treated with dsDNase using the Maxima First Strand cDNA Synthesis kit with
dsDNase (Thermo Fisher Scientific, Dreieich, DE) to eliminate contaminating genomic DNA
(gDNA) as outlined in Table 3.7.

Table 3.7: dsDNAse digestion reaction set-up

Components Volume (L)
10x dsDNAase buffer 1
dsDNAse 1
Template RNA 8
Total volume 10

The reaction was performed on the Labcycler (SensoQuest, Géttingen, DE) at 37°C for 2 min.
The dsDNAse treated RNA was transcribed into cDNA using the Maxima FirstStrand cDNA
Synthesis kit with dsDNase (Thermo Fisher Scientific, Dreieich, DE) as per the manufacturer’s
instructions (Table 3.8) on the Labcycler (SensoQuest, Géttingen, DE) with the following
thermal cycling conditions outlined in Table 3.9.

Table 3.8: cDNA synthesis reaction set-up

Components Volume per sample (uL)
5x Reaction mix 4
Maxima enzyme mix 2
DNA/RNAse-free water 4
Total volume 10

Table 3.9: Thermal cycling conditions for cDNA synthesis

Program  Temperature (°C) Time (hh:mm:ss) Cycles

Denaturation 25 00:10:00 1
Annealing 50 00:15:00 1
Extension 85 00:05:00 1

Cooling 4 Hold 1

qRT-PCR

The expression of target genes at the RNA level was quantified by qRT-PCR on the LightCycler
480 Instrument (Roche Diagnostics, Mannheim, DE) using the fluorescent SYBR Green |
dye, which intercalates double-stranded DNA (dsDNA). Primers used to amplify reference
and target genes were designed using the NCBI tool Primer-BLAST and ordered from Sigma-
Aldrich (Hamburg, DE). The primers for Nos2, Hprt, Irpl, and Frtn-L chain were provided
by Coinfection group, RCB, Borstel, DE. 10 M forward and 10 uM reverse primers for each
gene were prepared, aliquoted, and stored at -20°C until further use. The efficiency of the
amplification was determined by preparing titrations of cDNA of all test samples (100%, 50%,
10%, 5%, 1%, 0.5%, 0.1%, 0%) for both reference and target genes. The qRT-PCR was
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performed using the LightCycler 480 SYBR Green | Master kit (Roche Diagnostics, Mannheim,
DE) as per the manufacturer's instructions (Table 3.10) using the program settings outlined
in Table 3.11.

Table 3.10: gqRT-PCR reaction set-up

Components Volume per sample (uL)
SYBR Green | Master 5
DNA/RNAse-free water 3,8
Primer-Mix 0,2
cDNA template 1
Total volume 10

Table 3.11: Thermal cycling conditions for qRT-PCR

Program  Temperature (°C) Time (hh:mm:ss) Cycles

Denaturation 95 00:10:00 1
Amplification 95 00:00:10 45
63 00:00:10 45

72 00:00:08 45

72 00:00:01 45

Melting curve 95 00:00:10 1
65 00:00:10 1

97 - 1

Cooling 37 00:00:01 1

For the actual gqRT-PCR, primer pairs with specific melting curves and cDNA titration with
mid-log phase around 10-20 cycles were selected. DNase/RNase-free water, non-template
control, and cDNA samples without reverse transcriptase were used as controls. Mouse
hypoxanthine-guanine phosphoribosyltransferase 1 (Hprt/) was used as the housekeeping gene.
The qRT-PCR was performed using the same reaction volumes and cycling conditions in Tables
3.10 and 3.11, respectively. The relative quantification (RQ) of the target gene expression in
the test sample was determined using the E-(Efficiency)-method (Roche Applied Sciences)
based on the true efficiency of each reaction obtained from the titrations of the reference
and target genes prepared as described above. The results were automatically calculated by
LightCycler 480 software, v1.5.1. from the target and the housekeeping genes’ cycle threshold
(Ct) values.

3.5.3 DNA extraction of tissue

DNA was isolated from tissues using phase separation [145] and TRI reagent DNA /protein
isolation protocols (Thermo Scientific). Following mechanical disruption using the FastPrep-24
(MP Biomedicals, LLC, Irvine, USA), tissues were processed as described in Section 3.5.1.
The phenol-chloroform phase and interphase containing the DNA were used for DNA isolation.
200 plL back extraction buffer was added to the samples’ 400 uL phenol-chloroform phase and
interphase. The mixture was incubated for 10 mins at RT and centrifuged at 12000 rcf for 15
mins at 4°C to yield 2 phases. The upper aqueous phase containing the DNA was transferred
to a new tube, and 2 uL of linear acrylamide was added to the samples to increase DNA vyield.
Samples were vortexed, and 160 uL isopropanol was added to the tubes. Again, samples were
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vortexed, incubated for 5 mins at RT, and centrifuged at 12000 rcf for 5 mins at 4°C. The
resulting pellet was resuspended in 1 mL 75% (v/v) Ethanol and incubated at 4°C o/n. The
following day, samples were incubated for 15 mins at RT, gently mixed, and centrifuged at
12000 rcf for 5 mins at 4°C. The pellet was allowed to air dry for 15 mins and resuspended in
100 pL 8 mM NaOH. Finally, samples were centrifuged at 12000 rcf for 5 mins at 4°C, and
the s/n was transferred to a 96-well PCR plate. 1uL HEPES buffer was added to the DNA
samples, which were further purified using MagSi-NGS Prep Plus (Magna Medics Diagnostics
B.V., Geleen, Netherlands (NL)) following a protocol described in [146]. DNA concentration
and purity were assessed by measuring the ratio of absorbance at 260 nm and 280nm on the
Infinite M200Pro NanoQuant Plate reader (Tecan, Méannedorf, CH). Caecum DNA samples
were diluted to 10 ng/uL in DNAse/RNAse-free water and stored at -80°C.

3.6.4 Genotying PCR

Genomic DNA was extracted from ear punch biopsies or liver tissue samples as described
in section 3.5.3 and diluted 1:10 in DNA/RNAse-free water (Zymo Research, Freiburg,
DE). The PCR was performed using the Red Tag DNA polymerase (TagPol) master mix
(VWR, Darmstadt, DE) as per manufacturer's instructions (Table 3.12) on the Labcycler
(SensoQuest GmbH, Goéttingen, DE) using the program settings outlined in Table 3.13.

Table 3.12: PCR reaction set-up

Components Volume per sample (uL)
TagPol master mix 15
DNA/RNAse-free water 10
Primer mix 1*
DNA template 1
Total volume 27

*2 plL for IRP2 primer mix

Table 3.13: Thermal cycling conditions for PCR

Program  Temperature (°C) Time (hh:mm:ss) Cycles

Denaturation 94 00:05:00 1
Annealing 94 00:00:30 30
Extension 60,8 00:00:30 30
Extension 72 00:01:00 30
Extension 72 00:07:00 25

Cooling 4 Hold

To separate DNA by size for visualization, agarose gel electrophoresis was used. For this, 2%
agarose gel was used. 2 g agarose powder (Carl Roth, Karlsruhe, DE) was dissolved in 100 mL
1x TAE buffer by microwaving for 1-2 mins. The agarose solution was poured into a gel tray
with well combs and allowed to solidify for 20-40 mins. Following gel solidification, the gel
box was filled with 1x TAE buffer and 8 uL 6x loading buffer (i.e., Generule 100bps (Thermo
Scientific, Bremen, DE)) was loaded in the first and last of the wells of the gel. 20 uL PCR
product was mixed with 4 pL 6x loading dye and 24 pL in total was loaded into additional
wells of the gel. Water was used as a negative control. The gel was run for 1h 35 mins at
100V. DNA bands were visualized by staining the gel in 1 ug/mL Ethidium Bromide (EtBr)
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staining solution (Carl Roth, Karlsruhe, DE) for 20-30 mins. EtBr intercalates with DNA
double strands and fluoresces when excited with UV light at an emission maximum of 595 nm.
Thereafter, gels were destained in ddH,O for 5-10 mins to remove excess EtBr, exposed to

UV light at 302 nm, and imaged using a photo documentation system (Biorad Laboratories
GmbH, Munich, DE).

3.5.5 16S rRNA library preparation
Amplicon PCR

Bacterial 16S rRNA variable V3-V4 regions were amplified on the Labcycler (SensoQuest
GmbH, Géttingen, DE) using the Phusion Hot Start Il High-Fidelity (HiFi) DNA-Polymerase
(Thermo Scientific, IL, USA) as indicated in Table Table 3.14.

Table 3.14: Amplicon PCR reaction set-up for one sample

Components Volume (ulL)
DNA/RNAse-free water 14.75
5x Phusion HF buffer 5
dNTP-mix 0.5
Forward primer 1
Reverse primer 1
Phusion HotStart Il HiFi DNA 0.25
polymerase '
DNA template 2.5
Total volume 25

The PCR program was run as follows: initial denaturation at 98°C for 30 s, followed by 25
cycles of denaturation at 98°C for 10s, annealing at 55°C for 20 s, extension at 72°C for 20 s
for 25 cycles and a final extension step at 72°C for 420 s.

PCR Clean-up | and Index PCR

Following PCR amplification, MagSi-NGS Prep Plus (Magna Medics Diagnostics B.V., Geleen,
NL) was used to purify the resulting v3-v4 amplicons based on the protocol described in
[146]. Index 1(i7) and index 2 (i5) adapters (lllumina, San Diego, U.S.A) were used to attach
barcodes to amplicons through index PCR using the 2x KAPA HiFi HotStart ReadyMix (2x
KAPA HiFi) kit (Roche, Karlsruhe, DE). The reaction set-up is indicated in Table 3.15.

Table 3.15: Index PCR reaction set-up for one sample

Components Volume (pL)
DNA 5
Index 1 (i7) adapters 5
Index 2 (i5) adapters 5
PCR grade water 10
2x KAPA HiFi 25
Total volume 50

PCR program started with an initial denaturation at 95°C for 180 s, followed by 8 cycles of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s and final
extension at 72°C for 300 s.
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PCR Clean-up Il, Library quantification and standardization

DNA was again purified using MagSi-NGS Prep Plus, and DNA yield was quantified using
Quant-iT PicoGreen dsDNA Assay (Thermo Scientific, Dreieich, DE) as per manufacturer’s
instructions. DNA was then diluted to a final concentration of 0.1 nM in 10 mM Tris HCI (pH
7), after which 3 L of each sample was used to create a pooled library.

Library denaturation and sequencing on the MiSeq platform

60 pL 0.1 mM pooled library was added to 60 L NaOH and incubated at RT for 5 mins
to allow denaturation. To achieve a 20 pM DNA pool, 60uL 200 mM Tris HCI (pH 7) was
added to 120 pL hybridization buffer (HT1). Of this, 240 ulL of the pool was mixed with 700
pul HT1 and 60 pL 20 pM PhiX. The dilution steps resulted in a 6 pM pool containing 20%
denatured PhiX. Finally, 600uL of the final pool was added to the cartridge and loaded onto
the MiSeq sequencer (lllumina, San Diego, U.S.A). Unless otherwise mentioned, all reagents
and kits used for library preparation were purchased from lllumina, San Diego, USA.

3.6 Immunological Analyses

3.6.1 Multiplex cytokine assay

Sample protein concentrations were quantified as described in section 3.4.1 before assays.
Cytokines and chemokines present in sera and organ lysates were measured using the MSD
U-PLEX Biomarker Group 1 (mouse) Multiplex Assays (Meso Scale Discovery, Rockville, USA)
according to the manufacturer’s protocol. Samples were measured on the Meso QuickPlex
SQ 120 instrument (Meso Scale Discovery, Rockville, USA) and data were acquired using the
MSD Discovery Workbench software v4.0.

3.6.2 Measurement of reactive nitrogen species production

Nitrite production in murine serum and lung homogenates was measured using the Total Nitric
Oxide and Nitrate/ Nitrite colourimetric assay kit (Cayman Chemical, Minneapolis, USA)
according to the manufacturer's protocol.

3.7 Data Analyses

3.7.1 Bioinformatic analyses

Samples were sequenced using the MiSeq system (lllumina, San Diego, USA) at the Molecular
and Experimental Mycobacteriology department at the RCB (Borstel, DE). FASTQ files
containing the sequence data were processed using a pipeline of USEARCH (v11) commands
[146]. For this study, the R code used for the analysis of the OTU tables was established
by Dr. Matthias Hauptmann. Data were analyzed in Rstudio (v.1.1.1.383) and Anaconda
(v3 2021.05). [Seta-diversity was measured using the Bray-Curtis dissimilarity index based on
principal coordinates analysis (PCoA). Within-and-between group dissimilarities were quantified
using Wilcoxon Rank Sum Exact Test.
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3.7.2 Statistical tests

Data are presented as mean + standard deviation and were analysed using GraphPad Prism
v.9.1.2 (GraphPad Software, LaJolla, CA). Two-way analysis of variance (ANOVA) with Tukey's
post hoc analysis was used to evaluate normally distributed data. Non-parametric Kruskal-
Wallis test was used for data with a non-normal distribution. Differences were considered
statistically significant at p < 0.05, p < 0.01, p < 0.001, and p < 0.0001.
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CHAPTER

Results

4.1 Effects of Dietary Iron Manipulation in Mtb
Infection in vivo

Increased iron availability of genetic, dietary, or environmental origins is considered a risk factor
for developing and exacerbating active TB [147]. Many studies have inconsistent findings on
the consequences of dietary iron supplementation and iron deficiency on the predisposition to
pulmonary TB infection. To investigate whether long-term dietary iron supplementation or
under-supply of iron in mice prior to and during experimental Mtb infection could influence
TB disease outcome, C57BL/6J mice were fed iron-rich, iron-low, and iron-control diets to
induce dietary iron overload and iron deficiency.

4.1.1 Investigation of host responsiveness to Mtb

To induce iron overload or iron deficiency anemia, SPF female C57BL/6J wt mice were kept
on either iron-rich (460 mg/kg Fe (I1) fumarate), iron-low (< 9mg/kg Fe (II) fumarate) or
iron-control diets (46 mg/kg Fe (Il) fumarate) for 16 weeks before infection. After that, mice
were infected with 100 CFU Mtb H37Rv via aerosol route and maintained on the same diets
for an additional 16 weeks post Mtb infection (p.i.) (Fig. 4.1).
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Figure 4.1: Experimental set-up for investigating dietary iron supplementation and
iron under-supply in mice prior to and during experimental Mtb infection. 3-week-old
female C57BL/6J mice were fed an experimental diet containing 46 mg/kg Fe (1) fumarate
for 8 weeks for acclimatization. At 11 weeks of age, mice were assigned to 3 feeding groups:
iron-control, iron-rich, and iron-low. Mice were sacrificed 8 weeks (d-84 p.i.) and 16 weeks
(d-1 p.i.) after the start of the feeding regimen and infection with 100 CFU Mtb H37Rv via
the aerosol route on day 0 was performed. The target infection dose was investigated in 8
mice (i.e., n=4 animals per experiment) in the iron-control group on day 1 p.i. Mice were
maintained on the respective diets for additional 16 weeks and sacrificed at indicated time
points.

On either day 13 or 16, 26 or 29, 63 or 64, and 119 or 120 p.i., mice in the different feeding
groups were euthanized. Lungs, spleens, and livers were collected to assess Mtb loads via CFU
enumeration assays. Mycobacterial replication was observed in the mice’s lungs, spleens, and
livers over time (Fig. 4.2). Higher Mtb loads were observed in the lungs of mice on the
iron-rich diet compared to mice on iron-control and iron-low diets in the early phase of infection
at days 13 and 26 p.i. (Fig. 4.2A). However, the bacterial load was reduced to similar levels
at days 64 p.i. in all feeding groups demonstrating equal control of mycobacterial growth.
Interestingly, in the late phase of infection at day 119 p.i., a surge in the mycobacterial growth
was observed in the lungs of mice in all feeding groups, with the highest Mtb loads observed
in mice on the iron-rich diet versus (vs) those in the other feeding groups (Fig. 4.2B).

In the spleen, significantly higher Mtb loads were observed in spleens of mice on the iron-rich
diet compared to mice on iron-control or iron-low diets at all time points (Fig. 4.2D-F),
indicating that increased iron availability promoted Mtb replication.

Higher Mtb loads were observed in the livers of mice on the iron-rich diet compared to those
on iron-control or iron-low diets at days 26, 64, and 119 p.i. (Fig. 4.2G-I). These results
show that increased iron availability promotes Mtb replication, whereas limited iron availability
in the lungs, spleens, and livers inhibits Mtb growth.
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Figure 4.2: Mycobacterial loads in tissue homogenates from mice on iron-control,
iron-rich and iron-low diets. SPF female C57BL/6J mice were treated as indicated in
Fig. 4.1. CFU assays were performed, and mycobacterial loads in lungs (A-C), spleens
(D-F) and livers (G-l) were determined at indicated time points. Each circle represents an
individual sample (n=6-8 animals for all panels). Data pooled from 2 independent experiments
representing both days 13/16, 26/29, 63/64, and 119/120 p.i. Data were log-transformed
and as shown as mean + SD. Statistical analysis was performed using two-way ANOVA with
Tukey's multiple comparisons tests. *p < 0.05, **p < 0.01, *** p< 0.001 and **** p
< 0.0001 were considered statistically significant. ns represents statistically non-significant

differences.

4.1.2 Histopathological analysis of lung tissue

To visualize the effect of the different diet types on TB histopathology in mice on iron-control,
iron-rich, and iron-low diets, lung sections were stained with Hematoxylin and Eosin (H&E)
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stain. No histopathological alterations were observed in the lungs of all mice in the different
feeding groups before infection and on days 13/16 p.i. (Fig. 4.3). Increased cellular infiltration
at the sites of infection and larger inflammatory lesions were observed in the lungs of Mtb-
infected mice on an iron-rich diet at either day 26/29 or 119/120 p.i. when compared to mice
on iron-control or iron-low diets thus reflecting lung CFU data.

Hematoxylin and Eosin stain

Iron-control

Iron -rich

[]

Iron-low
< 9 mg/kg Fe (1) Fumarate | 46 mg/kg Fe (11) Fumarate| 46 mg/kg Fe (Il) Fumarate

Day-1 Day 13 post Mtb Day 26 post Mtb Day 64 post Mtb Day 119 post Mtb

Figure 4.3: Histopathological analysis of lung tissue sections from mice on iron-
control, iron-rich and iron-low diets. SPF female C57BL/6J mice were treated as indicated
in Fig. 4.1. Superior lung lobes were collected, PFA fixed, and paraffin-embedded (PFPE).
Tissue sections were stained at all time points with H&E stain and examined at indicated
magnifications. Representative micrographs of 1 animal out of 8 per group are shown (i.e., from
2 independent experiments). Squares with a black outline and black arrows show inflammatory
cellular infiltrates. Scale bars represent 1 mm taken with 4x objective.

4.1.3 Investigation of indicators of iron status

Several studies have linked host iron status to infection severity with TB [147]. Therefore, it
was hypothesized that the increased availability of free iron could have driven increased my-
cobacterial loads observed in the mice on the iron-rich diet due to dietary iron supplementation.
Consequently, indicators of host iron status such as serum iron and ferritin were investigated.
No differences in total iron levels in serum were observed in all mice in the different feeding
groups at all time points (Fig. 4.4A-C). Elevated serum ferritin concentrations were observed
in mice on the iron-rich diet at day 26 p.i. compared to mice on iron-low diets and at day
119 p.i. to those on the iron control diet. Though insignificant, a trend towards higher serum
ferritin concentrations was observed at days -84, -1, 13, and 64 p.i. in mice on the iron-rich in
comparison to those on iron-control and iron-low diets (Fig. 4.4D-F). These results suggest
that increased iron availability led to increased iron stores which served as a nutrient source
for Mtb resulting in the higher Mtb loads observed in mice on the iron-rich diet at these time
points.
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Figure 4.4: Evaluation of indicators of iron status in sera from mice on iron-control,
iron-rich and iron-low diets. SPF female C57BL/6J mice were treated as indicated in
Fig. 4.1. Serum was obtained from whole blood collected from the vena cava caudalis
under terminal anaesthesia to investigate total serum iron (A-C) and serum ferritin (D-F)
concentrations at indicated time points. Each circle represents an individual sample (n=4
animals). Data are from 1 experiment and shown as mean + SD. Statistical analysis was
performed using two-way ANOVA with Tukey's multiple comparison tests. *p < 0.05, **p
< 0.01, *** p< 0.001 and **** p < 0.0001 were considered statistically significant. ns
represents statistically non-significant differences.

4.1.4 Quantitative evaluation of expression of iron metabolism genes

To investigate the impact of dietary iron availability or insufficiency on the expression of iron
metabolism genes in the liver, gene expression analyses were performed by qRT-PCR. Hepatic
Tfr1 mRNA transcript levels were significantly elevated in mice on the iron-low diet at all time
points indicating augmented import of iron into the cells to meet the increased demand caused
by the low-iron diets. Precisely, at days -84, -1, 13 and 26 p.i., higher TfrI mRNA transcript
levels observed in mice on the iron-low diet were in comparison to mice in the other feeding
groups. At days 64 and 119 p.i., higher Tfrl mRNA transcript levels were observed in mice on
the iron-low diet compared to those on the iron-rich diet but not controls (Fig. 4.5A-C). The
expression of hepatic Fpnl remained unchanged in all feeding groups prior to Mtb infection. At
day 13 p.i., hepatic Fpnl expression was upregulated in mice on the iron-control diet compared
to those on the iron-rich diet. On days 26 and 64 p.i., Fpnl expression was elevated in mice on
the iron-rich diet in comparison to those on the iron-low diet (Fig. 4.5D-F). Hepatic Frtn-L
expression equally remained unchanged in all feeding groups during the entire feeding regimen
and Mtb infection, except at day 64 p.i, wherein, hepatic Frtn-L expression was increased in
mice on the iron-rich diet in comparison to those on the iron-control and iron-low diets (Fig.
4.5G-1). Finally, hepatic Hampl expression was upregulated in mice on the iron-rich diet at all
time points in comparison to mice on the iron-control and iron-low diets (Fig. 4.5J-L). In all,
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these findings illustrate the impact of iron availability on the expression of iron metabolism
genes (including Tfrl, Fpnl, Frtn-L, and Hampl) in the liver prior to and during experimental

Mtb infection.
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Figure 4.5: Quantification of iron metabolism genes in liver tissue from mice on
iron-control, iron-rich and iron-low diets. SPF female C57BL/6J mice were treated as
indicated in Fig 4.1. Livers were collected, total host cellular RNA was extracted, reverse
transcribed to complementary DNA, and used for the quantification of Tfr1 (A-C) Fpnl (D-F)
Frtn-L (G-1) and Hampl (J-L) gene expression by qRT-PCR. All mRNA expression levels were
normalized against murine Hprt mRNA expression levels. Each circle represents an individual
sample (n=4 animals). Data are from 1 experiment and shown as mean + SD. Statistical
analysis was performed using two-way ANOVA with Tukey’'s multiple comparison tests. *p <
0.05 and **p < 0.01 were considered as statistically significant. ns represents non-statistically

significant differences. RQ = Relative

quantification.
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4.1.5 Investigation of mMRNA and protein expression levels of
inflammatory cytokines

Iron promotes ROS production, which influences NFxB activity, a key transcription factor in
initiating immune responses. To investigate if increased or decreased dietary iron availability
modulates the expression of inflammatory cytokines including, Ifng, Tnfa, and II-6 involved
in immunity against Mtb infection, lung tissues from mice fed different diets and handled as
indicated in Fig. 4.1 were analysed using qRT PCR. /fng mRNA transcript levels were elevated
in mice fed an iron-rich diet at day 13 p.i., compared to mice on the iron-low diet. At days 26
and 119 p.i., Ifng expression was upregulated in mice on the iron-rich diet compared to mice
fed an iron-low diet but not in those on the iron-control diet (Fig. 4.6A). Meanwhile, Tnfa
expression was upregulated in mice on the iron-rich diet at days -1 and 13 p.i., in comparison
to mice on iron-low diet only. Though no differences were observed, there was an increase in
the overall expression of Tnfa in all mice at days 26, 64, and 119 p.i. (Fig. 4.6B). Finally,
II-6 was upregulated in mice fed an iron-rich diet only at day 13 p.i., compared to controls as
well as mice on the iron-low diet (Fig. 4.6C). In all, these results indicate a general infective
effect by Mtb, with prominent observations at days 26, 64 and 119 p.i.

Additionally, protein expressions of IFNv and TNFa in lung homogenates of mice fed different
diets and handled as indicated in Fig. 4.1 were investigated using a customized immunoassay.
Concentrations of IFN+y and TNFa were increased across all feeding groups at days 26, 64 and
119 p.i. These concentrations were compared to pre-infection levels at days -84 and -1, as well
as during Mtb infection at day 13 p.i. Higher concentration of IFN~ was observed in lungs of
mice on the iron-rich diet compared to both mice on the iron-control and iron-low diets at
days 26 and 119 p.i (Fig. 4.6D). Although not statistically significant, a trend towards higher
TNFa concentration was observed at day 26 p.i. in mice on the iron-rich in comparison to
those on iron-control and iron-low diets. However, at day 119 p.i., TNFa was significantly
elevated in lungs of mice fed an iron-rich diet vs those in the other feeding groups (Fig. 4.6E)
Overall, these results show that dietary iron levels in mice, whether increased or decreased,
have an impact on the modulation of Tnfa, Ifng, and Il-6 mRNA and IFN~y and TNF« protein
expression during experimental Mtb infection.
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Figure 4.6: Quantification of mRNA and protein expression levels of inflammatory
cytokines in lung tissue and homogenates from mice on iron-control, iron-rich and
iron-low diets. SPF female C57BL/6J mice were treated as indicated in Fig. 4.1. Lungs
were collected, total host cellular RNA was extracted, reverse transcribed to complementary
DNA, and used for the quantification of /fng (A), Tnfa (B) and /l-6 (C) gene expression by
gRT-PCR. All mRNA expression levels were normalized against murine Hprt mRNA expression
levels. RQ = Relative quantification. In lung homogenates, the protein concentrations of
IFN~ (A) and TNF« (B) were investigated. Each circle represents an individual sample (n=4
animals). Data are from 1 experiment and shown as mean + SD. Statistical analysis was
performed using two-way ANOVA with Tukey's multiple comparison tests. *p < 0.05 and **p
< 0.01 were considered as statistically significant.ns represents non-statistically significant
differences.

4.1.6 Histological analysis for iron deposits in lung tissues

Mtb resides in Ms, and mycobacterial growth requires (free) iron availability. To investigate
whether iron promotes Mtb infection, Perl’s stain was used to identify iron depositions in the
lungs. Increased Prussian blue-positive cells were observed in the lungs of non-infected as well
as Mtb infected mice on the iron-rich diet in comparison to mice on iron-control and iron-low
diets at days -84 p.i. and 119 p.i., respectively (Fig. 4.7A-B).
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Figure 4.7: Histological analysis of iron deposits in lung tissue sections from mice
on iron-control, iron-rich and iron-low diets. SPF female C57BL/6J mice were treated as
indicated in Fig 4.1. Superior lung lobes were collected, PFA fixed, and paraffin infiltrated
at days -84 and 119 p.i. Tissue sections were stained with Perl’s stain and examined under
the BX41 light microscope at different magnifications (A). lron deposits stain bright-deep
blue while nuclei and cytoplasm stain pink-red. Representative micrographs of 1 animal out of
8 per group are shown. Black arrows indicate iron deposits stained bright blue. Scale bars
represent 100 pm (400x magnification). Quantitative assessment of iron deposits (B). Data
generated from quantification of iron deposits are from 1 experiment, n=4 animals. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparison tests. *p
< 0.05 was considered as statistically significant. ns represents non-statistically significant
differences. PPB* aM@= Perl Prussian blue positive alveolar macrophages.

The above results (Figs. 4.1-4.7) show significant findings regarding dietary iron manipu-
lation in mice prior to and during infection with experimental Mtb. Regarding dietary iron
supplementation in mice, my results show that increased dietary iron (i) promoted higher
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Mtb loads in lungs, spleens, and livers (ii) worsened pulmonary pathology, (iii) increased iron
deposits in aM@s and (iv) altered the expression of iron metabolism genes. Conversely, dietary
iron-under supply in mice led to (i) lower Mtb loads in target organs and (ii) milder pulmonary
pathology in comparison to mice on the iron-rich diet. Collectively, these results highlight the
influence of manipulating iron metabolism on the outcome of experimental TB infection and
subsequent expression of immune and iron metabolism-related genes.

To further explore the influence of alterations in iron metabolism on experimental TB, the
role of 2 key regulators of cellular iron metabolism, IRP1 and IRP2, on host iron status and
host immune responses during experimental Mtb Infection was investigated. For this, 2 mouse
models deficient for either IRP1 or 2, i.e., lrpl_/_ or lrp2_/_, respectively, were used to explore
this aspect both in vitro and in vivo

4.2 The Role of Iron Regulatory Proteins 1 and 2 in
Mtb H37Rv Infection in Macrophages in vitro

M@s are important to immune function in TB and essential to iron homeostasis [148]. In this
study, aM@s, peritoneal (pM@s), and BMM®@s obtained from non-infected wt, IrpI~/~ and
Irp2~/~ mice were used to investigate the course of Mtb infection and the cellular response of
IRP1 and IRP2-deficient M@s.

4.2.1 Assessment of tissue-resident macrophage numbers

Bone marrow cells, peritoneal and alveolar M@s were collected from non-infected wt, Irp1=/~
and Irp2~/~ mice and viable cells were counted by trypan blue dye exclusion test. A lower
number of bone marrow cells and alveolar M@s (aM@s) were observed in IrpI~/~ and Irp2~/~
mice in comparison to wt but not between IrpI~/~ and Irp2~/~ mice. Irp2~/~ mice showed
lower number of peritoneal M@s (pM@s) in comparison to wt but not /rpI~/~ mice (Fig. 4.8).
These results suggest that the lack of Irpl and Irp2 affects myelopoiesis resulting downstream
in lower numbers of tissue-resident M@s.
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Figure 4.8: Tissue-resident macrophage numbers in wt, Irpl~/~ and Irp2~/~ mice.
12-16-week-old female wt, IrpI~/~ and Irp2~/~ mice were euthanized by CO, exposure. Bone
marrow cells (A), pM@ (B) and aM@ (C) were collected, and viable cells were counted.
Each square represents an individual sample (n=6 animals). Data pooled from 2 independent
experiments and shown as mean + SD. Statistical analysis was performed using Kruskal-Wallis'
nonparametric test with Dunn’s multiple comparisons test to compare experimental groups.
*p < 0.05 and **p < 0.01 were considered statistically significant.
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4.2.2 Investigation of macrophage responsiveness to Mtb

The response of IRP1 and IRP2-deficient M@s to Mtb has not yet been investigated. In
line with this, BMM®@s, pM®@s and aM@s were isolated from non-infected wt, IrpI~/~ and
Irp2~/~ mice and infected with Mtb at different time points indicated in Figs. 4.9. Increasing
mycobacterial loads over an observation time of 72h were observed in all M@ types of all three
mouse strains but increases were strongest in IRP2-deficient M@s (Figs. 4.9A-I).
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Figure 4.9: Mycobacterial loads in wt, IrpI~/~ and Irp2~/~ macrophages. Bone
marrow cells were isolated from non-infected wt, IrpI~/~ and Irp2~/~ mice and allowed to
differentiate to mature BMM@s. 10° BMM@s (A-D), pM®@ (E-H) and aM®@ (I-K) were
infected with Mtb H37Rv (MOI of 0.1:1) to determine the mycobacterial burden at indicated
time points. Data pooled from 3 independent experiments with 3 technical replicates each
and shown as mean + SD. Statistical analysis was performed using ordinary one-way ANOVA
with Tukey's multiple comparison tests, with single pooled variance. *p < 0.05, **p < 0.01,
*¥*% p < 0.001 and **** p < 0.0001 were considered statistically significant.

Upon IFN~ activation, mycobacterial replication was inhibited in all M@ types from all three
mouse strains at all indicated time points (Fig. 4.10A-K). These observations suggest
that the differential permissiveness of Irp2~/~ versus IrpI~/~ and wt M@s is overwritten
by IFN~-mediated activation, indicating the disruption of iron metabolism benefiting Mtb
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growth in the absence of IRP1 or 2 is overwritten by IFN~ activation of anti-microbial effector
molecules.
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Figure 4.10: Mycobacterial loads in wt, IrpI~/~ and Irp2~/~ macrophages following
IFN~ stimulation. Bone marrow cells were isolated from non-infected wt, lrpl_/_ and
Irp2~/~ mice and allowed to differentiate to mature BMM@s. 10° BMM@s (A-D), pM® (E-H)
and aM@ (I-K) were stimulated with 500 U/ml IFNv and infected with Mtb H37Rv (MOI of
0.1:1) to determine the mycobacterial burden at indicated time points. Data pooled from 2
independent experiments with 3 technical replicates each and shown as mean + SD. Statistical
analysis was performed using ordinary one-way ANOVA with Tukey's multiple comparison
tests, with single pooled variance.

4.2.3 Determination of phagocytosis rate of bone marrow-derived
macrophages

Based on the observed increased growth of Mtb in Irp2~/~ M@s (Figs. 4.9), it was
hypothesized that differential phagocytic abilities between wt, IrpI=/~ and Irp2~/~ M@®s might
explain the differences in permissiveness to Mtb. To assess whether wt, IrpI~/~ and Irp2-/~
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4.2. The Role of Iron Regulatory Proteins 1 and 2 in Mtb H37Rv Infection in Macrophages in vitro

M@s have different phagocytic activities, BMM®s isolated from non-infected wt, Irp1=/~
and Irp2~/~ mice were studied for uptake of Zymosan particles using an MOI of 3:1. No
differences were observed in the phagocytic activity of all BMM®@s from all mouse strains which
were untreated with Zymosan particles and unstimulated with IFNvy (Fig. 4.11A). These
BMM®s in (Fig. 4.11A) were used as experimental controls. Higher phagocytic activity
was observed in Irp2~/~ BMM@s compared to wt and IrpI~/~ M@s upon adding Zymosan
particles (Fig. 4.11B). Treatment of BMM®s with IFN~ equalized the phagocytic activity
between all BMM®s (Fig. 4.11C) while Cytochalasin D inhibited phagocytosis in all M@s
equally (Fig. 4.11D). These findings suggest that the higher phagocytic ability of Irp2~/~
BMM®@s may have contributed to the higher mycobacterial loads in comparison to Irp1~/~
BMM®@s.
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Figure 4.11: Determination of phagocytosis rate in wt, Irpl~/~ and Irp2-/-
macrophages. Bone marrow cells were isolated from non-infected wt, IrpI~/~ and Irp2~/~
mice and allowed to differentiate to mature BMM@s. 10° BMM®@s per well were seeded,
and phagocytosis rate was measured in BMM®@s which were either untreated with Zymosan
particles and unstimulated with IFN~ (A), treated with only Zymosan particles (B), treated
with Zymosan particles and stimulated with 500 U/ml IFN~y (C) or treated with Zymosan par-
ticles and 10 um Cytochalasin D (D). The phagocytosis rate was determined by colourimetric
detection at 405 nm. Data are from 1 experiment and shown as mean + SD. Statistical analysis
was performed using Kruskal-Wallis’ nonparametric test with Dunn’s multiple comparisons
test to compare experimental groups.*p < 0.05 and **p < 0.01 were considered statistically
significant. ns represents statistically non-significant differences.

4.2.4 Evaluation of nitric oxide production in macrophages

During Mtb infection, M@s are activated to inhibit mycobacterial replication through the
production of nitric oxide (NO) [149]. To investigate the ability of wt, IrpI~/~ and Irp2~/~ mice
BMM®s to produce NO, BMM®s isolated from non-infected wt, IrpI~/~ and Irp2~/~ mice
were used. No differences were observed in NO production in non-infected and unstimulated
BMM®s indicated in Figs. 4.12A-D, as well as in non-infected BMM®@s stimulated with
IFN~ at all time points indicated in Figs. Figs. 4.12E-H.
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Figure 4.12: Nitric oxide quantification in wt, Irp1~/~ and Irp2~/~ non-infected
macrophage supernatants. Bone marrow cells were isolated from non-infected wt, IrpI=—/~
and Irp2~/~ mice and allowed to differentiate to mature BMM@s. 10° BMM®@s per well
were seeded, and NO levels were estimated in non-infected and unstimulated BMM®@s (A-D),
non-infected but stimulated with 500 U/ml IFNv (E-H). Data pooled from 2 independent
experiments with 3 technical replicates each and shown as mean + SD. Statistical analysis
was performed using ordinary one-way ANOVA with Tukey's multiple comparison tests, with
single pooled variance.

Following Mtb infection, higher NO production over an observation time of 48h was observed
in IrpI~/~ in comparison to Irp2~/~ and wt BMM®@s (Fig. 4.13A-D). Upon activation
with IFN~ followed by Mtb infection, higher NO production was observed in all BMM@s,
particularly in wt BMM@®@s at 24-72h p.i. time points in comparison to Irp1~/~ and Irp2~/~
BMM®s (Fig. 4.13E-H). These observations, particularly in Fig. 4.13A-D, suggest higher
concentrations of NO produced by IrpI~/~ BMM®@S could account for the better reduction of
mycobacterial growth in IrpI~/~ but not in wt and Irp2~/~ M@s.
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Figure 4.13: Nitric oxide quantification in wt, Irpl~/~ and Irp2-/~ Mtb infected
macrophage supernatants. Bone marrow cells were isolated from non-infected wt, Irpl~/~
and Irp2~/~ mice and allowed to differentiate to mature BMM@s. 10° BMM@s per well
were seeded, and NO levels were estimated in BMM®@s which were either Mtb infected and
unstimulated with IFNv (A-D) or Mtb infected and stimulated with 500 U/ml IFNv (E-H).
Data pooled from 2 independent experiments with 3 technical replicates each and shown as
mean + SD. Statistical analysis was performed using ordinary one-way ANOVA with Tukey's
multiple comparison tests, with single pooled variance. *p < 0.05, **p < 0.01 and **** p
< 0.0001 were considered statistically significant. ns represents statistically non-significant
differences.

4.2.5 Permissiveness of macrophages to Mtb following iron
supplementation and depletion

Several reports have demonstrated that the administration of exogenous iron increases my-
cobacterial growth in vitro in M@s. Likewise, treatment of M@s with iron-chelating agents
has been reported to minimize mycobacterial growth in vitro [I47]. Therefore, the response of
Irp1~/~ and Irp2~/~ BMM@s to Mtb infection upon treatment with ferric ammonium citrate
(FAC) or deferoxamine mesylate salts (DFO) was investigated. Firstly, untreated BMM®@s
isolated from non-infected wt, IrpI~/~ and Irp2~/~ mice were infected with Mtb to serve
as controls. Here, increasing mycobacterial loads were observed over an observation time
period of 72h from all mouse genotypes but increases were strongest in Irpl1~/~ and Irp2~/~
BMM®@s (Fig. 4.14A-D). Similarly, all FAC-treated BMM®s from all mouse genotypes
showed augmenting Mtb loads but again, increases were strongest in Irp2~/~ BMM®@s at 2h,
48h, and 72h p.i. when compared to IrpI~/~ BMM®s only (Fig. 4.14E-H). To demonstrate
the consequences of iron chelation on IRP-deficient BMM@s following Mtb infection, BMM®@s
from non-infected wt, IrpI~/~ and Irp2~/~ mice were treated with 100 M DFO. DFO did
not influence mycobacterial replication in all BMM@s (Fig. 4.141-L). These results confirm
observations from other authors that increased iron availability promotes Mtb growth in M@s.
The observation that iron chelation is inefficient in decreasing Mtb growth could be due to
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the lower affinity of DFO.
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Figure 4.14: Mycobacterial loads in wt, Irp1~/~ and Irp2~/~ macrophages following
FAC or DFO treatment. Bone marrow cells were isolated from non-infected wt, Irp1=/~
and Irp2~/~ mice and allowed to differentiate to mature BMM®@s. 10° BMM®s per well were
infected with Mtb (MOI of 0.1:1) (A-D) and treated with either FAC (E-H) or DFO (I-L) to
determine the mycobacterial burden at indicated time points. Data pooled from 2 independent
experiments with 3 technical replicates each and shown as mean + SD. Statistical analysis was
performed using ordinary two-way ANOVA with Tukey's multiple comparison tests, with single
pooled variance. *p < 0.05, **p < 0.01 and **** p < 0.0001 were considered statistically
significant. ns represents statistically non-significant differences.

4.3 The Influence of Iron Regulatory Proteins 1 and 2
on Host Responsiveness to Mtb Infection

Recently, the relevance of IRPs in mediating murine host resistance against experimental S.
enterica serovar Typhimurium has been reported [136]. However, no study has investigated
the role of IRPs in murine Mtb infection. Both Mtb and S. Typhimurium are intracellular
pathogens which depend on host-derived iron sources [150, [151]. Given the similarities between
Mtb and S. Typhimurium, with respect to their niche and reliance on iron, it was hypothesized
that IRPs might contribute to host responsiveness to Mtb.
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4.3.1 Investigation of host responsiveness to Mtb

To address this hypothesis, female wt, IrpI~/~ and Irp2~/~ mice were infected with 100 CFU
Mtb via aerosol route and mycobacterial burdens were determined on days 13, 28 and 63
p.i. Mycobacterial replication was observed in the mice's lungs, spleens, and livers over time.
Higher mycobacterial loads were observed in the lungs of Irp2~/~ mice compared to Irpl~/~
and wt mice at day 13 p.i. Interestingly, at day 28 p.i., Irp2~/~ mice showed three times higher
bacterial load than /rpI~/~ and wt mice. At day 63 p.i., the bacterial load was equalized to
similar levels in all three mouse genotypes indicating that Irp2 contributes to the control of
Mtb during the exponential mycobacterial growth phase (Fig.4.15A).

Compared to wt and IrpI~/~ mice, significantly higher CFUs were observed in spleens of
Irp2~/~ mice at day 28 p.i. At day 63 p.i., significantly higher Mtb loads were observed
between Irp2~/~ and wt mice only but not /rpI~/~ mice (Fig.4.15B).

In the liver, higher Mtb loads were observed in Irp2~/~ mice compared to wt and IrpI~/~ at
days 28 and 63 p.i. (Fig.4.15C). Taken together, these results show that IRP1 and IRP2,
though with different roles, are involved in host responses, which control Mtb replication.
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Figure 4.15: Mycobacterial loads in tissue homogenates from wt, Irp1~/~ and
Irp2-/~ mice. 8-20-week-old female wt, IrpI~/~ and Irp2~/~ mice were infected with 100
CFU Mtb via the aerosol route. CFU assays were performed, and the mycobacterial loads in
lungs (A), spleens (B), and livers (C) were determined at indicated time points. Each square
represents an individual sample. Data pooled from 2 independent experiments (n=8 animals
for panels A and B, n= 5 animals for panel C), log-transformed and as shown as mean + SD.
Statistical analysis was performed using two-way ANOVA with Tukey's multiple comparisons
tests. *p < 0.05, **p < 0.01, *** p< 0.001 and **** p < 0.0001 were considered statistically
significant.

4.3.2 Clinical and pathological signs of Mtb infection

Following experimental infection of wt, IrpI~/~ and Irp2~/~ mice with Mtb H37Rv via the
aerosol route, mice were monitored for clinical signs of disease throughout the infection. Based
on the clinical scoring scheme described in section 3.2.4, no clinically obvious symptoms were
observed in Mtb infected wt, IrpI~/~ and Irp2~/~ mice. Mice were weighed weekly, and their
body weights were recorded. A significant increase in overall body weight was observed in
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Irp2~/~ mice at days 14-35, 49 and 63 p.i. in comparison to wt or /rpI~/~ mice (Fig.4.16).
This data shows that /rp2~/~ mice gained weight despite the higher mycobacterial loads.
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Figure 4.16: Mean body weights of wt, Irp1~/~ and Irp2~/~ mice. 8-20-week-old
female wt, IrpI~/~ and Irp2~/~ mice were were monitored for fluctuations in weight prior to
and during infection with 100 CFU Mtb via the aerosol route. Data pooled from 2 independent
experiments (n=7-8 animals) and shown as mean + SD. Statistical analysis was performed
using two-way ANOVA with Tukey's multiple comparisons tests. *p < 0.05, **p < 0.01 and
*** p < 0.001 were considered statistically significant.

Based on the differences observed between the overall body weights between the different
mouse genotypes, a comparative analysis of lung and spleen weights and numbers of viable
cells in these organs was investigated. A significant increase in lung weight and number of
viable immune cells were observed in IrpI~/~ mice compared to wt mice but not /rp2~/~ mice
at day 28 days p.i. (Figs. 4.17A-C).
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Figure 4.17: Relative organ weight and viable immune cell count in lungs from wt,
Irp1~/~ and Irp2~/~ mice. 8-20-week-old wt, IrpI~/~ and Irp2~/~ mice were infected with
100 CFU Mtb via the aerosol route. Lungs were collected, and lung weights (A), lung-to-body-
weight-ratio (B) and the number of immune cells (C) were recorded. Each square represents
an individual sample (n=7-8 animals for panels A and B, 5 animals for panel C). Data pooled
from 2 independent experiments and shown as mean + SD. Statistical analysis was performed
using two-way ANOVA with Tukey's multiple comparisons tests. *p < 0.05 and **p < 0.01
were considered statistically significant. ns represents statistically non-significant differences.
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4.3. The Influence of Iron Regulatory Proteins 1 and 2 on Host Responsiveness to Mtb Infection

Though not statistically significant, splenomegaly was observed in non-infected /rpI~/~ mice
compared to wt and /rp2~/~ mice confirming observations from other studies [137] [152].
Remarkably, at day 28 p.i., the splenomegaly phenotype was exacerbated in IrpI~/~ mice
versus wt and Irp2~/~ mice (Fig. 4.18 A-D). Exacerbated splenomegaly was accompanied by
a significant increase in spleen weight and number of viable of immune cells (Fig. 4.18A-c).
Nevertheless, this phenotype vanished at day 63 p.i. with no observable differences between
wt, IrpI~/~ and Irp2~/~ mice.
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Figure 4.18: Relative organ weight and viable immune cell count in spleens from
wt, Irpl~/~ and Irp2~/~ mice. 8-20-week-old wt, IrpI~/~ and Irp2~/~ mice were infected
with 100 CFU Mtb via the aerosol route. Spleens were collected, and respective weights (A),
spleen-to-body-weight-ratio (B) and number of viable immune cells (C) were recorded. Each
square represents an individual sample (n=7-8 animals for panels A and B, 5 animals for panel
C). Data pooled from 2 independent experiments and shown as mean + SD. Statistical analysis
was performed using two-way ANOVA with Tukey's multiple comparisons tests. *p < 0.05 and
**p < 0.01 were considered statistically significant. ns represents statistically non-significant
differences. Macroscopic assessment of mice spleens was performed (D). Representative
photograph of 1 animal spleen per mouse strain out of 8 per group are shown, i.e., from 2
independent experiments.
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4.3.3 Cytokine and chemokine quantification

Pro-inflammatory cytokines such as IL-173, IL-6, IL-12, TNFa, and IFN~ are crucial in host
immunity against mycobacterial infections [I53]. Following the differential responses of wt,
Irp1=/~ and Irp2~/~ mice to Mtb infection, the cytokine and chemokine profiles in the lung
and spleen tissue homogenates of non-infected and Mtb infected wt, IrpI~/~ and Irp2~/~
were investigated using a customized immunoassay. In all mouse strains, the proinflammatory
cyto- and chemokines were increased by Mtb infection primarily at day 28 p.i. (Fig. 4.19
and 4.20).

In the lungs, higher concentrations of inflammatory mediators such as IFN+, TNFq, IL-13,
and IL-6 were observed in lungs of Irp2~/~ compared to wt and IrpI~/~ mice at day 28 p.i.
(Fig. 4.19A-D). Additionally, chemokines such as Keratinocyte chemoattractant (KC/GRO),
monocyte chemoattractant protein (MCP-1), and macrophage inflammatory protein 2 (MIP-2)
and were significantly elevated in lungs of /rp2~/~ mice at day 28 p.i. compared to wt and /or
Irp1~/~ mice (Fig. 4.19F-H). Of note, KC/GRO and MIP-2 concentrations were elevated in
lungs of Irp2~/~ mice at day 28 p.i, compared to wt but not /rpI~/~ mice lungs (Fig. 4.19F
and H). Similarly, higher concentrations of the MCP-1 were observed in Irp2~/~ compared to
wt but not IrpI~/~ mice at day 28 p.i. (Fig. 4.19G).

At day 63 p.i., lower concentrations of all these cyto- and chemokines were observed in all
mouse strains (Fig. 4.19A-G), indicating a reduction in inflammation which correlates with
lung CFU data (Fig. 4.15A). Nevertheless, higher concentrations of IFN+, TNFa and MCP-1
were observed in Irp2~/~ mice compared to wt and IrpI~/~ mice at this time point (Fig.
4.19A, B and G). These results show that Mtb infection promotes increased production of
pro-inflammatory cytokines and chemokines which was higher in Irp2~/~ compared to wt and
Irp1~/~ mice in the early phase of infection when compared to the late stage of infection.

In the spleens, higher concentrations of inflammatory mediators such as IFNv (Fig. 4.20A)
and IL-6 (Fig. 4.20D) were observed in spleens of Irp2~/~ compared to wt and IrpI~/~ mice
at day 28 p.i. Augmented concentrations of IL-1/5 (Fig. 4.20C) and IL-17A (Fig. 4.20F)
were observed in spleens of Irp2~/~ compared to wt but not /rpI~/~ mice at day 28 p.i.
Furthermore, chemokines such as KC/GRO (Fig. 4.20G) and MCP-1 (Fig. 4.20H) were
significantly elevated in spleens of /rp2~/~ mice at day 28 p.i. compared to wt and Irpl~/~
mice at day 28 p.i.

At day 63 p.i., lower concentrations of all these cyto- and chemokines were observed in all mouse
strains (Fig. 4.20A-1), showing a reduction in inflammation. However, higher concentrations
of IFN+, KC/GRO and MCP-1 were observed in Irp2~/~ mice compared to wt mice at this
time point (Fig. 4.20A, G and H). Interestingly, no differences in the concentration of I1L-10
were observed in all mouse genotypes at all time points (Fig.4.20E). These findings indicate
that Mtb infection enhances the production of pro-inflammatory cytokines and chemokines,
particularly in the early stage of infection, with higher levels observed in Irp2~/~ mice as
compared to both wt and IrpI~/~ mice.
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Figure 4.19: Cytokines and chemokine quantification in lung homogenates from
wt, Irp1~/~ and Irp2=/~ mice. 8-20- week-old female wt, IrpI~/~ and Irp2~/~ mice were
infected with 100 CFU of Mtb via the aerosol route and sacrificed at indicated time points.
Lungs were collected and homogenized for the investigation of IFNy (A) TNFa (B) IL-15 (C)
IL-6 (D) IL-10 (E) KC/GRO (F) MCP-1 (G) MIP-2 (H) production. Each square represents an
individual sample (n=>5 animals). Data pooled from 2 independent experiments and shown as
mean + SD. Statistical analysis was performed using two-way ANOVA with Tukey's multiple
comparisons tests. *p < 0.05, **p < 0.01, *** p< 0.001 and **** p < 0.0001 were considered
statistically significant. ns represents statistically non-significant differences.
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Figure 4.20: Cytokines and chemokine quantification in spleen homogenates from
wt, Irp1~/~ and Irp2-/~ mice. 8-20- week-old female wt, IrpI~/~ and Irp2~/~ mice
were infected with 100 CFU of Mtb via the aerosol route and sacrificed at indicated time
points. Spleens were collected, and homogenates were used for the investigation of IFNvy (A),
TNFa (B), IL-13 (C), IL-6 (D), IL-10 (E), IL-17A (F), KC/GRO (G) MCP-1 (H) MIP-2 (1)
production. Each square represents an individual sample (n=5 animals). Data pooled from 2
independent experiments and shown as mean + SD. Statistical analysis was performed using
two-way ANOVA with Tukey's multiple comparisons tests. *p < 0.05, **p < 0.01, *** p<
0.001 and **** p < 0.0001 were considered statistically significant. ns represents statistically
non-significant differences.
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4.3. The Influence of Iron Regulatory Proteins 1 and 2 on Host Responsiveness to Mtb Infection

4.3.4 Determination of iNOS

Host antimicrobial effector mechanisms are important in mounting an immune response during
TB infection. One of such mechanisms is the production of nitric oxide from L-arginine by
iNOS upon stimulation by inflammatory cytokines such as TNFa, IFN+ and members of
the IL-1 family [I53]. To investigate the histopathological implications of pro-inflammatory
cytokines such as IFN~ levels in Irp2~/~ mice, lung tissues were stained with anti-NOS2
antibody to detect NOS2 in M@s. Slightly more NOS2-positive aM@s was observed in Irp2~/~
mice compared to wt and IrpI~/~ mice lungs at day 28 p.i. (Fig.4.21). These differences
were diminished in all mice genotypes at days 63 p.i. (data not shown).
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Figure 4.21: Immunohistological staining for NOS2-positive macrophages in lung
tissue sections from wt, Irp1~/~ and Irp2~/~ mice. 8-20- week-old female wt, Irpl~/~
and Irp2~/~ were infected with 100 CFU of Mtb H37Rv via the aerosol route. Superior lung
lobes were collected, PFA fixed, and paraffin-embedded. NOS2 in lung tissue sections was
detected by anti-NOS2 antibody followed by treatments with biotinylated goat anti-rabbit
secondary antibody, avidin-biotin complex, and DAB peroxidase substrate. Sections were
counterstained with Gill's Hematoxylin and examined under the BX41 light microscope. Gill's
Hematoxylin stains the nuclei purple while anti-NOS2 antibody stains the NOS2 within M@s
copper brown. Representative micrographs of 1 animal out of 4 per group are shown. Scale
bars represent 500 zm and 100 pum. Abbreviation: IHC= immunohistochemistry.

To quantify Nos2 gene expression in the lungs of these mice, qRT-PCR was performed. Though
statistically insignificant, a trend toward higher Nos2 expression was observed in Irp2~/~ mice
at days 13 and 63 p.i. However, at day 28 p.i., higher Nos2 mRNA transcripts levels were
observed in Irp2~/~ mice compared to wt and IrpI~/~ mice (Fig.4.22A), thereby confirming
the NOS2 stain data (Fig.4.21A). Similarly, higher nitric oxide concentrations were observed
in lung homogenates of /rp2~/~ mice in comparison to wt and IrpI~/~ mice at day 28 p.i.
but not on days 13 or 63 p.i. (Fig.4.22B). Though these findings show that /rp2~/~ mice
have higher nitric oxide levels and increased Nos2 mRNA transcripts at day 28 p.i., these
results also suggest a delay or defect in effector mechanisms in Irp2~/~ mice in controlling
Mtb replication.
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Figure 4.22: Determination of RNI in lungs from wt, Irp1~/~ and Irp2~/~ mice. 8-20-
week-old female wt, IrpI~/~ and Irp2~/~ mice were infected with 100 CFU of Mtb H37Rv
via the aerosol route and sacrificed at indicated time points. Lungs were collected, and total
host cellular RNA was extracted. Complementary DNA was synthesized and used to quantify
Nos2 gene expression via qRT-PCR (A). All mRNA expression levels were normalized against
murine Hprt mRNA expression levels. In lung homogenates, the protein concentrations of
nitric oxide was also measured (B). Data are from 1 experiment (n=4 animals) and shown as
mean £ SD. Statistical analysis was performed using two-way ANOVA with Tukey's multiple
comparison tests. *p < 0.05, *** p< 0.001 and **** p < 0.0001 were considered statistically
significant. ns represents non-statistically significant differences. Abbreviations: RQ = Relative
quantification, Nos2= Nitrix oxide synthase 2.

4.3.5 Histopathological analysis of lung and liver tissue

In line with the higher bacterial loads observed in the lungs and livers of Irp2~/~ mice compared
to wt and /rpI~/~ mice, the question was asked whether histopathological alterations reflect
these differential bacterial loads. Here, lung sections of wt, IrpI~/~ and Irp2~/~ mice
were stained with H&E. Inflammatory cellular infiltration at the sites of infection and larger
inflammatory lesions (black squares and black arrows) were observed in the lungs of Mtb
infected Irp2~/~ mice at day 28 p.i., which were larger compared to those in wt and /rpl~/~
mice (Fig. 4.23A and C). However, wt mice developed large areas of pulmonary inflammation
occurring mainly at the rim of the lung and IrpI~/~ mice formed larger "granuloma-like"
structures containing large necrotic areas while the Irp2~/~ mice had smaller cellular infiltrates,
which were however more numerous in comparison to IrpI~/~ mice but also contained central
necrotic areas. On day 63 p.i., no differences in histopathological alterations were observed in
any of the three mouse strains (Fig. 4.23B and C).
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Figure 4.23: Histopathological analysis of lung tissue sections from wt, Irpl—/~
and Irp2-/~ mice. 8-20- week-old female wt, IrpI~/~ and Irp2~/~ mice were infected with
100 CFU of Mtb via the aerosol route. Superior lung lobes were collected, PFA fixed, and
paraffin-embedded. Tissue sections were stained at days 28 (A) and 63 p.i. (B) with H&E
stain and examined at indicated magnifications. Representative micrographs of 1 animal out
of 8 per group are shown, i.e., from 2 independent experiments. Black squares and arrows
show inflammatory cellular infiltrates. Scale bars represent Scale bars represent 500 pm, 200
um and 50 um (40x, 10x and 40x magnification, respectively). Quantitative assessment of
cellular infiltrates and lesions of lung tissue (C). Data generated from quantification is from 1
experiment (n=4 animals). Statistical analysis was performed using two-way ANOVA with
Tukey's multiple comparisons tests. **p < 0.01 and *** p< 0.001 were considered statistically
significant, and ns represents statistically non-significant differences

In the liver, immune cell infiltration was observed in all mouse genotypes at days 28 and 63
p.i. However, at day 63 p.i. more cellular infiltrates were observed in liver sections of Irp2~/~
mice compared to wt or /rpI~/~ mice (Fig. 4.24 A-B), thereby reflecting the differential
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liver CFU data (Fig. 4.15C)
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Figure 4.24: Histopathological analyses of liver tissue sections from wt, IrpI~/~ and
Irp2~/~ mice. 8-20- week-old female wt, IrpI~/~ and Irp2~/~ mice were infected with 100
CFU of Mtb H37Rv via the aerosol route. Left liver lobes were collected, PFA fixed, and
paraffin infiltrated at 63 days p.i., stained with H&E stain, and examined under the BX41 light
microscope (A). Hematoxylin stains the nuclei blue-purple while eosin stains the cytoplasm
and extracellular matrix pink. Representative micrographs of 1 animal out of 8 per group
(i.e., from 2 independent experiments) are shown. Scale bars represent 500 zm, 200 um and
50 um (40x, 10x and 40x magnification, respectively). Black squares and arrows indicate
inflammatory cellular infiltrates. Quantitative assessment of cellular infiltrates and lesions
of lung tissue (B). Data generated from quantification is from 1 experiment, n=4 animals.
Statistical analysis was performed using two-way ANOVA with Tukey's multiple comparisons
test tests. **p < 0.01 and *** p< 0.001 were considered statistically significant, and ns
represents statistically non-significant differences.

Mtb thrives in “foamy” M®@s rich in lipid droplets within granulomas. Reportedly, Mtb utilizes
these host lipids as a Carbon source [154]. Therefore, lipid droplets in the lungs of wt, IrpI~/~
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and Irp2~/~ mice were investigated using Oil Red O (ORO), a neutral lipid stain. Higher
numbers ORO positive “foamy” M@s were observed in the lungs of Mtb-infected /rp2~/~ mice
at day 63 p.i. when compared to IrpI~/~ and wt mice (Fig. 4.25). This suggests that Mtb
stimulated the production of these lipid droplets to support its growth during the late phase
of infection in Irp2~/~ mice.

Oil Red O stain

Figure 4.25: Histopathological determination of neutral lipids in lung tissue sections
from wt, Irp1~/~ and Irp2~/~ mice. 8-20- week-old female wt, IrpI~/~ and Irp2~/~
mice were infected with 100 CFU of Mtb via the aerosol route. Superior lung lobes were
collected, PFA fixed, and paraffin-embedded. Tissue sections were stained with ORO stain to
visualize lipid droplets and examined at indicated magnifications. ORO stains neutral lipids
red containing lipid droplets and hematoxylin stains the nuclei blue-purple. Representative
micrographs of 1 animal out of 3 per group are shown, i.e., from 1 experiment. Scale bars
represent 500 pm and 100 pm.

4.4 The Role of Iron Regulatory Proteins 1 and 2 on
Host Iron Status during Mtb Infection

4.4.1 Quantitative evaluation of expression of iron metabolism genes

To investigate the effect of Irp-deletion on the expression of iron metabolism-associated genes
during Mtb infection, non-infected and Mtb-infected wt, IrpI~/~ and Irp2~/~ mice were used.
For this, the expression of genes of interest in the lung and liver were quantified via qRT-PCR
analysis. No differences were observed in the expression of key iron metabolism genes in the
lungs of all mouse genotypes (Fig. 4.26A-F). This indicates that Mtb infection does not
modulate the expression of iron transport genes, hepcidin and lipocalin in the absence of either
IRP1 or IRP2 in the lungs.
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Figure 4.26: Quantification of iron metabolism genes in lung tissue from wt, Irp1—/~
and Irp2-/~ mice. 8-20-week-old non-infected and Mtb infected female wt, /rpI~/~ and
Irp2~/~ mice were sacrificed at indicated time points. Lungs were collected, and total
host cellular RNA was extracted. Complementary DNA was synthesized and used for the
quantification of Tfr1 (A) Dmtl (B) Frt-L (C) Hampl (D) Fpnl (E) and Lcn2 (F) gene
expression via qRT-PCR. All mRNA expression levels were normalized against murine Hprt
mRNA expression levels. Data are from 1 experiment (n=4 animals) and shown as mean + SD.
Statistical analysis was performed using two-way ANOVA with Tukey's multiple comparison
tests. ns represents statistically non-significant differences. Abbreviations: RQ= Relative
quantification, Tfrl1= transferrin receptor 1, Dmtl= divalent metal transporter, Frt-L=
ferritin-light chain, Hampl= hepcidin, Fpnl = ferroportin, Lcn2 =lipocalin 2.

Similarly, no changes were observed in the hepatic expression of Tfrl, Frt-L, and Fpnl (Figs.
4.27A, C and F, respectively). Interestingly, hepatic DmtI was upregulated in Irp1~/~ mice
at day 63 p.i. compared to Irp2~/~ mice but not wt mice hepatic Dmt1 (Figs. 4.27B).
Meanwhile, hepatic /-6 (Figs. 4.27D) and Hamp! (Figs. 4.27E) mRNA transcript levels
were elevated in Irp2~/~ mice at day 28 p.i. when compared to wt and IrpI~/~ mice but
remained unchanged in all mouse genotypes at day 63 p.i. These results indicate that at day
28 p.i., Mtb infection triggered IL-6 production, which induced increased hepatic hepcidin
synthesis in wt and /rp2~/~ mice livers but not /rpI~/~ mice.
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Figure 4.27: Quantification of iron metabolism genes in liver tissue from wt, Irp1~—/~
and Irp2-/~ mice. 8-20-week-old non-infected and Mtb infected female wt, Irpl_/_ and
Irp2~/= mice were sacrificed at indicated time points. Livers were collected, and total
host cellular RNA was extracted. Complementary DNA was synthesized and used for the
quantification of Tfr1 (A) Dmt1 (B) Frt-L (C) /-6 (D) HampI (E) Fpnl (F) gene expression via
qRT-PCR. All mRNA expression levels were normalized against murine Hprt mRNA expression
levels. Data are from 1 experiment (n=4 animals) and shown as mean £ SD. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparison tests. ns
represents statistically non-significant differences. Abbreviations: RQ= Relative quantification,
Tfrl1= transferrin receptor 1, Dmtl= divalent metal transporter, Frt-L= ferritin-light chain,
Il-6= Interleukin-6, Hampl= hepcidin, Fpnl = ferroportin.

4.4.2 Histological analysis for iron deposits in lung, liver and spleen
tissues

Elevated levels of free circulating iron in the human and murine host have been linked to
increased growth of Mtb reported to exacerbate TB disease and affect treatment outcomes
[69, [155]. Furthermore, Irp2~/~ mice have been described to have altered iron distribution
in tissues. This includes mild iron accumulation in the duodenum and liver, iron overload
in neurons and iron deficiency in the spleen and no pulmonary phenotype [137] [139]. Still,
the influence of this phenotype coupled with Mtb infection has not yet been investigated.
Therefore, 8-12- week-old non-infected and Mtb infected wt, lrplf/* and lrpT/* mice were
sacrificed at different time points, and lungs, livers and spleens were collected. Tissue sections
were stained with Perl’s Prussian blue (PPB) stain to demonstrate the presence of ferric iron.
Non-infected Irp2~/~ mice had substantial iron deposits in aM@s in the pulmonary alveoli
compared to the wt and IrpI~/~ mice (Fig. 4.28A). However, upon Mtb infection, iron
deposits were observed in wt, IrpI~/~ and Irp2~/~ mice lungs at all time points but the highest
number of Perl’s positive M@s were observed in Irp2~/~ mice on days 28 and 63 days p.i.
(Fig. 4.28A-B).
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B. Quantification of Perl positive macrophages in lung tissue
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Figure 4.28: Histological analysis of iron deposits in lung tissue sections from
wt, Irp1~/~ and Irp2-/~ mice. 8-20-week-old female wt, IrpI~/~ and Irp2~/~ mice were
infected with 100 CFU of Mtb via the aerosol route. Superior lung lobes were collected, PFA
fixed, and paraffin-embedded. Tissue sections were stained with Perl’s stain and examined at
indicated magnifications (A). Iron deposits stain bright-deep blue while nuclei and cytoplasm
stain pink-red. Representative micrographs of 1 animal out of 8 per group are shown. Scale
bars represent 100 xm. Quantitative assessment of iron deposits (B). Data generated from
quantification is from 1 experiment (n=4 animals). Statistical analysis was performed using
two-way ANOVA with Tukey's multiple comparison tests. *p < 0.05, **p < 0.01 and ****p
< 0.0001 were considered statistically significant. ns represents statistically non-significant
differences

In the livers, more iron deposits were observed in hepatic M@s around the central vein and
sinusoids in /rp2~/~ mice at day 63 p.i. as opposed to little-to-no iron accumulation in hepatic
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M@s of wt and IrpI~/~ mice (Fig. 4.29A-B).
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Figure 4.29: Histological analysis of iron deposits in liver tissue sections from wt,
Irp1~/~ and Irp2~/~ mice. 8-20-week-old female wt, IrpI~/~ and Irp2~/~ mice were infected
with 100 CFU of Mtb via the aerosol route. Left liver lobes were collected, PFA fixed, and
paraffin-embedded. Tissue sections were stained with Perl’s stain and examined at indicated
magnifications (A). Iron deposits stain bright-deep blue while nuclei and cytoplasm stain pink-
red. Representative micrographs of 1 animal out of 8 per group are shown. Scale bars represent
100 pm.Quantitative assessment of iron deposits (B). Data generated from quantification is
from 1 experiment (n=4 animals). Statistical analysis was performed using two-way ANOVA
with Tukey's multiple comparison tests. *p < 0.05 was considered statistically significant

In the spleen, iron deposits were observed in the red and white pulp of wt and Irpl=/~
mice before and during Mtb infection. However, no iron deposits were found in spleens of
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non-infected and Mtb-infected Irp2~/~ mice (Fig. 4.30) confirming reports from other authors

[156, (137].

A. Perl’s stain

Non-infectgd

4

TN e
*s ©
-r -

.

N_on_-ir_lfec’ged

- :::,'
R
g, "

T s o B e - * ol 2 Fao £ : :
pEG LY ; t. e b A » 1" . ¢ P A it e P 1 ! W, - o . " N afiy
‘v,'!..!‘. ‘i oy | N P e 1, y -y 8‘ . ’ . ‘ . “ . = o4 ‘} M"' . ..q "‘ﬂ Rl
B L A A D R eIl TR T e BT ﬂ:\. 4 (AL e o v

Figure 4.30: Histological analysis of iron in spleen tissue sections from wt, Irp1—/~
and Irp2~/~ mice. 8-20-week-old non-infected female wt, IrpI~/~ and Irp2~/~ mice were
sacrificed, spleens were collected, PFA fixed, and paraffin-embedded. Tissue sections were
stained with Perl’s stain and examined at indicated magnifications. Iron deposits stain bright-
deep blue while nuclei and cytoplasm stain pink-red. Representative micrographs of 1 animal
out of 4 per group are shown. Scale bars represent 200 ym and 100 pm.

From these observations in Fig. 4.28-30, it can be concluded that /rp2~/~ mice have an
altered iron distribution in the lungs, liver and spleens. Interestingly, the altered iron distribution
phenotype in the lungs and livers of Irp2~/~ mice was further exacerbated upon Mtb infection.
Considering that there are no reports on the influence of either IRPs on iron homeostasis
during experimental Mtb infection in mice, the iron metabolic status of Irp-deficient mice was
investigated.

4.4.3 Assessment of red blood cell parameters

For this, whole blood was collected from wt, IrpI~/~ and Irp2~/~ mice prior to experimental
Mtb infection and at days 13, 28, and either 52 or 63 (denoted day 52/63) p.i. (Fig. 4.31)
was used to assess blood cell count and RBC indices in these mice.
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Figure 4.31: Experimental design. 20-week-old female wt, /rpI~/~ and Irp2~/~ mice were
infected with 100 CFU of Mtb H37Rv via aerosol route and sacrificed at indicated time points.

No differences in RBC counts, hemoglobin, and hematocrit were observed between non-infected
wt and IrpI~/~, wt and Irp2~/~ as well as between IrpI~/~ and Irp2~/~ mice (Fig. 4.32A-D).
This is contrary to previous studies which have shown differences in hematological parameters
between these mouse genotypes [157, [158| 156]. However, the average volume (size) of RBC
represented as the mean cell volume was observed to be lower in IrpI~/~ compared to wt
mice (Fig. 4.32D). Irp2~/~ mice showed a significant decrease in RBC counts, hemoglobin,
and hematocrit at day 28 p.i. compared to wt but not /rpI~/~ mice (Figs. 4.32A-C). In
addition, hemoglobin was decreased at days 28 and 52/63 p.i. which is suggestive of anemia
in Irp2~/~ mice in the early and late phases of infection. Though not statistically significant,
a trend towards decreased RBC counts and hematocrit was observed in Irp2~/~ at day 52/63
p.i. The mean cell volume remained unchanged in all three genotypes at days 13 and 28 p.i.
Interestingly, a significant increase in the mean cell volume was observed in Irp2~/~ mice at
day 52/63 p.i. indicating larger RBC in Irp2~/~ mice pointing towards macrocytosis at the
late phase of infection.

Measuring the average mass of hemoglobin per RBC represented as the mean corpuscular
hemoglobin (MCH), the Irp2~/~ mice had decreased MCH compared to the wt mice on day
13 p.i. (Figs. 4.32E). However, the average amount of hemoglobin in RBCs represented as
the MCH concentration (MCHC) was elevated in IrpI~/~ mice compared to wt mice prior
to infection and at day 13 p.i. On days 28 and 63 p.i., Irp2~/~ mice had decreased MCHC
compared to /rpI~/~ mice and wt mice (Figs. 4.32F). Finally, to investigate RBC variation
in terms of size and volume, the RBC distribution width (RDWc) was measured. Though not
statistically significant, a trend towards decreased RDWc was observed in Irp2~/~ mice at day
28 p.i. compared to wt mice. At day 63 p.i., decreased RDWc was observed in Irp2~/~ mice
at 52/63 days p.i. compared to IrpI~/~ and wt mice (Figs. 4.32G).

Together, these data suggest that Mtb induces anemia, particularly at day 28 p.i. in Mtb-
infected Irp2~/~ mice. Meanwhile, the hematological parameters of wt and /rpI~/~ mice
remained within the normal range before and during Mtb infection, particularly at day 28 p.i.
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Figure 4.32: Measurement of blood cell count and RBC indices in whole blood
from wt, Irpl~/~ and Irp2~/~ mice. 20-week-old non-infected and Mtb infected female wt,
IrpI~/~ and Irp2~/~ mice were sacrificed. Blood was obtained from the vena cava caudalis
under terminal anaesthesia for investigation of RBC (A), HGB (B), HCT (C), MCV (D),
MCH (E), MCHC (F) and RDWc (G) at indicated timepoints. Each square represents an
individual sample (n=>5 animals). Data pooled from 2 independent experiments and shown as
mean + SD. Statistical analysis was performed using two-way ANOVA with Tukey's multiple
comparison tests. *p < 0.05, **p < 0.01 and **** p < 0.0001 were considered statistically
significant. ns represents statistically non-significant differences.

In light of the above findings in Fig. 4.32, the absence of differences in RBC parameters
between non-infected /rp1~/~ and Irp2~/~ mice raised questions regarding the validity of the
mouse strains used. This discrepancy in my study contradicts previous previous studies from
other authors [157] (158, [156]. In order to investigate if the wrong strains of mice were used
to for analyzing RBC blood cell parameters, liver samples were collected from these mice and
subjected to PCR genotyping. Mice presumed to be /rpI~/~ mice showed identical alleles at
the Irpl gene locusas indicated by a single DNA fragment on the gel, confirming that these
mice are IRP1 homozygous mutants (Fig. 4.33B and E). Among the mice presumed to
be Irp2~/~, 14 out of 20 mice used RBC parameter analysis showed two different alleles at
the Irp2 gene locus represented by 2 different DNA fragments of varying sizes on the gel
(Fig. 4.33C, lanes 5-16 and Fig. 4.33F, lanes 5-7 ). This suggests that these mice were
heterozygous mutants for IRP2 (i.e., /rp2+/*). Interestingly, the remaining 6 mice presumed
to be Irp2~/~ were observed to be wt (Fig. 4.33F, lanes 8-12). These results indicate
that /rp2~/~ strain in our mouse collection at the RCB has been lost during the breeding
process. These genotyping PCR results provide an explanation for the discrepancy between
my hematology data and the findings reported by other authors [157, (158, 156].
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Figure 4.33: Genotyping by PCR from liver tissues from mice presumed to be wt,
Irp1~/— and Irp2~/~ mice. Non-infected and Mtb infected female mice presumed to be wt,
Irp1=/~ and Irp2~/~ mice were sacrificed at indicated time points. Livers were collected, and
total host cellular DNA was extracted, amplified by PCR and separated by size for visualization
by agarose gel electrophoresis. Photographs of 2% agarose gels showing DNA bands from wt
(A and D), Irp1~/~ (B and E) and "Irp2~/=" (C and F) mice. Std= standard, i.e., 100 bp
Marker, wt control= wild type control, ho.= homozygous, het.= heterozygous.

With the new knowledge that 14 out of the 20 mice presumed to be Irp2~/~ mice were actually
Irp2*/~ mice, the data in Figs. 4.33 was reanalyzed after excluding 6 of the wt mice (Figs.
4.33F, lanes 8-12) from the data set. Although not statistically significant, a trend towards
decreased RBC counts, hemoglobin, and hematocrit was observed in lrp2+/_ mice, particularly
at days 28 and 52/63 p.i., in comparison to wt and /rpI*/~ mice (Fig. 4.34A-C). Additionally,
the mean cell volume was observed to be higher in Irp2*/~ compared to wt and IrpIl~/~ mice
at day 52/63 p.i. (Fig. 4.34D). Irp2*/~ mice showed decreased MHC at day 13 pi., as well
as decreased MCHC at days 13 and 52/63 p.i. compared to to wt and /rpI~/~ mice (Fig.
4.34E-F). It is important to note that this experiment was conducted once with a sample size
of 4-5 mice per group, and a repetition of this experiment is is necessary to draw a definitive
conclusion. Nevertheless, the data highlights the importance of IRP2 in iron metabolism
and also reveals for the first time that Mtb infection alters iron metabolic status in Irp2*/~ mice.
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Figure 4.34: Measurement of blood cell count and RBC indices in whole blood from
wt, Irp1~/~ and Irp2*/~ mice. 20-week-old female wt, IrpI~/~ and Irp2*/~ mice were
infected with 100 CFU of Mtb via aerosol route. Blood was obtained from the vena cava
caudalis under terminal anaesthesia for investigation of RBC (A), HGB (B), HCT (C), MCV
(D), MCH (E), MCHC (F) and RDWc (G) at indicated timepoints. Each square represents an
individual sample (n=>5 animals). Data pooled from 2 independent experiments and shown as
mean + SD. Statistical analysis was performed using two-way ANOVA with Tukey's multiple
comparison tests. *p < 0.05, **p < 0.01 and **** p < 0.0001 were considered statistically
significant. ns represents statistically non-significant differences.

4.4.4 Evaluation of indicators of iron status

Clinical iron parameters were measured to investigate the iron status of non-infected and
Mtb-infected wt, IrpI~/=, Irp2~/~ and Irp2t/~ mice. These parameters included total serum
iron (which measures how much iron is present in serum), total iron-binding capacity (TIBC,
which measures TF levels), TF saturation (% TF sat, which is the value of serum iron divided
by TIBC to indicate how much iron is bound to transferrin) and serum ferritin (indicates the
amount of ferritin secreted into the blood). Here, total serum iron was decreased to statistically
significant levels in the sera of Irp2~/~ mice compared to wt mice at day 13 p.i., as well as at
day 28 p.i., compared to wt and IrpI~/~ mice (Fig.4.35A). Though statistically insignificant,
a trend towards lower TIBC was observed in sera of non-infected and Mtb-infected Irp2~/~
compared to wt but not IrpI~/~ at days 13 and 63 p.i. However, a significant decrease in
TIBC was observed in Irp2~/~ mice compared to wt but not /rpI~/~ mice at day 28 p.i.
(Fig.4.35B). Transferrin saturation was significantly decreased in Irp2~/~ compared to wt but
not IrpI~/~ mice at days 13, 28 and 63 p.i. (Fig.4.35C). Lastly, serum ferritin was measured,
revealing a significant increase in ferritin levels in the /rp2~/~ mice compared to IrpI~/~ and
wt mice at all time points (textbfFig.4.35D). These findings indicate a hypoferremic response
in Irp2~/~ mice in the early phase of infection at day 28 p.i.
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No differences were observed in total serum iron, TF saturation, TIBC, and serum ferritin
between wt, IrpI~/~ and Irp2*/~ mice (data not shown).
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Figure 4.35: Evaluation of indicators of iron status in sera from wt, Irpl~/~ and
Irp2-/~ mice 20-week-old female wt, IrpI~/~ and Irp2~/~ mice were infected with 100 CFU
of Mtb via the aerosol route. Serum was obtained from whole blood collected from the vena
cava caudalis under terminal anaesthesia for investigation of serum iron (A), total iron-binding
capacity (B), transferrin saturation (C), and serum ferritin (D) at indicated timepoints. Each
square represents an individual sample (n=3-5 animals). Data are from 1 experiment and
shown as mean 4+ SD. Statistical analysis was performed using two-way ANOVA with Tukey's
multiple comparison tests. *p < 0.05, **p < 0.01 and *** p< 0.001 were considered as
statistically significant. ns represents statistically non-significant differences.

4.5 The Influence of Microbiota Composition on Host
Phenotypic Variation during Mtb infection

Iron has been shown to influence microbiota composition. A few studies also show that
the microbiota has significant phenotypic effects on the host [159] 160, [161], but studies so
far show the limited influence of the microbiota on TB outcome [94] [I35]. This led to the
hypothesis that the differential microbiota composition in wt, IrpI~/~ and Irp2~/~ mice could
be responsible for the phenotypic variation observed between the different mouse genotypes.
However, since as the /rpT/* strain in our mouse collection at the RCB has been lost
(Fig. 4.33C and F), the question was posed if wt, IrpI~/~ and Irp2*/~ mice have different
microbiota compositions which could cause phenotypic variations between the different mouse
genotypes prior to and following infection with experimental Mtb. To investigate this, pregnant
germ-free (GF) C57BI/6J mice were cohoused with SPF wt, IrpI~/~ and Irp2*/~ mice as
outlined in Fig. 4.36.
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Figure 4.36: Cohousing experimental approach to investigate the influence of
microbiota composition on host phenotypic variation during Mtb infection. Pregnant
GF mice in the 2nd gestational week were cohoused in a 1:1 ratio per cage with wt, IRP1
homozygous (ho or IrpI~/~) and IRP2 heterozygous (het or Irp2+/~) mice (referred to as
donors) from SPF housing conditions. After the birth of pups, all mice were cohoused for 4
weeks before weaning. Afterwards, female pups (referred to as acceptors) from ex-GF mice
were cohoused in a 3:2 ratio per cage with the same donor mouse genotypes before weaning.
At 6 weeks of age, only acceptors were infected with 100 CFU of Mtb via aerosol route and
further cohoused with non-infected donors. Before infection (i.e. at day -1 (dm1)) and at days
13 and 28 p.i., acceptor animals were sacrificed. Non-infected donor animals were sacrificed
at day 32 p.i. (i.e., at the end of the study). Experimental set-up illustrates one experiment,
n=8 animals per donor genotype and 3-4 per acceptor genotype.
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4.5.1 Visualization of differences or similarities in caecal microbiota
composition

Caecal microbiota analysis was performed in all donor mouse genotypes at day 32 p.i. as well
as in all acceptor mouse genotypes at day -1 p.i. and at days 13 and 28 p.i. using 165 rRNA
sequencing. To visualize differences in the microbiota composition between the donors and
acceptors, a principal coordinates analysis (PCoA) based on Bray-Curtis (BC) dissimilarity
index was performed. PCoA revealed considerable variability in the ordination of samples from
all donor and acceptor mouse genotypes. Samples from donor genotypes ordinated closer
to each other indicating that wt, IrpI~/~ and Irp2t/~ mice do not have distinct microbiota
compositions (Fig. 4.37A). This can be explained by the effects of cohousing or coprophagy
being stronger thereby levelling out the genotype effect. For the acceptor mice, PCoA revealed
that samples from the wt-acceptor mice clustered closer to each other irrespective of the time
point. This indicates that the wt-acceptor mice have more comparable microbiota to each
other across all time points compared to IRP1-acceptors and IRP2-acceptors (Fig. 4.37B),
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implying that wt-, IRP1 - and IRP2-acceptors have different microbiota compositions
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Figure 4.37: Visualization of differences in the caecal microbial community structure
of donor and acceptor mice. 6-week-old female acceptors were cohoused with non-infected
donors in a genotype-specific manner and infected with 100 CFU of Mtb via the aerosol route.
All mice were sacrificed at indicated time points, and their caecal content was collected for
16S rRNA sequencing. Distinct clustering of samples was observed between the donors (A)
and acceptors (B). Data from 1 experiment are shown, n=8 animals per donor genotype and
3-4 per acceptor genotype.

The BC dissimilarity index was used to comprehend the differences between donor mouse
genotypes. The between-group dissimilarity of IRP1- compared to WT-donor mice was not
at the same level as the within-group dissimilarity of both groups (Fig. 4.38A), indicating
differences in the microbiota compositions of IRP1- compared to wt-donor mice. Similarly,
highly significant differences were observed for IRP2- compared to wt-donor mice (Fig.
4.38B). These results show that IRP1- and IRP2-donor mice have different caecal microbiota
compositions.
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Figure 4.38: Within-group and between-group dissimilarities in the caecal microbial
community structure of donor mice. Non-infected wt-, IRP1- and IRP2-donor mice were
sacrificed at the end of the experiment and caecal contents were collected for 16S rRNA
sequencing. Differences in microbiota compositions were observed between IRP1- (A) and
IRP2- (B) compared to wt donor mice were observed. Data from 1 experiment are shown,
n=8 animals per donor genotype and 3-4 per acceptor genotype. Significance was tested using
the adonis function from the vegan package in R; ** and *** indicate p < 0.01 and p <
0.001, respectively.

Next, the caecal microbial composition differences between donors and acceptors were in-
vestigated. First, the between-group dissimilarity of wt-donors and wt-acceptors was at the
same level as the within-group dissimilarities of both groups (Fig. 4.39A) indicating that
both wt-donor and wt-acceptor mice have comparable microbiota compositions. Second, the
between-group dissimilarity of the IRP1-donor and IRP1-acceptor mice was at the same level,
but the within-group dissimilarity of IRP1-donor and IRP1-acceptor mice was at different levels
indicating differential microbiota compositions within the IRP1-acceptor mice but not between
the IRP1-donor and IRP1-acceptor mice (Fig. 4.39B). Third, the between-group dissimilarity
of IRP2-donor and IRP2-acceptor mice was at the same level as the within-group dissimilarities
of both groups, which were at similar levels (Fig. 4.39C), indicating that IRP2-donor, as well
as IRP2-acceptor mice, have comparable microbiota compositions.
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Figure 4.39: Within-group and between-group dissimilarities in the caecal microbial
community structure of donor vs acceptor mice. 6-week-old female acceptors were
cohoused with non-infected female donors in a genotype-specific manner prior to and following
Mtb H37Rv infection via the aerosol route. All mice were sacrificed at specific time points, and
caecal content was collected for 16S rRNA sequencing. Comparable microbiota compositions
between and within wt-acceptors and -donors (A), dissimilar microbiota compositions between
but not within IRP1-acceptors and -donors (B), and comparable microbiota compositions
between and within IRP2-acceptors and -donors (C) were observed. Data from 1 experiment
are shown, n=8 animals per donor genotype and 3-4 per acceptor genotype. Significance was
tested using the adonis function from the vegan package in R; ** and *** indicate p <0.01
and p < 0.001, respectively. Abbreviations: Acc= acceptor, Don= donor.

Last, the genotypic differences between acceptor mice were investigated. Significant differences
were observed in the within-group dissimilarity of both the IRP1-acceptors (Fig. 4.40A) and
IRP2-acceptors (Fig. 4.40B) compared to the between-group dissimilarity of WT-acceptors.
These results show differences in the caecal microbiota compositions between acceptor mouse
genotypes. This indicates a successful transfer of the genotype-specific microbiota from the
donor mice to the respective acceptor mice genotypes. In all, these results revealed that (i)
IrpI~/~ and Irp2*/~ mice have distinct microbiota, (ii) microbiota between donor and acceptor
mouse genotypes are comparable and (iii) IRP1- and IRP2-acceptors have different microbiota
compositions.
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Figure 4.40: Within-group and between-group dissimilarites in the caecal microbial
community structure of acceptor mice. 6-week-old female acceptors were cohoused with
non-infected donors in a genotype-specific manner. Acceptors were infected with 100 CFU of
Mtb via aerosol route, sacrificed at specific time points, and caecal content was collected for
16S rRNA sequencing. Data from 1 experiment are shown, n=3-4 animals. Significance was
tested using the adonis function from the vegan package in R; ** and *** indicate p < 0.01
and p < 0.001, respectively. Abbreviations: Acc= acceptor, Don= donor.

4.5.2 16S rRNA taxonomy analysis

At the family level, the main taxa identified with a p-value < 0.2 among the most abundant
families were Rikenellaceae, Anaeroplasmataceae, Ruminococaceae, Coriobacteriaceae, Desul-
fovibrionaceae, an unclassified (uncl.) member of the Clostridiales order, an uncl. member of
the Bacteroidales order, and an uncl. member of the Clostridia order. The most significant
differences in IRP1- in comparison to wt-donors were a higher representation of Rikenellaceae
as well as a lower representation of Anaeroplasmataceae, Ruminococaceae, Coriobacteriaceae,
Desulfovibrionaceae, an unclassified (uncl.) member of the Clostridiales order, an uncl. mem-
ber of the Bacteroidales order, and an uncl. member of the Clostridia order. Interestingly,
Bacteroides, uncl. member of the order Clostridia, Acetobacter and unclassified members of

the family Coriobacteriaceae had somewhat similar abundances in the wt-donors as in the
IRP1-donors (Fig. 4.41).
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Figure 4.41: Differentially abundant families in caeca from IRP1- vs wt-donor mice.
IRP1-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage with pregnant
GF mice and handled as indicated in Fig. 4.36. All non-infected IRP1 donor- and wt-donor
mice were sacrificed and caecal contents were collected for 16S rRNA sequencing. Only
families with a p-value < 0.2 are shown. Data from 1 experiment are shown, n=3-4 animals.
Abbreviations: f= family, o= order, c= class, o= order, uncl= unclassified. Significance was
tested using the exact Wilcoxon test.

Differences were observed in the caecal microbiota of wt- and IRP2-donors at the family
level. Helicobacteraceae, Prevotelleceae, Rikinellaceae and Lactobacillaceae were the main
taxa identified among the most abundant families. Of these families, Helicobacteraceae,
Prevotelleceae and Rikinellaceae were highly represented in IRP2 -donors compared to wt-
donors. Meanwhile, Lactobacillaceae family was observed to be lower in IRP2-donors in
comparison to wt ones (Fig. 4.42).
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Figure 4.42: Differentially abundant families in caeca from IRP2- vs wt-donor mice.
IRP2-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage with pregnant
GF mice and handled as indicated in Fig. 4.36. All non-infected IRP2 donor- and wt-donor
mice were sacrificed and caecal contents were collected for 16S rRNA sequencing. Only
families with a p-value < 0.2 are shown. Data from 1 experiment are shown, n=3-4 animals.
Abbreviations: f= family, o= order, c= class, o= order, uncl= unclassified. Significance was
tested using the exact Wilcoxon test.

At the genus level, the most significant differences in IRP1- vs. wt-donors were a higher
representation of Barnesiella and Turicibacter and a lower representation of Odoribacter,
Anaeroplasma, Clostridales, an uncl. member of the order Bacteroidales, an uncl. member
of the family of Ruminococaceae. Interestingly, Bacteroides, uncl. member of the order
Clostridia, Acetobacter and uncl. members of the family Coriobacteriaceae had somewhat
similar abundances in the wt- as in the IRP1-donors (Fig. 4.43).
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Figure 4.43: Differentially abundant genera in caeca from IRP1- vs wt-donor mice.
IRP1-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage with pregnant
GF mice as indicated in Fig. 4.36. All non-infected IRP1- and wt-donor mice were sacrificed
and caecal contents were collected for 16S rRNA sequencing. Only families with a p-value
< 0.2 are shown. Data from 1 experiment are shown, n=3-4 animals. Abbreviations: c=
class, o= order, f= family, g= genus, uncl = unclassified. Significance was tested using the
Wilcoxon Signed-Ranks Tests; p < 0.2.

The most significant differences in IRP2-donors compared to wt-donors were a higher represen-
tation of the genera, Alloprevotella, Barnesiella, Helicobacter, Bacteroidetes and Flavonifractor
as well as a lower representation of Odoribacter (Fig. 4.44).
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Figure 4.44: Differentially abundant genera in caeca from IRP2- vs wt-donor mice.
IRP2-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage with pregnant
GF mice as indicated in Fig. 4.36. All non-infected IRP2-donor and wt-donor mice were
sacrificed and caecal contents were collected for 16S rRNA sequencing. Only families with a
p-value < 0.2 are shown. Data from 1 experiment are shown, n=3-4 animals. Abbreviations:
c= class, o= order, f= family, g= genus, uncl= unclassified. Significance was tested using the
Wilcoxon Signed-Ranks Tests; p < 0.2.

4.5.3 Investigation of host responsiveness to Mtb following
cohousing

Studies have shown that the gut microbiota influences host phenotype and vice versa [162] [163].
To investigate whether the differences observed in the caecal microbial communities of these
mice might influence the outcome of Mtb infection, female wt-, IRP1-, and IRP2-acceptors
were infected with 100 CFU Mtb via aerosol route and CFU assays were performed at days
13 and 28 p.i. Mycobacterial replication was observed in the mice's lungs, spleens, and livers
over time. Interestingly, at day 13 p.i., lower bacterial loads were observed in the lungs of
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IRP1-acceptors compared to the wt-acceptors but not IRP2-acceptors (Fig. 4.45A). On day
28 p.i., no differences in mycobacterial replication were observed in all mice (Fig. 4.45B).
Similarly, no differences in CFUs were observed in spleens (Fig. 4.45C) and livers (Fig.

4.45D) of all acceptor mouse genotypes at day 28 p.i.
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Figure 4.45: Mycobacterial loads in tissue homogenates from wt-, IRP1- and IRP2-
acceptor mice. 6-week-old wt-, IRP1-, and IRP2-acceptor mice handled as indicated in Fig.
4.36 were infected with 100 CFU of Mtb via the aerosol route. Mice were sacrificed, lungs
(A and B), spleens (C), and livers (D) were collected, and CFU assays were performed at
indicated time points. Data from 1 experiment are shown. Each square represents an individual
sample (n=3-4 animals) with horizontal lines indicating the median. Statistical analyses were
performed using Kruskal-Wallis with Dunn’s posttest to compare experimental groups *p
= 0.0272 was considered statistically significant. ns represents statistically non-significant

differences

4.5.4 Histopathological analysis of lung tissue

To investigate whether the decreased Mtb loads in lungs of IRP1-acceptor mice could be
accompanied by any histopathological changes in lung cellular structure, lung tissue was
examined using H&E staining. The onset of immune cell infiltration to the sites of infection
was observed in all three mouse genotypes at day 13 p.i. Though not statistically significant,
IRP1-acceptor seemed to have slightly fewer cellular infiltrates when compared to wt- and
IRP2-acceptor mice at this timepoint. As the infection progressed to the 28th day (data not
shown), increased numbers of cellular infiltrates could be observed in all three mouse genotypes

with no apparent differences like lung CFU data (Fig. 4.46A-B)
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Figure 4.46: Histopathological analysis of lung tissue sections from from wt-, IRP1-
and IRP2-acceptor mice. 6- week-old female wt-, IRP1- and IRP2-acceptor mice handled
as indicated in Fig. 4.36 were infected with 100 CFU Mtb H37Rv via the aerosol route and
sacrificed at day 13 p.i. Superior lung lobes were collected, PFA fixed, paraffin infiltrated,
stained with H&E stain, and examined under the BX41 light microscope (A). The affected
lung area was measured using the cellSens software. Representative micrographs of 1 animal
out of 3 per group are shown (i.e., from 1 experiment). Black squares indicate inflammatory
cellular infiltrates. Scale bars represent 200 xm (4 x magnification, upper panel), 20 um (40 x
magnification, lower panel). Quantitative assessment of cellular infiltrates and lesions of lung
tissue of wt-, IRP1-, and IRP2-acceptor mice at days 13 and 28 p.i (B). Statistical analysis
was performed using Kruskal-Wallis' non-parametric test with Dunn’s post-test to compare
experimental groups; ns represents not-statistically significant differences.
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4.5.5 Assessment of red blood cell parameters

To investigate if differences in microbial community structure could influence hematological
parameters, whole blood from non-infected and Mtb-infected wt-, IRP1- and IRP2-acceptor
was collected at indicated time points and analyzed. No differences were observed in total
RBC counts, hematocrit, mean cell volume and mean corpuscular haemoglobin (Fig. 4.47A,
B and D-E) of all acceptor mouse genotypes before infection and at days 13 and 28 p.i. On
day 28 p.i., lower hemoglobin (Fig. 4.47B) and mean corpuscular haemoglobin concentration
(Fig. 4.47F) were observed in the IRP2-acceptor vs wt-acceptor but not IRP1-acceptor mice.
This data shows that the altered iron status observed in Mtb-infected wt and IrpI~/~ and
Irp2+/~ mice (Fig. 4.34) could not be seen in acceptor mouse genotypes indicating that the
differences in the caecal microbiota did not significantly influence RBC indices.
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Figure 4.47: Measurement of blood cell count and RBC indices in whole blood from
wt-, IRP1- and IRP2-acceptor mice. 6- week-old female wt-, IRP1- and IRP2-acceptor
mice were handled as indicated in Fig. 4.36 and infected with approx. 100 CFU Mtb H37Rv
via aerosol route. Blood was obtained from the inferior vena cava under terminal anaesthesia
for the investigation of RBC (A), HGB(B), HCT (C), MCV (D), MCH (E), MCHC and (F)
RDWc (G) indicated timepoints. Each square represents an individual sample (n=3-4 animals).
Data from 1 experiment are shown. Statistical analysis was performed using two-way ANOVA
with Tukey's multiple comparison tests. *p < 0.05 were considered statistically significant; ns
represents non-statistically significant differences.

4.5.6 Measurement of immune blood cells

Published reports have shown that the gut microbiota influences the overall immune system
development and maturation [164]. To investigate the influence of differential microbiota
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composition on the immune status of all acceptor mouse genotypes, whole blood was collected,
and immune blood cell parameters were analysed. An increase in white blood cells (WBC)
(Fig. 4.48A) and lymphocyte count (Fig. 4.48B) was observed in IRP2-acceptors before
Mtb infection and at day 13 p.i., compared to wt- and IRP1-acceptors. However, this increase
was not observed at day 28 p.i. in all acceptor mouse genotypes. Furthermore, a higher
number of monocytes (Fig. 4.48C) was observed only in non-infected IRP2-acceptor mice.
No difference in the neutrophil count was observed in all acceptor genotypes (Fig. 4.48D).

A WRC B Lymphocytes (M) C  Monocytesmon) D Neutrophils (NEUTS)
, Kk _ 15 - 15
- T - y [ E. 1 sWT-Acceptor
,“-;25- ¥ | 52U'|7u - u s alRP1-Acceptor
w o o
= 20 E o ns =5 |_D o s 3 10 ¢ 101 |olRP2-Acceptor
T 15.. 0 % [ v (g0 o " g g ns
S1of piobef 513G glodef =5 = 5 —
= .|# o B = | ® . = I o
- 5 - 5 u E o E ’
E 0 E 0 i PR W TTE u-uﬂ_uﬂ_!ﬂ
4 13 28 4 13 28 4 13 28 1 1%
Time post Time post Time post ~ Time post
infection (days) infection(days) infection (days) infection (days)

Figure 4.48: Measurement of immune cells in whole blood from wt-, IRP1- and
IRP2-acceptor mice. 6- week-old female wt-, IRP1- and IRP2-acceptor mice handled as
indicated in Fig. 4.36 were infected with 100 CFU Mtb H37Rv via aerosol route. Whole
blood was obtained from the inferior vena cava caudalis under terminal anaesthesia for the
investigation of blood immune cells WBC (A), Lymphocytes (B), Monocytes (C) Neutrophils
(D) at indicated timepoints. Each square represents an individual sample (n=3-4 animals) with
horizontal lines indicating the median. Data from 1 experiment are shown. Statistical analysis
was performed using two-way ANOVA with Tukey’'s multiple comparison tests. *p < 0.05
were considered statistically significant; ns represents non-statistically significant differences.

4.5.7 Cytokine quantification

Following the differences observed in blood immune cells in IRP2- compared to wt- and
IRP1-acceptor mice prior to and following infection with experimental Mtb at day 13 p.i. (Fig.
4.49), IFNv and TNFa concentrations were quantified in the sera of these mice at indicated
time points. In all acceptor mouse genotypes, IFN+y and TNFa were increased by Mtb infection
predominantly at day 28 p.i. (Fig. 4.49A-G). Though not statistically significant, a trend
towards lower IFN~ concentration was observed in sera of IRP1-acceptor mice compared to
wt- and IRP2-acceptor mice at day 28 days p.i. (Fig. 4.49A). Higher TNFa concentration
was observed in sera of IRP2-acceptor mice compared to and wt- and IRP1-acceptors at days
28 p.i. (Fig. 4.49B), indicating the increased inflammatory response of IRP2-acceptor mice
to Mtb. These results also show that the higher mycobacterial load in IRP1-acceptor mice is
not reflected by the inflammatory responses measured.
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Figure 4.49: Quantification of cytokine concentrations in sera from wt-, IRP1- and
IRP2-acceptor mice. 6- week-old female wt-, IRP1- and IRP2-acceptor mice handled as
indicated in Fig. 4.36 were infected with approx. 100 CFU Mtb H37Rv via aerosol route and
sacrificed at indicated time points. Serum was obtained from whole blood collected from the
vena cava caudalis under terminal anaesthesia and used to investigate IFNv (A) and TNFa (B)
production. Each square represents an individual sample (n=3-4 animals) with horizontal lines
indicating the median. Data from 1 experiment are shown. Statistical analysis was performed
using two-way ANOVA with Tukey's multiple comparison tests. *p < 0.05 and **p < 0.01
were considered statistically significant; ns represents non-statistically significant differences.
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CHAPTER

Discussion

Iron is an essential micronutrient for both, the host and its microbial colonizers, beneficial and
pathogenic. Therefore, regulation of iron availability and maintenance of its homeostasis is
important for many biological processes. Alterations in iron homeostasis leading to either iron
overload or deficiency can cause dysbiosis in the gut microbiome and influence susceptibility
to infection. In TB, iron overload has been associated with an increased risk of developing
active disease, exacerbated disease outcomes, and effects on gut and lung microbiota diversity.
The role of iron and several genes involved in iron regulation and metabolism has been the
focus of a number of TB studies. Still, the role of two main regulatory gene products, IRP1
and IRP2, in TB is unknown.

This study aimed to provide evidence for the impact of dietary-mediated changes in iron
availability as well as identify the roles of IRP1 and IRP2 on antimicrobial host defenses in
murine TB infection. Here, dietary iron supplementation and systemic deletion of Irp2 altered
iron regulation and distribution in non-infected mice leading to increased iron accumulation
in alveolar M@s. This iron overload phenotype was further exacerbated upon Mtb infection
and was associated with higher bacterial loads in target organs indicating that iron as a
micronutrient source for Mtb is responsible for better growth of Mtb during dietary iron
supplementation or in the absence of Irp2. Higher bacterial loads were also recorded in lungs
and spleens of Irp2*/~ compared to wt mice. This was associated with lower total RBC
counts, hemoglobin, and hematocrit but normal mean corpuscular volume, indicating anemia
in the early versus late phase of Mtb infection in Irp2t/~ but not in wt and IrpI~/~ mice.
Higher concentrations of the pro-inflammatory cytokines TNFa and IFN~ were observed in
the early phase of Mtb infection and associated with higher Mtb loads and worsened pathology
in lungs and livers of Irp2~/~ mice and mice on an iron-rich diet compared to wt controls or
those on iron-low or iron-control diets. These observations demonstrate that higher iron stores
impair host immune responses against Mtb. In addition, the iron overload phenotype coupled
with increased production of IL-13, IL-6, and TNF« indicating a bias to pro-inflammatory
host responses in the absence of Irp2. These results show that IRP2 is important for host
defense functions, clearing of intracellular Mtb and downstream protective immunity against
Mtb. IRP1, though, could also be relevant for host resistance to Mtb through compensatory
mechanisms. Although the mechanistic roles of IRP1 and IRP2 during Mtb infection are still
unclear requiring further investigations, this study provides critical insight into the differential
roles of IRP1 and IRP2 during experimental Mtb infection. It reveals that increased iron
availability impairs host immune responses, and promotes the growth of Mtb and inflammation,
while iron deficiency reduces inflammation and Mtb replication.
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Finally, the distinct iron regulation phenotypes of wt, IrpI~/~ and Irp2t/~ mice showed
altered gut microbiota composition as revealed by 16S rRNA analysis indicating that the
gut microbiota could have contributed to phenotypic variations between the mouse strains
regarding TB outcome.

5.1 The Effects of Altered Iron Regulation On Host Iron
Status During Mtb Infection

Healthy human adults produce approx. 2 million RBC per second. This indicates that erythroid
precursor cells in the bone marrow require large amounts of iron to sustain demand in order to
complete the process of erythropoiesis, which ultimately ends in mature RBC production. The
maturation from erythroid precursor cells to mature RBC is driven by erythropoietin (EPO)
[165]. EPO is a glycoprotein produced predominantly in the kidney and in minute amounts in
the liver, that regulates RBC production in response to changes in tissue oxygenation [166].

EPO is regulated by HIF2a and is transcriptionally activated under conditions of low oxygen
concentrations (or hypoxia) in tissues. Under normal oxygen concentrations, HIF2« is hy-
droxylated by iron-dependent enzymes, known as prolyl hydroxylases (PHDs), and degraded
through the proteasomal pathway [167, [168]. However, under hypoxic or low iron conditions,
PHD activity decreases, stabilizing HIF2«.. Stabilized HIF2«: translocates to the nucleus, binds
as a heterodimer to HIF1/ subunit to hypoxia response elements on the EPO promoter, and
activates EPO expression [169]. Systemic deletion of HIF2« in mice leads to anemia [170],
meanwhile, hepatocyte-specific deletion reduces hepatic EPO expression [166], thereby linking
erythropoietic activity and iron metabolism.

Notably, HIF2« is also regulated by the IRPs at the post-transcriptional level, as it contains
an iron-responsive element (IRE) in the 5" UTR of its mRNA [I71]. This suggests that the
IRP /IRE system can control EPO expression through HIF2a and decrease RBC production
under low iron conditions, preventing the generation of hypochromic microcytic erythrocytes,
which are smaller in size and contain less hemoglobin than normal RBCs.

While the in vivo interaction of IRP, HIF2«a, EPQO, and erythropoiesis requires further study,
the physiological role of IRP1 and IRP2 has been investigated through the generation and
characterization of mouse models with IrpI or Irp2 gene deletion [139, 172, 137, 173]. Com-
plete deletion of both, IrpI and Irp2 in mice (Irp1~/~Irp2~/~) results in a lethal phenotype
during the blastocyst phase of embryonic development, thus indicating the critical role of IRPs
in early development [172]. However, single Irpl and Irp2 mice, as well as mice lacking one
copy of Irp1 and both copies of Irp2 (i.e. IrpI™/~Irp2~/~) are viable and fertile, indicating
that these IRPs are functionally redundant and can compensate for the loss of one other [139].
Despite this functional redundancy, IrpI~/~ and Irp2~/~ mice have distinct phenotypes, and
mice lacking those genes systemically also show different phenotypic outcomes compared to
those with tissue-specific deletions, as summarized in Table 5.1.
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Table 5.1: Distinct phenotype features of mouse models with complete or tissue-
specific deletion of Irp1 and Irp2. Adapted from [35]

Mouse model | Site of modification | Phenotype

Irp1=/~Irp2=/~ | Systemic Embryonic lethality at blastocyst phase [172]

Postnatal death within 1-2 weeks after birth

,/, /, _ e
Irp1=/~Irp2~ Hepatocyte-specific [174]

Postnatal death within 4 weeks after birth,
growth retardation, increased Frtn, Fpn, and
Dmt1 expression [175]

Duodenal

_/_ _/_
IrpI™~Irp2 enterocytes-specific

More prominent axonal degeneration in
cerebellum, misregulation of Frtn and TfRI,
IrpIt/~Irp2-/= | Systemic microcytic anemia, increased serum ferritin
levels, TfR1 levels significantly decreased in
erythroid precursors compared to Irp2~/~ mice

Polycythemia, stress erythropoiesis,
Irp1~/~ Systemic splenomegaly, increased HIF2« protein
expression and serum EPO levels

[157) 137, [176]

Cardiac hypertrophy and fibrosis,
pulmonary hypertension, increased
polycythemia upon consumption of
iron-deficient diet resulting in death by
peritoneal hemorrhage [137]

High duodenal Dmtl1, Fpn, Dcytb mRNA
expression, increased Fpn expression in
splenic M@s, decreased hepatic Hampl
mRNA transcripts, misregulation of Frtn
and TfRI in the kidney and brown fat
[157, (139, [176]

Microcytic hypochromic anemia, iron
Irp2~/~ Systemic overload in duodenum, liver, neurons but
an iron deficiency in the spleen and bone
marrow [158, [156]

Increased protoporphyrin IX levels,
decreased TfRI1 expression and iron
levels in erythroblasts, increased Frtn
levels in all tissues [158]

Progressive neurodegeneration, mild
neurological and behavioural deficits [177]

Irp2=/— Macrophage-specific No overt pathology
Irp2=/— Hepatocyte-specific Mild hepatic iron overload
Irp2=/~ Intestinal-specific Mild duodenal iron overload
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The phenotype of IrpI~/~ mice shows that Irpl functions as a central regulator of HIF2a
expression at the level of mRNA translation. It is noteworthy that /rpI~/~ mice have been
reported to exhibit an overexpression of HIF2«. This overexpression includes increased
EPO production, leading to splenomegaly and secondary polycythemia due to extramedullary
erythropoiesis [137, [176, [157]. Extramedullary erythropoiesis refers to the production of RBCs
which occurs outside the medulla of the bone marrow, typically in the spleen or liver, as a result
of elevated EPO production. In line with findings by other authors [137, (176} [157], IrpI~/~
compared to wt and /rp2~/~ mice in my study displayed splenomegaly at baseline. This
phenotype was further exacerbated at day 28 p.i. (Fig.4.18), suggesting that Mtb infection in
the early phase significantly increases EPO production, leading to downstream splenomegaly.
HIFs, particularly HIF1a have been implicated in TB immunity and are being considered a
potential target for therapeutic intervention against TB [178] [I79]. However, there is no
existing data on HIF2« overexpression following Mtb infection in the context of the IRP/IRE
system. Therefore, quantification of EPO protein expression as one of the indicators of HIF2«
overexpression, in kidney homogenates of Mtb infected /rpI~/~ mice using western blot is
required to reveal whether experimental Mtb infection induces EPO upregulation, particularly
at day 28 p.i.

HIF2a overexpression is also manifested in patients with Chuvash polycythemia, a hereditary
disease caused by mutations in the von Hippel-Lindau (VHL) gene (i.e., VHL??%W) which
prevents proteasomal degradation of HIF2q, resulting in increased HIF2« protein expression
[180, [181]. Polycythemia is the body’s response to an increased demand for oxygen. Typically,
polycythemia is characterized by higher hemoglobin and hematocrits values, along with
decreased mean cell volume and mean corpuscular hemoglobin values. Chronic inflammatory
lung diseases such as chronic obstructive pulmonary disease (COPD), which includes emphysema
and chronic bronchitis can cause low oxygen tension in the blood, resulting in polycythemia
[182]. Further studies are required to investigate the potential interplay between TB and
polycythemia and whether Mtb influences polycythemia and vice versa.

In IrpI~/~ mice, secondary polycythemia, which occurs due to high levels of EPO, has been
explained by IRP1-regulated translational derepression of HIF2ae mRNA, which upregulates
EPO and endothelin-1 expression driving reticulocytosis and downstream polycythemia [157].
The polycythemia phenotype in IrpI~/~ is exaggerated upon consumption of an iron-deficient
diet, leading to sudden death by peritoneal hemorrhage. This highlights the important role
of IRP1 in systemic iron homeostasis and erythropoiesis [137]. Previous reports by other
authors show that adult /rpI~/~ mice have higher total RBC counts and hematocrits of
50% compared to 45% in wt mice [137], while some studies have shown that 4-6 week-old
Irp1~/~ mice have hematocrits above 70% [183]. However, all studies agree that hematocrits
of Irp1~/~ mice decrease with age, with vanishing differences in hematocrit levels between
Irp1~/~ and wt mice starting around 6 weeks of age. The findings in my study regarding the
iron status of /rpI~/~ mice do not entirely align with findings of other authors. In my study,
no differences were observed in terms of total RBC counts, hemoglobin, and hematocrits
between non-infected /rpI~/~ and wt mice (Fig. 4.32). This observation suggests that at
the age of 20 weeks, the juvenile polycythemia phenotype of IrpI~/~ mice has passed. This
hypothesis supports observations made by Zhang et al. [183], where hematocrits of Irp1~/~
mice of various ages ranging from 4 weeks to 14 months old were investigated [183]. In their
study, no significant decrease in the hematocrits was reported in IrpI~/~ mice older than
8 weeks. To reveal this phenotype, younger mice under 8 weeks should have been used in
my study. Nevertheless, | did observe lower mean cell volume (MCV) (Fig. 4.32D) and %
transferrin saturation (Fig. 4.35B) in /rpI~/~ compared to wt mice, which is consistent with
previous reports [157] [137] [152], indicating a reduced capacity for oxygen transport in RBCs
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of IrpI~/~ compared to wt mice at baseline.

The described phenotype of Irp2~/~ mice indicates that Irp2 functions as a key regulator
in other facets of erythropoiesis and is not involved in the regulation of HIF2a. Irp2~/~
mice have been described to display microcytic hypochromic anemia [158| 156]. This is
characterized by decreased hemoglobin, hematocrits, and MCV despite total RBC counts
being within a normal range. Clinically, anemia is classified as either microcytic (MCV less
than 80 fl), normocytic (MCV 80-100 fl) and macrocytic (MCV greater than 100 fl) based
on the MCV or hypochromic (MCH less than 26 pg) or normochromic (MCH greater than
equal to 26 pg) based on MCH values [I84]. In Irp2~/~ mice, microcytic anemia is associ-
ated with high serum ferritin, normal to slightly elevated transferrin saturation, and normal
serum iron and total iron-binding capacity (TIBC). Cooperman et al. [158] observed that the
microcytic, hypochromic anemia in Irp2~/~ mice was established as a result of iron-limited
erythropoiesis due to down-regulation of TfR in erythroid precursors and empty bone marrow
iron stores, despite normal transferrin saturation levels [158]. This is supported by mice with
either hepatocyte-, enterocyte-, or macrophage-specific deletion of Irp2, which do not develop
hematological defects [137], indicating that the microcytic hypochromic anemia of Irp2~/~
mice is due to a defect in RBC precursors.

A slight decrease, though not statistically significant, in total serum iron, total iron-binding
capacity (TIBC), and % transferrin saturation but high serum ferritin were observed in Irp2+/~
compared to wt mice (Fig. 4.35). Genotyping by PCR revealed that these mice were
heterozygous (Irp2*/~) and not homozygous (Irp2~/~) for Irp2 allele (Fig. 4.33C-F), thereby
explaining why no differences could be seen between these mice. As the described microcytic
hypochromic anemia phenotype of non-infected /rp2~/~ could not be investigated in my study,
further experiments are required.

So far, the iron phenotypes of IrpI~/~ and Irp2~/~ have not yet been analyzed in the context of
experimental TB. Even though the /rp2~/~ strain was lost from our mouse collection, Irp2*/~
mice exhibited distinct iron phenotypes upon Mtb infection when compared to wt but not
Irp1~/~ mice. In my study, Irp2t/~ mice developed normocytic normochromic anemia at day
28 p.i., characterized by decreased total RBC counts, hemoglobin and hematocrits but normal
MCV (Fig. 4.34). The anemia phenotype of Irp2*/~ mice upon Mtb infection is comparable
to numerous studies showing anemia as a consequence of several infectious diseases such as
TB, Malaria, and Brucellosis [185, [155]. In particular, the normocytic normochromic anemia
of Irp2t/~ mice at day 28 p.i. correlated with higher Mtb loads in the lungs, spleens and
livers compared to wt and IrpIt/~ mice. These results align with the study by Rodrigues et
al. [186], which demonstrated that iron-overloaded BALB/c mice infected with M. avium
exhibited normocytic anemia and higher bacterial loads in livers and spleen [186]. These results
also correlate with several clinical studies showing anemia as recurrent comorbidity of TB,
affecting up to 94% of patients diagnosed with TB [187, 188]. Anemia is associated with
an increased risk of delayed sputum smear conversion in pulmonary TB patients, poor TB
outcomes and increased mortality in TB patients [189, 190} 191]. Normocytic normochromic
anemia has been reported to be a common anemia type in most pulmonary TB patients.
Notably, Mendonca et al [192] showed that 60.8% of TB patients enrolled in a study in Brazil
were diagnosed with normocytic normochromic anemia ranging from mild-to-moderate forms,
and anemia was severe in disseminated and meningeal TB, suggesting that anemia may serve
as a biomarker of TB severity.

Anemia in TB patients has been reported to be due to anemia of inflammation (Al) rather
than iron deficiency anemia, although both types of anemias frequently co-exist [193, [194].
As exacerbated inflammation is a characteristic feature of TB, hepcidin drives the onset of
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Al through iron-restricted erythropoiesis. Typically, this is reflected by tissue iron release
restriction, reduced serum iron and total iron-binding capacity (TIBC), and elevated serum
ferritin levels. The findings in my study align with these characteristic features of Al. The
normocytic normochromic anemia observed in Mtb infected /rp2/~ mice correlated with low
serum iron, low total iron-binding capacity (TIBC), and % transferrin saturation, but high
serum ferritin concentrations on days 28 and 63 p.i. (Fig. 4.35), pointing towards anemia of
inflammation, Al.

The altered iron metabolism observed in Irp2t/~ mice can be hypothesized to be a component
of the host defense system against invading pathogens, and it is inferred to be mediated by
several inflammatory cytokines discussed in detail in section 5.3. While IRP1-mediated sec-
ondary polycythemia has not yet been reported in humans, polymorphisms in IRP1 have been
associated with cutaneous malignant melanoma [38]. Also, the association between HIF2« and
IRP1 in TB pathogenesis remains unexplored. My research establishes a regulatory link between
the IRE/IRP system and TB, which stems from the critical role of IRPs in maintaining iron
balance. Any disruption to this balance can result in oxidative stress, ultimately contributing to
the growth and proliferation of benign or malignant neoplasms. The results of my study show
a gene dosage effect, as the deletion of one allele of Irp2, as well as systemic deletion of IRP2,
alters iron metabolism. This can be interpreted as a host defense strategy against Mtb, indicat-
ing that there is a protective role of IRP2 in TB pathogenesis in the context of iron homeostasis.

5.2 The Influence of Iron Availability on Mtb Growth in
Macrophages and Mice

Iron is an indispensable micronutrient required for the growth, survival, and virulence of Mtb
[72, 150]. Notably, Esx-3, a type VIl secretion system implicated in mycobactin-mediated
iron acquisition in Mtb, has been suggested to interfere with host functions that limit iron
availability. Mtb mutants lacking esx3 showed decreased iron uptake [195]. Similarly, Mtb
mutants with single deletions in mbtK, a mycobactin synthase gene involved in siderophore
production, showed defects in iron acquisition and reduced growth in vitro and in infected
mouse lungs [196], supporting the notion of the importance of iron acquisition for Mtb growth
and virulence.

Several authors have shown evidence that iron availability has an influence on mycobacterial
growth in vitro [150, [I51], in mice [76, [197] and humans [147]. Exogenous iron such as
ferrous sulfate or ferric ammonium citrate (FAC) has been shown to enhance Mtb, M.
avium and M. bovis growth in M@s [48]. Conversely, supplementation of serum-free medium
with apo-transferrin or bovine lactoferrin limits Mtb, M. avium and M. bovis growth, while
treatment with iron-chelating agents such as deferoxamine shows a mycobacteriostatic effect,
reducing mycobacterial growth in M@s. The findings in my study confirm and expand on these
previous observations by other authors by demonstrating that excess iron can further enhance
mycobacterial growth in M@s. Furthermore, Irp2~/~ M@®s have iron overload phenotype, which
can only be achieved in wt and IrpI~/~ M@s by adding exogenous iron (Fig. 4.14). Notably,
FAC even further enhanced mycobacterial growth in Irp2~/~ M@s (Fig. 4.14E-H) while DFO
proved to be inefficient in decreasing Mtb growth (Fig. 4.14l-L) thus demonstrating a direct
link between mycobacteria growth and iron availability.
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Similar to in vitro studies, most reports, though contradictory, show that excess iron enhances
mycobacterial growth in vivo [197, [198], [76]. However, the majority of these studies report on
non-tuberculous mycobacteria such as M. avium allowing for scant evidence on the effects
of iron availability on Mtb growth in mouse models. Here, | provide evidence on the effects
of iron availability on Mtb growth using dietary iron supplementation which leads to higher
Mtb growth in mice. In addition, | present new evidence on the influence of disruptions in iron
metabolism on Mtb growth using M@s and mice deficient for either Irp1 or Irp2, which leads
to differential Mtb growth in target host cells and organs, respectively.

In my study, experimental iron overload or iron deficiency (ID) was induced in mice via the
enteral route by feeding iron-rich (460 mg/kg Fe (IlI) fumarate) or iron-low (< 9 mg/kg Fe
(II) fumarate) diets, respectively (Fig. 4.1). Prussian blue staining revealed increased iron
accumulation in the lungs of mice on an iron-rich diet compared to those on control (4 mg/kg
Fe (I1) fumarate) and iron-low diets before and after Mtb infection, with the highest differences
at day 120 p.i. (Fig. 4.7). This observation correlated with higher Mtb loads in the lungs,
livers, and spleens of mice on iron-rich diets compared to those on iron-control and iron-low
diets (Fig. 4.2). These results build on existing evidence from several in vivo studies showing
that increased iron stores from iron supplementation, either per oral administration of iron
salts in diets or drinking water, or intravenously as iron-carbohydrate complexes, increases the
severity of mycobacterial infections [199, [147]. For instance, Dhople et al. [199] reported that
BALB/c mice fed standard chow enriched with ferric ammonium citrate showed elevated iron
saturation in sera which correlated with increased mycobacterial loads in the lungs, spleens,
and livers following intravenous infection with (10%) M. avium infection compared to controls
[199]. In another study, Lounis et al. [198] reported that BALB/c mice treated with 50
mg/kg intraperitoneal injections of polymaltose ferric hydroxide, an oral iron preparation
used to treat ID and iron deficiency anemia (IDA), three times a week for 2 weeks before
intravenous infection with (7.2 x 103 CFU) Mtb H37Rv, showed higher mycobacterial loads in
lungs and spleens compared to controls [198]. Similarly, B6 wt mice injected intraperitoneally
with (approx. 4mg iron per animal) ferric hydroxide-dextran complex, equally used to treat
iron deficiency (ID), for 20 days before infection with (10¢ CFU) M. avium via intravenous
route exhibited increased mycobacterial loads in the lungs, spleen, and liver [I5I]. Clinical
studies have also shown that increased iron stores from iron supplementation may result in iron
overload, which may predispose individuals to the develop active TB [200, 69]. In a pioneer
study, Murray et al. [147] found that oral administration of 900 mg ferrous sulfate per day, for
30 days in iron-deficient Somali nomads led to increased incidence rates of several infections,
including Mtb [147].

Oral iron supplementation in the form of ferrous iron salts, e.g., ferrous fumarate, ferrous
sulfate, ferrous gluconate, and the amino acid chelate, ferrous bisglycinate is routinely used to
treat ID with or without anemia [201], which is prevalent in patients with TB, particularly
in sub-Saharan African populations [202]. In these populations, dietary iron overload often
occurs due to the consumption of traditional fermented beers brewed in steel containers.
Generally, this is characterized by iron depositions in both M@s and hepatic parenchymal
cell. Of note, the iron overload disorder in the sub-Saharan African population has been
linked to poor TB outcome. Most studies on iron supplementation have been or are currently
being carried out in sub-Saharan Africa where nutritional iron deficiency is highly prevalent.
Nutritional ID, which arises when the diet does not provide enough bioavailable iron to meet
up with the body's demand, is the primary risk factor for developing ID/IDA. ID has been
described to modulate host immune responses but can also be detrimental to the host as
immune responses are hampered [76], [199]. Murray et al. [I147] showed that Somali nomads
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entering a feeding camp did not contract infections if they were iron deficient, in contrast to
a high infection rate in those with normal iron status. In my study, mice fed iron-low diets
demonstrated lower Mtb replication in lungs, spleens, and livers (Fig. 4.2). These results
are in line with reports by other authors which have shown that iron deprivation is protective
[150, 203, [76]. For example, both B6 wt and B6 immunodeficient beige mice fed an iron-poor
diet (6.7mg/kg) for 2 weeks prior to infection with (10° CFU) M. avium via intravenous route
showed inhibited M. avium growth in lungs, spleens and livers [150]. However, in another study,
B6 wt mice fed an iron-deficient diet (2-6 ppm iron) for 6 weeks prior to aerosol infection
with Mtb Erdman (50-100 CFU) did not show any significant impact on mycobacterial growth
in their lungs and spleens compared to controls [203]. Similarly, intranasal administration of
lactoferrin (1 mg/mL twice weekly) did not alter Mtb growth in wt mice 22 p.i. [76]. While
these studies, along with my own findings, highlight that increased iron availability promotes
mycobacterial growth in vivo, it is also important to consider other factors are highly involved
in determining TB outcome. These factors include; the route of iron supplementation (nteral
versus intraperitoneal), choice of iron compounds, dosing and duration of iron treatment, Mtb
strain used, route of infection, and overall experimental design. Therefore, investigators must
carefully consider all these parameters when designing iron supplementation studies. Similarly,
in a clinical setting, iron treatment should be carefully designed to avoid inducing iron overload,
which can promote Mtb replication. Nevertheless, clinical trials are needed to ascertain the

optimal timing and dosage of iron supplements in TB patients with anemia of inflammation
and IDA.

In vivo studies by other authors have shown that disruptions in iron metabolism influence the
outcomes of several types of infections [136), (76, [203] 204]. For instance, Nairz et al. [136]
demonstrated that mice with an M@-specific deletion of both IRPs developed hyperferritinemia,
exhibited higher S. Typhimurium burdens in livers and spleens and succumbed earlier to the
infection, indicating that IRPs are involved in innate immunity [136]. My data demonstrates
increased iron deposits in Mtb infected aM@s (Fig. 4.28) and M@s in hepatic infiltrates
(Fig. 4.29) in all three mouse strains, but more detected in Irp2~/~ mice at days 28 and 63
p.i. compared to wt and IrpI~/~ mice. These findings correlated with higher Mtb loads in
lungs, livers, and spleens of Irp2~/~ mice compared to wt and IrpI~/~ ones (Fig. 4.15A-C),
indicating that increased iron deposits serve as a micronutrient source for Mtb. These results
build on existing evidence from similar studies using iron overload mouse models [136), [76].
For example, Hfe~/~ mice with hepatic iron overload showed increased M. avium loads in
livers and spleens. Additionally, Beta-2 microglobulin (32m~/~) mice with parenchymal iron
deposition were more susceptible to Mtb than wt controls, a phenotype which was rescued by
iron sequestration through exogenous lactoferrin administration [76]. Hfe is the equivalent
mouse gene of the human hemochromatosis gene HFE that binds to the transferrin receptor
to facilitate internalization and recycling. HFE is a MHC Class-I-like molecule not covalently
bonded to (52m) [205] 206, [207]. However, my results contradict the claims of Harrington-
Kandt et al. [203], who showed that Mtb Erdman infection of Hampl mouse with an iron
overload phenotype was not different from wt mice in terms of mycobacterial growth in lungs
and spleens indicating that hepcidin deletion does not affect Mtb growth in vivo.

Importantly, my study revealed increased iron deposits in aM@s in non-infected Irp2~/~ lungs
compared to wt and /rpI~/~ lungs (Fig. 4.28). Ferring-Appel et al. [208] showed that
mice with hepatocyte-specific or intestinal-specific deletion of Irp2 display an iron overload
phenotype to cell-autonomy traits in enterocytes and hepatocytes. The same interpretations
by Ferring-Appel et al. can also be applied to my study. Therefore, it can be speculated that
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iron overload in phenotype in Irp2~/~ lungs and livers, resulting in higher Mtb loads could
have given a survival and marked replicative advantage for Mtb.

The differential Mtb loads in lungs, spleens, and livers of wt, IrpI~/=, Irp2~/~ and Irp2t/~
mice at different time points after infection may be attributed to the varying sequestration
of iron by specialized M@s in the respective tissues. M@s direct the production of RBCs
during erythropoiesis and ultimately phagocytose old and damaged RBC at 120 days of age
[6, [7]. Although the precise mechanisms which drive M@s to phagocytose RBCs are not fully
understood, a few studies have suggested that pro-inflammatory cytokines such as TNF« and
IFN~, produced in response to infections, recruit and activate M@s to phagocytose RBCs,
leading to increased intracellular iron within M@s [209] 210, 211]. Fundamentally, these
alterations in iron metabolism upon immune activation are mostly dependent on IL-6 and
hepcidin and will be extensively discussed in section 5.3.

Alterations in systemic iron homeostasis can also occur independent of IL-6 but require
the exclusive action of PRRs. For example, Fpnl transcription is inhibited by TLR2, -
4, and -6 ligation, allowing for downregulation of Fpnl mRNA transcripts via a hepcidin-
independent mechanism. As a case in point, S. Typhimurium, can activate TLR4 via its
PAMP lipopolysaccharide (LPS), enabling M@s to phagocytose RBCs, thereby increasing the
intracellular iron pool [209].

In my study, higher concentrations of IL-6, TNFc, and IFNy were observed in /rp2~/~ lung
tissue homogenates at days 28 and 63 p.i. (Fig. 4.19), corresponding to higher Mtb loads
in lungs (Fig. 4.15) and increased iron deposits in lungs and livers after Mtb infection
(Fig. 4.28). To this end, it can be speculated that Mtb induced higher concentrations
of IL-6 in Irp2~/~ M@s leading to hepatic Fpnl transcription inhibition, which resulted in
increased intracellular iron levels as reflected by elevated iron deposits in /rp2~/~ lung and
liver M@s. Consequently, this increased iron availability could serve as a micronutrient source
for Mtb. However, it remains to be investigated whether Mtb infection or Mtb PAMPs can
also induce erythrophagocytosis. Hence, the relevance of TLR2 or Mtb-specific PRR in this
context cannot be ignored and requires further investigation. Some evidence suggests that
RBC clearance is associated with a pro-inflammatory cytokine response, while other studies
show an anti-inflammatory role for these M@s. On that account, flow cytometry studies will
be necessary to explore the erythrophagocytic functions of IrpI-deficient and Irp2-deficient
M@s at baseline and in the setting of an infection with Mtb H37Ruv.

Moreover, my results also suggest that the higher Mtb loads observed in Irp2~/— BMM®s
could be attributed to their increased phagocytic rate, as seen in the uptake of pre-labeled
Zymosan particles (Fig. 4.11). While this observation suggests that deletion of /rp2 results in
enhanced phagocytic ability, further flow cytometry investigations must be done to determine
whether this also holds true for the uptake of mycobacteria.

5.3 The Role of Iron in Immunity against Mtb Infection

Beneath pulmonary inflammatory lesions, TB causes a chronic state of systemic inflamma-
tion, which can trigger hepatic hepcidin synthesis and ultimately influence iron homeostasis
[212] [213]. Several clinical studies have reported elevated hepcidin concentrations in patients
with active pulmonary TB with or without HIV [214]. Here, | found higher Mtb loads in
Irp2~/~ mice livers at day 28 p.i. (Fig. 4.15C), which correlated with elevated hepatic
II-6 and Hampl mRNA transcripts (Fig. 4.27C-D). These observations suggest that higher
Mtb loads enhanced /-6 expression which can promote hepatic hepcidin transcription as an
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attempt to restrict peripheral iron availability for extracellular pathogens. Hepcidin promotes
iron sequestration within M@s, as evidenced in this study by increased iron deposits in Kupffer
cells and inflammatory cell infiltrates in livers of Irp2~/~ mice (Fig. 4.29) but decreased total
serum iron (Fig. 4.35D), indicating a hypoferremic response. However, this iron withholding
strategy within M@s provides a survival and replication advantage to intracellular Mtb, as
iron is an essential micronutrient for Mtb. These results confirm data from studies by other
authors that a wide range of infectious agents, including Influenza A virus, S. Typhimurium,
Vibrio vulnificus, and Candida albicans strongly induce hepatic hepcidin transcription in mice
[215, 216]. Indeed, IL-6 production and Hampl transcription are triggered early following an
infectious or inflammatory stimulus. However, higher hepatic Hampl gene expression at day
28 p.i. in Irp2~/~ mice, rather than in the early phase of infection at day 13 p.i., suggests
delay of induction of hepatic hepcidin or suppression of IL-6 mediated hepcidin production
in the early stages of Mtb infection. However, the molecular basis underlying this phenotype
remains unclear.

Consistent with previous studies by other authors [217], decreased hepatic Hampl was observed
in IrpI~/~ compared to Irp2~/~ mice (Fig. 4.27D). Viatte et al. [217] reported that /rpl~/~
and Irp2~/~ mice show similar hepcidin mRNA induction and associated reductions in serum
iron levels upon treatment with turpentine oil, which was used to induce a local inflammation.
This study showed that the lack of either IRP is not s not disadvantageous to inflammation
triggered by hepatic hepcidin production [217]. However, in my study, systemic deletion of Irp2
upon Mtb H37Rv infection induces Hampl transcription, while, no effect is observed in the
absence of Irpl. This discrepancy in Hampl expression between Kupffer cells and inflammatory
cell infiltrates in IrpI~/~ and Kupffer cells and inflammatory cell infiltrates in /rp2~/~ mice
upon Mtb infection can be explained by the differential Mtb loads in these respective mouse
genotypes, which is required to trigger Hampl expression in the absence of IRP2 but not IRP1.
In contrast to non-infected Irp2~/~ mice with an iron overload phenotype, non-infected mice
on an iron-rich diet showed increased Hampl mRNA expression when compared to mice on
iron-control and -low diets (Fig. 4.5J-L). This observation is in line with studies showing
that Hampl mRNA expression was increased in response to enhanced dietary iron in mice
[218] 219].

Besides infectious stimuli, hepcidin production can also be influenced by anemia [47, 220].
Several studies have shown that anemia decreases the production of hepatic hepcidin, which
releases iron from M@s and enables iron to be utilized for compensatory erythropoiesis. For
example, Nicolas et al. [47] demonstrated that anemia induced by repeated phlebotomies or
acute hemolysis from phenylhydrazine treatment suppressed hepatic hepcidin mRNA [47]. In
my study, infection-induced anemia in /rp2t/~ mice did not downregulate hepatic hepcidin
production at day 28 p.i., indicating that through its proinflammatory stimuli, Mtb can overwrite
anemia-mediated suppression of hepcidin at this time point. Additionally, the cytokines
produced during Mtb infection can directly hinder erythropoiesis and lead to anemia. Hepcidin
drives the onset of Al through iron-restricted erythropoiesis. lron-restricted erythropoiesis
can be due to functional iron deficiency, absolute iron deficiency, or iron sequestration. In
my study, Mtb infected /rp2t/~ mice presented certain features of anemia of inflammation
only at day 28 p.i. These features include normocytic anemia (Fig. 4.34), decreased total
serum iron despite adequate iron stores represented by higher serum ferritin levels. Meanwhile,
Irp2~/~ mice showed increased iron accumulation in aM@s, hepatic inflammatory infiltrates
and Kupffer cells in the lungs and livers, respectively (Fig. 4.28-29). Although these features
are indicative of anemia of inflammation in Mtb infected /rp2t/~ mice at day 28 p.i., other
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factors such as shortened RBC survival and direct suppression of erythropoiesis could also
contribute to the pathogenesis of anemia of inflammation but were not investigated in this
study. Whether these factors affect anemia of inflammation in Mtb infected Irp2t/~ mice
at day 28 p.i. remains a topic of future studies. The possibility of their contribution to
the above-described phenotype cannot be ignored. Therefore, studies on RBC lifespan and
suppression of erythropoiesis during experimental Mtb must be performed to understand the
establishment of anemia in Irp2+/* mice. In addition, the RBC indices of non- and Mtb
infected /rp2~/~ mice need to be investigated in further studies, to fully understand, if Mtb
infection induces anemia in mice deficient for IRP2, which further exacerbates disease.

In addition to IL-6 which induces hepcidin transcription, IL-13 stimulates the expression of
CCAAT enhancer-binding protein, a transcription factor, to promote hepcidin transcription
through interactions with the hepcidin promoter [221]. Higher IL-1/3 and IL-6 concentrations
were observed in Irp2~/~ mice lungs compared to wt and IrpI~/~ mice, particularly in the early
phase of infection (Fig. 4.19). In mice fed an iron-rich diet, an increase in /-6 gene expression
was observed following Mtb infection (Fig. 4.5C). Despite higher protein concentrations of
IL-15 and IL-6 in the lungs of Irp2~/~ mice, increased Hampl expression was not observed
in the lungs of these mice (Figs. 4.26). An explanation to justify the surprising lack of
Hampl upregulation might be that IL-6 and IL-15 produced by lung cells did not reach a
threshold sufficient to trigger hepcidin expression. This hypothesis is supported by several
reports suggesting that other cells such as monocytes, splenic and aM@s and other tissues such
as the kidney and adipose tissue [48] produce lower amounts of hepcidin than hepatocytes,
which are the primary producers of hepcidin upon systemic inflammatory stimuli. Another
explanation could be that Hamp/ mRNA expression in the lung was suppressed by a mechanism,
which did not involve the IL-6 signalling pathway. In support of this hypothesis, Nemeth et al.
[48] showed that TNF« significantly suppressed Hampl mRNA expression in Hep3B human
hepatoma cell line through an IL-6 independent pathway [48]. Hypothetically, the higher
concentration of IFN+y and TNFa in the lungs of mice deficient for IRP2 (Fig. 4.19A-B) or
mice fed an iron-rich diet (Fig. 4.6) due to the higher bacterial load could have downregulated
hepcidin production in these mice. To address this hypothesis, further studies investigating the
induction of genes involved in the SMAD or STAT3 pathway using qRT-PCR are necessary to
address this hypothesis.

Understanding the functions of cytokines and chemokines and how they intercommunicate is
key to comprehending how to curb TB. Cytokines and chemokines are pivotal in initiating and
organizing the recruitment and activation of immune cells to the site of infection during Mtb
infection. Following phagocytosis of Mtb, aM@s are stimulated, chiefly by the action of TLR2,
to secrete proinflammatory cytokines, namely TNFq, IL-13, IL-6, and IL-12 [153]. IL-12
drives T helper type | (Th1) differentiation and IFN+ production, which plays a critical role in
protective immunity against mycobacteria and other intracellular pathogens [222]. Defects
in genes involved in IL-12-dependent IFN~y-mediated immunity in humans is associated with
increased risk for mycobacterial disease and Mendelian susceptibility to mycobacterial diseases
(MSMD) [223, 224]. Patients with either autosomal complete recessive mutations in IFN~y
receptor 1 (IFNYR1) or IFNYR2 deficiency show a predisposition to chronic mycobacterial
infections [225].

Studies by other authors have demonstrated that mice deficient for IFNy (/fng~/~) have
impaired M@ activation and downstream functions, fail to contain mycobacterial replication
and become more susceptible to infection [222] 226] 227]. Consistent with these findings, the
in vitro results in my study confirm the protective role of IFN~, wherein, M@s deficient for
IRP2 which showed higher Mtb loads (Fig. 4.9A-K) became less permissive to Mtb following
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treatment with IFN~ (Fig. 4.10A-K).

The findings from my in vivo study do not align with the commonly described protective role
of IFN~ during Mtb infection, as shown across many studies. In my study, | showed higher
IFN~ concentrations in the lungs of mice deficient for IRP2 (Fig. 4.19A) and mice fed an
iron-rich diet (Fig. 4.6A) despite the higher pulmonary Mtb loads. These results indicate
that higher IFN~ concentration alone was not sufficient to control the infection in these mice
and suggest higher concentrations of IFN~ as a correlate of the higher Mtb loads. These
observations in my study are in agreement with several studies by other authors that have
in mice[228), [229]. Specifically, reports have shown that IFN+ produced by CD4+ T cells and
or other T cell subsets, like CD8+ T cells, is protective against Mtb, whereas IFN~ produced
by innate immune cells does not provide sufficient protection against exacerbating infections.
For instance, Green et al. [230] developed an adoptive transfer model in which the presence
or absence of CD4+ T cells from wt or Ifng~/~ mice were assessed for their ability to control
Mtb infection. The authors of this study showed that although CD4 T cells are important
for the control of Mtb infection, IFN~ from CD4+ T cells is necessary for host survival and
effective long-term control of the mycobacterial load especially as IFN~ produced by CD4+ T
cells promotes robust CD8 T cell response [230]. Similarly, Sakai et al. [231] showed that
when naive CD4+ T cells isolated from either wt or Ifng~/~ mice were transferred to Mtb
infected mice deficient for RAG-1 (Ragl~/~), the Ragl~/~ mice that received CD4+ T cells
from wt mice showed increased production of IFN~ in lungs, which was, however, accompanied
by increased Mtb loads between day 21 and 42 p.i., and premature death before day 50 p.i.
However, this study by Sakai et al. [231] also shows that pulmonary IFN~ prevents severe
immune-mediated pathology [231]. Although other cells including CD8 T and NK cells can
also produce IFNvy, CD4+ T cells are the main source of IFNv during the adaptive immune
response to Mtb infection and are essential for host persistence in the acute and chronic
stage of infection [232]. For instance, mice deficient for CD4 and MHC-II showed increased
susceptibility to Mtb and died faster than wt mice but, interestingly, survived twice as long
as Ifng~/~ and Nos™/~ mice [232, 233| 226], again indicating that CD4 T cells are required
for protective immunity against Mtb. In line with these observation from other authors, one
hypothesis to explain the higher concentrations of IFN~ being insufficient to control infection
in my study is that systemic deletion of /rp2 as well as iron supplementation in mice may
have reduced CD4+ T cell activation during the initial phase of the infection, leading to
delayed IFN+ and NOS-2 production (Fig. 4.21-22) at day 13 p.i. However, as the infection
progressed, other cells such as NK cells might have potentially produced IFN~, but this was still
inadequate to efficiently control the infection, particularly at days 28 p.i., in Irp2~/~ and mice
and at days 28 and 120 p.i in mice fed an iron-rich diet. Further studies using flow cytometry
to identify the lymphocytic source of IFN~ production are needed to address this open question.

NK cells, 79, CD4 and CD8 T cells can produce Th17 cytokines, such as IL-17A, which mediate
proinflammatory and antibacterial responses in TB [234] 235], 234]. In my study, augmented
IL-17A production which correlated with increased production of IL-6, CXCL1/KC/GRO,
and CXCL2/MIP-2 was observed in Irp2~/~ mice when compared to wt ones at day 28 p.i.
(Fig. 4.22). The higher concentration of these cytokines and chemokines at this time point
correlated with exacerbated pulmonary pathology in /rp2~/~ mice as characterized by more
extensive areas of inflammatory infiltrates (Fig. 4.23). These findings are consistent with a

study by Schneider et al. [83], which demonstrated that increased IL-17 production induced
IL-6 and several chemokines, including CXCL1/KC/GRO) and CXCL2/MIP-2, in mice deficient
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for IL-18 upon Mtb infection, which triggered the influx of neutrophils into infected lungs [83].
Neutrophils are reported as the most abundantly infected cell type present in sputum and BAL
samples from patients with active TB [236]. However, the role of neutrophils in TB is still a
topic of discussion, as several studies have shown that they contribute to disease progression
by driving exacerbation of inflammation, tissue destruction, and contributing to respiratory
distress, rather than controlling the infection and providing protection [236), 237]. In my
study, despite higher concentrations of CXCL1/KC/GRO and CXCL2/MIP-2 in Irp2~/~ mice
by Mtb, increased neutrophil counts were not observed in the lungs of these mice based on
histopathological analysis (Fig. 4.23). This suggests that neutrophils may not be responsible
for the exacerbated pulmonary pathology in /rp2~/~ mice. This hypothesis is supported by
previous studies demonstrating that neutrophils do not significantly contribute to Mtb-induced
histopathological alterations in the C57BL/6J TB mouse model [237] 238].

Iron plays a key role in the functioning of neutrophils. Particularly, neutrophils require iron for
the production of ROS and the formation of neutrophil extracellular traps (NETs) to fight
microbial invasion. Neutrophils also express TfR1, FTH, and FPN which indicates that they
modulate iron transport and storage protein expression upon stimulation [239]. Furthermore,
hepcidin-induced FPN degradation leads to an increase in intracellular iron, which upregulates
CXCL1 expression in keratinocytes thereby increasing neutrophil recruitment [240]. In a recent
report by Bonadonna et al. [241], it was revealed that mice with conditional deletion of
both IRP1 and IRP2 experienced a reduction in myeloid cell and erythrocyte counts in their
peripheral blood, along with impaired neutrophil development and differentiation in the bone
marrow, resulting in the production of immature neutrophils. This study by Bonadonna et al.
highlights the importance of IRP function not only in erythrocyte differentiation but also in
the differentiation of other hematopoietic cell lineages, such as neutrophils [241]. However,
there is a lack of information regarding neutrophil differentiation, IRP activity, and and their
interaction with Mtb. Furthermore, data on iron regulating neutrophils, their recruitment,
and function in the setting of an Mtb infection is scant. For this, flow cytometry analysis
or analysis of iron-metabolism mediated gene expression in neutrophils isolated from non-
infected and Mtb infected /rp2~/~ at various time points, particularly at day 28 p.i, when
increased Mtb loads in lungs were observed, are required. Moreover, investigations into
the contribution of NET-containing antimicrobial peptides released by neutrophils such as
elastase, myeloperoxidase (MPO), lactoferrin (LF), lipocalin-2 (LCN-2), of which iron is also
an important component, need to be conducted. For example, LCN-2 binds and inactivates
mycobactin and carboxymycobactin, thereby interfering with mycobacterial iron acquisition
[90, @1]. Mice deficient for LCN-2 (Lcn-27/~) showed higher Mtb growth in alveolar epithelial
cells compared to controls, demonstrating that LCN-2 scavenges iron and inhibits the growth
of Mtb. Lcn-27/~ mice were more susceptible to infections with Gram-negative bacteria such
as Klebsiella, E. coli or Salmonella spp. Nairz et al. [242] reported LCN-2-mediated protective
mechanisms of IRPs with selective deletion of both IRPs in M@s upon infection with a lethal
dose of S. Typhimurium [242]. In my study, | did not observe any differences in Lcn-2 mRNA
transcripts (Fig. 4.26F). As LCN-2 promotes neutrophil recruitment, thereby contributing
to innate immunity against Mtb, it can be hypothesized that the lack of increased LCN2
production in my study could also be responsible for the lack of neutrophil recruitment, at
least at the histopathological level, in mice deficient for IRP2.

IL-13, TNF«, and IFN~ produced by Thl cells can induce expression of nitric oxide (NO)
synthases (NOS-2) and subsequent NO by M@s, which can contribute to controlling Mtb [243].
However, in my study, despite the higher NO concentrations and Nos2 mRNA transcripts
as observed in Irp2~/~ mice lungs when compared to wt and IrpI~/~ mice (Fig. 4.21-22),
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Mtb replication was not controlled during the early phase of infection. RNIs production by
NOS-2 is an innate defense mechanism of M@s to target pathogen DNA, lipids, and proteins.
Of these RNIs, NO produced by activated M@s kills Mtb, thereby modulating resistance to
Mtb in several mouse models [243]. Ifng~/~ and Nos-2~/~ mice which fail to generate RNI
are highly susceptible to Mtb, highlighting the importance of RNIs in protective immunity
against Mtb. Some studies have shown that NO synthesized by NOS-2 inhibits neutrophil
migration [244], and its absence leads to increased neutrophil recruitment and subsequent
necrosis at the site of infection [245]. Based on these studies from other authors, it can be
hypothesized that higher conceentrations of TNFa, IFN~v and IL-13 in Irp2~/~ mice lung
tissue could have triggered higher Nos2 expression which impaired neutrophil accumulation. To
support this hypothesis, staining lung sections with an anti-Ly-6G monoclonal antibody, which
specifically marks neutrophils, would provide information on whether neutrophil accumulation
was impaired.

CCL2/MCP-1 is a chemoattractant for monocytes and T cells, both cell types which are
important in granuloma formation which contains the bacteria. Higher CCL2/MCP-1 concen-
trations were observed in Irp2~/~ mice lungs when compared to wt and /rpI~/~ mice at days
28 and 63 p.i., indicating increased recruitment of M@s and monocytes to the site of infection
(Fig. 4.19). Also, higher CCL2/MCP-1 concentration correlated with slightly higher CD68
positive M@s and increased Perl positive M@s in Irp2~/~ mice lungs (Fig. 4.28). However,
to conclude whether these iron deposits were visualized in M@s, a co-staining of Perl’s stain
and anti-CD68 should be performed to identify these cells. Additionally, since M@s serve
as a niche for Mtb, an increase in their numbers implies more host cells available for Mtb,
leading to enhanced pathology. Interestingly, MCP-1 has been implicated in reactive oxygen
species (ROS) production, as shown in a study on mice with ovariectomy-induced metabolic
disturbance, where MCP-1 deficiency reduced elevated levels of ROS and oxidative stress [246].
Therefore, considering the elevated levels of CCL2/MCP-1 at days 28 and 63 p.i. in lungs
of mice deficient for IRP2, it can be hypothesized that increased recruitment of M@ to the
lungs of Irp2~/~ mice resulted in the production of high levels of ROS but failed to effectively
control the infection due to the lack of IFNy or TNF« for activation. Ultimately, higher
CCL2/MCP-1 concentrations coupled with iron overload in these M@s could have contributed
to increased ROS production which exacerbated pathology in these mice, suggesting that M@s
may be responsible for the exacerbated pulmonary pathology in Irp2~/~ mice. To support
this hypothesis, further studies should analyze ROS production via flow cytometry in M@s
deficient for IRP2 and infected with Mtb.

IFN~ downregulates TFRs making iron to be less available for Mtb [247]. Salmeron et al.
[247] showed that TFRs play an essential role in activating T cells and contributing to signal
transduction of T cell receptor-mediated stimulation through interactions with CD3 co-receptor,
thereby interfering with IFN+ production. In my study, higher IFNv in Irp2~/~ mice and mice
on an iron-rich diet correlated with unaltered or lower TfR1 expression, respectively, both, in
wt mice (Fig. 4.27) and mice fed iron-control and iron-low diets (Fig. 4.5), suggesting that
high IFN~ concentration can hamper the expression of TfR1 in these mice. Meanwhile, higher
TfR1 expression was observed in mice on an iron-low diet before and during Mtb infection
than in mice fed an iron-low diet, indicating that TfR1 was upregulated to meet the increased
iron demand for metabolic processes in the cells.
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5.4 The Influence of the Gut Microbiota on Host

Phenotypic Variation during Mtb Infection

A few studies have identified the mouse microbiome composition as a potential cause of
phenotypic variations between different mouse strains and sub-strains of mice [160, [161].
Fittingly, the activation or inactivation of genes is only associated with minor changes in the
gut microbial composition, indicating that the host genotype equally influences microbiota
composition [248|, 249]. For instance, Buhnik-Rosenblau et al. [163] reported high levels of
iron and higher abundance of Lactobacillus (L.) murinus and L. intestinalis in the feces of
Irp2~/~ compared to wt and Hfe /~mice. Meanwhile, Enterococcus faecium spps. cluster
and an unknown spp. most similiar to Olsenella spps. were highly represented in Hfe™/~ mice,
and L. johnsonii was highly abundant in wt controls. This study by Buhnik-Rosenblau et al.
[163] demonstrates that host genetics impacts microbiota composition [163].

In my study, analysis of 16S rRNA sequencing data revealed distinct microbiota compositions of
wt, IrpI~/~ mice and Irp2*/~mice (Fig. 4.37-44), indicating that iron metabolism determined
differences drives the differential abundance and occurrence of resident bacterial communities
in the caeca of these mice. The main differences in IrpI~/~ mice compared to wt mice
were a higher representation of the genera Turicibacter and Barnesiella, along with a lower
representation of Odoribacter (Fig. 4.43).

Turicibacter spps. are Gram-positive, anaerobic bacteria which have been commonly identified
in the GIT and feces of humans and animals. These bacteria belong to the phylum Firmicutes
(class Erysipelotrichia, order Erysipelotrichiales and family Turicibacteraceae). Several studies
have associated the abundance of Turicibacter abundance with obesity or non-alcoholic
fatty liver disease [250], as well as in the production of butyrate, a SCFA produced in the
gut microbiome, in vivo in mice and rats and in vitro models [251] [251]. Nishitsuji et al.
[252] showed that an increased abundance of Turicibacter in fecal microbiota correlated
with elevated plasma butyrate levels in Tsumura Suzuki obese diabetes (TSOD) mice, which
suddenly developed obesity and obesity-related metabolic syndrome [252]. In another study, the
authors showed a higher abundance of Turicibacter correlated with higher intestinal butyric acid
in rats fed barley malt [251]. Butyrate plays several beneficial roles in the GIT and influences
the gut flora [251]. It serves as a primary energy source for colonocytes, possesses antibacterial
activity, and exhibits immunomodulatory effects [253, [254]. For example, Furasawa et al.
[254] demonstrated that butyrate stimulates the differentiation of colonic regulatory T cells to
anti-inflammatory effector cells by decreasing the concentrations of pro-inflammatory cytokines
such as TNFa and IL-8 [254]. In another in vitro study, Andoh et al. [255] found that
administration of sodium butyrate to the human intestinal epithelial cell line HT-29 cells
inhibited TNF« in a dose-dependent manner, thereby triggering IL-8 secretion [255]. These
observations suggest that the higher abundance of Turicibacter observed in Irp1~/~ mice
may have resulted in increased butyrate production with known anti-inflammatory properties.
Currently, scarcely any information on the role of Turicibacter on TB pathogenesis is available,
further research is needed to clarify its metabolism and interaction with the host in the GIT
during Mtb infection. Consequently, measuring the metabolites produced by these bacteria
during Mtb infection and conducting functional investigations would be valuable.

Barnesiella, a genus of the family of Barnesiellaceae, order Bacteroidales, and class Bacteroidia,
was one of the major abundant genera observed in the caecal microbiota of IrpI~/~ mice
(Fig. 4.44). Members of the genus Baniesiella are Gram-negative, anaerobic bacteria which
are typically found in low levels in the gut and constitute 1% of a healthy human adult
gut bacteria [256]. The abundance of Barnesiella has been associated with the presence of
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several immunoregulatory cells. Specifically, Presley et al., [257] reported a positive correlation
between levels of Baniesiella in the colon with the abundance of marginal zone B cells and
invariant natural killer T cells in the spleen and liver, suggesting a role for Barnesiella in
modulating host immune responses [257]. Studies in mice and humans using 16S rRNA
analysis have demonstrated that a microbiota Baniesiella species can restrict the colonization
of the intestinal tract by vancomycin-resistant Enterococcus faecium (VRE), which is an
antibiotic-resistant pathogenic bacterium commonly observed in hospitalized patients [258].
Furthermore, a direct association has been made between a shift in microbial composition
favoring Baniesiella and resistance to arthritis in mice [258]. Arthritis-resistant mice are
characterized by microbiota enriched with Baniesiella, Bifidobacterium and Parabacteroides
spp., with Baniesiella being the most abundant genus. In the context of colitis development
in IL-10~/~ mice, higher levels of a specific Baniesiella phylotype were found to correlate
with reduced disease activity [259]. Abnormally elevated Baniesiella densities have also been
observed in HIV-infected individuals compared to non-infected individuals, and these elevated
densities were associated with systemic inflammation [260]. In recent years, numerous new
sequences isolated from human and animal intestines and have been assigned to the genus
Baniesiella [261], 262]. Bacteria belonging to the order Bacteroidales , which contributes to
carbohydrate degradation and compete with pathogenic bacteria, thereby preventing their
colonization of the intestine. Although Baniesiella belong to the major bacterial genera in
mice, their representation in human microbiota is minor [263]. Changes in the abundance
of Baniesiella have not yet been reported in association with TB. Further research is needed
to whether Baniesiella modulates the host immune response to tuberculosis (TB) infection
and to determine whether these findings can be translated into the development of novel TB
therapies. These studies collectively underscore the importance of the gut microbiota in TB
pathogenesis and highlight the potential of manipulating the gut microbiota as a therapeutic
approach for TB.

In the case Irp2t/~ mice, the caecal microbiota exhibited a higher abundance of Alloprevotella
and Helicobacter compared to wt mice (Fig. 4.45). Members of the Alloprevotella genus
belong to a novel group within the Prevotellaceace family and phylum of Bacteroidota. They
are Gram-negative, obligate anaerobic bacilli, which support host metabolism by producing
SCFAs including high amounts of succinate moderate quantities of acetate [264]. Members of
the Alloprevotellaceace family, particularly Alloprevotella rava have been implicated in oral
cavity dysbiosis, leading to infections such as dental caries and periodontitis. The abundance
of Alloprevotella has been found to correlate with TB outcome [265]. Wu et al. [266]
demonstrated a lower abundance of Alloprevotella, Catonella, Coprococcus, Treponema and
Leptotrichiain the lung microbiota of adult patients with TB in comparison to healthy controls
[266]. Also, reduced abundance of the Prevotella genus was observed in patients with newly
diagnosed active TB and recurrent TB compared to healthy individuals. The underlying
mechanism linking this potential association between Alloprevotella and TB is not yet fully
understood. However, it has been hypothesized that the altered gut microbiota composition
and higher abundance of Alloprevotella observed in TB patients could affect the immune
system's response to TB infection. For instance, Alloprevotella has been shown to produce
SCFAs and polysaccharide A (PSA). SCFAs are known to promote the differentiation and
activation of regulatory T cells (Tregs), which play a crucial role in modulating the immune
response to infections. PSA, on the other hand, has been shown to induce the production of
anti-inflammatory cytokines, which could also regulate host immune response to infections.
In another study, higher serum concentrations of SCFAs such as propionate and butyrate
were associated with a higher risk to develop active TB. Interestingly, this increase in SCFAs
correlated with a higher abundance of Prevotella and lower production of IFNvy and IL-17A,
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cytokines associated with protective immunity against Mtb [133]. Also, Ohseop Kwon et
al. [267] showed that Rag~/~ mice treated with feces from wt donor mice showed increased
presence of Prevotellaceace and Helicobacteraceace, which was correlated with increased
myelopoiesis, i.e higher numbers of bone marrow cells and hematopoietic stem and progenitor
cells [267]. Further studies are needed to clarify the link between Alloprevotella and TB and
to investigate the potential mechanisms underlying this association. These findings highlight
the importance of investigating the gut microbiota’s role in TB pathogenesis and suggest
that targeting the gut microbiota could be a promising approach for new TB prevention and
treatment strategies.

Helicobacters are another group of microorganisms which were highly abundant in Irp2*/~
mice compared to wt mice (Fig. 4.44). Helicobacters are non-spore-forming Gram-negative
bacteria within the Helicobacteraceace and phylum Campylobacterota. Several Helicobacter
other than Helicobacter (H.) pylori, the most common species of the Helicobacters genus,
have been reported to cause gastritis, gastric ulcers and hepatitis in humans and animals
[268]. In humans, a high abundance of (H.) pylori in the stomach during childhood has been
reported to lower the risk of asthma by 40-60% [269]. Several reports show that Mtb and
(H.) pylori co-exist, and (H.) pylori infection is associated with enhanced Th1 response to TB
infection in rodents, humans, and non-human primates [270}, 271]. Some studies have shown
that (H.) pylori infection can modulate the Th1/Th2 balance towards a Th1 response, which
may contribute to the protective effect against TB [270] 271]. Several epidemiological studies
have shown an association between (H.) pylori infection and TB incidence. For example,
Alemu et al. conducted a study in Ethiopia and found that the prevalence of (H.) pylori
infection was significantly lower in TB patients compared to non-TB controls. Perry et al.
[271] showed that H. pylori infection correlated with a higher concentration of IFN~ and a
Th1-like profile of cytokine responses to TB in humans [271]. However, other studies have
suggested that H. pylori infection may increase the risk of TB infection. A study conducted
in South Africa found that H. pylori infection was associated with an increased risk of TB
infection in HIV-positive individuals. Another study conducted in India also found that H.
pylori infection was associated with an increased risk of TB infection in individuals with chronic
obstructive pulmonary disease (COPD). These findings suggest that the relationship between
H. pylori and TB may be complex and may depend on other factors such as the host immune
status and the presence of other co-morbidities. The potential link between H. pylori and
Mtb infections has important implications for the management of these diseases. If H. pylori
infection does indeed protect against TB infection, then the eradication of H. pylori may
increase the risk of TB. On the other hand, if H. pylori infection increases the risk of TB, then
the eradication of H. pylori may be beneficial for the prevention of TB. Further studies are
needed to clarify the relationship between H. pylori and TB, and to determine the potential
implications for clinical practice.

In this study, | used a cohousing approach [117, 118] to investigate whether the phenotypic
variation observed between non-infected and Mtb infected wt, IrpI~/~ and Irp2*/~ (donor)
mice could be caused indirectly by differences in microbiota composition. Here, offspring from
germ-free C57BI/6J (acceptor) mice were cohoused with respective donor mouse genotypes
(Fig. 4.36) to facilitate the transfer of microbiota. In my study, the microbiota composition
of IrpI~/~ donor mice was comparable to that of IRP1-acceptor mice (Fig. 4.39), suggest-
ing the successful transfer of the microbiota from the former to the latter. This outcome
aligns with previous studies employing the cohousing approach, demonstrating the transfer
of microbiota between mice. For example, Macia et al. [272] showed that cohousing of wt
mice with Gpr43~/~ mice fed high fiber diets or SCFA acetate significantly improved dextran
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sulfate sodium-induced colitis in Gpr43~/~ mice through the binding of SCFA to GPR43
and GPR109A [272]. In another study, cohousing of obese and lean mice averted increased
adiposity and weight in obese mice and altered the metabolic profile of obese mice to look
like that of lean mice [I19]. In my study, it can be hypothesized that the successful transfer
of the microbiota from IrpI~/~ donor mice to IRP1-acceptor mice may have contributed to
decreased concentrations of TNF« in the sera IRP1-acceptors at day 28 p.i. (Fig. 4.49), and
subsequently to better control of Mtb replication, as evidenced by lower Mtb loads in the lungs
of IRP1-acceptor mice at day 13 p.i. (Fig. 4.45). Additionally, the lower monocyte counts
observed in non-infected IRP1-acceptor mice (Fig. 4.48) may indicate the reduced availability
of target cells for Mtb, resulting in lower Mtb growth at day 13 p.i. (Fig. 4.45). Based
on the hypothesis that a higher abundance of Turicibacter led to butyrate production, it is
possible that butyrate enhanced the bactericidal function of phagocytes, thereby contributing
to the lower mycobacterial CFUs observed in the lungs of IRP1-acceptors mice at day 13
p.i. To support this hypothesis, some studies have demonstrated that butyrate can influence
M@s phagocytosis of bacteria by driving M@s towards anti-inflammatory or anergic phenotype
[273] 253, 274, [275]. Particularly, Fernando et al. [253] showed that M@s differentiated by
IL-4 suppressed colitis and treatment of these M@s with butyrate promoted phagocytosis and
killing of E. coli [253]. Given the potential of butyrate and other metabolites to modulate
Mtb replication and the expression of iron metabolism associated or immune response genes,
it could be hypothesized that the abundance of Turicibacter is associated or even indirectly
responsible for lower Mtb loads in IRP1-acceptor mice.

Considering the comparable microbiota composition between IRP2-donor and IRP2-acceptor
mice, and that adult bone marrow hematopoietic stem cells are precursors to blood cell lineages
such as RBCs, platelets, and WBCs, it is possible that the higher abundance of Prevotellaceace
and Helicobacteraceace may have stimulated increased production of blood cells, resulting in
higher white blood cell counts, lymphocytes, and monocytes in non-infected and Mtb-infected
IRP2-acceptor mice at day 13 p.i. (Fig. 4.48). Previous studies have associated higher
WBC counts with reduced gut diversity in individuals with obesity, promoting chronic but
(low-grade) inflammation corroborating this notion. In addition, it can be speculated that
the high abundance of Helicobacter in caecal microbiota of IRP2-acceptor mice may have
contributed to elevated concentrations of serum IFN+, potentially leadng to lower Mtb loads
in the lungs.

Although it is important to acknowledge that the cohousing experiment was performed
once with a small sample size of 3-4 mice per group, a repetition of this experiment is neces-
sary to draw a definitive conclusion. However, based on the preliminary data, an interesting
hypothesis arises. It suggests that the microbiota of the acceptor mice may compensate for
certain host metabolic functions through the production of microbial metabolites, which could
directly or indirectly influence iron homeostasis and contribute to decreased susceptibility of
IRP1-acceptor mice to experimental Mtb in the early phase of infection. In support of this
hypothesis, Deschemin et al. [276] showed that the gut microbiota competed with the host for
iron, predominantly in iron-depleted conditions. The authors used germ-free and conventional
mice fed iron-rich and iron-deficient diets and showed the gut microbiota effect on systemic
iron homeostasis [276]. They explained that this was achieved by inhibiting pathways involved
in intestinal iron absorption and promoting cellular iron storage through the production of
bacterial metabolites such as 1,3-diaminopropane and reuterin. These metabolites inhibited
HIF-2« activity through heterodimerization inhibition and subsequently reduced systemic iron
overload [277].

Overall, | show the impact of cohousing has on the course of experimental Mtb infection
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likely by transferring a pathogenic microbiota associated with the IRP2 genotype. This study
also offers a potential contribution of bacterial metabolites to TB pathogenesis. Therefore,
elucidating the benefits of individual bacterial metabolites in mice deficient for IRP1 and
IRP2 in the non-infected and Mtb-infected state is essential. Further experiments focusing on
individual bacterial metabolites in mice deficient for IRP1 and IRP2 in both non-infected and
Mtb-infected conditions are essential. These investigations will provide insights into whether
the microbiota compensates for certain host genetic deficiencies and how these metabolites
influence iron metabolism and immune responses during Mtb infection.

5.5 Conclusion and Outlook

The work presented here sought to reveal how a dysregulated iron metabolism influences
host responses to and pathogenesis of experimental TB in mice. In non-infected mice,
the absence of IRP2 resulted in slightly reduced total serum iron but higher serum ferritin
concentrations and increased iron accumulation in the lung and liver, and iron deficiency in
the spleen, indicating that without /rp2 function, body iron distribution is altered. Meanwhile,
in non-infected mice deficient for IRP1, splenomegaly was observed. Upon Mtb infection, the
respective phenotypes of these mice were further exacerbated, leading to higher Mtb loads in
lungs, spleens, and livers in Irp2~/~ when compared to wt and /rpI~/~ mice. Enhanced iron
availability very likely contributed to stronger Mtb replication. On day 28 p.i., mice deficient
for IRP2 exhibited certain features of a hypoferremic response such as higher hepatic Hampl
mRNA expression, and lower total serum iron but increased iron stores. The pathogenesis of
anemia of inflammation has been attributed to hypoferremia due to impaired mobilization of
iron stores from M@s and reduced iron absorption to withhold iron from pathogens. However,
iron-independent factors such as a shortened RBC lifespan and suppression of erythropoiesis
could also contribute to anemia development. To find out if the anemic phenotype observed
can be classified as anemia of inflammation, further experiments need to be performed. These
include; |. Evaluation of hematological parameters in wt, IrpI~/=, Irp2~/~ and Irp2t/~ mice
upon Mtb infection as indicators of anemia. Il. Measurement of EPO concentrations in sera of
mice deficient for either IRP1 or IRP2 following infection with Mtb for the differential diagnosis
of anemia by immunoassays. Ill. Determination of the concentration of zinc protoporphyrin,
a metabolite formed during heme synthesis, through hematofluorometry to investigate the
suppression of erythropoiesis in mice deficient for IRP2. 1V. Assessment of RBC survival using
an RBC biotinylation assay to compare the RBC lifespan between Mtb infected wt, Irpl~/,
Irp2=/= and Irp2t/~ mice, particularly at day 28 p.i.

Multiplex cytokine assay analysis showed higher concentrations of IFNvy, TNF«, IL-13 and
IL-6 in lungs and spleens of Irp2~/~ when compared to wt mice, which correlated with
higher nitric oxide levels in lung homogenates and Nos2 mRNA gene expression in lungs
of Irp2~/~ versus wt mice. In addition, despite higher Mtb loads, Irp2~/~ mice had higher
concentrations of CXCL1/KC, CXCL2/MIP-2 and CCL2/MCP-1 which correlated with larger
areas of inflammatory cell infiltrates in their lungs when compared to wt mice. However, at day
63 p.i., higher IFNvy and TNFa concentrations in Irp2~/~ mouse lungs were associated with
now reduced Mtb loads and lung inflammation when compared to day 28 p.i. These findings
suggest that the higher concentrations of these pro-inflammatory cytokines are a correlate of
higher Mtb loads in the absence of IRP2. Notably, higher IFN+y concentrations, which could
have been added by innate immune cells such as M@s and NK cells were insufficient to control
Mtb replication effectively. Interestingly, immune responses at day 28 p.i., failed to control
Mtb replication. At that time point, host responses are still primarily driven by innate immune
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cells and their effector functions are likely hampered by the IRP2 defect, defective innate
immunity, and limited or delayed T cell responses of Irp2 deficient mice at this time point. To
address these hypotheses, further studies using flow cytometry to identify CD4+ and CD8+ T
cells secreting IFN~y are necessary. Higher IFN~, TNFq, IL-15 and IL-6 concentrations coupled
with increased iron deposits in Irp2~/~ but not in wt and IrpI~/~ mice suggest an M1-driven
pro-inflammatory phenotype in the IRP2. Further studies should therefore assess M1 and M2
cell populations in the lungs and spleens by flow cytometry.

16S rRNA sequencing analysis revealed differences in the caecal microbiota composition
between IrpI~/~ and Irp2*/~ mice when compared to wt mice. Using a cohousing approach,
the transfer of the IRP1 microbiota lowered the susceptibility to Mtb infection. It should
be noted that this was only seen in one experiment performed. However, this observation
raises the question of whether the microbiota can compensate for specific host metabolic
functions through the production of metabolites, which could influence iron homeostasis and,
in turn, alter immune responses and the course of experimental Mtb infection either directly or
indirectly. To test this hypothesis, further studies should therefore investigate the gut microbial
metabolome of acceptor mice. This can be achieved using either nuclear magnetic resonance
(NMR) or mass spectrometry (MS) based metabolomics in correlation with iron metabolism
and immune biomarkers. Biomarkers of host iron status (such as serum iron, serum ferritin
concentration, transferrin saturation and total iron-binding capacity) and iron metabolism
gene regulation, including IRP1 and IRP2 transcriptions should be examined in WT, IRP1
and IRP2-acceptor mice, using RNA-seq differential gene expression analysis. Finally, further
cohousing experiments with GF wt, IrpI~/~ and Irp2~/~ mice housed under isolator conditions
following Mtb infection are required to reveal microbiota-driven signals that may influence
host iron metabolism alterations and ultimately, experimental TB.

As this study did not show whether alterations in iron homeostasis have an influence on the
gut and lung microbiota composition promoting Mtb infection, or vice versa (i.e., causality
dilemma), further studies are required. First, the murine microbiota in the upper and lower
respiratory tract and gut under different iron statuses following Mtb infection should be
monitored using 16S rRNA sequencing. Second, using biochemical and MS approaches,
microbiota-derived metabolites in the framework of iron metabolism should be investigated to
see if they play a role in TB pathogenesis, which could explain the phenotypes of IrpI~/~ and
Irp2~/~ in contrast to wt mice.

IRP1 and 2 determine cellular iron availability through post-transcriptional modulation of iron
transport and storage protein expression. No studies to date have shown whether individuals
with IRE/IRP system defects are susceptible to Mtb infection. GWAS need to be performed
to identify any genetic polymorphisms in /RP1 and IRP2, which may be associated with
TB. However, individuals with IRE/IRP system defects display certain phenotypes (reviewed
in Table 1.3) such as increased ferritin stores and iron overload disorders, which have been
associated with developing active pulmonary TB. My study reveals that systemic deletion of
Irp2 in mice leads to changes in host iron status indices and alters body iron distribution thus
promoting Mtb replication. These results provide evidence of the role of IRP2 in maintaining
adequate host iron stores and mediating host resistance against Mtb through yet an unknown
mechanism. In addition, my data suggest a potential role of IRP2 in mitigating TB-associated
anemia of inflammation, but further experiments need to be performed. Therefore, there is
potential for iron metabolism as a therapeutic target in TB.
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Figure 5.1: Hypothetical scheme of dietary iron supplementation and IRP2-mediated
function during experimental TB: In mice deficient for IRP2 and mice on an iron-rich diet,
non-infected and resting M@s showed higher iron accumulation (A). In activated M@s (B), |
Increased iron concentration acts as a micronutrient source, promotes higher Mtb
loads and spread: Higher expression of scavenger receptors e.g., CD91, CD163, or increased
phagocytosis of RBCs potentially enhances increased the iron accumulation phenotype. During
Mtb infection (1), Mtb is phagocytosed and resides in iron-rich phagosomes (2). Mtb relies
on iron for growth and uses its iron-chelating molecules called mycobactins to take iron from
the host (3). Excess labile iron (4) generates ROS which aggravates pulmonary pathology
(5). 1. lron also hampers immunity: This occurs through ROS (6) which stimulates
binding activity of transcription factors such as NFxB and Nrf2 (7) to induce the higher
expression of cytokines such as IL-153, IL-6, and TNF« (8). Thl cells (9) produce IL-15,
TNFa, and IFN~ (10) which can induce expression of nitric oxide (11) by M@s, which can
contribute to controlling Mtb but can also aggravate pulmonary pathology (5). Higher nitric
oxide also impairs neutrophil recruitment (12). Production of proinflammatory cytokines and
chemokines produced hinders erythropoiesis (13) which induces anemia (14). Ill. Iron leads
to neutrophil-driven disease exacerbation: IL-17A (15) induces neutrophil recruitment
(16). Neutrophils produce ROS which exacerbates TB disease (17) and leads to aggravated
pulmonary pathology (5) IV. IRP2 deficiency alters body iron distribution: This is
achieved by higher IL-6 concentrations (18) which induce Hampl/ mRNA transcripts (19)
which results in (a) iron sequestration within macrophages leading to iron overload which
rather provides a survival advantage for Mtb and exacerbates pathology, (b) hypoferremia (c)
potentially anemia of inflammation (20). Created with BioRender.com
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Glossary of Symbols and Abbreviations

v T cells Gamma delta T cells

1E Microgram

ul Microliter

pm Micromolar

°C Degree celsius

-/= Deficient

4Fe-4S cluster  Iron-sulfur cluster

Aq. dest. Aqua destilatta (distilled water)
aM®@ Alveolar macrophage

APC Antigen-presenting cells

approx. Approximately

BCG Bacille Calmette-Guérin

BMM®@ Bone-marrow-derived macrophage
BSA Bovine serum albumin

CCL C-Chemokine-ligand

CD Cluster of differentiation

CO2 Carbondioxide

DC-SIGN Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin
DMEM Dulbecco’'s modified eagle’s medium
DE Deutschland

DPBS Dulbecco’s phosphate-buffered saline
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DC Dendritic cells

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
et al. et alii, et aliae (and the others)

FCS Fetal calf serum

Fig Figure

fl Femtoliter

Fe Iron

Fe?T /Fe3*t Ferrous/Ferric iron

G Gauge

GF Germ-free

h Hour

h.i. Heat-inactivated

HIF-1a Hypoxia-inducible factor-1 alpha
H&E Hematoxylin and eosin
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HGB
i.e.
IFN~
IL
IRE
IRP
KO
M@
MCH
MCHC
MCV
mins
MDR
ml
mRNA
MPV
MyD8&8
N/A
NFxB
N/A
NK
NKT
NO
NOS2
NLR
oD
o/n
pM@
PAMP
PBS
PCoA
PERMANOVA
PFA
p.i.
PMN
PRR
RBC
rcf
RES
RNA
RNI
ROS
RPMI medium
rRNA
RT

S

SD

Hemoglobin

id est (that is)

Interferon gamma

Interleukin

Liter

Iron responsive element

Iron regulatory protein

Knock-out

Macrophage

Mean corpuscular haemoglobin

Mean corpuscular hemoglobin concentration
Mean corpuscular volume

Minute (s)

Multidrug-resistant tuberculosis

Milliliter

Messenger RNA

Mean platetelet volume

Myeloid differentiation primary response gene 88
Not applicable

Nuclear factor kappa light-chain-enhancer of activated B cells
Not applicable

Natural killer cells

Natural killer T-cells

Nitric oxide

Nitric oxide synthase 2

Nucleotide-binding oligomerization domain receptors
Optical density

Overnight

Peritoneal macrophages
Pathogen-associated molecular pattern
Phosphate buffered saline

Principal coordinate analysis

Permutational multivariate analysis of variance
Paraformaldehyde

Post-infection

Polymorphonuclear neutrophils

Pattern recognition receptor

Red blood cells

Relative centrifugal force
Reticuloendothelial system

Ribonucleic acid

Reactive nitrogen intermediates

Reactive oxygen species

Roswell Park Memorial Institute medium
Ribosomal RNA

Room temperature

Second

Standard deviation
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SPF
Spp.

TF
TLR
TNF«
uv

v/v
w/
w/o
w/v
WT
XDR

Supernatant
Specific-pathogen free
Species

Tuberculosis

Transferrin

Toll-like Receptor

Tumor necrosis factor-alpha
Ultraviolet

Version

Volume per volume

With

Without

Weight per volume

Wild type

Extensively drug-resistant tuberculosis
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List of Figures

1.1 Mechanisms for IRP1 regulation. IRP1 can be regulated by the assembly
or disassembly of the 4Fe-4S cluster resulting in the IRP1 functioning as ei-
ther a c-aconitase or IRE-binding protein (A). Phosphorylation at S138 can also
stimulate iron-sulfur assembly in IRP1 (B). Abbreviations: 4Fe-4S= iron-sulfur
cluster, FBXL5= F-box and leucine-rich repeat protein 5, ROS= reactive oxygen
species, RNS= reactive nitrogen species, Adapted from [26] 27]. Created with
BioRender.com'. . . . . . . .. 4
1.2 Mechanisms for IRP2 regulation. IRP2 is regulated at the level of protein
stability in response to cellular iron and oxygen concentrations. In high iron and
oxygen conditions, FBXL5 is stabilized, and IRP2 is degraded (A). Under iron
or oxygen-deficient conditions, FBXL5 is destabilized, leading to an increase in
IRP2 levels (B). Abbreviations: FBXL5= F-box and leucine-rich repeat protein 5,
SKPI= S-phase kinase-associated protein 1, CUL1= culin 1, G2-M= Gap 2-mitosis,
CDC14A= cell division cycle 14A, CDK1= cyclin-dependent kinase 1. Adapted
from [26] 27]. Created with BioRender.com . . . . . . . . .. .. ... .. .. 5
1.3 IRE/IRP regulatory system. The activity of IRPs is dependent on cellular iron
concentrations. Under iron-deficient conditions, |IRPs bind to IREs in 5'-UTR
of the mRNA and translation of the target protein is repressed. Binding to 3'-
UTR of the mRNA stabilizes and protects the transcripts from endonucleolytic
cleavage and degradation (A). Under iron-replete conditions, IRP1 functions as a
cytosolic aconitase cluster while IRP2 is degraded allowing for the translation of
mRNA containing an IRE in the 5-UTR and the degradation of mRNAs in the
3'-UTR (B). Abbreviations: IRP= iron regulatory protein, IRE= iron responsive
element, UTR= untranslated region, TFR1= transferrin receptor 1, DMT1=
divalent metal transporter 1, FPN= ferroportin, FtL/FtH= ferritin light and heavy
chains, HIF-2a= hypoxia-inducible factor-2 alpha. Adapted from [32]. Created
with BioRender.com/ . . . . . . . . ... 6
1.4 Major molecular mechanisms for hepcidin regulation. These include BMP6/SMAD
(A) and IL-6/JAK/STAT (B) signalling pathways. Hepcidin expression is inhibited
by hypoxia to stimulate iron recruitment and erythropoiesis. Other regulators such
as erythropoietin (EPO), growth differentiation factor-15 (GDF15) and platelet-
driven growth factor-BB (PDGF-BB) and erythroferrone (ERFE) both inhibit
hepcidin expression [52, 53] and neutralize BMP6 [54] (C). Abbreviations: EPO=
Erythropoietin, GDF15= Growth differentiation factor-15, PDGF-BB= Platelet-
driven growth factor-BB, ERFE= Erythroferrone. Numbers and black arrows
denote the sequence of events. Red arrows represent inhibitory effects. Adapted
from [55]. Created with BioRender.com . . . . . . . . ... ... ... . ... 9
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1.5

1.6
1.7

4.1

4.2

4.3

Iron metabolism in the macrophage. M®s can acquire iron from various
sources including NTBI (A) and TBI uptake (B), and scavenger receptors (C).
Excess labile iron generates ROS. ROS stimulates transcription factors’ binding
activities, which modulates the expression of several iron transport and storage
proteins. In turn, the expression of these proteins is regulated posttranscriptionally
by the IRPs. Abbreviations: HMOX1= heme oxygenase 1, TBI= transferrin-bound
iron, NTBI= non-transferrin-bound iron, LIP= labile iron pool, FRTN= ferritin,
FPNI= ferroportin; dRBCs= damaged RBCs, Hgb= hemoglobin. Numbers denote
the sequence of events. Arrows represent iron movements (black), stimulatory
effects (green), or inhibitory effects (red). Created with BioRender.com . . . .

Estimated Global TB incidence rates in 2021 [63] . . . . . ... .. ..

Granuloma formation during Mtb infection. Mtb infects aM@s. This is
followed by an influx of innate immune cells, such as PMNs, DCs, and NK cells,
to the site of infection, leading to granuloma formation (A). Granuloma M®@s
differentiate into giant cells and foamy M@s. Surrounded by B- and T-lymphocytes
and a fibrous cuff, the granuloma restricts Mtb dissemination (B). Created with
BioRender.com . . . . . . . . ...

Experimental set-up for investigating dietary iron supplementation and
iron under-supply in mice prior to and during experimental Mtb infection.
3-week-old female C57BL/6J mice were fed an experimental diet containing 46
mg/kg Fe (II) fumarate for 8 weeks for acclimatization. At 11 weeks of age, mice
were assigned to 3 feeding groups: iron-control, iron-rich, and iron-low. Mice
were sacrificed 8 weeks (d-84 p.i.) and 16 weeks (d-1 p.i.) after the start of the
feeding regimen and infection with 100 CFU Mtb H37Rv via the aerosol route
on day 0 was performed. The target infection dose was investigated in 8 mice
(i.e., n=4 animals per experiment) in the iron-control group on day 1 p.i. Mice
were maintained on the respective diets for additional 16 weeks and sacrificed at
indicated time points., . . . . . . . . ...

Mycobacterial loads in tissue homogenates from mice on iron-control,
iron-rich and iron-low diets. SPF female C57BL/6J mice were treated as
indicated in Fig. 4.1. CFU assays were performed, and mycobacterial loads in
lungs (A-C), spleens (D-F) and livers (G-l) were determined at indicated time
points. Each circle represents an individual sample (n=6-8 animals for all panels).
Data pooled from 2 independent experiments representing both days 13/16, 26/29,
63/64, and 119/120 p.i. Data were log-transformed and as shown as mean + SD.
Statistical analysis was performed using two-way ANOVA with Tukey's multiple
comparisons tests. *p < 0.05, **p < 0.01, *** p< 0.001 and **** p < 0.0001
were considered statistically significant. ns represents statistically non-significant
differences. . . . . . . . .

Histopathological analysis of lung tissue sections from mice on iron-
control, iron-rich and iron-low diets. SPF female C57BL/6J mice were treated
as indicated in Fig. 4.1. Superior lung lobes were collected, PFA fixed, and
paraffin-embedded (PFPE). Tissue sections were stained at all time points with
H&E stain and examined at indicated magnifications. Representative micrographs
of 1 animal out of 8 per group are shown (i.e., from 2 independent experiments).
Squares with a black outline and black arrows show inflammatory cellular infiltrates.
Scale bars represent 1 mm taken with 4x objective.|. . . . . . . . . ... ...
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4.4

4.5

4.6

4.7

Evaluation of indicators of iron status in sera from mice on iron-control,
iron-rich and iron-low diets. SPF female C57BL/6J mice were treated as
indicated in Fig. 4.1. Serum was obtained from whole blood collected from the
vena cava caudalis under terminal anaesthesia to investigate total serum iron
(A-C) and serum ferritin (D-F) concentrations at indicated time points. Each circle
represents an individual sample (n=4 animals). Data are from 1 experiment and
shown as mean + SD. Statistical analysis was performed using two-way ANOVA
with Tukey's multiple comparison tests. *p < 0.05, **p < 0.01, *** p< 0.001 and
***% p < 0.0001 were considered statistically significant. ns represents statistically
non-significant differences. . . . . . . . .. ..o

Quantification of iron metabolism genes in liver tissue from mice on iron-
control, iron-rich and iron-low diets. SPF female C57BL/6J mice were treated
as indicated in Fig 4.1. Livers were collected, total host cellular RNA was extracted,
reverse transcribed to complementary DNA, and used for the quantification of Tfrl
(A-C) Fpnl (D-F) Frtn-L (G-1) and Hampl (J-L) gene expression by qRT-PCR.
All mRNA expression levels were normalized against murine Hprt mRNA expression
levels. Each circle represents an individual sample (n=4 animals). Data are from
1 experiment and shown as mean + SD. Statistical analysis was performed using
two-way ANOVA with Tukey’'s multiple comparison tests. *p < 0.05 and **p
< 0.01 were considered as statistically significant. ns represents non-statistically
significant differences. RQ = Relative quantification.|. . . . . . . . .. .. ..

Quantification of mRNA and protein expression levels of inflammatory
cytokines in lung tissue and homogenates from mice on iron-control, iron-
rich and iron-low diets. SPF female C57BL/6J mice were treated as indicated
in Fig. 4.1. Lungs were collected, total host cellular RNA was extracted, reverse
transcribed to complementary DNA, and used for the quantification of Ifng (A),
Tnfa (B) and /-6 (C) gene expression by qRT-PCR. All mRNA expression levels
were normalized against murine Hprt mRNA expression levels. RQ = Relative
quantification. In lung homogenates, the protein concentrations of IFN~ (A) and
TNFa (B) were investigated. Each circle represents an individual sample (n=4
animals). Data are from 1 experiment and shown as mean + SD. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparison
tests. *p < 0.05 and **p < 0.01 were considered as statistically significant.ns
represents non-statistically significant differences.|. . . . . . . . . ... .. ..

Histological analysis of iron deposits in lung tissue sections from mice on
iron-control, iron-rich and iron-low diets. SPF female C57BL/6J mice were
treated as indicated in Fig 4.1. Superior lung lobes were collected, PFA fixed, and
paraffin infiltrated at days -84 and 119 p.i. Tissue sections were stained with Perl's
stain and examined under the BX41 light microscope at different magnifications
(A). Iron deposits stain bright-deep blue while nuclei and cytoplasm stain pink-red.
Representative micrographs of 1 animal out of 8 per group are shown. Black arrows
indicate iron deposits stained bright blue. Scale bars represent 100 pm (400x
magnification). Quantitative assessment of iron deposits (B). Data generated from
quantification of iron deposits are from 1 experiment, n=4 animals. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparison
tests. *p < 0.05 was considered as statistically significant. ns represents non-
statistically significant differences. PPB™ aM@= Perl Prussian blue positive
alveolar macrophages. . . . . . . . .. ..

153

49

50

52

53



4.8

4.9

4.10

4.11

4.12

Tissue-resident macrophage numbers in wt, Irpl1~/~ and Irp2~/~ mice.
12-16-week-old female wt, IrpI~/~ and Irp2~/~ mice were euthanized by CO,
exposure. Bone marrow cells (A), pM@ (B) and aM@ (C) were collected, and
viable cells were counted. Each square represents an individual sample (n=6
animals). Data pooled from 2 independent experiments and shown as mean + SD.
Statistical analysis was performed using Kruskal-Wallis" nonparametric test with
Dunn’s multiple comparisons test to compare experimental groups. *p < 0.05 and
**p < 0.01 were considered statistically significant.|. . . . . .. ... ... ..

Mycobacterial loads in wt, Irp1~/~ and Irp2~/~ macrophages. Bone marrow
cells were isolated from non-infected wt, IrpI~/~ and Irp2~/~ mice and allowed to
differentiate to mature BMM®@s. 10° BMM@s (A-D), pM® (E-H) and aM® (I-K)
were infected with Mtb H37Rv (MOI of 0.1:1) to determine the mycobacterial
burden at indicated time points. Data pooled from 3 independent experiments
with 3 technical replicates each and shown as mean + SD. Statistical analysis was
performed using ordinary one-way ANOVA with Tukey's multiple comparison tests,
with single pooled variance. *p < 0.05, **p < 0.01, *** p < 0.001 and **** p <
0.0001 were considered statistically significant.| . . . . . . . .. ... ... ..

Mycobacterial loads in wt, Irpl~/~ and Irp2~/~ macrophages following
IFN~ stimulation. Bone marrow cells were isolated from non-infected wt, Irpl=/~
and Irp2~/~ mice and allowed to differentiate to mature BMM@s. 10° BMM®s
(A-D), pM®@ (E-H) and aM@ (I-K) were stimulated with 500 U/ml IFN~ and
infected with Mtb H37Rv (MOI of 0.1:1) to determine the mycobacterial burden
at indicated time points. Data pooled from 2 independent experiments with
3 technical replicates each and shown as mean + SD. Statistical analysis was
performed using ordinary one-way ANOVA with Tukey's multiple comparison tests,
with single pooled variance. . . . . . . . ...

Determination of phagocytosis rate in wt, Irp1~/~ and Irp2~/~ macrophages.

Bone marrow cells were isolated from non-infected wt, IrpI~/~ and Irp2~/~ mice
and allowed to differentiate to mature BMM®@s. 10° BMM®@s per well were seeded,
and phagocytosis rate was measured in BMM®s which were either untreated with
Zymosan particles and unstimulated with IFN~ (A), treated with only Zymosan
particles (B), treated with Zymosan particles and stimulated with 500 U/ml IFN~
(C) or treated with Zymosan particles and 10 um Cytochalasin D (D). The phago-
cytosis rate was determined by colourimetric detection at 405 nm. Data are from
1 experiment and shown as mean + SD. Statistical analysis was performed using
Kruskal-Wallis' nonparametric test with Dunn’s multiple comparisons test to com-
pare experimental groups.*p < 0.05 and **p < 0.01 were considered statistically
significant. ns represents statistically non-significant differences. . . . . . . . .
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Nitric oxide quantification in wt, Irp1~/~ and Irp2~/~ non-infected macrophage

supernatants. Bone marrow cells were isolated from non-infected wt, IrpI~/~ and
Irp2~/~ mice and allowed to differentiate to mature BMM@s. 10° BMM®@s per
well were seeded, and NO levels were estimated in non-infected and unstimulated
BMM®s (A-D), non-infected but stimulated with 500 U/ml IFNvy (E-H). Data
pooled from 2 independent experiments with 3 technical replicates each and shown
as mean £ SD. Statistical analysis was performed using ordinary one-way ANOVA
with Tukey's multiple comparison tests, with single pooled variance. . . . . . .
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4.13

4.14

4.15

4.16

4.17

Nitric oxide quantification in wt, Irpl1~/~ and Irp2/— Mtb infected
macrophage supernatants. Bone marrow cells were isolated from non-infected
wt, IrpI~/~ and Irp2~/~ mice and allowed to differentiate to mature BMM®s.
10° BMM®@s per well were seeded, and NO levels were estimated in BMM®@s
which were either Mtb infected and unstimulated with IFN+ (A-D) or Mtb infected
and stimulated with 500 U/ml IFNv (E-H). Data pooled from 2 independent
experiments with 3 technical replicates each and shown as mean 4+ SD. Statistical
analysis was performed using ordinary one-way ANOVA with Tukey's multiple
comparison tests, with single pooled variance. *p < 0.05, **p < 0.01 and ****
p < 0.0001 were considered statistically significant. ns represents statistically
non-significant differences. . . . . . . . . ...
Mycobacterial loads in wt, IrpIl~/~ and Irp2~/~ macrophages following
FAC or DFO treatment. Bone marrow cells were isolated from non-infected wt,
IrpI~/~ and Irp2~/~ mice and allowed to differentiate to mature BMM@s. 10°
BMM®s per well were infected with Mtb (MOI of 0.1:1) (A-D) and treated with
either FAC (E-H) or DFO (I-L) to determine the mycobacterial burden at indicated
time points. Data pooled from 2 independent experiments with 3 technical
replicates each and shown as mean + SD. Statistical analysis was performed using
ordinary two-way ANOVA with Tukey's multiple comparison tests, with single
pooled variance. *p < 0.05, **p < 0.01 and **** p < 0.0001 were considered
statistically significant. ns represents statistically non-significant differences.
Mycobacterial loads in tissue homogenates from wt, Irpl~/~ and Irp2-/~
mice. 8-20-week-old female wt, IrpI~/~ and Irp2~/~ mice were infected with 100
CFU Mtb via the aerosol route. CFU assays were performed, and the mycobacterial
loads in lungs (A), spleens (B), and livers (C) were determined at indicated
time points. Each square represents an individual sample. Data pooled from 2
independent experiments (n=8 animals for panels A and B, n= 5 animals for
panel C), log-transformed and as shown as mean + SD. Statistical analysis was
performed using two-way ANOVA with Tukey's multiple comparisons tests. *p <
0.05, **p < 0.01, *** p< 0.001 and **** p < 0.0001 were considered statistically
significant. | . . . . . L
Mean body weights of wt, Irp1~/~ and Irp2~/~ mice. 8-20-week-old female
wt, IrpI~/~ and Irp2~/~ mice were were monitored for fluctuations in weight prior
to and during infection with 100 CFU Mtb via the aerosol route. Data pooled from
2 independent experiments (n=7-8 animals) and shown as mean + SD. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparisons
tests. *p < 0.05, **p < 0.01 and *** p < 0.001 were considered statistically
significant. | . . . . . L
Relative organ weight and viable immune cell count in lungs from wt,
Irp1=/~ and Irp2-/~ mice. 8-20-week-old wt, IrpI~/~ and Irp2~/~ mice were
infected with 100 CFU Mtb via the aerosol route. Lungs were collected, and
lung weights (A), lung-to-body-weight-ratio (B) and the number of immune cells
(C) were recorded. Each square represents an individual sample (n=7-8 animals
for panels A and B, 5 animals for panel C). Data pooled from 2 independent
experiments and shown as mean + SD. Statistical analysis was performed using two-
way ANOVA with Tukey's multiple comparisons tests. *p < 0.05 and **p < 0.01
were considered statistically significant. ns represents statistically non-significant
differences. . . . . . . . .
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4.18

4.19

4.20

4.21

Relative organ weight and viable immune cell count in spleens from wt,
Irp1~/~ and Irp2-/~— mice. 8-20-week-old wt, IrpI~/~ and Irp2~/~ mice were
infected with 100 CFU Mtb via the aerosol route. Spleens were collected, and
respective weights (A), spleen-to-body-weight-ratio (B) and number of viable
immune cells (C) were recorded. Each square represents an individual sample
(n=7-8 animals for panels A and B, 5 animals for panel C). Data pooled from
2 independent experiments and shown as mean + SD. Statistical analysis was
performed using two-way ANOVA with Tukey's multiple comparisons tests. *p
< 0.05 and **p < 0.01 were considered statistically significant. ns represents
statistically non-significant differences. Macroscopic assessment of mice spleens
was performed (D). Representative photograph of 1 animal spleen per mouse strain
out of 8 per group are shown, i.e., from 2 independent experiments. . . . . . .
Cytokines and chemokine quantification in lung homogenates from wt,
Irp1=/~ and Irp2~/~ mice. 8-20- week-old female wt, IrpI~/~ and Irp2~/~ mice
were infected with 100 CFU of Mtb via the aerosol route and sacrificed at indicated
time points. Lungs were collected and homogenized for the investigation of I[FN~
(A) TNFa (B) IL-15 (C) IL-6 (D) IL-10 (E) KC/GRO (F) MCP-1 (G) MIP-2 (H)
production. Each square represents an individual sample (n=>5 animals). Data
pooled from 2 independent experiments and shown as mean + SD. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparisons
tests. *p < 0.05, **p < 0.01, *** p< 0.001 and **** p < 0.0001 were considered
statistically significant. ns represents statistically non-significant differences.
Cytokines and chemokine quantification in spleen homogenates from wt,
Irp1-/~ and Irp2~/~ mice. 8-20- week-old female wt, IrpI~/~ and Irp2~/~
mice were infected with 100 CFU of Mtb via the aerosol route and sacrificed at
indicated time points. Spleens were collected, and homogenates were used for
the investigation of IFN~v (A), TNF« (B), IL-13 (C), IL-6 (D), IL-10 (E), IL-17A
(F), KC/GRO (G) MCP-1 (H) MIP-2 (l) production. Each square represents an
individual sample (n=>5 animals). Data pooled from 2 independent experiments and
shown as mean + SD. Statistical analysis was performed using two-way ANOVA
with Tukey's multiple comparisons tests. *p < 0.05, **p < 0.01, *** p< 0.001 and
*xx* p < 0.0001 were considered statistically significant. ns represents statistically
non-significant differences. . . . . . . . .. ..o
Immunohistological staining for NOS2-positive macrophages in lung tissue
sections from wt, Irpl~/— and Irp2~/~ mice. 8-20- week-old female wt, IrpI~/~

and Irp2~/~ were infected with 100 CFU of Mtb H37Rv via the aerosol route.

Superior lung lobes were collected, PFA fixed, and paraffin-embedded. NOS2 in
lung tissue sections was detected by anti-NOS2 antibody followed by treatments
with biotinylated goat anti-rabbit secondary antibody, avidin-biotin complex, and
DAB peroxidase substrate. Sections were counterstained with Gill's Hematoxylin
and examined under the BX41 light microscope. Gill's Hematoxylin stains the

nuclei purple while anti-NOS2 antibody stains the NOS2 within M@s copper brown.

Representative micrographs of 1 animal out of 4 per group are shown. Scale bars
represent 500 pum and 100 um. Abbreviation: IHC= immunohistochemistry.

156

63

65

66

67



4.22

4.23

4.24

4.25

Determination of RNI in lungs from wt, Irp1~/~ and Irp2-/~ mice. 8-20-
week-old female wt, IrpI~/~ and Irp2~/~ mice were infected with 100 CFU of
Mtb H37Rv via the aerosol route and sacrificed at indicated time points. Lungs
were collected, and total host cellular RNA was extracted. Complementary DNA
was synthesized and used to quantify Nos2 gene expression via gRT-PCR (A). All
mRNA expression levels were normalized against murine Hprt mRNA expression
levels. In lung homogenates, the protein concentrations of nitric oxide was also
measured (B). Data are from 1 experiment (n=4 animals) and shown as mean
+ SD. Statistical analysis was performed using two-way ANOVA with Tukey's
multiple comparison tests. *p < 0.05, *** p< 0.001 and **** p < 0.0001
were considered statistically significant. ns represents non-statistically significant
differences. Abbreviations: RQ = Relative quantification, Nos2= Nitrix oxide
synthase 2. . . . . . . L

Histopathological analysis of lung tissue sections from wt, Irpl~/~ and
Irp2-/~ mice. 8-20- week-old female wt, /rpI~/~ and Irp2~/~ mice were infected
with 100 CFU of Mtb via the aerosol route. Superior lung lobes were collected, PFA
fixed, and paraffin-embedded. Tissue sections were stained at days 28 (A) and 63
p.i. (B) with H&E stain and examined at indicated magnifications. Representative
micrographs of 1 animal out of 8 per group are shown, i.e., from 2 independent
experiments. Black squares and arrows show inflammatory cellular infiltrates. Scale
bars represent Scale bars represent 500 ym, 200 um and 50 pum (40x, 10x and
40x magnification, respectively). Quantitative assessment of cellular infiltrates and
lesions of lung tissue (C). Data generated from quantification is from 1 experiment
(n=4 animals). Statistical analysis was performed using two-way ANOVA with
Tukey's multiple comparisons tests. **p < 0.01 and *** p< 0.001 were considered
statistically significant, and ns represents statistically non-significant differences

Histopathological analyses of liver tissue sections from wt, Irpl1~/~ and
Irp2~/— mice. 8-20- week-old female wt, /rpI~/~ and Irp2~/~ mice were infected
with 100 CFU of Mtb H37Rv via the aerosol route. Left liver lobes were collected,
PFA fixed, and paraffin infiltrated at 63 days p.i., stained with H&E stain, and
examined under the BX41 light microscope (A). Hematoxylin stains the nuclei blue-
purple while eosin stains the cytoplasm and extracellular matrix pink. Representative
micrographs of 1 animal out of 8 per group (i.e., from 2 independent experiments)
are shown. Scale bars represent 500 pm, 200 ym and 50 um (40x, 10x and
40x magnification, respectively). Black squares and arrows indicate inflammatory
cellular infiltrates. Quantitative assessment of cellular infiltrates and lesions of
lung tissue (B). Data generated from quantification is from 1 experiment, n=4
animals. Statistical analysis was performed using two-way ANOVA with Tukey's
multiple comparisons test tests. **p < 0.01 and *** p< 0.001 were considered
statistically significant, and ns represents statistically non-significant differences.

Histopathological determination of neutral lipids in lung tissue sections
from wt, Irpl~/~ and Irp2/~ mice. 8-20- week-old female wt, Irpl~/~
and Irp2~/~ mice were infected with 100 CFU of Mtb via the aerosol route.
Superior lung lobes were collected, PFA fixed, and paraffin-embedded. Tissue
sections were stained with ORO stain to visualize lipid droplets and examined at
indicated magnifications. ORO stains neutral lipids red containing lipid droplets
and hematoxylin stains the nuclei blue-purple. Representative micrographs of 1
animal out of 3 per group are shown, i.e., from 1 experiment. Scale bars represent
500 pm and 100 pm.| . . . ..o
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4.27

4.28

4.29

Quantification of iron metabolism genes in lung tissue from wt, Irpl—/~
and Irp2~/~ mice. 8-20-week-old non-infected and Mtb infected female wt,
Irp1~/~ and Irp2~/~ mice were sacrificed at indicated time points. Lungs were
collected, and total host cellular RNA was extracted. Complementary DNA was
synthesized and used for the quantification of Tfrl1 (A) Dmtl1 (B) Frt-L (C) Hampl
(D) Fpnl (E) and Lcn2 (F) gene expression via gRT-PCR. All mRNA expression
levels were normalized against murine Hprt mRNA expression levels. Data are
from 1 experiment (n=4 animals) and shown as mean + SD. Statistical analysis
was performed using two-way ANOVA with Tukey's multiple comparison tests. ns
represents statistically non-significant differences. Abbreviations: RQ= Relative
quantification, Tfrl= transferrin receptor 1, Dmt1= divalent metal transporter,
Frt-L= ferritin-light chain, Hampl= hepcidin, Fpnl = ferroportin, Lcn2 =lipocalin

Quantification of iron metabolism genes in liver tissue from wt, IrpI~/~ and
Irp2~/~ mice. 8-20-week-old non-infected and Mtb infected female wt, Irpl—/~
and Irp2~/~ mice were sacrificed at indicated time points. Livers were collected,
and total host cellular RNA was extracted. Complementary DNA was synthesized
and used for the quantification of Tfr1 (A) DmtI (B) Frt-L (C) /-6 (D) Hampl (E)
Fpnl (F) gene expression via qRT-PCR. All mRNA expression levels were normalized
against murine Hprt mRNA expression levels. Data are from 1 experiment (n=4
animals) and shown as mean + SD. Statistical analysis was performed using
two-way ANOVA with Tukey's multiple comparison tests. ns represents statistically
non-significant differences. Abbreviations: RQ= Relative quantification, Tfrl1=
transferrin receptor 1, Dmtl= divalent metal transporter, Frt-L= ferritin-light
chain, /l-6= Interleukin-6, Hampl= hepcidin, Fpnl = ferroportin. . . . . . . .

Histological analysis of iron deposits in lung tissue sections from wt,
Irp1~/— and Irp2~/~ mice. 8-20-week-old female wt, IrpI~/~ and Irp2~/~ mice
were infected with 100 CFU of Mtb via the aerosol route. Superior lung lobes
were collected, PFA fixed, and paraffin-embedded. Tissue sections were stained
with Perl's stain and examined at indicated magnifications (A). Iron deposits
stain bright-deep blue while nuclei and cytoplasm stain pink-red. Representative
micrographs of 1 animal out of 8 per group are shown. Scale bars represent 100 zzm.
Quantitative assessment of iron deposits (B). Data generated from quantification
is from 1 experiment (n=4 animals). Statistical analysis was performed using
two-way ANOVA with Tukey's multiple comparison tests. *p < 0.05, **p <
0.01 and ****p < 0.0001 were considered statistically significant. ns represents
statistically non-significant differences . . . . . . . . . .. ... ... ... ..

Histological analysis of iron deposits in liver tissue sections from wt,
Irp1~/~ and Irp2~/~ mice. 8-20-week-old female wt, IrpI~/~ and Irp2~/~ mice
were infected with 100 CFU of Mtb via the aerosol route. Left liver lobes were
collected, PFA fixed, and paraffin-embedded. Tissue sections were stained with
Perl's stain and examined at indicated magnifications (A). Iron deposits stain bright-
deep blue while nuclei and cytoplasm stain pink-red. Representative micrographs of
1 animal out of 8 per group are shown. Scale bars represent 100 m.Quantitative
assessment of iron deposits (B). Data generated from quantification is from 1
experiment (n=4 animals). Statistical analysis was performed using two-way
ANOVA with Tukey's multiple comparison tests. *p < 0.05 was considered
statistically significant| . . . . . . . . ...
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4.30

4.31

4.32

4.33

4.34

4.35

Histological analysis of iron in spleen tissue sections from wt, Irp1~/~ and
Irp2-/— mice. 8-20-week-old non-infected female wt, IrpI =/~ and Irp2~/~ mice
were sacrificed, spleens were collected, PFA fixed, and paraffin-embedded. Tissue

sections were stained with Perl's stain and examined at indicated magnifications.
Iron deposits stain bright-deep blue while nuclei and cytoplasm stain pink-red.

Representative micrographs of 1 animal out of 4 per group are shown. Scale bars
represent 200 pm and 100 um. . . . . ..o Lo

Experimental design. 20-week-old female wt, Irpl~/~ and Irp2~/~ mice were
infected with 100 CFU of Mtb H37Rv via aerosol route and sacrificed at indicated
time points.| . . . . . . L

Measurement of blood cell count and RBC indices in whole blood from
wt, Irpl1~/~ and Irp2-/~ mice. 20-week-old non-infected and Mtb infected
female wt, IrpI~/~ and Irp2~/— mice were sacrificed. Blood was obtained from
the vena cava caudalis under terminal anaesthesia for investigation of RBC (A),
HGB (B), HCT (C), MCV (D), MCH (E), MCHC (F) and RDWec (G) at indicated
timepoints. Each square represents an individual sample (n=5 animals). Data
pooled from 2 independent experiments and shown as mean + SD. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparison
tests. *p < 0.05, **p < 0.01 and **** p < 0.0001 were considered statistically
significant. ns represents statistically non-significant differences. . . . . . . . .

Genotyping by PCR from liver tissues from mice presumed to be wt,
Irp1~/~ and Irp2~/— mice. Non-infected and Mtb infected female mice presumed
to be wt, IrpI~/~ and Irp2~/~ mice were sacrificed at indicated time points. Livers
were collected, and total host cellular DNA was extracted, amplified by PCR and
separated by size for visualization by agarose gel electrophoresis. Photographs of
2% agarose gels showing DNA bands from wt (A and D), IrpI~/~ (B and E) and
"Irp2~/~" (C and F) mice. Std= standard, i.e., 100 bp Marker, wt control= wild
type control, ho.= homozygous, het.= heterozygous. . . . . . . . . . . . . ..

Measurement of blood cell count and RBC indices in whole blood from
wt, Irp1_/_ and Irp2+/_ mice. 20-week-old female wt, Irpl_/_ and Irp2+/_
mice were infected with 100 CFU of Mtb via aerosol route. Blood was obtained
from the vena cava caudalis under terminal anaesthesia for investigation of RBC
(A), HGB (B), HCT (C), MCV (D), MCH (E), MCHC (F) and RDWc (G) at

indicated timepoints. Each square represents an individual sample (n=5 animals).

Data pooled from 2 independent experiments and shown as mean + SD. Statistical
analysis was performed using two-way ANOVA with Tukey's multiple comparison
tests. *p < 0.05, **p < 0.01 and **** p < 0.0001 were considered statistically
significant. ns represents statistically non-significant differences. . . . . . . . .

Evaluation of indicators of iron status in sera from wt, Irpl~/~ and Irp2-/~
mice 20-week-old female wt, /rpI~/~ and Irp2~/~ mice were infected with 100
CFU of Mtb via the aerosol route. Serum was obtained from whole blood collected
from the vena cava caudalis under terminal anaesthesia for investigation of serum
iron (A), total iron-binding capacity (B), transferrin saturation (C), and serum
ferritin (D) at indicated timepoints. Each square represents an individual sample
(n=3-5 animals). Data are from 1 experiment and shown as mean £ SD. Statistical
analysis was performed using two-way ANOVA with Tukey’'s multiple comparison
tests. *p < 0.05, **p < 0.01 and *** p< 0.001 were considered as statistically
significant. ns represents statistically non-significant differences. . . . . . . . .
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4.37

4.38

4.39

Cohousing experimental approach to investigate the influence of micro-
biota composition on host phenotypic variation during Mtb infection.
Pregnant GF mice in the 2nd gestational week were cohoused in a 1:1 ratio per
cage with wt, IRP1 homozygous (ho or /rpI~/~) and IRP2 heterozygous (het or
Irp2*/~) mice (referred to as donors) from SPF housing conditions. After the
birth of pups, all mice were cohoused for 4 weeks before weaning. Afterwards,
female pups (referred to as acceptors) from ex-GF mice were cohoused in a 3:2
ratio per cage with the same donor mouse genotypes before weaning. At 6 weeks
of age, only acceptors were infected with 100 CFU of Mtb via aerosol route and
further cohoused with non-infected donors. Before infection (i.e. at day -1 (dm1))
and at days 13 and 28 p.i., acceptor animals were sacrificed. Non-infected donor
animals were sacrificed at day 32 p.i. (i.e., at the end of the study). Experimental
set-up illustrates one experiment, n=8 animals per donor genotype and 3-4 per
acceptor genotype.|. . . . .. Lo

Visualization of differences in the caecal microbial community structure
of donor and acceptor mice. 6-week-old female acceptors were cohoused with
non-infected donors in a genotype-specific manner and infected with 100 CFU of
Mtb via the aerosol route. All mice were sacrificed at indicated time points, and
their caecal content was collected for 16S rRNA sequencing. Distinct clustering
of samples was observed between the donors (A) and acceptors (B). Data from
1 experiment are shown, n=8 animals per donor genotype and 3-4 per acceptor
genotype. . . . oL L L e

Within-group and between-group dissimilarities in the caecal microbial
community structure of donor mice. Non-infected wt-, IRP1- and IRP2-donor
mice were sacrificed at the end of the experiment and caecal contents were collected
for 16S rRNA sequencing. Differences in microbiota compositions were observed
between IRP1- (A) and IRP2- (B) compared to wt donor mice were observed.
Data from 1 experiment are shown, n=8 animals per donor genotype and 3-4 per
acceptor genotype. Significance was tested using the adonis function from the
vegan package in R; ** and *** indicate p < 0.01 and p < 0.001, respectively.

Within-group and between-group dissimilarities in the caecal microbial
community structure of donor vs acceptor mice. 6-week-old female acceptors
were cohoused with non-infected female donors in a genotype-specific manner prior
to and following Mtb H37Rv infection via the aerosol route. All mice were sacrificed
at specific time points, and caecal content was collected for 16S rRNA sequencing.
Comparable microbiota compositions between and within wt-acceptors and -donors
(A), dissimilar microbiota compositions between but not within IRP1-acceptors
and -donors (B), and comparable microbiota compositions between and within
IRP2-acceptors and -donors (C) were observed. Data from 1 experiment are shown,
n=8 animals per donor genotype and 3-4 per acceptor genotype. Significance was
tested using the adonis function from the vegan package in R; ** and *** indicate
p <0.01 and p < 0.001, respectively. Abbreviations: Acc= acceptor, Don= donor.
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4.40

4.41

4.42

4.43

4.44

Within-group and between-group dissimilarites in the caecal microbial
community structure of acceptor mice. 6-week-old female acceptors were
cohoused with non-infected donors in a genotype-specific manner. Acceptors
were infected with 100 CFU of Mtb via aerosol route, sacrificed at specific time
points, and caecal content was collected for 16S rRNA sequencing. Data from 1
experiment are shown, n=3-4 animals. Significance was tested using the adonis
function from the vegan package in R; ** and *** indicate p < 0.01 and p <
0.001, respectively. Abbreviations: Acc= acceptor, Don= donor... . . . . . . .

Differentially abundant families in caeca from IRP1- vs wt-donor mice.

IRP1-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage
with pregnant GF mice and handled as indicated in Fig. 4.36. All non-infected
IRP1 donor- and wt-donor mice were sacrificed and caecal contents were collected
for 16S rRNA sequencing. Only families with a p-value < 0.2 are shown. Data
from 1 experiment are shown, n=3-4 animals. Abbreviations: f= family, o= order,
c= class, o= order, uncl= unclassified. Significance was tested using the exact
Wilcoxon test.] . . . . . . . .,

Differentially abundant families in caeca from IRP2- vs wt-donor mice.

IRP2-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage
with pregnant GF mice and handled as indicated in Fig. 4.36. All non-infected
IRP2 donor- and wt-donor mice were sacrificed and caecal contents were collected
for 16S rRNA sequencing. Only families with a p-value < 0.2 are shown. Data
from 1 experiment are shown, n=3-4 animals. Abbreviations: f= family, o= order,
c= class, o= order, uncl= unclassified. Significance was tested using the exact
Wilcoxon test.] . . . . . . . . .,

Differentially abundant genera in caeca from IRP1- vs wt-donor mice.

IRP1-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage
with pregnant GF mice as indicated in Fig. 4.36. All non-infected IRP1- and
wt-donor mice were sacrificed and caecal contents were collected for 16S rRNA
sequencing. Only families with a p-value < 0.2 are shown. Data from 1 experiment
are shown, n=3-4 animals. Abbreviations: c= class, o= order, f= family, g= genus,
uncl = unclassified. Significance was tested using the Wilcoxon Signed-Ranks
Tests; p < 0.2.). . . . . . L

Differentially abundant genera in caeca from IRP2- vs wt-donor mice.

IRP2-donors from SPF animal husbandry were cohoused in a 1:1 ratio per cage
with pregnant GF mice as indicated in Fig. 4.36. All non-infected IRP2-donor
and wt-donor mice were sacrificed and caecal contents were collected for 16S
rRNA sequencing. Only families with a p-value < 0.2 are shown. Data from 1
experiment are shown, n=3-4 animals. Abbreviations: c= class, o= order, f=
family, g= genus, uncl= unclassified. Significance was tested using the Wilcoxon
Signed-Ranks Tests; p < 0.2. . . . . . . . . . . . ... ... ... ...,
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4.45

4.46

4.47

4.48

Mycobacterial loads in tissue homogenates from wt-, IRP1- and IRP2-
acceptor mice. 6-week-old wt-, IRP1-, and IRP2-acceptor mice handled as
indicated in Fig. 4.36 were infected with 100 CFU of Mtb via the aerosol route.
Mice were sacrificed, lungs (A and B), spleens (C), and livers (D) were collected,
and CFU assays were performed at indicated time points. Data from 1 experiment
are shown. Each square represents an individual sample (n=3-4 animals) with
horizontal lines indicating the median. Statistical analyses were performed using
Kruskal-Wallis with Dunn’s posttest to compare experimental groups *p = 0.0272
was considered statistically significant. ns represents statistically non-significant
differences . . . . . . . L

Histopathological analysis of lung tissue sections from from wt-, IRP1-
and IRP2-acceptor mice. 6- week-old female wt-, IRP1- and IRP2-acceptor mice
handled as indicated in Fig. 4.36 were infected with 100 CFU Mtb H37Rv via the
aerosol route and sacrificed at day 13 p.i. Superior lung lobes were collected, PFA
fixed, paraffin infiltrated, stained with H&E stain, and examined under the BX41
light microscope (A). The affected lung area was measured using the cellSens
software. Representative micrographs of 1 animal out of 3 per group are shown (i.e.,
from 1 experiment). Black squares indicate inflammatory cellular infiltrates. Scale
bars represent 200 m (4 x magnification, upper panel), 20 um (40 x magnification,
lower panel). Quantitative assessment of cellular infiltrates and lesions of lung
tissue of wt-, IRP1-, and IRP2-acceptor mice at days 13 and 28 p.i (B). Statistical
analysis was performed using Kruskal-Wallis' non-parametric test with Dunn's
post-test to compare experimental groups; ns represents not-statistically significant
differences. . . . . . . . .

Measurement of blood cell count and RBC indices in whole blood from
wt-, IRP1- and IRP2-acceptor mice. 6- week-old female wt-, IRP1- and IRP2-
acceptor mice were handled as indicated in Fig. 4.36 and infected with approx.
100 CFU Mtb H37Rv via aerosol route. Blood was obtained from the inferior vena
cava under terminal anaesthesia for the investigation of RBC (A), HGB(B), HCT
(C), MCV (D), MCH (E), MCHC and (F) RDWc (G) indicated timepoints. Each
square represents an individual sample (n=3-4 animals). Data from 1 experiment
are shown. Statistical analysis was performed using two-way ANOVA with Tukey's
multiple comparison tests. *p < 0.05 were considered statistically significant; ns
represents non-statistically significant differences.|. . . . . . . . . ... .. ..

Measurement of immune cells in whole blood from wt-, IRP1- and IRP2-
acceptor mice. 6- week-old female wt-, IRP1- and IRP2-acceptor mice handled
as indicated in Fig. 4.36 were infected with 100 CFU Mtb H37Rv via aerosol route.
Whole blood was obtained from the inferior vena cava caudalis under terminal
anaesthesia for the investigation of blood immune cells WBC (A), Lymphocytes (B),
Monocytes (C) Neutrophils (D) at indicated timepoints. Each square represents
an individual sample (n=3-4 animals) with horizontal lines indicating the median.
Data from 1 experiment are shown. Statistical analysis was performed using two-
way ANOVA with Tukey's multiple comparison tests. *p < 0.05 were considered
statistically significant; ns represents non-statistically significant differences. . .
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4.49 Quantification of cytokine concentrations in sera from wt-, IRP1- and

5.1

IRP2-acceptor mice. 6- week-old female wt-, IRP1- and IRP2-acceptor mice
handled as indicated in Fig. 4.36 were infected with approx. 100 CFU Mtb H37Rv
via aerosol route and sacrificed at indicated time points. Serum was obtained from
whole blood collected from the vena cava caudalis under terminal anaesthesia and
used to investigate IFN~ (A) and TNF« (B) production. Each square represents
an individual sample (n=3-4 animals) with horizontal lines indicating the median.
Data from 1 experiment are shown. Statistical analysis was performed using two-
way ANOVA with Tukey's multiple comparison tests. *p < 0.05 and **p < 0.01
were considered statistically significant; ns represents non-statistically significant
differences. . . . . . . . .

Hypothetical scheme of dietary iron supplementation and IRP2-mediated
function during experimental TB: In mice deficient for IRP2 and mice on an
iron-rich diet, non-infected and resting M@s showed higher iron accumulation (A).
In activated M®@s (B), I. Increased iron concentration acts as a micronu-
trient source, promotes higher Mtb loads and spread: Higher expression
of scavenger receptors e.g., CD91, CD163, or increased phagocytosis of RBCs
potentially enhances increased the iron accumulation phenotype. During Mtb
infection (1), Mtb is phagocytosed and resides in iron-rich phagosomes (2). Mtb
relies on iron for growth and uses its iron-chelating molecules called mycobactins
to take iron from the host (3). Excess labile iron (4) generates ROS which
aggravates pulmonary pathology (5). Il. Iron also hampers immunity: This
occurs through ROS (6) which stimulates binding activity of transcription factors
such as NFxB and Nrf2 (7) to induce the higher expression of cytokines such as
IL-13, IL-6, and TNF« (8). Thl cells (9) produce IL-15, TNF«, and IFN~y (10)
which can induce expression of nitric oxide (11) by M@s, which can contribute to
controlling Mtb but can also aggravate pulmonary pathology (5). Higher nitric
oxide also impairs neutrophil recruitment (12). Production of proinflammatory
cytokines and chemokines produced hinders erythropoiesis (13) which induces
anemia (14). Ill. Iron leads to neutrophil-driven disease exacerbation:
IL-17A (15) induces neutrophil recruitment (16). Neutrophils produce ROS which
exacerbates TB disease (17) and leads to aggravated pulmonary pathology (5) IV.
IRP2 deficiency alters body iron distribution: This is achieved by higher IL-6
concentrations (18) which induce Hampl/ mRNA transcripts (19) which results in
(a) iron sequestration within macrophages leading to iron overload which rather
provides a survival advantage for Mtb and exacerbates pathology, (b) hypoferremia
(c) potentially anemia of inflammation (20). Created with BioRender.com
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Appendix

Curation and clustering of sequencing data using
bioinformatics techniques

Generation of OTU table with USEARCH

For the bioinformatics analysis, USEARCH, a sequence analysis tool was used [278].

#1. Export path definition
export usearch64=/bin/usearch64

#2. Preparation of files
sudo find ./ -type f —-exec cp "{}' ./ \;
sudo gunzip *.gz

#3. Merge files

sudo Susearch64 —-fastg mergepairs *_R1_001.fastg —-fastgout
merged.fqg -relabel @

2020-run

sudo Susearch64 -fastqg mergepairs *_R1_001.fastg —-fastqgout
merged_trunctail30_minovlend40.fq —-fastg_trunctail 30 -
fastg _minovlen 40 -relabel @ -report
mergereport_trunctail30_minovlen40.txt

#4. Primer check

sudo Susearch64 -search_oligodb merged_trunctail30_minovlend4O.
fg -db ~/tools/ primers.fa -strand both \-userout
primer_hits.txt —-userfields querytglotghi +gstrand

#5. Quality check

sudo Susearch64 -fastg eestats2 merged_trunctail30_minovlen4O.
fqg —-output qual_trunctail30_minovlen40.txt

Susearch64 —-fastg eestats2 Cell3_S50_LO0O01_R1_001.fastg —-output
qualCel.txt

#6. Removal of indices, overhangs and primers

sudo Susearch64 -fastx_truncate merged_trunctail30_minovlend4O.
fg —-stripleft 17 —-stripright 20 \-fastgout
stripped_trunctail30_minovlend0.fqg
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#7. Quality filtering

sudo Susearch64 —-fastg filter stripped.fq —-fastq maxee 1.0 \-
fastaout filteredstripped.fa -relabel Filt

sudo Susearch64 -fastqg filter stripped_trunctail30_minovlend4O.
fg —-fastg_minlen 330 -fastg maxee 1.0 \-fastaout filtered.fa
—relabel Filt

#8. Filtering for unigue sequences
sudo Susearch64 -fastx_uniques filtered.fa -sizeout -relabel
Unig —-fastaout uniques.fa

#9. Sorting by length
sudo Susearch64 -sortbylength uniques.fa —-fastaout seqgs_sorted.
fasta

#10. OTU clustering
sudo Susearch64 —-cluster_otus uniques.fa —-otus otust.fa -
relabel Otu

#11. Generation of OTU table
sudo Susearch64 -otutab merged_trunctail30_minovlend40.fqg -otus
otust.fa —-sample_delim . -otutabout otutab.csv

#11. Taxonomic assignment of OTU representative sequences

sudo Susearch64 -sintax otust.fa -db ~/tools/rdp_l6s_vl6s_sp.
fa —-strand both \-tabbedout sintaxOTUST.csv —-sintax_cutoff
0.8
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