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Abstract

In tuberculosis (TB) studies, the extent to which host genome as well as transcriptome contribute to
susceptibility and pathology has not been clearly defined. Globally still one of the most abundant
infectious disease, numbers of TB cases caused by drug resistant agents of the Mycobacterium
tuberculosis (M. tuberculosis) complex are increasing especially with onset of emerging and re-
emerging viral diseases and other comorbidities. Our study aims to identify host specific differences in
TB disease susceptibility and pathogenesis. Previously, we and others have demonstrated the
detrimental role of neutrophils in necrosis, tissue damage and bacterial spread. We hypothesized that
cell death modalities during the interaction of neutrophils and other myeloid cells in the lung
determines pathogen restriction or spread and ultimately, disease exacerbation. We therefore
designed an integrative systems biology approach from genome to cellular, tissue and animal model to
better understand TB in vitro and in vivo. Inbred female congenic mice differing in their susceptibility
to M. tuberculosis infection were studied before, during and after infection and compared to human
leukocytes and RNA samples from excised lung tissue. Murine bone marrow derived macrophages from
wild-type B6 in comparison to susceptible C3HeBFeJ and B6.C3Hsstl mice showed differential
responses to M. tuberculosis. Upon aerosol infection with M. tuberculosis, immune-competent but
susceptible B6.1-9.3.19.8 and B6.C3Hsstl had bigger lung lesions and higher bacterial loads than
resistant B6 mice. Immune cell phenotyping of murine lung samples characterized by flow cytometry
and immunohistochemistry revealed distinct composition of immune cells between susceptible and
resistant mouse strains. Importantly, human PMN and PBMCs showed infection specific transcriptional
profiles in vitro skewed towards active phagocytosis. Comparative analyses of both murine and human
transcriptome identified unique genes for each data set and shared genes across the samples. Taken
together, our findings will contribute to better understand TB disease processes in order to break
disease transmission, reducing bacterial burden in active TB patients, shortening treatment duration,

and eventually preventing disease development in latent TB cases.






Zusammenfassung

In Studien zur Tuberkulose (TB) ist das AusmaR, in dem das Genom des Wirts und das Transkriptom zur
Anfalligkeit und Pathologie beitragen, ist nicht klar definiert Weltweit ist Tuberkulose immer noch eine
der haufigsten Infektionskrankheiten. Die Zahl der Tuberkulosefalle, die durch arzneimittelresistente
Erreger des Mycobacterium tuberculosis (M. tuberculosis)-Komplexes verursacht werden, nimmt zu,
insbesondere mit dem Auftreten neuer und wieder auftauchender Viruserkrankungen und anderer
Komorbiditaten. Unsere Studie zielt darauf ab, wirtsspezifische Unterschiede in der Suszeptibilitat und
Pathogenese von TB-Erkrankungen zu identifizieren. In der Vergangenheit haben wir und andere die
nachteilige Rolle der Neutrophilen bei der nekrose, der Gewebeschadigung und der Ausbreitung von
Bakterien nachgewiesen. Wir stellten die Hypothese auf, dass die Modalitaten des Zelltods wahrend
der Interaktion zwischen Neutrophilen und anderen myeloiden Zellen in der Lunge fir die Einddammung
oder Ausbreitung von Krankheitserregern und letztlich fir die Verschlimmerung der Krankheit
verantwortlich sind. Wir haben daher einen integrativen systembiologischen Ansatz entwickelt, der
vom Genom bis zum Zell-, Gewebe- und Tiermodell reicht, um TB in vitro und in vivo besser zu
verstehen. Ingeziichtete weibliche kongene Maduse, die sich in ihrer Suszeptibilitdt gegenlber M.
tuberculosis unterscheiden, wurden vor, wahrend und nach der Infektion untersucht und mit
menschlichen Leukozyten und RNA-Proben aus entnommenem Lungengewebe verglichen.
Makrophagen aus dem Knochenmark von Wildtyp-B6-Mausen im Vergleich zu suszeptiblen C3HeBFel-
und B6.C3Hsst1-Mausen zeigten unterschiedliche Reaktionen auf M. tuberculosis. Nach einer Aerosol-
Infektion mit M. tuberculosis zeigten immunkompetente, aber suszeptible B6.1-9.3.19.8 und B6.C3Hsst1
groBere Lungenlasionen und eine hohere Bakterienlast als resistente B6-Méause. Im Gegensatz dazu
zeigte der durchflusszytometrisch und immunhistochemisch charakterisierte Immunzellphdnotyp der
Mauselungen  unterschiedliche  Lungenldsionen  zwischen  suszeptiblen und resistenten
Mausestammen. Insbesondere zeigen menschliche PMN und PBMCs in vitro infektionsspezifische
Transkriptionsprofile, die auf eine aktive Phagozytose ausgerichtet sind. Vergleichende Analysen des

Transkriptoms von Mdusen und Menschen ergaben flr jeden Datensatz einzigartige Gene und



gemeinsame Gene in den Proben. Zusammengenommen werden unsere Ergebnisse dazu beitragen,
die TB-Krankheitsprozesse besser zu verstehen, um die Krankheitstbertragung zu unterbrechen, die
bakterielle Last bei aktiven TB-Patienten zu verringern, die Behandlungsdauer zu verkirzen und

schlielRlich die Krankheitsentwicklung bei latenten TB-Fallen zu verhindern.
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Abbreviation
Acronym
BMDM
CFU
DNA

HIV

HDT
IFN-

IL-

Ipr

/St
MHC
QTL

LD

NGS
RNA

sst

B
TNF-a
PCR
RT-qPCR

WHO

Meaning

Bone marrow derived macrophages
Colony forming unit
Deoxyribonucleic acid

Human immuno-deficiency virus
Host directed therapy
Interferons

Interleukins

Intracellular pathogen resistance
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Major histo-compatibility loci
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Next Generation Sequencing
Ribo nucleic acid

Super susceptibility
Tuberculosis

Tumour necrosis factor
Polymerase chain reaction

Real time quantitative PCR
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1.0 Introduction

1.1 Tuberculosis: the disease, vaccine, and therapy

1.1.1 The Disease and its causative agents

From an historical perspective, today’s tuberculosis (TB) was called many names including
phthisis, schachepheth, tabes, the white plague, and consumption. Previous names given to
TB were based on the physical appearance of the people who suffered from the disease. TB
is now described both phenotypically and genotypically based on the host and pathogen
characteristics. The various forms of TB in humans are either organ specific, clinical
manifestation- or pathogen specifict. TB meningitis, miliary TB, extrapulmonary TB, and
pulmonary TB refers to the organs that affected while active TB, chronic TB and latent TB

describes the clinical presentation of the disease?.

People who do not have clinical disease manifestations but confirmed to be positive for TB
tests are latent carriers. Latent TB patients have the pathogen under control of the immune
system and do not spread the disease?3. Current estimates of latent TB are about one-fourth
of the world’s population. On the other hand, patients with active TB clinically show signs and
symptoms of TB, they can cough or sneeze out pathogen-containing aerosol droplets from
their infected lungs which may transmit the pathogen to uninfected people and probably also

latent TB patients*®.

In terms of the pathogen virulence and response of the pathogen to drugs, TB can be drug
sensitive or drug resistant. Both pulmonary and extrapulmonary TB are caused by
mycobacterial pathogens belonging to the Mycobacterium tuberculosis complex (MTBC). The
MTBC consist of genetically related mycobacteria that cause TB in humans and some animals.

These include Mycobacterium tuberculosis (Mtb), M. africanum, M. bovis, M. caprae, M.



microti, M. canetti and M. pinnipedii. M. bovis is likely originating from Mtb. Based on
virulence of clinical isolates, the most virulent strains of TB are the modern lineage and are
not well adapted to the new host’. Less virulent well adapted strain is for example M.
africanum. Pulmonary TB can be managed, treated, and cured. However, combination of TB
and viral diseases such as HIV or other immunosuppressive situations such as anti-TNFa or
corticoid therapies can further limit treatment options, hence the need for better

prophylactic and therapeutic options.

Human pulmonary TB starts when a patient with active TB coughs or sneezes pathogen
containing aerosols into the air (Fig 1.1 a, b). This can lead to TB in the exposed susceptible
person (c) or hypothetically no reactivation or disease in a TB resistant person (d). When a
susceptible individual is exposed to Mtb, the pathogen is otherwise kept in tissue structure
called the granuloma which enwraps the infection focus and develops very well in immune
competent individuals. Well-structured granuloma (e) can remain undetected lifelong in an
immune competent individual but could break open and exacerbate leading to disease under
certain circumstances such as immune compromising conditions (f, g). However, reasons for
granuloma reactivation and Mtb proliferation in immune competent individuals is a
controversial topic® 2. The focus of this research work is to characterize some of the factors
that mediate TB susceptibility in immune competent individuals (Fig 1 ¢, d, | and e). The TB
granuloma (Fig 1.1 g) which continues to keep the pathogen life-long under control in an
immune competent person (i) may become disorganized and permissive for Mtb growth (f)
thereby leading to reactivation and active TB (h). The life-time risk of TB reactivation is less
than 10%. The possibility of TB reactivation and active TB (Fig 1.1 h, i) is widely debated.

Understanding the reasons for TB development in humans is therefore important to keep the
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pathogen under the control of the immune response and limit spread of the bacteria, thereby

breaking TB transmission?1314,

Fig. 1.1: The TB pathogenesis. Pathogen containing aerosol from active TB patient is propelled into
the air by active TB patient (a) Mtb containing aerosol (b) infected person (c) exposed but uninfected
person (d) TB in latent state (e) loss of granuloma integrity (f) intact granuloma with bacteria (g) active

TB patient (h) probably cured TB patient (i). *Image designed using Biorender.

1.1.2 Vaccine and therapeutic intervention

There are experimental and clinical evidence supporting the hypothesis that immune

response to TB is host and mycobacterial genome specific’>-7,

A global measure of success against an infectious disease is the existence of a helpful vaccine.
M. bovis Baccille-Calmette-Guerin (BCG) generated by multiple passage of the cattle TB agent
M. bovis is the vaccine approved for protection against early childhood primary TB and TB

meningitis in children. It is administered intradermally at the upper side of the upper arm



once in first few weeks of life. The vaccine is, however, not sufficient to protect against adult
pulmonary TB. Although the BCG vaccine remains the standard reference new anti-TB
vaccines currently in development, regarding efficacy in mounting an effective protective
immune response. Over the years, different vaccines have been developed and tested in
clinical trials*®=2°, In phase 2b clinical trial, the M72/AS01E vaccine showed partial protection

against pulmonary TB in adults??.

Globally, the 10 million cases of pulmonary TB annually are of major concern to public
health?2. TB can be properly treated and cured but the treatment duration can range from at
least six months to two years with combinations of at least two to three antibiotics depending
on the susceptibility or resistance status of the pathogen. Drug susceptible TB cases are
declining by the years while drug resistant cases keep increasing even despite introduction of
new antibiotics. Drug susceptible TB cases can be managed, treated, and cured with the
combination of Isoniazid and Rifampicin for 6 months. Resistance to Isoniazid and Rifampicin
which are the first line antibiotics, is said to be, multi-drug resistance TB (MDR-TB). If the
pathogen is then additionally resistant to one of the second line drugs including injectables
ones such as amikacin or carbapenem, this is described as extensive drug resistant TB (XDR-
TB). The available drugs for MDR-TB and XDR-TB such as Bedaquilin pretonamid require

administration for a long time and these drugs have adverse side effects.

Therefore, the need for well tolerated but effective host-directed therapeutic options
accompanying antibiotic therapy are urgent so that doctors, families, health insurance and

major stake holders can make well informed decision for treatment options and regimen?3.
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1.2 Epidemiology

Incidence of TB has been historically described along with industrialization and urbanization.
Global TB cases are defined as drug susceptible, drug resistant or multi-drug resistant TB
(MDR-TB). Over the last twenty years, incidence of TB cases has been on gradual decline. In
contrast, MDR-TB cases keep increasing. According to WHO 2023 global TB report for year
2022, India, China, Indonesia, Philippines, Pakistan, Democratic Republic of Congo,
Bangladesh, and Nigeria are the countries that account for two-thirds of the estimated 10.6
million TB cases with at least 100 000 incidences??. Globally, about 10.6 million people fell ill
with TB in the year 2022. However, due to the COVID-19 pandemic, TB case notification

diminished drastically (Fig. 1.2).

The overlapping profile of drug and pathogen toxicity makes it rather difficult to treat MDR-
TB. The interaction between drugs and pathogen renders the host defenceless depending on

the immunological barriers available.
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Fig. 1.2: Global estimate of TB incidence for the year 2022 for countries with at least 100 000 incident
cases. The country with highest incidence rate of about 200 000 per 100 000 population is India.
Countries with at least 100 000 incidence cases are China, Indonesia, Philippines, Democratic Republic
of Congo, South Africa and Nigeria WHO 2021.



However, the concept of trained immunity, that is unspecific stimulation of the innate
immune system leading to epigenetic imprinting, offers a new possibility to protect
genetically susceptible hosts?9?42> The potential preference of host directed therapy (HDT)
against general antibiotics is hypothetically the reconstruction of immunological barriers but

the long-term effect of HDTs have not been clearly defined.

1.3 Immune Response Against TB

The immune response against Mycobacterium tuberculosis (Mtb) begins and end with the
host and pathogen characteristics. Granuloma formation and maintenance is critical for both
host and pathogen survival. Proper knowledge of host and mycobacterial genetics is required

to tilt the balance towards an appropriate host immune response.

An active TB patient is the reservoir for Mtb transmission. This host spreads Mtb by coughing
or sneezing into the environment (Fig 1.1a). The airborne mycobacteria possess immune
activating characteristics that can induce varied immune responses in the newly infected
human host?®?°, Inhalation of pathogen containing aerosol (Fig 1.3a) is followed by
phagocytosis by lung resident alveolar macrophages and active recruitment of neutrophils
(PMN) and monocyte derived macrophages to site of infection. Infected alveolar
macrophages migrate and transport Mtb into the lung interstitium and become subsequently
surrounded by other innate myeloid derived immune cells (b) while antigen processing and
presenting cells such as dendritic cells migrate and carry Mtb antigens to draining lymph
nodes. Upon appropriate antigen presentation, primed CD4 and CD8 T cells differentiate,
proliferate and become activated to mount an effective antigen specific immune response,

and B cells are also recruited to the lung (Fig 1.3)30-32,
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Tissue resident alveolar macrophages in the lungs are believed to be the first cells to
phagocytose Mtb. However, other innate cells surveying the lungs quickly communicate and
initiate pathogen associated molecular signals. Depending on the pathogen load, cellular
signalling, myelopoiesis, and extravasation continues until homeostasis is restored. Mtb can
exploit excess inflammation from immune competent host. Cellular necrosis and Mtb
replication is a result of counter activity of host immunity and bacterial pathogenicity. Highly
virulent strains of Mtb have evolved mechanisms to lyse the phagosome and replicate (c) in
the next host cells including myeloid derived antigen processing cells which are recruited to

the site of inflammation upon emergency myelopoiesis.

Breaking the cycle of cellular necrosis by host-directed therapies are the keys to restoring lung

remodelling and structured granuloma formation (Fig 1 d, e, f).
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Fig. 1.3: Mtb and granuloma formation. After Mtb (a) inhalation and uptake by alveolar macrophage,
innate immune cells especially neutrophils are recruited to the lungs to contain the infection (b),
uncontrolled Mtb replication and repeated cycle of cell death may lead to death of the host (c),



dendritic cells, B cells and T cells may accumulate around the cellular lesions (d) leading to Mtb control
and protective granuloma (e) and eventually latent TB (f)333*

The entire process of mounting and maintaining immune responses against Mtb depends
largely on the host genetics. Differential responses to TB across geographical populations
depend on several factors. Age, gender, and co-morbidities like existing bacterial and viral
infection, smoking or type 2 diabetes make treatment difficult. The role of the granuloma in
controlling Mtb replication and spread is a function of the host, as well as the mycobacterial

pathogenicity3>~37,

Furthermore, genes mediating susceptibility and immune response to TB are important for
signal transduction, cell recruitment and tissue remodelling. Genes regulating the IFN-y and
IL-12 axis have been the most prominent in mediating TB susceptibility and reactivation in
immune competent individuals. These genes regulate cellular migration to site of infection,
innate immune cell activation and inflammatory T helper 1 cell differentiation as well as
prevention of infection spread3®° The role of IFN-y in controlling Mtb depends on the
murine model analysed while the role of IFN-y in human TB is less clarified®*1. The phenotypic
differences in lung pathology depends on the amount and duration of pro-inflammatory and
anti-inflammatory cytokines secretion and their mutual counter regulation. While pro-
inflammatory cytokines such as IL-1B, IL-6, IL-8, IL-12, IL-18, IL-23, IFN-Y, TNF-a are required
to control the pathogen, anti-inflammatory cytokines IL-10 and TGF-B mediate resolution of

inflammation and restore homeostasis.

Early production of IFN-y by CD4* and CD8* T cells recruited to the lungs is beneficial in
activating macrophages in concert with IL-15 (in humans) whereas prolonged IFN-y¥ secretion

is associated with continuous PMN recruitment and disease exacerbation*?=**. In mice, IFN-y
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activated macrophages secrete nitric oxide (NO) and TNF-a and thereby control Mtb
replication by inducing apoptotic cell death in infected macrophages®. The macrophages
either become apoptotic or necrotic depending on the inflammatory micro-environment3246,
Wild type resistant B6 mice infected with Mtb have lower PMN counts, in contrast in active
TB patients, PMN are the most abundant infected leukocytes®*2. The proinflammatory
cytokine, IL-8, mediates PMN recruitment to the site of infection and can be detrimental.
Recruited PMN actively phagocytose Mtb, produce reactive oxygen species (ROS) which
however does not kill Mtb. The oxidative stress in the PMN leads to necrotic PMN death and
PMN extracellular trap (NET) formation. PMN-NETosis has been claimed to be a defence
mechanism to restrict Mtb*4748, However, our group found that necrotic cell death of
infected PMN promote mycobacterial growth in macrophages, which subsequently take up
infected PMN. In contrast PMN apoptosis prepares Mtb for efficient subsequent killing by

macrophages®?.

The phenotypic differences in TB pathology can be genotypically characterized based on the
gene products that induce and resolve lung inflammation during Mtb infection. Drawing
inferences based on experimental studies requires caution because some observations from
experimental murine TB are not completely represented in human TB. In humans, the genes
mediating TB susceptibility have been studied mainly in the blood or peripheral blood derived
cells3¥%°, One study that focused on lung tissue from TB patients provided evidence of
differential gene regulation within the granuloma but how these genes mediate lung

pathology versus protection was not clearly defined®°.

Genetic differences in the host remains the underlying factor for differences in disease

susceptibility to infection including tuberculosis. Spontaneous mutations leading to single



nucleotide polymorphisms has remained unnoticed over the years due to differences in
penetrance. Phenotypic and epigenetic changes have been studied in relation to disease
exposure?®>!, Exposed but not active TB patients can remain undetected lifelong. The 1929
Lubeck TB vaccine disaster has to this day shown that susceptibility to any infectious diseases
is both host and pathogen genome specific®>2. Most of the differences observed in any
infectious disease is largely dependent on how the host responds to the disease. The host
responses either leads to a proper well balanced immune response clearing or controlling the
pathogen or it leads to exacerbating inflammation and pathology, which may eventually cause

autoimmunity, fighting against self-defence mechanisms?20:>3:54,

1.4 Aim and Objectives

The aim of this project was to study TB associated host response and identify host genes that
can serve as putative targets for host directed therapy in experimental and clinical TB. To
achieve this, the following objectives were formulated, and experiments were designed for

these objectives:

1. Monitor infection process in resistant B6. vs susceptible (B6.1-9.3.19.8 and B6.C3H-

sstl) littermates
2. Characterize host-specific innate immune cell activities in vitro

3. Analyse host pulmonary transcriptomes in Mtb infected lungs from patients and

resistant versus susceptible mice in a comparative manner.
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2.0 Materials
2.1.0 General consumables

2.1.1.1 Tubes, Plates & Pipette Tips
S/N Consumables

1

u A W N

19

20
21
22
23
24
25
26
27
28
29
30
31
32
33

50 ml tubes

15 ml tubes

2 ml tubes

1.5 mL tubes

1.5 mL Microfuge Tubes Nonstick,
RNAse/DNAse free

Spin-X centrifuge tube filter

1.5 mL tubes PCR Performance Tested
0.5 mL tubes PCR Performance Tested
Multiply®-uStrip 0.2 mL chain

8-Lid chain, flat

24-well cell culture plates flat-bottomed
96-well cell culture plates flat-bottomed

96-well cell culture plates U-bottomed
96-well plate dark flat bottom

96-well PCR Plate without skirt
96-well 300 pL plate

96-well 0.8 mL plate

Primaplate 96-well PCR plate

Light cycler 480 Multi-well Plate 96 +
gPCR Seal

2 mL Pipette

5 mL Pipette

10 mL Pipette

25 mL Pipette

Pipette tips Biosphere Plus 0.6 — 20 pL
Pipette tips Biosphere Plus 2 — 200 plL
Pipette tips Biosphere Plus 1000 pL
Pipette tips 1 -30 uL

Pipette tips ART 1000G

Pipette tips ART 200G

Pipette tips ART-1000 REACH Barrier
Pipette tips ART-300 Barrier

Pipette tips ART-200 Barrier

Pipette tips ART 20P aerosol resistant

Company
Corning

Corning
Sarstedt
Sarstedt
Applied
Biosystem
Costar

Sarstedt
Sarstedt
Sarstedt
Sarstedt
Sarstedt
Sarstedt
Sarstedt
Greiner Bio-One
Sarstedt
Thermo Scientific
Thermo Scientific
Steinbrenner
Laborsystem
VWR

Corning

Corning

Corning

Corning

Sarstedt

Sarstedt

Sarstedt

Biolab

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

Unique ID/Catalog #

COS 430829
COS 430791
72.694.006
72.692.005
AM-12450

COS 8160
72.706.400
72.735.002
72.985.002
65.989.002
S 833921

$ 833924

S 833925
GB655077
72.1978.202
AB-0796
AB-0859
SL-PP96-2

732-1463

COS 4486
COS 4487
COS 4488
COS 4489
70.1116.210
70.760.211
70.3050.255
61-AN031G-MRS
2079G
2069G
2079-HR
2070-HR
2069-HR
2149P-HR



2.1.1.2 Other Consumables
S/N Consumables

Company/Source

Unique ID/Catalog #

1 AMPure XP Beads Beckman Coulter A63881
2 RNAClean XP Beads Beckman Coulter A63987
3 Aqua B. Braun B. Braun 0082479E
4 Cuvettes Sarstedt 67.742
5 Cuvette lid Carl Roth X.K25.1
6 Canula 26G 3/8'' 0.45 x 10mm Becton Dickinson = 300300
7 Canula23G 1" 0.6 x 25mm Becton Dickinson = 300800
8 Canula 20Gx11/2" 0.9 x 40mm Becton Dickinson 301300
9 Cell strainer 70uM Corning 431751
10 1 mlsyringe Becton Dickinson 303172
11 10 mlsyringe Becton Dickinson 309110
12  BD Plastipack Luer-lock™ 50ml Becton Dickinson = 300865
13  Alu-Sealing Tape, pierceable Sarstedt 95.1995
14 | T25 flask closed cap Sarstedt 83.3910
15  Alu-Sealing Tape, pierceable Sarstedt 95.1995
16  Microseal ‘A’ Film BIO-RAD MSA5001
17  Microseal ‘B’ Seal BIO-RAD MSB1001
18  Petri-dish Sarstedt S 821472
19  Parafilm Bemis PM 996
20  Nasco Whirl Pak bags Omnilab B01064
21  Superfrost® Glass slide and cover slip R. Langenbrinck  03-0060
22  Chamber slides
23  Chamber plates Sastedt 94.6077.307
24  Embedding cassette

2.1.2 Agar, Broth & Media Reagents
S/N Agar, broth, or Media Company/Source Unique ID/Catalog #
1 Asparagine Becton Dickson 214410
2 7H9 Broth Becton Dickson 271310
3 Seven H11 agar Becton Dickson 212203
4 DPBS (10X) Gibco 14200067
5 DPBS Pan Biotech P04-36500
6 Histopaque Sigma 11191
7 Percoll Sigma P1644
8 DMEM PAN Biotech P04-03600
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10 RPMI-1640 PAN Biotech P04-17500

11  Fetal Calf serum PAN Biotech P30-3306

12 Bovine serum Biowest S0250-500

13  L-Glutamine PAA M11004

14  Goat serum PAA B15035

15 Normal Syrian Hamster serum  Jackson 007-000-0001

2.1.3 Chemicals, Enzymes, Substrate & Inhibitor

S/N Consumable Company/Source Unique ID/Catalog #
1 Bovine serum albumin BSA Serva 11926.03
2 Hydrogen peroxide solution Sigma-Aldrich 216763-100mL
3 Nitrate Reductase from Aspergillus Sigma-Aldrich N7265-2UN
niger
4 DNase | Zymo Research E1010
5 Citric acid Sigma-Aldrich C2404
6 Natriumcitrate dihydrate VWR 1.06448.0500.8
7 Sulfanilamide Sigma-Aldrich $9251-100G
8 Sulphuric acid 25% Merck 1.00716.1000
9 N-(1-Naphthyl) ethylenediamine Aldrich N9125-10G
dihydrochloride
10 | Ortho-phosphoric acid (H3POa) Merck 1.00573.1000
11  Natriumnitrite 0.1 mol/L (0.1N) Fluka 70776 (N12)
12  Ethylene-diamine-tetra acetic acid Roth 8043.3
EDTA
13  Ethanol 410 (100%) Walter CMP GmbH UN1170
14  Ethanol 200 proof (absolute) 500 mL = VWR E7023
15  Erythrocyte Lysis Buffer 10X Biolegend 420302
16 | SuperScript Il Reverse Transcriptase Invitrogen by 18064-014
Thermo Fisher
Scientific
17 O phenylenediamine dihydrochloride = Sigma-Aldrich P-1526
(OPD)
18  Proteinase Inhibitor Roche 04 693 159 001
19 Liberase™ Research Grade Roche 05 401 119 001
20 Paraformaldehyde (PFA)) Carl Roth 0335.3
21  RNase Zap Invitrogen by AM9780, AM9782

Thermo Fisher
Scientific



21
23
24
25
26
27
28
29

2.1.4 Cytokine, Antibodies and Kits

DNA-Exitus Plus

Dimethyl Sulfoxide (DMSO)

Tri-reagent
Tween 20
Tween 80

Triton x-100

Paraffin
Xylene

2.1.4.1 Murine Antibodies from Biolegend

S/N Target

1 T cell

2 T cell

3 T cell

4 T cell, B Cell
5 B cell

6 Macrophage
7 Neutrophil
8 Innate cell
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Antibody
Conjugate
a-CD3-
APC-Cy7
a-CD4-
PECy7

a-CD8a-
PerCp
a-CD279
(PD-1) FITC
o -CD19
brilliant
violet

o -CD68
Pacific Blue
a-Ly-6G
APC
a-CD274
(PD-L1) PE

Clone

17A2

GK1.5

53-6.7

29F.1A12

6D5

FA-11

1A8

10F.9G2

PanReac Applichem

Sigma-Aldrich

Zymo Research

Sigma-Aldrich

Sigma-Aldrich

Carl Roth

VWR

Specie & Excitation

Isotype | laser

Rat Red 633

IgG2b, k nm

Rat Blue 488

IgG2b, k  nm,
Green
532 nm,
or Yellow
Green
561nm

Rat Blue 488

IgG2a, k nm

Rat Blue 488

IgG2a, k nm

Rat Violet

IgG2a, k 405 nm

Rat Violet

IgG2a 405 nm

Rat Red 633

lgG2a, k nm

Rat Blue 488

lgG2b, k  nm,
Green
532 nm,
or Yellow
Green
561nm

A7089, 0500
D2650-100ML
R2050-1-200
P9416-100ML
P8074-100ML
3051.3

28.975.360

Catalogue Dilution
No.

100222 1:200
100422 1:200
100732 1:200
135214 1:100
115546 1:200
137028 1:400
127614 1:400
124308 1:200



9 Isotype IgG2a-
Control PerCP
IgG2a

10 | Isotype IgG2a-PE
Control
lgG2b

2.1.4.2 Other Antibodies

S/N Antibody

1 Primary antibody
TIB 120 MHC Il
unlabeled

2 Secondary
antibody
Peroxidase Goat
anti-Rat igG

Company
Jackson

Jackson

2.1.4.3 Cytokine & Kits
S/N Cytokine and Kits

Murine recombinant IFN-y

Murine recombinant TNF-a
Cytotocity Detection Kit (LDH)

HS RNA Kit (15 nt), 500, 4C

NGS Fragment (1 — 6000bp) 500, 4C
Qubit 1X dsDNA High Sensitivity Assay
kit

Direct-zol RNA MiniPrep

RNA Clean & Concentrator-5

9 Truseq Stranded RNA CD Indexes

A U A WN R

00 N

10  Truseq Stranded Total RNA Library
Prep Globin

11  Nextseq 500/550 High Output Kit v2
(150 Cycles)

12  Nextseq 500/550 High Output Kit v2.5
(150 Cycles)

13  Maxima first strand cDNA synthesis kit
with dsDNase

14 | LightCycler 480 SYBR Green 1 Master

Rat
IgG2a, k

Blue 488
nm

Rat
IgG2a, k

Blue 488
nm

Catalogue No.

100222

112-035-167

Company/Source
Peprotech
Peprotech

Roche

Agilent Technologies
Agilent Technologies
ThermoFisher
Scientific

Zymo Research
Zymo Research
Illumina

Illumina

Illumina

Illumina

Thermo Scientific

Roche

400530

400636

Dilution
1:500

1:2000

Catalog #
315-05
315-01A
11644793001
5191-6574
5191-6576
Q33230

R2052
R1013
20019792
20020612
FC-404-2002
20024907

K1672

04887352001

1:200

1:200



15 LEGENDplexTM Mouse Inflammation Biolegend 740150
Panel (13-Plex)

2.1.5 Reagents for staining

S/N Reagents Company/Source Unique ID/Catalog #
1 TB staining kit BD 212522

2 Mayer’s Haematoxylin Roth T865.2

3 Eosin Roth 7089.2

4 Ziehl-Neelsen carbol-fuchsin Roth A130.1

5 Loefflers Methylene Blue Roth AE64.3

6 Masson Goldner Trichrom Morphisto 12043.00500

7 Entellan VWR 1079610500

2.1.6 Working solutions for histology staining
S/N Buffer Composition
1 Ethanol 100% Ethanol
96% v/v Ethanol
70% v/v Ethanol

HCI-Alcohol 0.5% HCl in 70% v/v Ethanol
Eosin 1:10 in Aqua dest
1 drop Acetic acid
4 Ziehl-Neelsen carbol-fuchsin 1 tablets protease inhibitor, 0.5% Tween80
in 25 mL ddH,0
5 Loefflers Methylene Blue 1:10 in Aqua dest.
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2.1.7 Primers

Primers for human genes from Merck

S/N Forward Forward Primer Sequence Reverse Reverse Primer Sequence

1 SPN_F GGCTTCTCAGCCCTGGATTT SPN_R CCATGTGCCCTGGGAAAGAT
2 CD19_F TGTGTTCCCTTGTGGGCATT CD19_R GGTTTCCATAAGACGGGGCA
3 TNFRSF13B_F GTCAAAGTCCGGCCAAGTCT | TNFRSF13B_R CACTGTCTGGGATGTGTGGG
4 CR2_F ATCTCCTCCTGTGACTCGCT CR2_R GCTGGCTGGGTTGTATGGAT
5 COL1A1_F CCCAGCCACCTCAAGAGAAG COL1A1_R AAGCCGAATTCCTGGTCTGG
6 COL5A3_F ATTTCTGCCCCTGTGGGATG COL5A3_R GGCCCAGTTCAAACCCAAAC
7 AGRN_F ATACCTTGGCCTTTGACGGG AGRN_R CAGCTCTGGCTTGGTGACG

8 TCF4_F CCGATGACGAGGGTGATGAG | TCF4_R GTCTCCCATTCCAGGGTGTG

9 SCRIB_F AGTCACCGGACTTTGCTGAG  SCRIB_R GCACAGTGCCACATCTTCAG
10 SLFN11_F TTCCTGAAGCCGAATGGTCC SLFN11_R AGGTGTTGTTTTGCCCTGGA
11 AHR_F CCACTTCAGCCACCATCCAT AHR_R AAGCAGGCGTGCATTAGACT
12 LRRC2_F AATAACCTGACCGACCTGCC LRRC2_R TGGTCCCCACTGACGACTAA
13 RAP1B_F TGGATACTGCAGGAACGGAG | RAP1B R ATGACTTTTTGCGAGCCTTCC
14 PODNL1_F AGCAAGCTGCATAGCCTTGA | PODNL1_R CTGGGGACAGTGTGGCTAAC
15 BCAM_F CAGCCCGGAGTATACGCTTT BCAM_R AAGACAGCAACGACGAGGAG
16 MPO_F TGCTGCCCTTTGACAACCTG MPO_R TGCTCCCGAAGTAAGAGGGT
17 GAPDH_F GGAGCGAGATCCCTCCAAAAT | GAPDH_R GGCTGTTGTCATACTTCTCATGG

2.2.0 Buffer & Media Composition
2.2.1 Buffer Composition

S/N Buffer Composition
1 Block buffer 10% v/v Goat serum

0.01% v/v Tween 20

in DPBS
2 Cell lysis buffer 0.5% v/v Triton X-100 in DPBS
3 Dilution buffer 0.05% v/v Tween 80 in DPBS
4 0.1M Citric acid pH 5.09 4,8g Citric acid in 250 mL H,0

14,7g Natrium citrate in 500 mL H,0

205 mL Citric acid + 295 mL Natrium Citrate
Mix gently
Adjust to pH 5



5 MHC Il Peroxidase Substrate buffer

6 Nitric Oxide Assay Buffer A

7 Nitric Oxide Assay Buffer B

8 Flow cytometry buffer for FC-block

9 Flow cytometry buffer for cell
staining

10  Lung perfusion buffer

11  Lung & liver lysis buffer

12  Spleen lysis buffer

13  Organ digestion buffer

14 | WTA buffer

2.2.2 Medium Composition

1 mg O-phenylenediamine dihydrochloride per
mL 0.1 M Citric acid pH 5.09

+1p.L H,0,

1% Sulphanilamide

1g Sulfanilamide in 100 mL Aqua dest.

0.1% N-(1-Napthyl) ethylenediamine
dihydrochloride in 5% Orthophosphoric acid
(H3POa)

5.82 mL H3POq4

+ 9.2 mL distilled H,0

+0.1g N-(1-Napthyl) ethylenediamine
dihydrochloride

1% v/v CD16/32, 1% Rat serum and 1% Syrian
hamster serum in PBS

1% v/v FCS, 0.1 % NaN3 and 2mM EDTA in PBS

0.2% EDTA in PBS

2 tablets protease inhibitor, 0.05% Tween80 in 50
mL ddH,0

1 tablets protease inhibitor, 0.5% Tween80 in 25
mL ddH,0

50 pg/mL Liberase

100 pg/mL DNase |

in RPMI 1640 (without Calcium)

1% w/v BSA, 0.05% Tween80 in ddH-0

S/N Media Composition

1 7H9 Broth 4.8g 7H9 broth
0.05% Tween80
10% OADC
in1LH0

2 7H11 Agar 19g 7H11 agar

5 mL glycerol

1g Asparagine

10 % Bovine serum
in1LH0
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3 Murine BMDM DMEM 10% FCS

Complete Medium 1% L-Glutamine
1% Herpes
4 Murine BMDM DMEM 10% FCS
differentiation Medium 1% L-Glutamine
1% Herpes
10% LCSN
5% Horse Serum
5 Murine BMDM DMEM 20% FCS in Murine BMDM DMEM Complete Medium
Freezing Medium 20% DMSO in Murine BMDM DMEM Complete Medium

6 Murine BMDM Medium for 90% Murine BMDM DMEM Complete Medium

Infection Experiment 10% Murine BMDM DMEM differentiation Medium
7 Human PBMC & PMN 10% FCS
Medium 1% L-Glutamine

In RPMI medium

2.3 Thermal Cycle Programs
S/N Thermal Cycle Programs Cycle Description

1 RNA Denature Preheat lid option 100 °C
Cycles
- 68 °Cfor 5 minutes
- Holdat4°C
2 Elu-2-Frag-Prime Preheat lid option 100 °C
Cycles
- 94 °Cfor 8 minutes
- Holdat4°C
3 Synthesize 1st Strand Preheat lid option 100 °C
Cycles
- 25°Cfor 10 minutes
- 42 °Cfor 15 minutes
- 70 °Cfor 15 minutes
- Holdat4°C
4 Second Strand Marking Preheat lid option 30 °C
Preheat the thermal cycler to 16 °C
Incubate
- 16 °Cfor 1 hour
5 ATAIL70 Preheat lid option 100 °C



6 Library PCR

7 DNase Maxi
RT-Maxima

9 gPCR

2.4 Equipment
S/N Devices & Equipment

1 Magnetic Stand-96

2 Film Sealing Roller for
PCR Plate

Ear punch

Balance

Balance

O AW

Centrifuges

40

Cycles
- 37 °Cfor 30 minutes
- 70 °Cfor 5 minutes
- Holdat4°C
Preheat lid option 100 °C
98 °C for 30 seconds
15 Cycles of
- 98 °Cfor 10 seconds
- 60 °Cfor 30 seconds
- 72 °Cfor 30 seconds
70 °C for 5 minutes
Hold at 4 °C
- 37 °Cfor 2 minutes
- 25°Cfor 10 minutes
- 50 °Cfor 10 minutes
- 85 °Cfor 5 minutes
Hold at 4 °C
Pre-incubation
95 °C for 10 minutes
Amplification 45 Cycles of
- 95 °Cfor 10 seconds
- 63 °Cfor 10 seconds
- 72 °Cfor 10 seconds
72 °C for 1 seconds
Melting curve
- 95 °Cfor 10 seconds
- 65 °Cfor 10 seconds
- 97 °C continuous

Company/Source Unique ID

Life Technologies AM10027
BIO-RAD MSR0001

Satorius U 5000 D
UniBioCAP AP224W Shimadzu

Thermo Scientific

Heraeus Multifuge 3SR+
Heraeus Pico 17



7 Vortexer
8 Microplate shaker
9 NanoQuant plate and
reader
10 Plate Reader
11  Thermal Cycler
12  Spectrophotometer
13  Safety workbenches
14  Incubators
15  Fastprep
16  Fluorometer
17  Light Cycler 480 1l
18 | Microtome
19  Microscope
20  Fragment Analyzer
21  Nextseq 500
2.5 Mice
S/N Murine strain
1 C57BI/6)
2 C3HeB/Fel
3 B6.C3Hsstl
4 B6.1-9.3.19.8.18

2.6 Software
S/N Software

00N O U B WN R

Ms Word

Ms Excel
GraphPad Prism
Biorender

Fragment Analyzer control software
PROSize Fragment Analysis software

Genb5
R
R-studio

Scientific Industries

Neuation Technologies

Tecan

Bio Tek

BioLab

Jenway

Hera Safe

MSC advantage
Hera Cell

MP Biomedicals
Invitrogen by Thermo
Fisher Scientific
Roche

Leica Biosystems
Olympia

Advanced Analytical
Technologies, Inc.
Illumina

Genotype
Wild type
Wild type
Congenic
Congenic

Vortex-Genie 2
iSHAK BL UNO VT
NanoQuant infinite M200 PRO

Synergy Cytation
SensoQuest Labcycler
Jenway 6320D
Thermo Scientific

Thermo Scientific
Fastprep-24™5G

Qubit 3.0

Qubit Flex

LightCycler 480 SN 25038
Leica RM 2155

SN #3418

NB502145
NS500547

Description & Version
Microsoft Office 16
Microsoft Office 16
GrapPad Prism 9.4.0

FA version 1.2.0.11
PROSize 3.03.0.1.6
Gen5v3.10

R-4.2.1
RStudio-2022.07.1



9 Magellan Magellan 7.2

10 i-Control i-control 1.12

11  Fastqillumine filter Filter_illumina_index-1.0.4

12  FastQC fastqc_v0.11.9

13  Cutadapt cutadapt 2.8

14 Samtools samtools-1.10

15 Bowtie bowtie2-2.3.5.1

16  Tophat tophat-2.1.1

17 Gencode Human Gencode 41
Mouse Gencode M30

18 Prinseqglite Prinseq-lite-0.20.4

19 KEGG Kyoto encyclopaedia of gene and genome

2.7 Reference Genomes

S/N Reference Genome Description & Version
1 Murine mm10
2 Human hg38
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3.0 Methods
The methods applied in this study are specific for each sample type and the aim of the

analysis. This study was designed to cover both cellular and whole tissue transcriptome.
Bacterial burden was estimated by CFU assay, MHC Il expression was tested by established
peroxidase ELISA; staining of murine lungs to visualize cell infiltrates and Mtb was performed.
Murine lung immune cell phenotype was characterized by staining for surface markers and
measured by flow cytometry. Total RNA seq after rRNA depletion was carried out for both

human and murine lung samples.

3.1.1 Mtb culture

One week prior to each infection experiment, one or two 1 mL frozen stock aliquot(s) of Mtb
H37Rv or M. bovis BCG-DsRed was/were thawed and cultured in 8-9 ml complete 7H9 broth.
Additionally, 50 pg/mL Hygromycin was added to Mtb-DsRed culture. After incubation at 37
°C for 3 days, 1-2 ml of culture was passaged in 8-9 ml fresh medium, then cultured further
for 3 days. Bacteria were harvested by centrifugation at 3500 xg 4 °C for 10 minutes. Pellet
was resuspended in 1 ml DPBS and then filled up to 10ml with DPBS. After a second
centrifugation wash-step (3500 xg 4 °C for 10 minutes), pellet was resuspended in 1 ml DPBS,
followed by five times passage through a 27-gauge needle and 1ml syringe to achieve a single
cell suspension. Single cell bacteria suspension was diluted 1:10 in 4% paraformaldehyde and
the OD was determined at A=580nm. For human PBMC and PMN infection, bacteria were
opsonized. From the remaining bacterial suspension, 500 puL were mixed with 500 L fresh

human plasma (reserved during PBMC and PMN isolation) for opsonization, 30 minutes at RT.

3.1.2 Murine in vitro experiment

3.1.2.1 Preparation of murine bone marrow derived macrophages
To investigate strain specific differences in host response at the cellular level, bone marrow

derived macrophages (BMDM) were prepared from 8 — 12 weeks old female C57BL/6J,
C3HeB/FeJ and B6.C3Hsstl mice. Three mice per strain were euthanized using CO,. Mice
were disinfected by dipping in 70% pure ethanol and dissected with the aid of forceps and
scissors. From both hind legs, the femurs were cut above the knee and below the hip and

collected in DMEM medium. After removing flesh and cartilage, bone marrow was collected



by flushing with DMEM medium with the aid of cannula. Cells were centrifuged at 485g 4 °C
for 5 minutes. Pellet was resuspended in BMDM differentiation medium, and cells were
counted. Cells were cultivated at a density of 5 x 10° per petri dish in 10 mL BMDM
differentiation medium at 37 °C, 7% CO; for 5 days. Additional 5 mL medium was added to
the cells and cultured further for 2days. On day 7, differentiated BMDM were harvested using
cell scrapper. After harvest, the cells were centrifuged, resuspended in complete DMEM
medium, and counted. Aliquots of 1 x 10’ BMDM in 1 mL BMDM freeze medium were
prepared and preserved as frozen stocks in liquid Nitrogen. For each BMDM in-vitro
experiment, thawed cells were washed twice and counted before seeding at a density of 1 x

10° per well in a 96-well plate flat bottom.

3.1.2.2 BMDM MHC Il expression and Nitric oxide secretion
To determine the host cell specific response to inflammatory stimuli, 1 x 10° BMDM from B6,

C3HeB/FeJ and congenic B6.C3Hsst1 mice were untreated, treated overnight with 500 IFN-y
only, 20ng/mL TNF-a only, 1ug/mL LPS only, 500 IFN-y and 20ng/mL TNF-a, or 500 IFN-a and
1pg/mL LPS and incubated overnight at 37 °C. The cell supernatants were transferred to 96

well plate and frozen at -20 C for Nitric oxide (NO) measurement.

For MHC Il expression assay, cells were fixed with 150 pL 4% paraformaldehyde for 30 — 45
min at RT. Fixed cells were then incubated overnight in 200 uL block buffer (10% Goat serum
and 0.01% Tween 20 in PBS) at 4 °C. The buffer was then exchanged with 200 uL unlabelled
primary antibody (TIB 120 MHC Il 1:500 in block buffer) and incubated for about 30 min -1 h
at RT, then washed with PBS. After washing, 200 uL secondary antibody (Goat anti-rat
peroxidase diluted 1:2000 in block buffer) was added per well and incubated for 30 min — 1h
at RT, then washed with PBS. Afterwards, 100 puL of MHC Il peroxidase substrate buffer was
added per well, the reaction was stopped with 50 uL/ well 25% Sulphuric acid. The optical
density (OD 490 nm) was determined on the Tecan reader, measurement was taken using the

Magellan 7.0 software.

Nitric oxide test buffer A (1% Sulphanilamide) and buffer B (0.1% N-(1-Napthyl)
ethylenediamine dihydrochloride in 5% Orthophosphoric acid) were prepared as previously
described®>. For buffer A, 1g Sulphanilamide was weighed and transferred to a 200 mL bottle

with a magnetic stirrer. To dissolve solute thoroughly, first 50 mL distilled water was added
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to the bottle containing 1g sulphanilamide and stirred at 500 mot, 100 °C for 1 - 2h, then filled
up to 100 mL. For buffer B, 5.82mL of H3PO4 was added to 94.2 mL distilled water (5%
orthophosphoric acid), then 50 mL of the diluted acid was added to 0.1g N-(naphthyl)
ethylene dihydrochloride, thoroughly mixed at 500 mot, 100 °C for 1 — 2h, then filled up to
100 mL with the remaining diluted acid. Buffer B wrapped with aluminium foil and kept in
dark. For each reaction, 25 uL of buffer A, 25 uL of buffer B and 50 pL of sample or standard
was added per well and incubated at RT for 15 min. Serial dilutions of Sodium Nitrite (NaNO>
in PBS) was done to generate standard curve. With PBS as blank for standard and cell medium
as blank for cell supernatant, OD 540 nm was measured on the Tecan reader Megallan 7.0.

and the amount of NO in each sample was calculated on Excel sheet using the Trend formula.

3.1.2.3 BMDM CFU and LDH assay
To determine Mtb growth rate in the cells, and Mtb induced necrotic cell death, bacterial

colony forming units (CFU) and lactate dehydrogenase (LDH) enzyme activity assays were
performed. Frozen stocks of BMDM from C57BL/6J mice (B6), C3HeB/FeJ (C3H) and congenic
B6.C3Hsst1 mice were thawed, washed, and seeded at cell density 1 x 10° per well in a 96-
well plate flat bottom. Cells were either untreated (IFN-¥7°); pre-treated but not maintained
(IFN-¥*); not pre-treated but maintained (IFN-¥7*); or pre-treated and maintained (IFN-y*/*)
in 500 units/mL IFN-y. Cells were infected with 1 x 10°> Mtb (MOI=1) and incubated 37 °C 7.5
% CO>. Culture mediums in cells for 1d, 2d and 3d time points culture medium was exchanged
with fresh medium with or without 500 units/mL IFN-y at 2h post infection. At each time
point, cell supernatants were collected and stored at -80 °C for LDH assay. For CFU assay, cells
were lysed, plated on agar, incubated at 37 °C for 3 weeks and bacteria colonies were

counted.

The LDH is an enzyme located in the cell cytoplasm which when found in cell culture
supernatant can be measured to estimate the extent of necrotic cell death. Necrosis leads to
damage of cell plasma membrane, therefore contents of the intracellular milieu leaks into the
extracellular environment. The LDH assay is an enzyme substrate reaction. The enzyme was
provided with the substrate, lactate, and a tetrazolium salt. This leads to catalytic oxidation
of lactate to pyruvate and production of nicotinamide adenine dinucleotide (NADH). The

NADH converts the tetrazolium salt to a coloured product whose absorbance can be



measured. Lysing the total cell to induce release of relatively all LDH enzyme gives the 100%
LDH activity, hence mathematically the percentage LDH activity in the cell can be calculated
with relative to the 100% LDH activity as previously reported °® (see % LDH activity calculation
below). The LDH assay was performed with the LDH kit from Roche. In each well of a flat
bottom 96-well plate, 50 pL of the LDH buffer was mixed with 50 pL of samples, 0.5% Triton
X-100 lysed cells, for 100% LDH activity values, or cell medium, for 0% or blank values, then
incubated at RT for 30 min. The OD 490 nm was measured on the BioTek reader with the Gen5

software.

0D test values — OD blank values ) 00
*

%LDH Activit =(
Y% ctivity 0D 100% values — OD blank values

3.2 Human leukocyte in vitro experiment
The human blood is a fluid tissue that is composed of many cells. The white-blood cells

(leukocytes) are uniquely generated from the bone marrow to meet both homeostatic and

immune defence need of the human body.

PBMC and PMN perform dual role of fighting against pathogen and removing dead cells after
pathogen control is complete. Therefore, these two largely defined cell populations are

attractive tools for in vitro studies including diagnostics and therapeutic studies.

3.2.1 PBMC & PMN isolation

Peripheral blood mononuclear cells (PBMC) and Neutrophils also known as
polymorphonuclear (PMN) cells were isolated from 60 mL heparinized human peripheral
blood derived from anonymous donors. 30 mL blood was slowly overlaid on 20 mL Histopaque
by pipetting and centrifuged at 800 xg for 20 minutes at room temperature (RT), acceleration
7, break 1. After separation, 5 mL serum was reserved for opsonization of bacteria. The first
phase or ring of PBMC was pipetted into new tube and filled up to 50 mL with RPMI, followed
by washing and enumeration of the cell numbers. The second phase above the erythrocyte
layer was pipetted into new tube and filled up to 50 mL with RPMI medium and centrifuged
at 485 xg at RT for 5 minutes. Supernatant was carefully discarded, and the cell pellet was
resuspended in 2 mL RPMI medium. Percoll 100% was prepared by mixing 45 mL Percoll and

5 mL 10X DPBS. Percoll density gradient 85%, 80%, 75%, 70% and 65% was prepared by mixing
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8.5mL, 8 mL, 7.5 mL, 7 mL, and 6.5 mL 100% Percoll with 1.5 mL, 2 mL, 2.5 mL, 3 mL, and 3.5
mL DPBS respectively. To further purify the PMN, Percoll density gradient was prepared by
slowly pipetting 2 mL 85%, 80%, 75%, 70% and 65% Percoll solutions on top of each other in
a 15 mL Falcon tube. The 2 mL cell suspension was then pipetted on the 65% Percoll solution
and centrifugation was done at 800 g for 20 minutes at RT, acceleration 7, break 1. PMN that
settled between the 75% and 70% layer were isolated into a fresh 50 mL tube which was filled
up with RPMI and washed by centrifugation (485 xg at RT for 5 minutes). Supernatant was
discarded, and the cell pellet was resuspended in 1ml complete RPMI medium for PMN. Cell

numbers were determined using 1:100 dilution in a Neubauer counting chamber.

3.2.2 PBMC & PMN infection, RNA extraction and Microscopy
For RNA extraction, 8 — 10 x 10 PBMC and PMN were seeded per well in a 24 well plate with

or without Mtb infection, MOI = 3. Uninfected and Mtb infected cells were incubated
overnight at 5% CO». Cells were centrifuged at 485g S5minutes 4 °C. After removing the
supernatant, cell pellet was resuspended in 500 pL Trizol and samples were frozen at -80 °C
until RNA extraction. For Microscopy, 3 x 10® PBMC and PMN were seeded in a culture
chamber slide, also infected at MOI of 3. Uninfected and Mtb infected cells were incubated

overnight at 5% CO.. Cells were fixed with 4% PFA.

3.2.3 PBMC & PMN Acid fast and haematoxylin combined staining

This combined acid fast and haematoxylin staining helps to visualize the acid fast

mycobacterial and cell nucleus.

PFA were removed by pipetting. Fixed cells were left to air dry then rinsed with water. Cells
were stained for 4 min with TB Carbolfuchsin and rinsed gently under running water. After
rinsing, the samples were immersed in 2 — 3 cuvettes of TB decolorizer to remove excess
Carbolfuchsin dye. Samples were then rinsed shortly in water and stained with Meyer’s
Hematoxylin for 1 min, then rinsed again with water. Samples were dehydrated with 96%

ethanol, 2 x 2min 100% ethanol and immersed in Xylol, then embedded in Entellan.



3.3 Animal experiment
First, we focused on the resistant B6 and the susceptible B6.1-9.3.19.8 to understand the role

of the MHC Il locus 1-9.3.19.8 from susceptible I/St mice in mediating disease pathology. This
was done in collaboration with our colleagues in Moscow, Russia, specifically the Laboratory
for Immunogenetics as headed by Prof. Alex Apt. Inbred resistant C57BL/6JCit (B6) and
relatively susceptible B6.1-9.3.19.8/Cit (9.3.19.8) were bred at the Animal Facility in Moscow,
all experimental protocols were approved by the Animal care committee (IACUC protocols #2,
7, 8, 11 approved March 8, 2017). We received RNA samples and processed the samples for

transcriptome analysis.

Secondly, we studied the role of the super susceptibility to tuberculosis (sst1) locus in
B6.C3Hsst1 congenic mice in contrast to resistant B6 mice following aerosol infection. This
animal experiment was approved under the license V 242-15929/2021. Inbred resistant
C57BL/6J (B6) and relatively susceptible B6.C3Hsst1 were bred at the Animal Facility in FZB,
all experimental protocols were approved by the Animal care committee. We analysed the
bacterial load in the lung, liver, and spleen, and further characterised the lung pathology and
immune cell phenotype. This animal experiment was divided into two consecutive

experiments with three (3) time points (See appendix 7.2).

3.3.1 Aerosol infection
Inbred resistant C57BL/6J (B6) and relatively susceptible B6.C3Hsst1 were bred at the Animal

Facility in FZB, experimental protocols were approved by the ethics committee. All
precautions and preparation for aerosol infection according to internal standard of the
Research Center Biosafety level 3 was adhered to. 8 — 14 weeks old female C57BL/6 and
B6.C3Hsst1 were infected per aerosol with Mtb H37Rv. Bacterial stock for aerosol infection
was thawed. The Microbiological safety cabinet KC-1 and Inhalation Exposure System (IES,
Glascoll) with Ventri-unit were switched on. The mice were placed individually into the special
designed cage system with holder and metal disc for closing. Thawed bacterial infection stock
was passed 10x through 1 mL syringe 18G Cannula to achieve single bacteria cell suspension.
Calculated volume for 100 CFU infection dose was diluted in 10mL water and injected into the
nebulizer. The aerosol device was set to 900s preheat, 2400s nebulizing time, 2400s cloud
decay time. And 900s decontamination time. At the end of the aerosol cycle, mice were

transferred to the experimental cages with food and water. At day 1 post aerosol infection, 2
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— 3 mice were sacrificed by C0;, mice were dissected and whole lung were homogenized in 1
mL WTA buffer and plated on 7H11 agar, 10 plates per mice 100uL each. Plates were then
incubated for 28 days, and bacterial colonies were counted to estimate the infection dose
delivered to the lungs of the mice. At each experimental time points, 4 to 10 mice per group
were sacrificed for end point read-outs which include mycobacterial load, lung histology,

immune cell phenotype, cytokine, chemokine assay and lung transcriptome.

3.3.2 Scoring
Prior to aerosol infection, the mice ear marked for easy identification, then weighed. After

aerosol infection, infected and uninfected mice were scored (scale of 1 — 5) once weekly
according to the four criteria on Table 1 below. An average score from each criterion was
calculated and mice with average score below 3 were to be sacrificed and removed from the

experiment in accordance with animal protection act.

Table 1: Mice scoring

Score = Activity Body weight Appearance Behaviour

1 Very active  Unaffected or increased  Shiny and smooth skin Normal
or fur

2 Active <10% reduction Minor skin or fur Minor deviation
defect

3 Less active = 10 — 20% reduction Dull fur, irregular Restriction in
body openings, and movement,
increased muscle unusual
tone behaviour

4 Minortono 20 -30 % reduction Unkempt fur, Isolated,

activity abnormal muscle lethargic, and

tone, shivering and/or aggressive
abnormal posture

5 Not active | >30% reduction Cramps, paralysis, Auto aggression

cold and shivering

and pain during

handling



3.3.3 Lung histology

Mice were sacrificed by CO,, disinfected, and dissected. To reduce the frequency of blood
cells in the lung, perfusion was done. The lung was excised and fixed in 4% PFA 4 °C overnight,
then transferred into PBS and stored at 4 °C. To visualize the lung lesions and the bacteria in
the lungs, paraffin embedded lung sections were processed and stained (Haematoxylin, Eosin

(HE), Ziehl-Neelsen (ZN) and Masson Goldner (MG) staining procedures).

3.3.3.1 Paraffin embedding and sectioning
Fixed lungs from uninfected and infected mice were dehydrated in increasing ethanol

concentrations (Autotechnikon Microm, STP 120, Thermo Fisher). Then incubated in Xylene
and embedded in 65 °C heated paraffin casting station (Leica EG1140C), see table 2 below.
The paraffin embedded blocks were sectioned (Leica RM 2155) and expanded in a 37 °C
paraffin stretch bath (Leica 1052). Samples were picked out of the water bath carefully with
slides (Superfrost® microscope slide). Two consecutive sections of the lung lobes of each
mouse were mounted on each slide. The samples were dried overnight at 37 °C. Prior to each
staining procedure, paraffin was removed from each sample immersion in Xylene and
decreasing concentrations of ethanol and rinsed in distilled water see table 3. Processed lung
samples were arranged on a staining rack. Stain reagents were prepared and filled into glass
cuvettes. After each staining procedure, samples were dehydrated. Dehydrated samples were
immersed in Xylene. Samples were then embedded in Entellan and covered with glass slips

carefully without air bubbles on samples.

Table 2: Workflow for paraffin embedding

Step Time (h)
4% PFA 1

70% Ethanol 1

80% Ethanol 1

90% Ethanol 1

96% Ethanol 1

100% Ethanol 3x1
Xylene 2x1
Paraffin 65 °C 2x1.5
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Table 3: Workflow for paraffin removal

Step Time
Xylene 2 x 10 min
100% Ethanol 2 x 2 min
96% Ethanol 2 x2 min
70% Ethanol 2 min
Distilled H,0 2 min

3.3.3.2 Haematoxylin Eosin staining

The HE staining procedure helps to identify cell types and tissue structure. Cell nucleus stain
retain the blue colour of the primary dye while the cytoplasm and other tissue structures are

counter stained with the pink Eosin dye.

Samples were immersed in Meyer’s Haematoxylin for 10 min and rinsed under running water
until ridded of excess dye, then counter stained in Eosin for 1 min and rinsed shortly in distilled
water. Stained samples were then dehydrated in increasing series of ethanol (70%, 96% and
100%), 2 min each.

3.3.3.3 Ziehl Neelsen staining

This differential staining procedure helps to visualize mycobacteria which are stained red by

the Carbolfuchsin dye.

Samples were immersed three times in Carbolfuchsin and warmed gently over flame, then
allowed to cool for about 5 min. Samples were then immersed in water and then 1 min in
Methylene blue. Samples were then rinsed by immersing in 2 times in water, then dehydrated
in 96% and 2 x 100% ethanol, 2 min each.

3.3.3.4 Masson Goldner staining

The Masson Goldner staining procedure helps to visualize collagen fibres and thus provide a

clear contrast for the granulomatous lung lesion.



Samples were immersed in haematoxylin (Wiegert A) for 15 min, then rinsed under running
water for about 8 min. Afterwards the samples were stained with Acid fuchsin-Ponceau-
Azophloxin for 4min, then 1% Acetic acid for 30 sec. The samples were then stained with
Phosphomolybdic acid orange G for 30 min, and immersed again in 1% Acetic acid for 30 sec.
The samples were then stained with the light green-Goldner Ill dye for 6 min and immersed
in 1% Acetic acid for 2min then rinsed under running water for 2min. Dehydration was done
once in 96% ethanol and 2x 100% ethanol and immersed in Xylene, followed by embedding

in Entellan.

3.3.4 Lung immune cell phenotype

Mice were euthanized by CO; inhalation. Euthanized mice were dipped briefly in 70% ethanol
to disinfect prior to dissection. Lung perfusion was done to reduce circulating blood cells.
Perfused lungs were minced and transferred into 50mL tubes containing 2mL organ digestion
buffer. Enzymatic digestion was done at 37 °C 1h 30min in water bath with shaking. Cells were
pressed gently through 70 uM cell strainer and the strainer were rinsed with 20 mL cold FACS
buffer. Afterwards, cells were centrifuged at 485g, 4 °C for Sminutes and supernatants were
discarded, and the cell pellets were resuspended in 5 mL 1X erythrocyte lysis buffer and
incubated for 1 min. Lysis was stopped with 20 mL FACS buffer and cell suspension was again
filtered through 70 uM cell strainer. Followed by centrifugation at 485g, 4 °C for 5minutes.
Supernatants were discarded and cell pellets were resuspended in 1 mL FACS buffer. Cells
were counted on the ViCell automated cell counter, and 1 x 10° cell in 150uL FACS buffer were
pipetted into 96-well plate U-bottom. Cells were then centrifuged at 485 xg, 4 °C for 5minutes,
and supernatants were discarded. Cell pellets were resuspended in 100 puL Fc-block solution

and incubated for 10 minutes at RT followed by centrifugation at 485g, 4 °C for 5 minutes.

52



Supernatants were discarded, and cell pellets were suspended in antibody solution.
Unstained cells were resuspended in FACS buffer. Incubation was done in the dark at RT for
15minutes. Cells were then centrifuged at 485 xg, 4 °C for 5minutes, supernatants discarded,
and cell pellet resuspended in 4% paraformaldehyde, incubated for 15 min at RT and again
washed by centrifugation at 485 xg, 4 °C for 5 minutes. Supernatant were discarded, and cell

pellet were resuspended in 180 uL PBS.

Samples were wrapped in aluminum foil and kept in dark until analysis on FACS Canto flow

cytometer.

3.3.5 Cytokine Assay

Cytokine concentrations were measured using the Legendplex murine inflammation panel kit.
The assay was performed according to the manufacturer’s kit manual. Murine lung
homogenates were transferred into spin-X tubes and centrifuged 1500g 4 °C 5min. Tissue,
debris, and cell-free supernatants were stored transferred into sterile 96-well plate. 25 pL of
assay buffer, pre-mixed beads (having different sizes and granularity specific for each
cytokine) and either prepared standards or samples were mixed and incubated with shaking
for 2 hours at RT. Beads were pelleted by centrifugation and supernatants were discarded.
After washing, pellets were resuspended in 25 plL detection antibody solution and incubated
with shaking for 1 hour followed by addition of 25 pL SA-PE and incubation for 30 minutes
with shaking. Centrifugation and washing steps were repeated and pellets were resuspended
in wash buffer. Data acquisition was done on the MACSQuant 10 flow cytometer, and the FCS

files were analyzed online with the Legendplex software.



3.4 RNA extraction and library preparation

To analyse the host transcriptome by RNA-seq, RNA was extracted from host cells and lung
samples (see table 4). Minced lungs in Trizol were processed with FASTprep and RNA samples
were extracted using the Zymo RNA MiniPrep kit. RNA samples were quantified on TECAN
reader by measuring the OD ratio at wavelength ratio 260 nm to 280 nm using the iControl
software. Fragment analysis of the RNA samples was done using DNF-472 High Sensitivity RNA
Analysis Kit, 15 nt. With starting concentration of 100ng/uL DNase treated (RNA clean and
concentrator™ -5, Zymo Research) total RNA were prepared for sequencing using the
TruSeq® Stranded Total RNA Library prep globin kit with Ribo-zero. RNA and DNA library
fragments were measured using the Advanced Analytical Fragment Analyzer and analysed
with the PROSize software. Quantification of the DNA library was done on the Quibit device
with the Qubit 1X dsDNA High Sensitivity Assay kit. Fragment analysis of library for sequencing
was done using the DNF-473 Standard Sensitivity Analysis Kit. Library was diluted to 10 nM
each, normalized, denatured, and pooled for sequencing. Final concentration of pooled
library was about 1.3 — 1.8pM with 8 — 12 samples per run. Sequencing was done on lllumina
Nextseq® instrument with Nextseq® 500/550 High output kit v2, 150 cycles. Pre-processing
and demultiplexing of the data was done on Illumina BaseSpace. See section 3.5 below for

bioinformatic analysis.
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Table 4: Description of RNA samples

Sample types Number of samples/ donor
Human FCT 20,n=10

NON-FCT 12,n=6

NON-TB 12,n=6

In Vitro (human PBMC and 12,n=3

PMN)
Murine B6 versus B6.1-9.3.19.8 45

B6 versus B6.C3Hsst1 84

3.5 Bioinformatic Analysis

After quality filtering and trimming of bad quality nucleotides as well as adapter sequences
using the programs cutadapt and prinseq, reads were mapped with Tophat2 against the
murine reference mm10 or human hg38 as appropriate. HTSeq with the Gencode annotation
M15 was applied to compute the read counts per gene. Differentially expressed genes were
determined with the R package DeSeq2 followed by gene set enrichment analyses with the
online tools InnateDB for KEGG pathways and g:Profiler for gene ontology terms. All protein-
protein interaction networks were based on connections annotated in the STRING database

with medium confidence scores.

3.6 Quantitative Polymerase Chain Reaction (qPCR)
To validate some of the genes differentially expressed in the RNAseq data, gPCR was done.

Human RNA samples were DNAse treated (Thermal cycling program DNase Maxima) and
transcribed to cDNA (Thermal cycling program RT Maxima). Primers were diluted in nuclease
free water to 100 uM. Serial dilution (100%, 50%, 10%, 1%, 0.5%, and 0.1%, nuclease free
water control 0%) of pooled cDNA samples was prepared to generate standard curve and
calculate the efficiency for each primer. Each sample were then processed with each primer
for gPCR. Primer standard and samples were amplified on the LC480 Thermal cycler (Thermal
cycling program qPCR). See tables 4, 5 and 6 below for reaction mix for DNase treatment,

cDNA synthesis and gPCR.



Table 5: DNase reaction mix

Reagent Volume per sample
10X DsDNase buffer 1puL
dsDNase lul
Template RNA 8 uL

Total volume per well = 10 uL

Table 6: Transcribe RNA to cDNA reaction mix

Reagent Volume per sample
5X Reaction Mix 4 uL

Maxima Enzyme Mix 2 uL

Nuclease free water 6 uL

DNase treated sample 10 uL

(table 4)

Total volume per well = 20 pL

Table 7: gPCR reaction mix

Reagent Volume per sample
Nuclease free water 3.8 uL

Roche Syber green master mix 5 plL

Primer Mix (100 uM) 0.2 uL

Standard or Sample 1uL

Total volume per well =10 pL
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4.0 Results
4.1.0 Study Design

The purpose of this study is to understand human and murine host responses based on
transcriptome changes in response to Mtb infection. The study was designed as shown in Fig
4.1 below. RNA transcripts from excised lung tissue of TB patient with control samples (Clinical
study) were compared to human leukocytes transcripts (in vitro experiment) and transcripts
from Mtb infected lungs of resistant wild type and susceptible congenic mice (in vivo

experiments).

First, host response to Mtb infection was characterized in clinical samples. Excised lung tissue
from 16 TB patients were compared to 6 non-TB samples with universal human reference

RNA (UHR) as control.

Secondly, differences in disease response were characterized in vitro with human and murine
cells. Human PMN and PBMCs were cultured with or without Mtb and the transcriptome were
analysed. Murine BMDM were cultured with or without co-stimulatory molecules and
assayed to identify specific differences in MHC Il expression, nitric oxide secretion and lactate

dehydrogenase release.

Furthermore, established in vivo mouse models were profiled and sequenced for differences
in disease burden and control of Mtb. B6.1-9.3.19.8 and B6.C3Hsst1 were studied in contrast

to the wild type B6 mice.
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Fig. 4.1: Clinical and experimental TB studies. Host gene response to Mtb infection was analysed in
vitro and ex vivo. (1) Study design, RNA from wall and parenchyma of TB and control non-TB human
samples, human leukocytes from peripheral blood, murine bone marrow derived macrophages, and
murine lung RNA were studied. (Il) An example of excised lung specimen X-ray (A) CT-Scan (B) and

photograph (C), Pictures Il provided by Vladimir Yeremeev. *Figure 4.1 (l) designed using Biorender.

4.1.1 Human TB: Differentially expressed genes in human samples

In human TB, the pathogen is contained within the lung in a structure called granuloma. The
granuloma is a niche that prevents the bacteria from causing damage to the host. In rare cases
of TB, the area of the lung occupied by the granuloma may have to be surgically removed to
improve patient health®®>7>8, Most studies on the human TB granuloma provide detailed
description of the granuloma architecture but not a comparative analysis of the host lesion
specific transcriptomes. Transcriptional changes within the granuloma offers a complex detail
of gene regulation potentially induced either as defence mechanisms against the bacteria or

potentially pathogenic tissue reaction*!>0,

To study these transcriptional changes, RNA samples extracted from excised lung tissue of 22

patients were sequenced. From each patient’s tissue material, two samples were prepared,
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one from the granuloma “affected area” termed wall and the other one from the “relatively
healthy” surrounding parenchyma tissue (PT). The 16 TB samples were grouped into two
according to the granuloma morphology; 10 were categorized as fibro-cavernous
tuberculoma (FCT), and the other 6 were non-FCT. At the start of TB treatment, all patients
had drug susceptible TB except one patient who had isoniazid resistant TB. All patients were
HIV negative. The control (non-TB) samples were associated healthy tissue samples from 6
cancer patients with varied forms of adenocarcinoma, alveolitis and Hodgkin’s lymphoma.
There were also two samples each from the control non-TB patients, one sample from the

wall and one sample from the parenchyma.

Out of the 44 human tissue RNA samples sequenced, 38 samples have >5000 genes covered
with at least 5 reads mapped to the reference genome (Fig. 4.2). The cluster analysis shows
that the sample do not clearly separate into distinct groups. TB and control samples nearly
form a distinct cluster except for one control sample clustering within the TB samples (Fig.
4.2A). All the TB and non-TB samples from the wall (Fig 4.2A) and the parenchyma (Fig 4.2B)
irregularly cluster around each other giving the impression that the gene expression in all
samples are neither clearly different nor the same (Fig 4.2 C and D). However, the global

comparison of all TB versus non-TB samples revealed a distinguished clustering (Fig. 4.2E).
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Fig. 4.2: Gene coverage and sample clustering analysis of the TB and control samples. Total RNA was

extracted from 44 human TB and non-TB samples, depleted of rRNA and sequenced. Gene coverage



of A. samples from the wall and B. the samples from parenchyma tissue (pt). Multi-dimensional scale
plots with dimension 1 (x-axis) and dimension 2 (y-axis) C. for samples from the wall and D. samples
from the parenchyma tissue (FCT dark green, non-FCT light green and non-TB blue). E. Unique clusters

of the TB (dark green) versus the control non-TB (blue) samples. Total number of samples n=22.

Considering samples from the wall only, TB and non-TB sequences were probed for the top
50 differentially expressed genes. The differentially regulated genes are shown as heatmap in
Fig. 4.3. Genes upregulated in the human TB samples (red) which are down regulated in non-
TB samples (blue) are protein encoding genes that are important for cellular functions
including transcription, assembly of actin cytoskeleton, cell adhesion, differentiation, and
migration. In contrast, the genes downregulated in TB but upregulated in non-TB samples are
genes connected to various transcriptional repressors, tumour suppressor,
neurodegeneration, and cancer pathways (Fig. 4.3). However, two samples seem to slightly
deviate (top arrows Fig. 4.3) and do not entirely show similar expression patterns within the
TB and non-TB samples. This could be due to sample cross-contamination during the library

preparation steps.
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Fig. 4.3: The top 50 significantly differentially expressed genes. Total RNA was extracted from 18
clinical samples and sequenced after rRNA depletion. Good quality reads were mapped to the human
genome and top 50 (p < 0.05) significantly differentially expressed genes were filtered, for
visualization, upregulated genes are in red and downregulated are in blue (Z-score -3 to +3, to the left
are Tuberculosis (TB) samples in green and right are the control non-TB samples (cyan). The gene

names are indicated on the far right of the heatmap.

Genes that were upregulated in TB but downregulated in non-TB samples from wall as shown

in the heatmap in Fig 4.3 are linked to “immune response”, “tissue remodelling” and “cellular

signalling” to contain and resolve TB.

4.1.2 Differentially regulated pathways and network in human TB

Recognizing that most of the genes that were upregulated are in the control non-TB samples,
a network analysis (Fig. 4.4A) was done for the significantly differentially regulated genes with
the control samples only. Then the network was queried with the FCT and Non-FCT data sets
to identify the genes that are differentially expressed in the FCT data set only (dark green),
non-FCT data set only (light green) or in both FCT and non-FCT data sets (blue) in comparison
to the control. The lines connecting the dots (genes) in the network means that the genes

may be functionally linked to the same cellular processes.
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Fig. 4.4: Network interaction and KEGG pathways differentially regulated in human tissue samples.
Gene-gene interaction analysis of non-TB data with genes differentially regulated in A. non-FCT (light
green) and FCT (dark gene) and are also regulated in both data sets (blue) were computed, B. number

of connections for FCT, Non-FCT and both data sets, and C. the pathways identified by KEGG analysis.

The central genes holding the network together are important for each pathway they
regulate. The number of connections in the data sets were counted and are represented in
Fig. 4.4B. The differentially expressed genes in both FCT and non-FCT data set in comparison
to the control are genes connected to dorso-ventral axis formation, notch signalling pathway,
lysine degradation and focal adhesion, and are significantly regulated KEGG pathways (Fig.

4.4C).

Furthermore, network interaction analysis was done for the TB data sets. Within the Non-FCT
data sets, only 2 genes were significantly differentially regulated between the wall and the
parenchyma and no KEGG pathway was identified. These two genes are not yet characterized
nor annotated in gene ontology. However, there is an ID for both genes, they are
ENSG00000275530 and ENSG00000260757. In contrast, within the FCT data set, network
analysis was done for genes differentially regulated between the wall and parenchyma (pt) as

shown in Fig. 4.5 A, with upregulated genes in the wall (red), which are downregulated in the



parenchyma, and downregulated genes in the wall (blue), which are upregulated in the
parenchyma. Enriched pathways as analysed by KEGG for the network in Fig 4.5 A are
represented in Fig. 4.5 B. The four differentially regulated pathways as identified by KEGG
were focal adhesion, B cell receptor signalling pathway, Extracellular matrix (ECM) receptor

interaction and primary immunodeficiency.
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B. KEGG pathways enriched for DEGs
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Fig. 4.5: Network interaction and KEGG pathway analysis of genes differentially regulated in wall
and parenchyma tissue (PT) within the FCT. Total RNA was extracted from 44 clinical samples and
sequenced after rRNA removal. A. Within the FCT data set, network interaction of differentially
expressed genes (DEGs) was done, with upregulated genes in the wall in red and upregulated genes
in the parenchyma (PT) in blue and B. the -log10 of adjusted p-value of enriched pathways for the

DEGs in FCT in comparing wall and PT samples as analysed by KEGG.

Although sequencing technology has improved and is becoming gradually more affordable,
to date the gold standard for confirming gene expression is still polymerase chain reaction
(PCR). However, PCR has it’s laborious and time-consuming disadvantage. In two independent
experiments, we confirmed expression of selected genes in the human samples (Fig 4.6, &
Appendix Fig. 7.1 A-D). The selected genes are important for cell signalling and tissue
remodelling. Genes regulating cellular interactions such as cell motility, adhesion and
expression of functional surface markers required for effector functions are indispensable for

homeostasis®?61-64,
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Fig. 4.6: Validation of expression of selected genes by qPCR. Total RNA extracted from tissue
biopsies were transcribed to cDNA and gene expression of selected genes from the
transcriptome data was quantified by gPCR with GAPDH as reference. Up regulated genes are
represented in red, down regulated genes in blue and genes with failed ct threshold are
coloured white for each sample or data sets (x-axis). The total number of cycle was 45 and
the threshold was set to 40. Gene expression with ct higher than 40 were not included in the
analysis.

By PCR, we confirmed the expression of AHR, AGRN, BCAM, CR2, LRCC2, MPO, PODNL1,

COL1A1, COL1AS5, CD19, RAP1B, SLFN11, SCRIB, SPN, TNFRSF1B and TCF4 (Fig 4.6). The

expression pattern of the aforementioned genes did not clearly distinguish between TB and

NON-TB control samples but were confirmed to be up (red) or down (blue) regulated in the

TB compared to the non-TB controls.

Human pro-inflammatory and anti-inflammatory cytokine genes, which were characterized
by qPCR by our collaborators in Moscow (See appendix Fig 7.1 A — D) show differential
expression of IL-6, IL-11, IL-17, mmp9, CSF3, CXCL3, IL-12, IFN-y, TNF-a, CXCL3, CXCL-1, CXCL-

10, IL-8, PF-4, CEBP8 and APOD depending on the granuloma type and site of samples. For

68



example, expression of IL-8 which is an attractant chemokine for PMIN was significantly higher
in the parenchyma tissue than carvena wall (Fig 7.1 A) but caution is required in the

interpretation of the data as the fold increase is very low (< 1), across the comparison.

To sum up, the transcriptome signatures in the human TB samples compared to the non-TB
samples showed differential expression of genes important for tissue remodelling and anti-
tumour response, as well as primary immune deficiency. Selected genes from the RNAseq

data could be confirmed by low resolution gPCR but not all.

4.2 Experimental TB in vitro
4.2.1 Human PMN contribute significantly to transcriptional changes in PBMCs

The human peripheral blood cells have been studied and harnessed to solve various infectious
diseases including TB. Tissue resident cells get refreshed and replenished through the white
blood cells. The human blood represents a key sample source for transcriptomics studies.
How the human PMN and PBMCs respond transcriptionally to Mtb infection has not been
clearly defined. We were interested in the role of human PMN in Mtb infection as this is a

widely debated topic®1242:65,

The transcriptional changes in myeloid cells upon interaction with Mtb might account for the
differences between protective and pathologic host response. Hence understanding the
human PMN within a physiologic environment with other innate and adaptive immune cells

is crucial to dissect the unique differences PMN contribute to human TB.

The human PMN is an active phagocytic cell and an innate strong responder to almost any

“foreign-body” not recognized as self®=%8, In contrast, maintenance of immune defence is the



function of innate monocytic cells comprised by the PBMCs, consequently, they are more

long-lived about 2 — 3 weeks in vitro than the PMN that live for about 24 hours in culture®7°,
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Fig. 4.7: PMN are transcriptional regulators of innate immunity. Human PBMCs were cultured with
or without equal numbers of PMN (8 — 10° cells/mL) and were infected with or without Mtb (MOI=3).
Cells were incubated overnight (~20hrs). Cells were either fixed with 4% PFA for microscopy or lysed
with Trizol for RNA isolation. Microscopy acid-fast and haematoxylin staining of A. PBMCs naive or
uninf, B. PBMC-Mtb infected, C. PBMCs+PMN uninf and D. PBMCs+PMN-Mtb infected. E. MDS plot of
PBMCs+Mtb infected or PBMC-naive or uninfected PBMC+PMN-Mtb-infected and PBMC+PMN naive.

Therefore, we analysed gene expression in PBMC with or without Mtb infection and
compared these patterns with PBMCs co-cultured with PMN with or without Mtb infection of
the co-cultures. We observed that PMN induce formation of cellular aggregates when co-
cultured overnight with PBMCs (Fig 4.7 C and D), PBMCs alone form few aggregates in the
presence of Mtb infection (Fig 4.7 and B). This observation was reflected in the transcriptome
(Fig 4.7 E) as PBMC naive (blue triangle) and PBMC-Mtb cultured overnight (orange circles)
expressed less transcripts, 1008 differentially expressed genes, compared to PBMC+PMN
naive (green circles) and PBMC+PMN-Mtb (dark rhombus) with 7627 differentially expressed

genes. The DESEgs in PBMCs+PMN-Mtb compared to PBMCs+PMN uninfected cultures were



genes regulating 24 key pathways in “infection and inflammation” including “toll-like receptor
signalling”, “NOD-like receptor signalling”, “RNA transport”, “leishmaniasis”, “apoptosis”,
“DNA replication” and “nucleotide excision repair” among others. Whereas in the comparison
of PBMC and PBMC+Mtb only two KEGG pathways were differentially regulated, namely,
“cytokine-cytokine receptor interaction” and “epithelial cell signalling in Helicobacter
infection”. This suggest that Mtb infection elicits immune response to pathogen that were
previously encountered by the host. The differences, however, are striking in the presence of
PMN comprising pathways and genes associated with inflammatory responses upon
pathogen encounter, indicating PMN as amplifiers of innate responses to infection. These
genes include PLD1, PTAFR, MCTP1, PID1, MT1/MMP14, CLEC4E, CASP5, RBM47, TLR8 and
CCRL2. Phospholipase D1 (PLD1), regulates macrophage polarization’. Platelet activating
factor receptor (PTAFR) is involved in tumor growth and proinflammatory process’2. Multiple
C2 domains transmembrane protein 1 (MCTP1) regulates biogenesis of lipid droplets and
cellular vessicles’®. Phosphotyrosine interaction domain containing 1 (PID1) controls glucose
balance and protein phosphorylation’4. Differential regulation of the four genes indicate
alteration in macrophage metabolism upon interaction with Mtb-infected neutrophils. The
following differentially regulated genes have important functions in innnate immune
reactions of macrophages to Mtb. C-type lectin receptor 4 E or macrophage inducible c-type
lectin (CLEC4E/MINCLE) is a receptor for Mtb lipid trehalose dimycolate (TDM), also a necrotic
cell sensor that restricts survival of Mtb through autophagy’>’¢. Membrane type 1 matrix
metalloproteinase (MT1 or MMP14) is important for leukocyte evasion into tissue and
destruction of collagen’”. Caspase 5 (CASP5) is required for inflammasome signalling’®. RNA
binding motif 47 (RBM47) is important for RNA editing, inflammation, cell proliferation and

autophagy’®. Toll-like receptor 8 (TLR8) is a receptor for bacterial RNA and it is involved in T
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regulatory cell metabolism and function®8! while C-C Chemokine receptor like 2 (CCRL2)

regulates leukocyte migration3283,

4.2.2 Murine TB: BMDM response to inflammatory stimuli

Prior to Mtb infection, it was important to know whether single cells from the wild type and
congenic mice differ in their response to inflammatory stimuli. This will give a clue to how the

murine cells control Mtb replication in vitro and perhaps in vivo too3%3284,

BMDM from resistant B6, susceptible C3H and the intermediate B6.C3Hsst1 were stimulated
with IFN-y, TNF-a, LPS and a combination of TNF-a and LPS, or LPS and IFN-y as surrogate
inflammatory stimuli. The cultures were incubated overnight, and the expression of MHC-II,
important for antigen presentation and T Cell activation, and secreted nitric oxide (NO), as

antimicrobial effector, were measured (Fig 4.8 A and B).
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Fig. 4.8: Differential response of BMDM to inflammatory stimuli prior to infection. 1 x 10> Bone
marrow derived macrophages from C57BL/6J mice (B6), C3HeB/Fel) and congenic B6.C3Hsst1 mice
were untreated, treated overnight with 500 IFN-y only, 20ng/mI TNF-a only, 1pug/ml LPS only, 500 IFN-
¥ and 20ng/ml TNF, or 500 IFN- ¥ and 1pug/ml. A. MHC-Il expression and B. Nitric oxide secretion.



We observed that the bone marrow derived macrophages from the resistant B6 express MHC
molecule in higher amount than the congenic B6.C3Hsst1 upon stimulation with IFN-¥ only,
TNF-a only, TNF-a (+) IFN-y, LPS (+) IFN-¥ but not LPS only (Fig 4.8A). However, MHC Il
expression was not detected in the C3H because the antibody used was specific for the B6
MHC haplotype. Indeed, MHC Il haplotype differ (MHC-IIA in C3H versus MHC-IIA® in B6)

across species and can only be detected with haplotype specific antibodies.

In contrast, NO which is a reactive oxygen species required for pathogen control including
Mtb was detected in substantial amount in BMDM from B6, C3H and the congenic B6.C3Hsst1
mice (Fig 4.8 B). When the BMDM cultures were treated with LPS only, TNF-a only, IFN-y only,
TNF-a (+) IFN-¥ and LPS (+) IFN-y¥, NO secreted into cell culture supernatants differ in
concentration depending on the mouse strain the BMDM derived from. Macrophages from
the resistant B6 strain expressed higher amount MHC Il and secreted more NO when
stimulated or treated with LPS (+) IFN-yY in comparison to the macrophages from susceptible
C3H and B6-C3Hsstl. However, BMDM from the susceptible C3H secreted slightly higher
amounts of NO than BMDM from resistant B6 and the congenic B6.C3Hsstl mice when
treated with LPS only. These data suggest that the capacity to secrete NO might be genetically

controlled and account for differences in Mtb control as previously reported>85-87,

To sum up, BMDM from the resistant B6, susceptible C3H and the congenic B6C3Hsstl

respond but to different degrees to inflammatory stimuli in the absence of Mtb infection.

4.2.3 Host cell specific increase in bacterial burden and cell death

Interferons, particularly gamma interferon are immune modulatory and have been used in

treatment and as biomarker in diagnosis of tuberculosis to monitor protective immunity*%8-
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%, The differences in response to infection, leading to either cell survival or cell death is

genome, and cell type specific.

To observe this hypothesis in vitro, we generated macrophages from bone marrow of B6, C3H
and the congenic B6.C3Hsst1. The cells were either pre-treated (+/-; +/+) or not with IFN-y (-
/-; -/+) and cultured overnight prior to infection with Mtb (MOI=1). After Mtb infection, the
cell culture supernatant were collected for LDH Assay (Fig. 4.10 A-D) and the medium was
exchanged with fresh medium with (+/-; +/+) or without fresh IFN-y (-/-; -/+) and further

cultured for 1d, 2d or 3d. The bacterial burden was estimated by CFU (Fig. 4.9 A-D).

We observed that BMDM from all three murine strains were permissive for Mtb growth after
~24hrs without IFN-y treatment (Fig 4.9 A). Upon IFN-y stimulation, macrophages from all the
mouse strains controlled Mtb growth in similar manner. However, the B6.C3Hsst1 performed
better than the wild type B6 without IFN-y treatment though not statistically significant. In
contrast, the C3H succumbed quickly to cell death, thereby providing less host cells for Mtb
growth (Fig. 4.10 A—-D, Fig 4.9 A - C). Pre-treating and maintain the BMDM in IFN- v after Mtb

infection kept the bacterial replication low (Fig 4.9 D).
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Fig. 4.9: Pre-treating and maintaining BMDM in IFN-¥ controls bacterial burden. 1 x 10° Bone marrow

derived macrophages from C57BL/6J mice (B6), C3HeB/Fel and congenic B6.C3Hsstl mice were

untreated (IFN-y”- A); pre-treated but not maintained (IFN-¥*/- B); not pre-treated but maintained (IFN-

y/* C); pre-treated and maintained (IFN-¥*/* D) in 500 units/mL IFN-y and infected with 1 x 10°Mtb

(MOI=1). Culture mediums in cells for 1d, 2d and 3d time points culture medium was exchanged with

fresh medium with or without IFN-¥ post as appropriate at 2h post infection. At each time point, cells

were lysed, plated on agar, incubated for 3 weeks and bacteria colonies were counted. Each graph

represent average of at least three independent experiments. No statistically significant differences

were observed between the mouse strains as tested by Turkey multiple comparison test.
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Fig. 4.10: Significant differences in LDH activity are seen in BMDM from B6.C3Hsstl maintained in
medium with IFN-¥ 1 x 10° Bone marrow derived macrophages (BMDM) from C57BL/6J mice (B6),
C3HeB/Fej and congenic B6.C3Hsst1 mice were untreated (IFN-y” A); pre-treated but not maintained
(IFN-¥*- B); not pre-treated but maintained (IFN-¥”* C); pre-treated and maintained (IFN-¥*/* D) in 500
units/mL IFN-y and infected with 1 x 10°Mtb (MOI=1). Culture mediums in cells for 1d, 2d and 3d time
points culture medium was exchanged with fresh medium with or without IFN-¥ post as appropriate
at 2h post infection. At each time point, cell culture supernatants were collected for LDH assay. Each
graph represent average of at least three independent experiments. Error bars depict +/- SEM 2-Way

Tukey’s multiple comparison test where **** js p < 0.0001, *** is p < 0.001, p < 0.005 and * is p < 0.05

To sum up, an inflammatory micro-environment as shown by pre-treatment with IFN-y (Fig
4.9 C) might modulate the host cells towards better antimycobacterial response than

exogenous addition of IFN-y upon infection without prior stimulation (Fig 4.9 B).

The type of host cell death induced upon IFN-¥ treatment depends also on the host genetics.
Several host cell death mechanisms have been proposed for in vitro cell death of Mtb infected
cells31°17%3, For the above experimental setup (Fig 4.9) the relative lactate dehydrogenase
(LDH) enzyme release into the cell culture supernatant was quantified (Fig 4.10 A-D). The LDH

does not explicitly differentiate between necrosis and secondary necrosis upon apoptosis®.
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We found that BMDM neither pre-treated nor maintained with IFN-y released similar amount
of LDH upon Mtb infection (Fig 4.10 A), and that the relative LDH release on 3dpi was slightly
significantly higher in BMDM from the B6.C3Hsst1l mice compared to the BMDM from the
C3H mice. In contrast, Mtb infected BMDM from the B6.C3Hsst1l mice not pre-treated but
maintained in IFN-y (Fig 4.10 B), showed significantly higher release of LDH on 2d and 3dpi
compared to the BMDM from the B6 and C3H mice. Mtb infected BMDM IFN-y pre-treated
but without IFN-y post-treatment led to relatively higher LDH release in BMDM from the
B6.C3Hsst1 mice compared to BMDM from the C3H mice on 3dpi (Fig 4.10 C). Whereas BMDM
cultures from the B6.C3Hsstl pre-treated and maintained in IFN-y upon Mtb infection
released relatively higher amount of LDH on 2d and 3dpi which was statistically significant in

comparison to the relative LDH activity in the BMDM from the C3H mice.

Moreover, IFN-y treatment upon Mtb infection was beneficial to the BMDM from wild type
B6 and C3H when compared to the congenic B6.C3Hsst1 mice (Fig 4.10 B). The role of IFN-¥
treatment in controlling necrosis in Mtb infected BMDM from B6.C3Hsst1 mice as measured
by the LDH assay does not seem to be under the control of the sst1/Iprl locus (Fig 4.10 B and
D). The data suggests that activation of the BMDM from B6.C3Hsst1 mice with IFN-y is rather

controlled by the B6 background.

Taken together, maintaining BMDM cultures in IFN-y after Mtb infection (Fig 4.10 B and D),
slowed down the rate of LDH release, that is necrotic cell death, especially in cells from B6
and C3H mice compared to BMDM cultures that were not maintained in IFN-y (Fig 4.10 A and

C).
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4.3 Experimental TB in vivo

Focusing specifically on the lungs, we employed two genetically defined experimental TB
models, both on a resistant B6 background. Many of the available experimental tools are
designed mainly for the B6 mice, hence our choice of the B6 congenic. The B6.C3Hsst1 mice
was compared to wild type B6 mice in Borstel while the B6.1-9.3.19.8 mice was compared to

wild type B6 mice by our collaborators in Moscow.

4.3.1 Higher bacterial loads in lungs of B6.C3Hsst1 vs parental B6 mice

Previous body of knowledge have shown how imperative the B6.C3Hsst1l mice are to study
wide range of intracellular pathogens and the results have varied in terms of murine survival

time, based on the infection route and dose®8.

The resistant B6 and susceptible B6.C3Hsst1 mice were infected per aerosol with ~100 Mtb
per mouse and the bacterial loads in the lung, spleen and liver were estimated by colony
forming unit (CFU) after 14, 28 and 76dpi (Fig 4.11 A-C). The rate of Mtb growth in the lung,

liver and spleen compared to 14dpi was calculated (Fig 4.11 D-F).

Mtb load and the rate of Mtb replication in lungs of susceptible B6.C3Hsst1 was significantly
higher than resistant B6 lungs on 28d and 76dpi (Fig 4.11 A & D). Although Mtb load in the
spleen steadily increased over the period of infection, there was no statistically significant
difference between the bacterial load in the resistant wild-type B6 in comparison to the
susceptible B6.C3Hsst1 mice (Fig. 4.11 B). However, the differences in the rate of bacterial
burden in the spleen was statistically significantly higher in the B6.C3Hsst1 on d28 post
infection in contrast to the resistant B6 mice (Fig 4.11 E). In the liver, the log (Fig. 4.11 C) and
the rate (Fig. 4.11 F) of Mtb load was statistically significantly higher in the susceptible

B6.C3Hsst1 than the resistant B6 mice at d28 and d76 post infection. The lesion count and



sizes (Fig 4.11 E, F) were also higher in the congenic B6.C3Hsst1 than the resistant wild type

B6 mice.

The bacterial load and infection route suggests that the Iprl/sstl is involved in restricting Mtb
growth to the lungs and liver. Differences in Mtb loads in the spleen were less pronounced

(Fig. 4.12 B-F) and became equal at day 76pi.
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Fig. 4.11: Increase bacterial burden in organs of susceptible B6.C3Hsst1 mice. C57BL/6 mice (B6) and
congenic B6.C3Hsst1 mice were infected per aerosol sacrificed at days 14, 28 and 76 post infection, n
=7 mice in each group, per time point. Organs were harvested and homogenized. Tissue homogenates
were plated, and bacteria colonies were counted after ~ 4 weeks of incubation. Mtb colony forming
units in; lungs A, spleen B, and liver C. The rate of Mtb growth with respect to CFU load 14dpi in lungs
D, spleen E and liver F. Error bars depict +/- SEM 2-Way Anova Sidak‘s multiple comparison test where

*#%% js n<0.0001, *** is p = 0.0007 , p = 0.0005 and* is p = 0.0182, p=0.0136

As expected, the lungs of uninfected B6 and B6.C3Hsst1 showed no cellular aggregates and
the airway epithelium had no signs of inflammation on d0, d14, d28 and d76 (Fig 4.12 A and
B). In contrast, infected B6 and B6.C3Hsst1l mice on d14, d28 and 76dpi showed cellular
aggregates and granulomatous lesions (Fig. 4.12 B and D). The lesions were counted, and the
size of the lesions were estimated from the Mason-Goldner (MG) stained lung sections (Fig.
4.12 E and F). In B6.C3Hsst1 mice infected through aerosol ~ 100 CFU per lung were more
susceptible than the wild type B6 mice and higher bacillary load led to a well-formed and
larger granulomatous lesion (Fig. 4.12 D HE, MG d28 and d76). The average lesion sizes were

significantly higher in the infected B6.C3Hsst1l mice compared to the B6 mice on d28 (Fig.



4.12F). Ziehl-Neelsen staining also confirmed the CFU counts in Fig 4.11 revealing more acid-

fast mycobacteria in B6.C3Hsst1 mouse lungs (Fig 4.12, ZN 40X).
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Fig. 4.12: Higher bacterial load and bigger lesions in susceptible B6.C3Hsst1 congenic mice. Female
B6 and B6.C3Hsstl aged 8-12 weeks were infected with ~100 CFU Mtb per aerosol, mice were
sacrificed at 0-, 14-, 28-, and 76-day(s) post infection. Paraffin sections were processed and stained
with haematoxylin (HE), Ziel-Nielson (ZN) and Masson-Goldner (MG) to determine the lung pathology
and Mtb lesions A-D. The lesions were counted E, and the sizes were estimated F. Images and graph
represent 1 mouse (d0), 3 mice (d14, d28) and 2 or 3 mice (d76). *p<0.05 2way ANOVA Sidak's multiple
comparisons test.

4.3.2 Phenotypes of cell infiltrating the lungs of infected B6 and B6.C3Hsst1
mice

Following phagocytosis of Mtb by resident alveolar macrophages in the lungs, signalling
processes to control infection are immediately initiated. Immuno-competent and resistant
wild type B6 do not readily show signs of disease. They develop immune response to keep the
pathogen under control. The susceptible but immune competent B6.C3Hsst1 are similar to B6
on day 14 post infection (pi) in appearance and cell recruitment. On later days namely d28
and d76 pi cellular infiltrates and immune cell aggregates form well-structured

granulomatous lesions in the lungs of B6.C3Hsst1 mice.

To characterize the cells recruited to the lungs and compare immune cells in resistant B6 to

susceptible B6.C3Hsst1, the lung tissues were digested to separate single cell suspensions



(Fig. 4.13 A). Cells were stained for surface markers: Ly6G* for PMN, CD68* for Macrophages,
CD3* CD4* for CD4* T cells, CD3* CD8* for CD8* T cells, and CD19* for B cells (see appendix 7.3
for the cytochromes). In comparison to uninfected mice, the cellular infiltrations were higher
in infected mice on day 36 and 75 post infection (Fig. 4.13 A). On d14, d36 and d77 post
infection, the number of Ly6G™ cells in the lungs of the Mtb infected mice were higher than in
uninfected mice (Fig. 4.13 B). However, the difference between Ly6G* cells in the Mtb infected
resistant B6 and the susceptible B6.C3Hsst1 were not statistically significant. The amount of
CD68* macrophages decreased overtime (Fig. 4.13 C) while the amount of CD19* B cells

increased on 77dpi in infected mice (Fig 4.13 D).

An interesting observation is the steady increase in CD4* and CD8* T cells counts on 36dpi (Fig
4.13 E & F) in the infected mice compared to uninfected. While CD4* T cells counts in the
infected mice though higher than in uninfected mice on 77dpi, the amount compared to 36dpi
was reduced (Fig 4.13 E). In contrast, the numbers of CD8* T cells on 36dpi and 77dpi in
infected mice were comparable (Fig 4.13 F). Again, within the B6 and the B6.C3Hsst1 infected

mice, no statistically significant difference in cell counts was observed.

In summary, the cells infiltrating the lungs of infected mice were predominantly Ly6G* PMN
on 14dpi, and CD4"*, CD8* T cells on 36dpi, and slightly less CD4* T cells, moderate amount of

CD19* B cells and CD8* T cells on 77dpi.
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Fig. 4.13: Increase cell infiltration into the lungs of Mtb infected mice. Female B6 and B6.C3Hsst1 aged 12-14
weeks were infected with ~100 CFU Mtb per aerosol, mice were sacrificed at 14-, 36-, and 77-days post infection.

Lungs were digested and the cells were counted A. Cells were stained and analysed for expression of surface



markers of neutrophils (PMN) B, Macrophages C, B cells D, CD4* T cells E and CD8* T cells F. Error bars depict

+/- SEM, n = 4 mice.

4.3.3 Increase cellular infiltrates in lungs of susceptible B6.1-9.3.19.8

The B6.1-9.3.19.8 is a murine model derived from back crossing of the resistant B6 and
susceptible I/St (I-strong) mice. The MHC-II haplotype (H2) varies in each genetic population.
On the B6 background, genetic differences in the MHC Il have been studied and mapped to
different regions of the chromosome 17, yet variation in experimental results exist. The genes
are linked and inherited together but the effect of the penetrance varies in male and female
mice. Moreover, the amount of bacterial load and route of infection strongly determine the
strength of the innate and adaptive immune response. Protective T and B Cells that are long-

lived are required to keep Mtb under the control of the host immunity in all tissues®*.

As analysed by our collaborators in Moscow, clearly, at earlier time points post infection,
namely 14dpi, we observed no significant difference in the bacterial loads in the lung and

spleen and cell types except T cells in the resistant B6 mice (Fig. 4.14A - E).

Worthy of note, the bacterial load in the lung and spleen are significantly higher in the
susceptible congenic B6.1-9.3.19.8 than the resistant B6 (Fig 4.14A and B) on days 28 and 75pi.
Mtb-specific CD4 T Cells were slightly higher in the susceptible B6.1-9.3.19.8 at 28dpi as shown
by the CD44MCD62L" lymphocyte populations (Fig. 4.14F). This is further confirmed by larger

cellular lesions especially on day 75pi (Fig 4.14 G).

In both independent experiments in Moscow and Borstel, the bacterial load in the resistant
B6 mice were lower than in the susceptible B6.1-C3Hsst1 and the B6.1-9.3.19.8 (Fig. 4.11 A and
4.14 A). The cell surface markers expressed by the immune cells infiltrating the lungs as

characterized by flow cytometry, were predominantly macrophages (CD68+ cells) and PMN
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(Ly6G+ cells) on day 14pi. In the B6.1-9.3.19.8, the percentage of PMN infiltrating the lungs as
observed by our collaborators in Moscow became statistically significant only on 77dpi. In
contrast, in our hands, there was no statistically significant difference in PMN numbers

between the Mtb infected resistant B6 and susceptible B6.C3Hsst1 mice.

Also, while our collaborators observed more of CD4 T cells in resistant B6 mouse lungs than
those from susceptible B6.1-9.3.19.8 at 14d, 28d and 75dpi, no statistically significant
differences in CD4 and CD8 T cell counts was observed at 14d, 36d and 77dpi between Mtb

infected B6 and B6.C3Hsst1 mice.

Furthermore, our collaborators characterized the expression of CD44 and CD62 on T Cells and
found the expression of CD44"CD62L% was significant on CD4* T Cells in the susceptible B6.1-

9.3.19.8 on 28dpi (Fig 4.14F).

The observed differences in pro-inflammatory and anti-inflammatory cytokines though not
yet conclusive statistically, (the data have not been included in this thesis), suggests that the
susceptible B6.1-9.3.19.8 and B6.C3Hsst1 secreted more IFN-y, GMCSF, IL-8, IL-6, TNF-a, IL-1B

and IL-10 than the resistant B6 mice.
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Fig. 4.14: Increase bacterial burden and cellular infiltrates in susceptible B6.1-9.3.19.8 mice. C57BL/6
mice (B6) and congenic B6.1-9.3.19.8 mice were infected per aerosol sacrificed at days 14, 28 and 75
post infection, n = 3 - 5 mice in each group, per time point. Organs were harvested and homogenized.
Tissue homogenates were plated, and bacteria colonies were counted after ~ 4 weeks of incubation A
and B. Lung were digested, cells were isolated and stained for surface markers C—E. Cells were treated
with antigen P25 and expression of CD44" and CD26L"° were measured by FACS, F. Histology H&E
staining of lung tissue with circles around cellular lesions, G. MDS plot showing sample clustering, H.
Error bars depict +/- SEM 2-Way Anova Tukey multiple comparison test where **** js p<0.0001, ***

is p = 0.0007 , p = 0.0005 and* is p < 0.05

Based on these observations, we were interested in the transcriptional differences in the
lungs of resistant B6 and susceptible B6.1-9.3.19.8. We received RNA samples of these mice
from our collaborators in Moscow. And in Borstel, we studied the transcriptome of these mice

prior to infection, d14, d28 and d75 post infection by RNA sequencing.

The transcriptional differences between the resistant B6 and susceptible B6.1-9.3.19.8
(represented as X9_3 in Fig 4.15) is mainly time point dependent. The samples prior to

infection clustered together, same as the samples on 14dpi but on 28 and 75dpi, the



transcriptional differences were not as distinct as the naive and 14dpi. However, the

transcriptome of the resistant Mtb infected B6 was mostly “cancer-like”, as most of the DEGs

were connected to key pathways involved in lung carcinoma. Whereas the susceptible B6.I-

9.3.19.8 responded to Mtb infection with transcripts connected to “infection immunity” (data

not shown see Table 8).
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Fig. 4.15: MDS plot of B6 versus B6.1-9.3.19.8 mice. C57BL/6 mice (B6) and congenic B6.1-9.3.19.8

mice were infected per aerosol sacrificed at days 14, 28 and 75 post infection, n = 3 - 5 mice in each

group, per time point. RNA were extracted from naive and infected mice at the different time points.

RNAseq samples were compared across the murine groups and time point.
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4.3.4 Host genome specific lung inflammation

Inflammatory markers are key predictors of disease exacerbation. Inflammation regulates
both disease resolution and exacerbation. On the part of the host, the earlier
proinflammatory cytokines are induced, the faster the pathogen is cleared. However, on the
other hand, pathogen exploits high inflammatory environment to escape intracellular cell
death and enter a new activated host cell to replicate in. The specific turn of events of both
pro- and anti-inflammatory cytokines must be tightly regulated within each host cell, but this

is also specific to the host genetics.

Hypothetically, the differences in gene regulation leading to phenotypic variation in human
and murine TB could be transcriptionally captured. These transcriptional changes might
reveal common pattern explaining susceptibility and resistance in experimental and clinical

TB.

The difference between the murine and human genome in response to Mtb infection was
investigated by RNAseq. The human TB samples (green circles) were compared to the non-TB
samples (blue circles Fig 4.16). The differences observed between the TB and non-TB samples
and the murine and human TB samples resulted to about 11,885 differentially expressed
genes. For visualization, the MDS plot as represented by two dimensions, show that the
distance within the human samples is closer than comparing human and murine samples. At
the core of the multiple comparison (Fig. 4.16 B) are 351 genes that are differentially
expressed and along the intersect are shared genes while on the outermost part of the Venn
diagram are unique number of genes for human and murine TB samples vs non-TB which is
the cancer associated samples (418), human TB versus murine TB (394), human TB versus the

susceptible B6.1-9.3.19.8 (9.3) (27), human TB versus resistant murine TB B6 (166), and human



TB versus non-TB cancer samples (14). The central 351 genes shared across the human and
murine sample include but are not limited to MARCKLS1, PABPC3, MS4A14, PATL2, ARFGAP1,
and CCDC94. Myristoylated alanine-rich c-kinase substrate family (MARCKSL1) is important
for cytoskeletal regulation and formation of adherence junction®. Polyadenylate-binding
protein 3 (PABPC3) is required for mRNA stability and translation®®. Membrane spanning 4
domains A14 (MS4A14) is an integral component of the membrane®’. DNA protein associated
topoisomerase (PATL2) also known as PAT1 is an oocyte specific mRNA binding protein which
regulates mMRNA homeostasis®®. ADP ribosylation factor GTPase activating protein 1
(ARFGAP1) is associated with dissociation of coat protein from Golgi-membrane and

vessicles®. Coiled coil domain containing 94 - CCDC94 protects cells from ionizing radiation°,

To summarize, species specific and cross-species gene expression signatures were observed
in both human and murine samples with shared and distinct genes in the multiple
comparison. However, the functional roles of these genes in the TB pathogenesis has not yet
been described. However ARFGAP1 has been shown to prevent Mtb engulfment in epithelial

cells01,
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Fig. 4.16: Species specific and cross species differences in human and murine TB. Human TB lungs
and non-TB samples were digested, and RNA was isolated and sequenced. Female B6 and B6.1.9.3.19.8
aged 12-14 weeks were infected with ~100 CFU Mtb per aerosol, mice were sacrificed at 14-, 25-, and
75-days post infection. Lungs were digested and RNA was isolated and sequenced. A. MDS plot
showing clustering of human TB, control Non-TB (Cancer-associated) and murine experimental TB. B.

Venn diagram showing multiple comparison of DEGs.

Table 8 sums up the host specific differences observed in human TB and murine TB. We do
not have data for bacterial burden and immune cell types in the excised granuloma from TB

patients, therefore this is designated as “not available data” (NA).

With RNAseq we found more than 10,000 differentially expressed genes when 16 human TB
samples were compared to 6 non-TB samples. These genes were filtered for the top 50, and
more than one-third of the top 50 genes were upregulated in the non-TB samples, and these
genes were connected to cancer pathways. Whereas the genes upregulated in the TB samples

were genes connected to “infection and immunity” pathways.

The transcriptional differences summarized in Table 8 is based on the number of differentially
expressed genes that are connected to “cancer” or “infection and immunity” pathways. While
the genes differentially regulated in the resistant B6 mice are mainly genes connected to
cancer pathways, the genes differentially regulated in the susceptible B6.1-9.3.19.8 are
connected to “infection and immunity” pathways. The transcriptome of the B6.C3Hsst1 have
been sequenced but not yet analysed. Therefore, a complete comparison of human sample
and both B6 versus B6.1-9.3.19.8 and B6 versus B6.C3Hsst1 will be the next step required to

dissect the transcriptional differences in the susceptible murine models.
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Table 8: Summary of observed differences between human and murine TB

Parameters Human B6 B6.1-9.3.19.8 B6.C3Hsst1

Bacterial Burden NA + ++ ++

Lesion ++ + ++ ++

Neutrophil NA ++ +++ ++

T cell count NA +++ ++ ++

B cell count NA ++ ++ ++

Activation markers on NA -/+ ++ *

T cells

Pro-inflammatory ++ ++ +++ +++

cytokines

Anti-inflammatory ++ -/+ ++ ++

cytokines

Transcriptome Infection and Cancer- Infection In progress
cancer-like like immunity

NA = not available *= not characterized




5.0 Discussion

Gene-gene interaction studies are beginning to help solve global health problems however,
this has not yet contributed to eradication of infectious diseases. Immune responses to

infectious diseases are genetically and environmentally determined.

Innate and adaptive immunity take precise turns to protect the host against invading
pathogens. The exact sequence of events is genetically controlled but cannot be clearly
defined without appropriate experimental models. Both innate and adaptive immune
responses are made up of different cell types that have transcriptionally distinct programs
depending on the site of action and can also be modulated by the tissue resident cells and the

extracellular mileu.

However, pathogens can exploit the host response, and drive immune pathology, which in
the case of TB enables transmission by coughing. The long-term consequence of host
pathogen interactions in TB is defined by the sequence of immune responses which can cause

post infection disease despite successful antibiotic therapy.

Active-TB patients are a risk to public health. Several policies formulated to control disease
transmission are not fully sufficient to eradicate infectious diseases like TB due to host and
pathogen genomics1%2, To better understand host responses at the transcriptome, cellular
and whole tissue levels, we hypothesized that the genes mediating disease susceptibility or
resistance to pathogens are the underlying reasons for differential phenotypes. And that
these genes may serve as putative targets for therapeutic host-oriented treatment of TB in

combination with effective antibiotics.

Due to the complex interactions of host and mycobacterial genomes as a result of long-term

co-evolution processes, we focused on the comparison of M. tuberculosis infection between
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humans and mice. Transcriptional differences within and across the host genomes could be
the reasons for variations seen in tuberculosis (TB) pathology, transmission, and treatment
outcomes. This comparative study was designed to understand some of the genes that could
account for TB susceptibility or resistance in immune competent host. Thoroughly looking
first in rare human lung samples from TB patients, probing human blood and then well-
defined murine models with comparable wild-type controls revealed differences between

susceptible and resistant mice, and to some extent parallel observations in TB patients.

This study focuses on the host response to tuberculosis (TB). It can explain the extent to which
host cells can control mycobacterial replication and the transcriptional changes in host cells

in vitro and in lungs of mice and humans.

5.1 Human TB and non-TB Lung Transcriptome

In our collaboration with scientists at the Central Institute for Tuberculosis Moscow, RNA from
excised lung tissue of TB patients in comparison to non-TB patient specimen from tumor
bearing lungs were studied by RNA sequencing to identify genes associated with TB disease

putatively mediating TB susceptibility in humans (Fig 4.1 1).

To identify genes that could serve as putative target for host-directed therapy and the
implication of these genes for TB pathogenesis, we focused first on the transcriptome from
excised lung of patients with TB, by RNAseq and selected genes were validated by gPCR.
Further studies on the human RNA could not be performed as we in Research Center Borstel

did not have access to the excised tissue from the respective patients.



However, we gained some insights into a number differentially regulated genes which were
important for cell cycle, cell proliferation, cell adhesion, and immune cell recruitment among

other functions.

Most of the differentially expressed genes in the lung of the FCT TB patient were associated
with four main pathways. These pathways are B cell receptor signalling, primary
immunodeficiency, focal adhesion, and extracellular matrix receptor interaction (Fig 4.5 B).
These are pathways that must interact together to restore lung homeostasis, tissue
remodelling and wound healing. On the contrary, primary immunodeficiency is a major
reason for loss of immune protection and tissue integrity. Disorder in one or more
components of the immune system cannot be easily overcome by antibiotic therapy only.
Notably, also the combination of most of the available anti-TB treatments are toxic and can

damage the host tissue as a side effect of killing the mycobacteria.

The functions and anomalies associated with variants of the genes in the heatmap (Fig. 4.3)
implies that differential gene expression could also be due to abnormal expression pattern of
the control samples used for comparison (cancer), which may have been influenced by the
neighbouring tumor tissue, the responses to the cancer cells or the effect of anti-cancer
chemotherapy. In humans, GBP2, FCGR1B and SERPING1 were shown to be significantly
upregulated in blood of TB progressorsi®. These genes are connected to the IL-12-IFN-y axis
and could be associated with PMN involvement as shown in the human blood TB
transcriptome nodules by Moreira-Teixeira et. al*!. Without proper lung perfusion, which has
not been done with the human samples, blood cell gene transcripts could bias transcriptomes

for example through PMN signatures, the predominant myeloid cell type in peripheral blood.
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Therefore, we cannot entirely rule out PMN associated blood derived transcripts in the

human lung transcriptomes.

In this study, many unique genes have been identified in both murine and human samples
these include genes with functions associated with the regulation of “extracellular adhesion
molecules”, “primary immune deficiency” and “T and B cell receptor signalling”, amongst

others.

5.2 In Vitro Human and Murine Data

To better understand the role of myeloid cells with focus on PMN in human TB, we studied
human PMN and PBMCs in vitro (Fig. 4.1 | in vitro and 4.7 A—E). We especially focused on the
role of PMN in TB in humans as these innate immune cells are the predominant cell in active
TB patients’ lungs and have been recently associated with pathogenesis rather than clearance
of the pathogen®*3. We also found that passage of Mtb through PMN. Which succumb to
necrotic cell death paves the way for Mtb to survive and grow better in macrophages, which

subsequently phagocytose infected PMN32,

Mtb infected PBMCs compared to uninfected PBMCs showed 1008 differentially expressed
genes, in contrast, 7627 differentially expressed genes were seen when Mtb infected co-
culture of PBMC and PMN were compared to uninfected PBMC and PMN co-culture. We
observed that PMN induced transcriptional changes in PBMCs when co-cultured overnight
with or without Mtb infection. And that the PBMCs with or without Mtb show less gene
regulation compared to PBMCs and PMN (Fig 4.7 E). With the foreknowledge that peripheral
blood PMN are the most abundant in the lungs of active TB patients, and that these PMN are

irregular in morphology, PMN thus become a multifactorial cell in human TB®32, PMN necrosis



and subsequent macrophage phagocytosis of necrotic PMN could be the mechanism required
for the lung tissue remodelling. However, the host specific differences in human TB is a major

factor overwriting cell death mechanisms during anti-TB therapy.

In the presence of PMN, uninfected PBMCs quickly form cellular aggregates in vitro. These
cellular aggregates are “in vitro like granuloma” (Fig 4.7 A — D) that readily increased in
numbers upon Mtb infection and PMN necrosis. These differences observed microscopically
reflected in the transcriptional profile. Equal PMN numbers co-cultured with PBMCs
drastically increased the numbers of differentially expressed genes (DEGs) and KEGG
pathways in comparison to PBMCs without PMN (Fig. 4.7 E). The differentially regulated genes
in the uninfected PBMC-PMN co-cultures compared to those with Mtb infected were 7,627
while PBMC alone compared to PBMC-Mtb infected cultures were 1,008. The genes
differentially regulated in uninfected PBMC-PMN cultures compared to Mtb infected PBMC-
PMN cultures include CASP5, CCRL2, CLEC4E, MCTP1, PLD1, TLR8, which are important in
inflammation, leukocyte migration, autophagy, macrophage polarization and metabolism,

and T regulatory cell function.

Importantly, some of the genes observed in the in vitro PBMC-PMN cultures were also
differentially regulated in the human TB tissue transcriptomes. Examples amongst others are
CLECAE/MINCLE, PLD1, CCRL2, and TLR8. CLEC4E/MINCLE in combination with TLR4 and TLR2
pathways have been shown to be a putative HDT target in Mtb infection, through restriction
of bacterial growth”® or limiting production of the immunocompromising IL-10 cytokine®,
PLD1 together with ARF1 and ARFGAP1 signalling is required for Mtb entry into epithelial cells.

CCRL2 biases macrophage towards M2 phenotype through Mtb heat shock protein 16302,

M2 macrophages are anti-inflammatory and are unable to eliminate Mtb in contrast to pro-
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inflammatory M1 macrophages which can kill Mtb. CCRL2 were observed to be upregulated
in active TB patients®>1%, Single nucleotide polymorphisms in some toll like receptor genes

have been described in association with TB susceptibility®’

. We observed upregulation of
TLR8 in both in vitro and in vivo transcriptome data. TLR7 and TLR8, TLR4 and TLR8 and TLR8

and TLR9 SNPs were associated with development of active pulmonary TB in Indian and

Chinese Han population108-110,

Notably, the in vitro samples represent a relatively short time period of Mtb infection, which
is in contrast to the long-term duration of TB in the human lung tissue samples and therefore

the transcriptomes between the in vitro and in vivo analyses differ considerably.

Furthermore, we tried to dissect the role of the lprl/sstl gene in mediating susceptibility to
Mtb in vitro as previously established®®. In parallel, the bone marrow derived macrophages
(BMDM) from B6.C3Hsstl were compared to the wild-type B6 and C3H (Fig 4.11 BMDM in
vitro) to understand the strain specific differences in resistance and susceptibility at the
macrophage level. The B6 and C3H have been widely studied in vitro and in vivo but not in a
comparative experimental setting®*!11-113, The B6, C3H and B6.C3Hsst1 macrophages were
stimulated with IFN-¥ only, TNF-a only, LPS only and a combination of TNF-a and LPS, or LPS
and IFN-y. The expression of MHCII by the BMDM and nitric oxide (NO) secretion, Mtb

replication and cell death was assessed (Fig 4.8 — 4.10).

As expected, the resistant B6 were able to control Mtb growth better than the susceptible
C3H and intermediate susceptible B6.C3Hsst1 (Fig 4.9 A -D). The BMDM from C3H quickly
became necrotic as shown by the relative LDH activity (Fig 4.10 A -D). Although the data for
Mtb burden in the BMDM were not statistically significant, Mtb was better controlled in

BMDM pre-treated and maintained in IFN-y (Fig 4.9D). Likely because IFN-y activates genes



encoding antimicrobial effectors such as NOS2 and creates an inflammatory and pro

apoptotic environment in BMDM?®’,

On the contrary, without pre-treatment of BMDM with IFN-¥, exogenous addition of IFN-y
after Mtb infection was still sufficient to control Mtb replication and necrotic cell death in the

resistant B6 but not in susceptible C3H and B6.C3Hsst1 mice.

5.3 In vivo Murine Experiments

Subsequently, two independent in vivo experiments were designed in Moscow and Borstel to
understand the role of host genetics in immune protection and lung pathology (Fig 4.1l in
vivo). Our collaborators in Moscow focused on the role of a defined MHC-II locus from the
susceptible I/St mice conferring susceptibility in resistant B6. The congenic susceptible mice
of B6.1-9.3.19.8 strain were compared to the wild type resistant B6 in terms of bacterial load,
immune cell recruitment to the lungs by flow cytometry, lung lesion characterization by H&E
staining, and at the Research Center Borstel, we analyzed the lung transcriptome by RNA
sequencing (Fig 4.14). Prior to infection, transcriptomes of B6.1-9.3.19.8 versus B6 mice
showed distinct clusters of the samples as well as on day 14 post infection before adaptive
immunity set-in. However, at later time points, 28 days and 75 days post infection, the
transcripts of both mice became similar without clear clustering of the samples suggesting
immune response dependent transcriptomes in both mouse strains, which were similar and

therefore not distinct anymore as soon as specific immunity kicked in.

The second comparative in vivo TB experiment was done at the Research Center Borstel. The
focus was on the lprl/sstl locus from susceptible C3H mice crossed into resistant B6 mice.

The resulting B6.C3Hsst1 mice which have been tested in different experimental studies in
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the past3®11%114 have not been transcriptionally characterized in comparison to parental

resistant B6 mice.

The focus on congenic murine models has been successful in narrowing the window of
differences across immune-competent hosts. However, the reasons for these differences

remain less defined in many generations44%87,115116

The B6.1-9.3.19.8 and B6.C3Hsst1 have been designed based on the role of host genetics and
inheritance pattern in mediating resistance to intracellular pathogens. In line with previous
findings on TB susceptibility and resistance in murine models based on the B6
background®:°4117.118 e observed differences in granulomatous lesions and the CD4*, CD8*
T cell count in the lungs. Notably, Mtb count in the lungs of the susceptible B6.1-9.3.19.8 and
B6.C3Hsst1 were significantly higher than in the resistant B6 strain on day 28 and 75/76 post
infection. However, Mtb load in the spleen of the susceptible B6.C3Hsst1 was not significantly
higher than in resistant B6 mice except on d28, with statistically significant differences in

bacterial replication.

5.4 Complexity of host and mycobacterial genome interaction

Hypothetically, the human and mycobacterial genome co-evolution account for geographical
differences in the disease response. On the part of the host, the long-term co-evolution may
have succeeded in adaptive genetic modifications including advantageous and detrimental
effects. Therefore, the interaction of resistant and susceptibility genes at different genetic loci
could mediate disease pathology, tissue remodelling and ultimately whether the host

overcomes and survives the infection or succumbs to and transmit the pathogen.



The outcome of human TB is governed largely by host factors. These factors include immune
regulation, immuno competency, age, sex and comorbidities®>!1%, Genetic susceptibility to TB
is polygenic and does not entirely follow the classical Mendelian genetics of one gene one
trait. The complexity of human TB makes it difficult to understand the extent to which a
genetic locus can be a risk factor for the development of pulmonary TB, or mediate disease

susceptibility and severity.

The effect of a genetic locus is better studied in tractable murine models of experimental TB,
precisely, congenic mice. B6.1-9.3.19.8 and B6.C3Hsst1 are distinct and attractive congenic
models of the TB granuloma. While B6.1-9.3.19.8 and B6.C3Hsst1 both follow the Mendelian
law of inheritance, the later controls innate immune response while the former regulates
adaptive immunity. Importantly, we observed host specific differences in the human and

murine transcriptome (Fig 4.16 and table 8)

In line with previous findings that inflammatory responses in human and mice are genotype
specific>®1??, we observed a clear distinction between the human and murine TB samples (Fig
4.16B). These differences in sample cluster were rather based on genome architecture than
the disease. In contrast, comparison within the human TB and NON-TB samples were
influenced by read counts, hence samples with higher reads tend to cluster better together

than samples with low read count (Fig 4.2 E and 4.16A).

The species-specific differences as shown in Fig 4.16B is wider when comparing human TB to
murine TB, which means the data from experimental studies focusing on murine genes may
not be directly linked to clinical TB. For example, TB severity in C3HeB/FeJ mice was shown
to be mediated by defect in the interferon signalling pathway, which allows Mtb to drive the

host cells into early necrosis providing an inflammatory environment that contributes to lung
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tissue destruction?112113,121,122 " The granulomatous lesions observed in the Mtb infected
B6.C3Hsst1 is similar to those of observed in C3HeB/Fel mice, with fibrous caseation, necrotic
core and liquefactions as shown by the HE and MG staining (Fig 4.12 D), indicating that the

sstl locus is involved these pathogenesis exacerbating processes.

Taken together, human, and murine transcriptome signatures in response to Mtb infection
were compared to better understand TB susceptibility and pathology. The differentially
regulated genes in experimental murine and clinical human TB might identify putative targets
for host directed therapies as adjunct to antibiotic treatment. These genes could be involved
in controlling disease exacerbation or amelioration. Targeting these genes may help to reduce
immunopathology, overshooting inflammation, bacterial burden and to improve lung tissue
remodelling. Therefore, functional studies analysing each of these genes and possible
detrimental effects of modulating the activities of these gene are required. For example, in
Mtb infected PBMC and PMN co-culture, we observed that TLR8 was upregulated compared
to uninfected PBMC and PMN co-culture. Interestingly, single nucleotide polymorphisms
(SNPs) in TLR4 and TLR8 in Indian population, TLR7 and TLR8 and TLR8 and TLR9 SNPs in
Chinese Han population were shown to be associated with susceptibility to TB°’11°, Worthy
of note is also the putative host directed therapy possibility of targeting CLEC4 in reducing the

growth of Mycobacteria’.



5.5 Critical Appraisal

This research study was formulated to contribute to the question of TB susceptibility in
immune competent host. The purpose of the study has been mostly achieved successfully,
not without some challenges though. We have shown in our hands that both the B6.C3Hsst1
and B6.1-9.3.19.8 are suitable models to study neutrophil recruitment and granulomatous
lesion formation in murine lungs as observed in humans with active TB. Both models do not
completely recapitulate the polygenic nature of human TB. This challenge can however be
met through modern methods like Liveseq, Dual-Seq of host and Mtb in different murine
models like humanized mice and transgenic mouse models'?3~25, Microarray and RNAseq
have been the methods of choice in probing the transcriptional signatures in human and
murine TB studies3°0126-128 '\While microarray chips have been designed to capture known
genes, RNAseq offers discovery of unknown genes>. In contrast, RNAseq is more analytically
intensive compared to microarray. To cover more genes than previously described, we have

chosen RNAseq.

Our methods of choice in combining RNAseq, qPCR, bacterial colony forming unit assay, and
flow cytometry to characterize cells in the lungs, helped to cover various aspects of the host
response to Mtb infection. In contrast to the high resolution RNAseq data with 2x 75 cycles
covering both strands of the DNA, the qPCR is low resolution with specific primer combination
for forward and reverse reads of 45 cycles. Therefore, the qPCR data (Fig 4.6) based on
selected genes from the RNAseq data are not entirely comparable due to differences in the
resolution and analysis of the methods and result. However, it was impressive to confirm the
expression of 16 selected genes by qPCR in the human TB and non-TB samples. These genes
are AGRN, AHR, BCAM, CD19, COL1A1, COL5A3, CR2, LRCC2, MPO, PONL1, RAP1B, SLFN11,

SCRIB, SPN, TNFRSF13B and TCF4.
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Our study is still missing valuable functional experiment such as analysing IFN-¥ and other
cytokine production by CD4* and CD8* T cells recruited to the lungs during Mtb infection and
whether the recruitment of IFN-y producing T cells is dependent on the transferred locus
9.3.19.8 from /St mice or the sst1/Iprl locus from the C3H mice. This will require adoptive T
cell transfer of naive or primed T-lymphocytes from the B6.1-9.3.19.8 and the B6.C3Hsst1 to
the wildtype B6 mice!?®. The transcriptional changes in the lungs of the recipient mice might
also provide information on gene regulation and protective role of the transferred

lymphocytes.

5.6 Future Perspectives

Tuberculosis infection is not monogenic as previously described in immune-compromised
individuals carrying mutations in Mendelian susceptibility loci. The polygenic trait in TB is
further compounded by confounding factors across species. Species specific differences
across labs and studies can be phenotypically explained with reference to study objectives

and design10130-133,

There is not a one model fit all approach without bias. Each model is designed to meet the set
purpose of the research work. Our animal models did not entirely unravel the genetic code
on murine responds to TB, but it explains the specificity of strain and genetic background
upon which the strain was generated. Optimistically, combining the result of different models
to train and test data sets with the current possibilities of machine learning algorithms can

bring research closer to reality of resolving the problem of TB disease.

Furthermore, combined analysis of both, host’s and pathogen’s genetic changes in parallel

informs treatment options in timely manner to prevent the worsening of the lung



pathology*%61134135 U|timately, better therapeutic options with less adverse effects needs to

be developed to combat TB, hence breaking disease transmission.
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Fig. 7.1: Validation of expression of selected genes by qPCR. Most prominent differences in
cytokine/chemokine gene expression were found when FCT caverna wall and parenchyma
tissues were compared. Cxcll (p < 0.03) and Cxcl2 (p < 0.01), IL-6 (p<0.0001), IL-8 (p <0.01)
were upregulated in parenchymatous tissue as compared to caverna wall. Up regulated genes
are represented in red, down regulated genes in green and genes with failed Ct threshold are
coloured white for each sample or data sets (x-axis). Graphs A-D were provided by Vladimir
Yeremeev.



7.2 Murine body weight over time
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Fig. 7.2: Body weight dynamics of experimental mice. A. experiment |, 8 — 12 weeks old
female mice B6 and B6.C3Hsst1 were infected with Mtb-H37Rv per aerosol, with uninfected
controls and monitored weekly throughout the experiment n=10 mice per group with 3 end
time points. B. 11 — 14 weeks old female mice B6 and B6.C3Hsst1 were infected with Mtb-
H37Rv per aerosol, with uninfected controls, n=8 per group with 3 end time point. Error bars
depict SE measurement.
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7.3 Analysis of flow cytometry data
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7.4 Analysis of cytokine data
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7.5 Scheme of RT-gPCR data generation

Isolate RNA Quantify RNA ] Check RNA quality
dilute RNA and
primers
v
[ Generate cDNA ]
A
[ Run RT-PCR program ]

where CT is the threshold of reference and
sample




7.6 Sample preparation and analysis of mMRNA sequencing data generation (A) and analysis (B)
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7.7 Some putative targets for RNA-interference based HDT in human
1. AGRN

2. EPPK1
3. CLEC4E
4. COL5A3
5. MUC1
6. MPO

7. TCF4

8. SPN

9. UACA
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