DISS. ETH NO. 26776

Unraveling host-pathogen interactions upon Mycobacterium

tuberculosis infections using quantitative mass spectrometry

A thesis submitted to attain the degree of

DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)

Presented by

Charlotte Marie Nicod

M.Sc., ETH Zurich
Born on February 6, 1992
Citizen of Switzerland

Place origin: Lausanne, Vaud

Accepted on the recommendation of

Prof. Dr. Ruedi Aebersold
Dr. Ben Collins

Prof. Dr. Sebastien Gagneux

Prof. Dr. Wolf-Dietrich Hardt

2020



This thesis is dedicated to

Pips

my beloved sister

who one day,
will become a “real” doctor



Summary

Tuberculosis (TB) has been a burden on humanity for more than centuries and still remains the
leading Kkiller caused by single-agent infections. TB is caused by a bacterial pathogen called
Mycobacterium tuberculosis (Mtb). Despite the advances in anti-microbial chemotherapies and
the discovery of a vaccine a hundred years ago, albeit with moderate effectiveness in preventing
TB, 10 million TB cases arise annually and 2 million patients succumb to the infection.
Furthermore, it is estimated that up to 2 billion people are asymptomatically and latently infected

with the bacilli, forming an inexhaustible reservoir for TB.

Being an airborne pathogen, Mycobacterium tuberculosis infects its host via the respiratory tract
to end up internalized into alveolar macrophages. Through thousands of years of co-evolution
with humans, Mtb has developed many intricate strategies to not only persist in its host
macrophages, but to use its host resources, prevent its clearance and even replicate
intracellularly. One of the keys to its successful virulence is the encoding of protein secretion
apparatuses in its genome. By secreting proteins that will directly and physically interact with its

host environment, Mtb can directly intervene and modulate host responses.

In the first part of this thesis, we aimed at quantifying the effect of the virulence-associated
protein secretion system on global host proteomic responses. To achieve this, we infected in
parallel primary host cells with wild type Mycobacterium tuberculosis in comparison with a strain
lacking this virulence-associated protein secretion system called ESX-1. By using state-of-the-art
mass spectrometry-based approaches, we monitor at an unprecedented depth nearly 6,000 host
proteins along a dynamic infection time-course. This enables us to describe the immuno-
modulatory effect caused by the protein interactions mediated by the secretion system ESX-1. We
could then attribute some of the known general virulence patterns of Mtb to its functional protein
secretion system. These include modulation of Rab mediated intracellular trafficking,

suppression of cell adhesion molecules or dysregulation of complement and coagulation cascades.

After studying the global host response to the secreted bacterial proteins, also referred as indirect
host-pathogen interactions, we set the challenge of mapping the direct physical interactions. To
map the host-pathogen protein-protein interaction landscape, we employ the robust and
sensitive method called Affinity-Purifications coupled to Mass Spectrometry (AP-MS). The
method is based on the generation of transgenic host cell lines expressing individual baits. We
then co-purify the bacterial baits with their host interactors to identify high-confidence host-

pathogen protein-protein interactions. After mapping our results than 202 novel Mtb-human



interactions with known Mtb-human interactions, we perform a global analysis on the directly
targeted host factors. Our results suggest that Mtb alters the Rab functions not only by affecting
their expression levels, but also by physically interacting with them. In a further step, by
overlapping our results with known host factors affecting the intracellular survival, we identify

potential intervention targets suitable for host-directed therapies.

In the third part of the thesis, we present a method that could unravel global host-pathogen
protein-protein interactions in the context of real infections. This approach is based on the co-
fractionation of cell lysates followed by a mass spectrometry-enabled identification of the
proteins in each fraction. Based on their co-elution profiles, we can extract evidence for
interacting proteins and larger protein complexes. As a proof-of-concept, we apply this highly
optimized workflow to study the global organization of the THP-1 cells’ proteome when
undergoing a differentiation into macrophages and finally when subjected to a bacterial-like
stimulation using E. coli extracted lipopolysaccharides. Results suggest that the differentiation
from monocytic precursor cells into macrophages induces a much higher proteome-wide

reorganization than the LPS stimulation.

Finally, I summarize our findings and the lessons learned from studying Mtb-human interactions
and how we could go further and leverage this information with the aim of developing novel
treatments strategies to fight pandemic tuberculosis. I then conclude my thesis by providing an

outlook on the field of host-pathogen protein-protein interactions.



Résumé

La tuberculose (TB) représente un défi pour la santé publique depuis des milliers d’années. Elle
est plus grande cause de déces liée a un agent pathogene spécifique. La TB est causée par la
bactérie Mycobacterium tuberculosis Mtb. Malgré les avancées des antibiotiques et la découverte
il ya 100 ans d’un vaccin, dont l'efficacité est de loin pas suffisante, il y a 10 millions de cas avérés
de TB annuellement dans le monde dont 2 millions décédent suite a leur infection. De plus, 2
milliards d’individus non symptomatiques sont probablement infectés par les bacilles et

représentent un formidable réservoir pour la TB.

Le Mtb est un pathogeéne qui se transmet par la voie des airs. Il pénétre dans les organismes sains
par le systéme respiratoire pour finir dans les macrophages alvéolaires des poumons. Des
milliers d’années d’évolution commune avec 'homme ont permis au Mtb de développer des
stratégies qui renforcent son action et sa persistance. Le Mtb peut non seulement persister dans
les macrophages qui lui servent d’hote, mais il peut également utiliser leurs ressources pour
éviter d’étre éliminé. Il peut méme se multiplier au sein des cellules hotes. La capacité du Mtb
d’encoder dans son génome un mécanisme de sécrétion de protéines, lui permet de sécréter des

protéines qui vont interagir directement avec leur hote et influencer leur comportement.

La premiere partie de la thése quantifie la virulence associée au systeme de sécrétion de protéines
dans les cellules hotes. Nous avons infecté en parallele des cellules hotes avec des lignées de Mtb
avec et sans le systéme de sécrétion de protéines appelé ESX-1. Des appareils de spectrométrie
de masse de derniére génération nous ont permis d’examiner de maniere détaillée I'évolution de
6’000 protéines au cours du processus d’infection. Ceci nous a permis de décrire 'effet
immunitaire induit par 'interaction des protéines sécrétées par I'ESX-1. Nous avons de ce fait pu
attribuer des modeles de virulence du Mtb bien référencés a son systéme de sécrétion de
protéines. Ceci inclus la modulation de trafic intracellulaire assurée par le Rab, la suppression
des molécules permettant 'adhésion des cellules ou encore la dérégulation des cascades de de

coagulation.

Apres avoir étudié la réponse de I'hOte aux protéines sécrétées par les bactéries, souvent
référencée comme l'interactions hote-pathogene, nous nous sommes fixés le défi de décrire les
interactions physiques directes. Nous avons utilisé la méthode de “affinity purification” en
paralléle a de la spectrométrie de masse (AP-MS) pour décrire les interactions de protéine a

protéine entre I'hOte et son pathogene. Nous utilisons des cellules hotes transgéniques qui



expriment la protéine bactérienne fusée avec un « affinity tag ». Ensuite nous purifions les
protéines bactériennes et leurs appats humain pour obtenir avec un haut degré de confiance des
liens entre les protéines des hotes et des pathogenes. Nous avons ainsi obtenu un mapping de
202 nouvelles interactions Mtb - hotes et les avons comparées aux interactions déja référencées.
Ceci nous a permis de faire une analyse des facteurs de cible de I'h6te. Nos résultats indiquent
que le Mtb altere les fonctions Rab, non seulement en influencant leur expression mais également
en interagissant physiquement avec elles. Nous avons ensuite identifié des cibles pour des
traitements des cellules hotes en superposant nos résultats avec des facteurs connus influencant

la survie des hotes.

Dans la troisieme partie de la thése, nous examinons des manieres de déméler les interactions
entre les protéines pathogenes et celles de leurs hotes dans le contexte de réelles infections. Le
concept est basé sur le fractionnement de lysat cellulaire de cellules infectées suivi d’'une
identification par spectrométrie de masse et constituent la base de notre analyse. Pour tester la
rigidité et premiere application de la méthode, nous étudions l'organisation du protéome des
cellules THP-1 lorsqu’elles sont soumises a une différenciation pour devenir des macrophages.
Nous les assujettissons également a une stimulation utilisant des lipopolysacharides (LPS)
extraits des E. coli. Les résultats suggérent que la réorganisation du protéome est bien plus forte
si elle est induite par la différenciation de cellules monocytiques dans les macrophages que si elle

est induite par une stimulation par les LPS.

Finalement, je propose des pistes de traitements pour combattre la pandémie de TB en utilisant
notre analyse détaillée des interactions entre le Mtb et les cellules hétes dans 'homme. Je conclus
ma thése avec quelques hypothéses sur I’évolution de la recherche dans les interactions entre les

protéines pathogeénes et celles de leurs hotes sains.

Vi
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Chapter 1

General Introduction

Parts of this chapter were published in two separate reviews published by Charlotte Nicod and

Amir Banaei-Esfahani. The rest of the chapter was exclusively written by Charlotte Nicod.

Nicod C, Banaei-Esfahani A, Collins BC

Elucidation of host-pathogen protein-protein interactions to uncover mechanisms of
host cell rewiring.

Curr. Opin. Microbiol. 2017, 39:7-15.

Banaei-Esfahani A, Nicod C, Aebersold R, Collins BC

Systems proteomics approaches to study bacterial pathogens: application to
Mycobacterium tuberculosis.

Curr. Opin. Microbiol. 2017, 39:64-72.



Chapter 1 - General Introduction

1.1  General introduction to Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb) is the causative agent of the pulmonary tuberculosis (TB)
disease and was first discovered in 1882 by Robert Koch. It is hypothesized to be the deadliest
infectious disease in the history of humanity with an estimated number of over one billion human
causalities in the past 200 years [1]. Despite the discovery and development of the first and only
vaccine strain of Mycobacterium bovis named Bacille Calmette-Guérin (BCG) after the two
bacteriologist in 1921 and the advances in antibiotics, it remains even nowadays a leading killer

caused by single-agent infections [2].

Once infected by the bacilli, patients carrying Mtb may be classified into two main categories: the
clinically asymptomatic and non-transmissible latent infections which represents about 90% of
the infected population, and the active and transmissible pulmonary tuberculosis infections. It
has been reported that up to a quarter of the world population is latently infected and amongst
which, 10 million people annually fall sick thus developing the active tuberculosis disease [2].
Desolately, most of Mtb-infected patients live in poor high burden countries with 60% of them
living in Asia (predominantly in India) and in 24% in African countries [2]. This tuberculosis
demography renders the treatment and prevention of this global epidemic even more challenging,
and corroborates the fact that tuberculosis is fundamentally a disease of the poverty due to lack
of effective health care, malnutrition and unsanitary living conditions [3]. Moreover, the
treatment to achieve sterilization in patients is exceedingly costly [4] and lengthy, especially
considering the demographics of the affected and the rise in antibiotic resistant strains. The
recommended treatment for drug-susceptible tuberculosis consists of an intensive 2 month-long
phase of four antibiotics (namely isoniazid INH, rifampin RIF, pyrazinamide PZA and ethambutol
EMB) followed by a 4-months continuation phase with INH and RIF [5]. Although generally
treatable with this cocktail of antibiotics, the number of patients carrying Multi-Drug and
Extended-Drug Resistant (MDR and XDR respectively) strains is alarmingly increasing and
reached 500’000 new cases in 2018, causing a major threat to global health [2,3,4]. In some of the
high burden countries like Kazakhstan and Kyrgyzstan, the rate of multi-drug resistance has even

surpassed 25% of all patients [8].

Mycobacterium tuberculosis is an airborne pathogen and infects its host by entering the lungs via
the respiratory tract to end up internalized into alveolar macrophages via receptor-mediated
phagocytosis. The macrophages then translocate into the subtending epithelial layer which as a
consequence induces a localized innate immune response. Further mononuclear cells including

lymphocytes are then recruited to the local inflammation, providing new host niches for the
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bacilli and start organizing themselves into stratified structures called granulomas [9], a hallmark
of the tuberculosis disease. Once internalized and engulfed into early-stage phagosomes, Mtb can
employ numerous strategies to prevent its clearance by interfering with the macrophages’
cellular modules. One of its main strategies consists of blocking the fusion of its bacilli-containing
phagosomes with the lysosomes [10,11] and inducing the rupture of the phagosomal membrane
to facilitate its escape in the hosts’ cytosol and delivery of Mtb proteins in the host. Additionally,
Mtb manages to modulate the apoptotic and autophagy pathways [12], to intervene in the MHC
class Il presentation [13], to impair dendritic cell maturation [14] and to modulate T cell mediated
immunity [15]. Most of these hallmarks are however only valid for virulent strains, including the
lab strain H37Rv. Indeed, attenuated lab strains such as H37Ra or the avirulent vaccine strain,
Mycobacterium bovis BCG, undergo full clearance in infection models. The disparity in the
phenotypes between virulent and avirulent strains is primarily due to the deletion of a genomic

locus called the Region of Difference 1 (RD1) [16-19].

1.2 Introduction to the Region of Difference 1 and the Type VII
Secretion Systems

The genomiclocus RD1 was first discovered through a genomic comparative analysis between M.
tuberculosis and attenuated M. bovis strain due to its absence in the BCG genome [16]. It encodes
one out of five homologous specialized type VII secretion systems, namely ESX-1. Type VII
secretion systems, titled ESX-1 to 5, are hypothesized to be responsible for the transport of
specific protein substrates across the mycobacterial envelope. However only ESX-1, ESX-3 and
ESX-5 systems have been demonstrated to secrete protein substrates across the mycolic wall
[20,21].

Each ESX secretion system is composed of five conserved core membrane components, namely
EccB, EccC, EccD, EccE and MycP. Although predicted to secrete a variety of protein substrates,
two themes are found amongst all ESX systems. First, the esx loci encode small proteins of roughly
100 amino acids that have a Trp-X-Gly (WXG) motif, resulting in a helix-turn-helix tertiary
structure [22] which often require homo- or hetero-dimerization for their secretion. Secondly,
they also encode a transmembrane ATPase protein [23] as member of the secretion apparatus.
Besides secreting WXG proteins, mycobacteria also frequently secrete Pro-Glu (PE) and Pro-Pro-

Glu (PPE) proteins as monomers or dimers.

These ESX 1-5 systems are crucial for mycobacterial pathogenesis, as at least 3 of these ESX
systems including ESX-1 and ESX-5 are necessary for full virulence [20,24]. Specifically, the

deletion of the ESX-1 and ESX-5 secretion system leads to attenuated pathogenicity and an overall
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decrease in intracellular bacterial replication in in vitro cellular models and in animal studies

[17,25-27].

1.2.1 The ESX-1 Type VII Secretion System

The RD1 locus has a length of 9.5 kb and encodes 9 genes, including components of the ESX-1
secretion system and two of the best characterized co-secreted WXG-type virulence factors ESAT-
6 (6 kDa Early Secreted Antigen Target, also called EsxA) and CFP-10 (10-kDa Culture Filtrate
Protein, also called EsxB) [28]. It was until recently suggested that EsxA alone was responsible
for the phagosomal permeability and subsequent bacterial translocation into the cytosol and
mediated cytosolic interactions [17]. However, this theory was recently challenged and the
claimed membrane-lysing properties of EsxA were in fact a direct consequence of the presence
of detergents from the experimental preparations [29]. Nonetheless, EsxA-EsxB secretion within
the context of an intact ESX-1 system does seem to still confer phagosomal lytic properties in a
contact-dependent context [29] and is now undisputed. It was further demonstrated that the RD1
locus was involved in the necrosis induction of host macrophages [30], the granuloma formation
[31] and the activation of caspase-1 and subsequent secretion of IL-18 and IL-1f3 in infected
macrophages [32]. In mice, the presence of RD1 in BCG is enough to cause bacterial replication in
the lung and spleen and induce the formation of granulomas [19]. In reverse, the deletion of the
Region of Difference 1 from Mycobacterium tuberculosis prevents the spread of the bacterial
replication in mice and leads to survival [17,18].

Although it is now irrefutable that ESX-1 along with its secreted EsxA and EsxB proteins mediate
some of the Mtb pathogenicity by permeabilizing the phagosomal membrane and subsequently
leading towards direct host cytosol-pathogen interactions [17,33], their exact molecular

mechanisms or host cellular targets remain unclear.

1.2.2 The ESX-3 Type VII Secretion System

The ESX-3 Type VII Secretion System has been demonstrated to play two distinct roles. First, it
has been described to be involved in metal homeostasis and iron acquisition via a mechanism
dependent on the secretion of its substrates PE5-PPE4 [34-36]. Secondly, it mediates its
virulence by secreting its heterodimer EsxG-EsxH substrates which consequently impairs the
host phagosomal maturation by interacting with the host Endosomal Sorting Complex Required
for Transport ESCRT [37]. Additionally, the EsxG-EsxH dimer has been reported to elicit CD4 and
CD8 T-cell responses in both humans and mice [38,39]
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1.2.3 The ESX-5 Type VII Secretion System

The ESX-5 Secretion System is the most recently evolved of the Type VII Secretion Systems [40]
and is activated at the transcriptional level by phosphate-depleted environments [41]. ESX-5 is
predicted to secrete EsxN [42] and most of PE/PPE proteins, a class of proteins representing
nearly 10% of the M. tuberculosis genome amounting to 167 putative secreted substrates [43].
ESX-5 has different roles in the biology of tuberculosis. Through the secretion of PPE10, it plays
an important role in the maintenance of the mycobacterial capsule integrity [44]. Upon infections,
the Mycobacterium marinum ESX-5 does not interfere with the phagosomal maturation within
human host macrophages, but strongly affects the host immune response. It downregulates the
production of proinflammatory cytokines including TNF-alpha and IL-6 [45]. It further represses
TLR signaling dependent innate immune cytokine secretion whilst increasing the production of

IL-1R [45].

Considering the aforementioned phenotypes upon the individual ESX secretion systems deletions,
it is undeniable that they play crucial roles in the mycobacterium virulence by somehow
interacting with host components. We thus hypothesize that identifying the Host-Pathogen
Protein-Protein Interactions (HP-PPI) could potentially clarify their underlying molecular
mechanisms of the individual virulence factors, altogether elucidating the overall pathogenicity

mechanisms.

1.2 Introduction to direct Host-Pathogen Protein-Protein Interactions

Infectious diseases reflect the evolutionary balance between a host and its pathogen. In order to
ensure their survival and propagation, pathogens have developed numerous intricate tools to
subvert their hosts’ defense mechanisms. Understanding how pathogens actively rewire host cell
defenses is of particular interest in infectious disease research. Ultimately by identifying host-
directed targets for pharmacological intervention, this field of research may contribute to
eradicate the public health burden caused by infectious agents.

The molecular mechanisms underlying pathogenic rewiring of host cells are widely varied.
However, as protein complexes and their interaction networks into which they are organized
comprise the primary functional modules of the cell [46], we can predict that the disruption of
these host networks are likely to be a key strategy for manipulation by pathogens. Re-wiring of
the host’s proteome, also known as pathogenic hijacking, generally includes intervention at
multiple stages of signaling pathways and cellular functions to ensure the robustness of the

virulent intervention [47]. This hijacking by protein-protein interactions may be carried out by
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evolutionarily derived partial molecular mimicry [48], which consists of virulent proteins having
evolved similar structures or motifs to the host proteins to mediate such HP-PPL It has further
been proposed that the phenotypic impact of a pathogen is directly proportional to its ability to
rewire the host interactome, and that the impacts of individual virulent proteins are linked to
their number of interactions with host proteins [49]. Thus, mapping the host-pathogen protein
interactome may provide valuable insights into the biological functions of virulence factor
proteins, highlight interactions critical to the pathogens’ progression and spread, and improve

our overall understanding on the molecular basis of pathogenicity.

The field of HP-PPI has been highly successful in deciphering the virulence mechanisms of various
pathogens, however mostly for viruses. This can be explained due to their minimal genomes and
by being obligate parasites, viruses must rely on HP-PPI as a mean to carry out the pleiotropic
functions of their proteins by hijacking various host protein modules to either avoid their
clearance or enable their spread. For example, by mapping the Influenza A - human PPI network,
viral proteins were reported to be highly inter-connected thus forming functional modules, and
to interact with a greater number of host proteins compared to the average degree of connectivity
within the human interactome [50]. The HP-PPI map further enabled the identification of
multiple molecular mechanisms employed by the virus to manipulate its host, including how
Influenza proteins intervene in the WNT/{3-catenin pathways as a mean to modulate the host’s

interferon production [50].

Unfortunately, the characterization of bacterial HP-PPI has lagged behind. The reason for this
disparity most likely reflects differences in feasibility. That is, testing all proteins produced by a
viral genome for interactions with a host proteome requires significantly less effort than that for
bacterial genomes due to their increased genomic complexity. Nonetheless there is increasing
amount of evidence that bacteria also rewire host cellular pathways via HP-PPI [47]. Pathogenic
bacteria can interact with their host’s proteome by three main mechanisms. First, bacterial
membrane proteins are an obvious interaction point, as they are located at the physical interface
between both organisms. Secondly, bacteria might secrete effector proteins (also known as
virulence factors) into the host cell where they can interact with the host proteome. Secreted
effector proteins are of particular interest as they are frequently required for full virulence [51].
Additionally, some bacterial pathogens such as certain Shigella dysenteriae or Escherichia Coli
strains express Shiga toxins generally during their lytic cycle [52] or release these toxins through
Outer Membrane Vesicles during their growth phase [53], leading to the inhibition of protein
synthesis or activation of the apoptotic pathways of their host cells. As the number of bacterial

host-pathogen interaction studies increases, they demonstrate that while bacteria generally do
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not rely on host cell machinery for the purpose of replication as directly as viruses do, they do
seem to disrupt the immune response [54] and interact preferentially with the hosts’
cytoskeleton as a mean of motility, invasion of the host tissues [55] and escape of phagocytic cells
[56]. For instance, Mycobacterium tuberculosis, is known to modulate the host’s immune response
and prevent its bacterial clearance by suppression of autophagy. Recent work has shown that a
secreted Mtb factor, PE_PGRS47, locates in the host’s cytosol and inhibits the Major
Histocompatibility Complex Il mediated antigen presentation, thereby partially suppressing the
autophagy of the Mtb containing macrophages in chronic stages of infections [57]. By mapping
such host interactors, HP-PPI studies could hint us towards the molecular mechanisms behind

certain virulence factors like this PE_PGRS47.

Although the concept of cellular hijacking of host modules by viral proteins has been widely
studied and approved, host hijacking by bacterial pathogens has less supporting evidence.
However, in the last few years, increasing amounts of evidence has led to the conclusion that
bacterial pathogens are also required to hijack cellular modules [37,54,58-65], such as the
ubiquitin system [66-68] or the host cytoskeleton [55], mediated by PPIs to prevent their
clearance or promote their replication and spread. Thus, multiple studies have focused their
efforts on characterizing HP-PPIs by employing common PPI detection methods such as Yeast
Two Hybrid (Y2H) [37,58-62] or Affinity-Purification coupled to Mass Spectrometry (AP-MS)
[63-65,69].

Recently, in the context of Mycobacterium tuberculosis infections, Mehra A et al. used a high
stringency Y2H study to screen for interactions between bacterial secreted virulence factors and
12’000 human ORFs. It enabled the discovery of a molecular mechanism by which a Type VII
secreted effector protein, named EsxH, targets the endosomal sorting complex required for
transport ESCRT machinery, thereby impairing the phagosomal maturation and fusion with the
lysosomes [37]. With further validations, they subsequently showed that the EsxH-ESCRT
interaction also impaired the major histocompatibility complex class II antigen presentation
thereby inhibiting CD4+ T-cell activation [70]. Even though this study was a successful proof of
concept to detect and subsequently test Host-Pathogen Protein-Protein Interactions in the
context of Mycobacterium tuberculosis, Y2H-based methods have some considerable pitfalls. For
instance, the necessity for exhaustive screens hampers its feasibility and the high false negatives
or false positive rates are usually caused by technical challenges such as the non-physiological
expression system [71]. Affinity-Purification coupled to Mass-Spectrometry, on the other hand,

has been proven to overcome most of these challenges and has become a state-of-the-art method
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to detect entire protein complexes in their physiological environment while keeping

comparatively low rates of false positives or negatives.

1.3 Introduction to Protein-Protein Interactions Methods

In the following sections, we aim to summarize the methods available to characterize HP-PPI,
consider their utility by providing biological insights, and present some outlook into the how the
field may develop going forward. Even though we are primarily concerned with the possibilities
of characterizing HP-PPI from the perspective of bacterial pathogens in particular Mycobacterium
tuberculosis, a survey of the literature indicates that significantly more work has been done for
viruses in this area [72]. As such, an examination of lessons learned from studies of interactions

between viruses and hosts should also be instructive.

1.3.1 Yeast Two Hybrid

Historically first, the Yeast Two Hybrid method has been extensively used to detect direct
physical interactions between two ectopically expressed tagged proteins in yeasts [73]. Although
this method generates direct binary interaction datasets at high throughput, the need for
exhaustive screens hampers its feasibility, and its technical challenges such as the non-
physiological expression system provokes high rates of false negatives [71]. Nonetheless, many
studies in the field of infectious diseases have successfully employed Y2H screens to investigate
(near) genome-wide virus-host interactions [74-81], to compare homologous viral proteins from
various strains [82,83], or to systematically map bacterial effector proteins - host interactions
[37,58-62]. In the context of Mycobacterium tuberculosis infections, a Y2H screen along with
functional validations, enabled the discovery of a molecular mechanism by which an effector
protein, named EsxH, targets the Endosomal Sorting Complexes Required for Transport
necessary for endosomal membrane trafficking, thereby impairing the phagosomal maturation

and fusion with the lysosomes [37].

1.3.2 Affinity Purification coupled to Mass Spectrometry

While Yeast2Hybrid studies have proven themselves very useful to detect direct binary Protein-
Protein Interactions, Affinity Purification coupled to Mass Spectrometry has emerged has a
powerful, high throughput and sensitive alternative method, as it detects in an unbiased manner
direct and indirect PPIs in near physiological conditions while maintaining low rates of false

positives [84]. Most commonly, it consists of fusing an affinity epitope tag to a bait protein,
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followed by a single or double biochemical affinity- or immuno- purification (AP or IP) steps in
native lysis conditions. The purified bait, along with the non-covalently bound interacting
proteins or macromolecular protein complexes (preys), are then identified and quantified via
standard bottom up proteomics. To filter out non-specific interactions, this strategy relies on
quantitative comparisons with control purifications.

In the field of infectious diseases, AP-MS is commonly applied to systematically map the
interactome of individual virulent proteins ectopically expressed in the host’s environment
[63,64,69,82,85-94], to monitor single virulent proteins [95] or upon infection [96]. A related
strategy uses immobilized recombinant bacterial effectors on beads [97] combined with AP-MS
from their incubation with human plasma.

Although expressing single virulent genes in host environments is informative, it is believed that
during the course of infections, the host-pathogen interactomes undergo infection stage-
dependent dynamic changes [98], influenced by the hosts’ responses and by the other co-
expressed virulent proteins. Thus, some groups have generated replication-competent, epitope
tagged viruses which enabled the spatio-temporal monitoring of empirical and quantitative
changes upon viral infectious of host cells, including for Alphavirus Sindbis [98] and most recently
HIV infected human cells [99]. Based on similar principles, Mousnier A et al. and subsequently So
EC et al respectively developed and applied a double purification-based method coupled to mass
spectrometry to enable the identification of HP-PPI of bacterial effector proteins in host cells
upon infections of Legionella pneumophila. This study, amongst others findings, described how
three effector proteins may target up to 25 Rab GTPases individually during the course of
infections [65,100].

For the first time to our knowledge, it was also applied to systematically map the HP-PPIs of
secreted bacterial effector proteins to gain insights into Chlamydia trachomatis pathogenesis [63],
which led to predicted functions of certain secreted proteins and insights into how host cells may
restrict Chlamydial infections. Most recently, this AP-MS approach used to identify HP-PPI was
applied in the case of Mycobacterium tuberculosis [69] and the results will be discussed later in

this thesis.

1.3.3 Proximity Dependent Labelling coupled to Mass Spectrometry

BiolD has recently emerged as a new possibility to detect transient and weaker PPI [101] as it
doesn’t necessitate the preservation of the PPIs during the cell lysis and can thus be used as a
complementary method to AP-MS [102]. This method relies on the fusion of a mutated
promiscuous biotin ligase BirA* to the bait protein. During an incubation with high biotin

concentrations, neighbouring proteins to the fused BirA*-bait protein undergo proximity
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dependent biotinylation reactions. Biotin-conjugated proteins, potential direct or indirect
interactors of the bait, can then be affinity purified using streptavidin-coated affinity matrices
and quantified by mass spectrometry (see Figure 1). Because the identification of interactions
does not depend on the native purification conditions, weak, transient and insoluble interactions
such as for membrane proteins can be readily identified [101]. BiolD has been applied as a mean
to obtain comprehensive interactome information of selected bacterial proteins [103] belonging
to the human pathogen, Chlamydia psittaci. A variation of this proximity labelling strategy, called
APEX based on the enzymatic activity of Ascorbic Acid Peroxidase, enables much faster reaction
times (~30 seconds), and opens up the possibility of time-resolved proximity measurements

[104].

1.3.4 Chemical Crosslinking coupled to Mass Spectrometry

Chemical Crosslinking coupled to Mass Spectrometry (XL-MS) consists of chemically crosslinking
proximal reactive side chains of exposed specific amino acids from native proteins in monomeric
states or in protein complexes, followed by an MS based, bottom up approach to identify the
crosslinked peptides and infer their proteins. XL-MS thus yields fixed distance restraints between
bound residues, suggesting direct physical intra-protein or inter-protein interactions between
crosslinked peptides belonging to the same or distinct proteins respectively [105] (see Figure 1).
Chemical crosslinking reactions can be performed on purified protein samples [106] using GFP
epitope tags [107], on cell lysates [108] or on living cells such as on the pathogen Pseudomonas
aeruginosa [109]. Although having gained popularity in recent years to study the topology of
protein networks, decipher the architecture of macromolecular complexes, and provide insights
into domain-resolution protein interactions, XL-MS has not yet been widely applied to study HP
interactions due to its challenging utilization. One exception is the unbiased study of live human
epithelial H292 cells infected with A. baumannii which led to the identification of 46 HP-PPI[110].
However informative by identifying protein-protein interactions and providing information
about their three-dimensional structures, XL-MS experiments remains challenging at the
bioinformaticlevel. The principal bottleneck lies in the identification of cross-linked peptides due
to the combinatorial search space, as any peptide from a sequence database can be crosslinked

to any other peptide from the same database [111].

1.3.5 Co-Fractionation coupled to Mass Spectrometry

To overcome the biases and limitations caused by the need for genetic tagging or availabilities of

antibodies using in approaches like AP/IP-MS or BiolD, methods like Co-Fractionation Mass
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Spectrometry (CoF-MS) are gaining in popularity [112-114]. CoF-MS is based on the mild lysis
of cells and a near-native extraction of the proteome in order to preserve the protein-protein
interactions. The lysates containing the interacting proteins and larger protein complexes are
then fractionated according to the desired physicochemical properties using approaches such as
Ion-Exchange Chromatography or Size Exclusion Chromatography. The proteins contained in
each fraction are subsequently identified and quantified by mass spectrometry. Protein-Protein
Interactions and the protein complexes are then inferred based on their correlating elution
profiles (or co-elution) along the chromatographic dimensions [115]. Theoretically, CoF-MS
methods enable the global parallel and unbiased identification of all protein complexes present
in the cells.

We hypothesize that such global and unbiased approaches could solve some challenges imposed
by the systematic study of bacterial-host interactions. The first challenge is to identify all secreted
proteins upon infection, where in silico predictions and experimental findings don’t always
corroborate [116]. Secondly, due to their increased genomic complexity compared to viruses, the
generation of transgenic cell lines to ectopically express each putative secreted protein would be
highly time-consuming. Thirdly, bacterial systems generally lack adequate genetic tools
preventing endogenous tagging of their secreted proteins. Thusly, we hypothesize that more
global approaches for bacterial - host PPI detection may be useful. To our knowledge, a CoF-MS
based method was only applied once in the context of infected host cells with bacterial pathogens
[115]. Although no Host-Pathogen Protein-Protein Interaction could be detected, probably
caused by the asymmetric ratios in bacterial effector proteins abundance in comparison with the
abundance of the host proteome, the study provided some insights into host protein complex
rearrangement cause the Salmonella enterica infection.

Despite having many benefits, these global methods are hampered by some drawbacks. These
include the relatively low chromatographic resolutions given the large number of eluting proteins,
the ability to reliably identify and quantify all proteins in each fraction, and the fact that weak or
transient protein interactions usually fall apart during the chromatographic separations and only

more stable macromolecular protein complexes can thusly be identified.
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Figure 1 Mass-spectrometry based methods for Host-Pathogen Protein-Protein Interactions detections in
the context of bacterial infections. AP/IP-MS from epitope tagged bacterial effector proteins (1a) post
infections of their host cells enables the identification of physiological HP-PPI. Along with other hypotheses
driven methods such as ectopic expressions of tagged bacterial proteins in the host environment (1b and
1c), they can lead to near comprehensive identifications of HP-PPI. However, because they rely on the prior
tagging of the proteins of interest, they are limited by the number of proteins that can be cloned and
expressed in the relevant cellular systems. Chemical Crosslinking - MS (2) and Protein Correlation Profiles
- MS (3) methods, although less sensitive, do not require prior knowledge and tagging of bacterial proteins
and thus allow de novo discovery of physiological and endogenous HP-PPI directly from infected cells (2

and 3).
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1.4 Introduction to Global Host Response Profiling

Host-Pathogen Protein-Protein Interactions may provide valuable insights into the underlying
molecular mechanisms in the pathogenicity carried over by virulence factors. However, they
provide little information on the global phenotypic consequences of the interactions nor do they
capture any indirect interactions they may have. To measure the cell-wide overall effect of
secreted virulent proteins, it could be thus beneficiary to merge these HP-PPI interaction studies
with global analysis of host response to differential infections with pathogens having the Wild

Type strains or the deleted virulence factors strains.

Quantification of host responses to differential infections can be done at multiple levels, including
atthe transcriptomics [117], proteomics and specific signaling pathways analysis. [dentifying and
quantifying the host response to its pathogens can provide valuable information associated
concerning both the infection and host defense mechanisms. Indeed, disease states including
infectious diseases are generally characterized with subtle or large differences in the gene

expression profiles and their protein products.

1.5 Introduction to Transcriptomics

The field of transcriptomics is the comprehensive identification and quantification of RNA
transcripts within a biological sample. It has become a robust high throughput and affordable
technology which enables the quantitative analysis of RNA molecules including protein-coding
messenger RNAs from low amounts of cells, even down to the single cell level. It became an
omnipresent tool, mostly used to quantify Differential Gene Expression (DEG) profiles between
two or more conditions. Transcriptomics methods based on Next Generation Sequencing, most
frequently Illumina, have the capacity to present multiple valuable benefits such as having single
base-pair resolution, can sensitively detect alternative splicing variants, can cover multiple
dynamic ranges and have a read depth of 10-30 million reads per sample. Yet, transcriptomics do
not systematically predict their final product protein abundances [118,119] or final proteoforms.
This unreliable correlation between transcript and protein level can be explained by existence of
ubiquitous and essential biological process. First of all, protein-coding messenger RNA are subject
to alternative splicing, increasing the diversity at the transcript level. Secondly proteins are
subject to post-translational modifications introduced after the translation of the mRNA which
can lead changes in the protein interactomes and functions [120]. We thus hypothesize that in
order to get a comprehensive snapshot of the functional state of biological sample, it is necessary

to identify and quantify the proteome content and its spatio-temporal regulation. In the case of
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Mycobacterium tuberculosis infections, host transcriptional analysis were recently reviewed here

[121].

1.6 Introduction to Proteomics

The field of proteomics is the large-scale analysis of proteins. Conceptually, Mass Spectrometry
based protein analysis may be separated into two main approaches: top-down and bottom-up
proteomics. Top-down proteomics enables the analysis of intact proteins and is an ideal method
to study with high resolutions their proteoforms and their specific post-translational
modifications. Unlike bottom-up proteomics, top-down do not require the proteolytic cleavage of
the proteins, but can infer the protein sequence from an accurate experimentally determined
intact mass [122,123]. It may also determine the exact amino-acid position of the PTM by
employing tandem mass spectrometry analysis by ionizing [124] and subsequently fragmenting
[125] the proteins using ElectroSpray lonization (ESI) Mass Spectrometry ESI-MS [122]. Although
highly sensitive for small diversity of proteoforms present in a single sample, top-down
proteomics do not allow for the identification nor quantification of more complex mixtures of

proteins. To do so, bottom-up proteomic approaches are needed.

Modern bottom-up proteomics based on mass spectrometry first consist of an enzymatic
digestion, usually Trypsin, of the proteins extracted from the biological samples. The smaller
tryptic peptides are then separated on a reverse-phase high-pressure Liquid Chromatography
(LC) column coupled directly to a mass spectrometer. The peptides are ionized via an ESI prior to
entering the mass spectrometer for the data acquisition, where the mass over charge (m/z) ratios
are measured. Depending on the aim of the experiment and the nature of the samples such as its

complexity, different acquisition strategies can be employed.

1.6.1 Data Dependent Acquisition Mass Spectrometry

Data Dependent Acquisition (DDA) MS is the most frequently used type of data acquisition
scheme and is also known as shotgun or discovery proteomics. During a DDA run, the mass
spectrometer performs a MS1 scan, which will measure the m/z values for the precursor ions
(the tryptic peptides) present at a given point in the chromatographic dimension. The most
abundant n peptides, typically around 10, are selected for subsequent fragmentation within a

collision cell the and the m/z of the fragment products are then measured during a second scan
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called MS2 (or MS/MS). The resulting ion spectra are then matched to an in silico digested protein
sequence databases in order to identify the protein composition of the sample [126,127]. As for
the quantification, the most commonly used strategy is to integrate the MS1 signals of the
precursor ions along the chromatographic dimension. Although widely used, DDA strategies

present some downsides such as low reproducibility and quantitative accuracy.

1.6.2 Data Independent Acquisition Mass Spectrometry

Compared to the classical semi-stochastic Data Dependent Acquisition (DDA) schemes, SWATH-
MS [128] (short for Sequential Window Acquisition of All Theoretical Mass Spectra) is based on
a Data Independent Acquisition (DIA) scheme that was developed in our group by Gillet et al. It
allows to detect and measure in a more robust, sensitive, data-complete and quantitatively
accurate manner a deeper proportion of the peptides across multiple samples in a linear dynamic
range [129]. In order to circumvent the stochasticity and low reproducibility of DDA schemes,
SWATH-MS relies on the fragmentation and MS2 acquisition of all precursor ions present in
predefined MS1 windows. This conceptually enables the identification and quantification of all
precursor ions present in the biological sample and results in a much deeper coverage. However,
the hurdle of this approach relies in the data analysis due to the highly multiplexed and
convoluted resulting MS2 spectra caused by the co-isolation and fragmentation of all precursor
ions present in each MS1 extraction window. So to identify the present peptides, SWATH relies
on the prior knowledge from previously generated fragment ion spectral libraries in combination
with chromatographic coordinates to extract in a targeted fashion MS/MS signals [130] and

enables MS2 based quantification for a higher accuracy.

Although the SWATH-MS acquisition scheme theoretically enables the fragmentation and MS2
acquisition of all precursor ions from each MS1 isolation window per cycle, the ion sampling
efficiency by the quadrupole is highly limited considering the typical MS1 isolation window sizes
[131]. Combined with the highly convoluted MS2 spectral complexity, this decreases drastically
the effective number of precursor ions identified from the MS2 fragmentations. To overcome
these limitations, recent technological advances introduced an additional layer for precursor ion
separations based on their ion mobility by adding a Trapped Ion Mobility Spectrometer (TIMS)
device. This not only increases the sensitivity by scanning all of the precursor ions by performing
this parallel accumulation based on the ion mobility, but together with an extended targeted data

extraction workflow that includes the ion mobility dimension that reduces the spectral
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complexity, this novel data acquisition scheme allows us to reach a complete precursor ion

sampling and identification from 10 fold fewer input material than classical SWATH-MS[131].

Together with Affinity Purification, SWATH-MS has been successfully applied to obtain
temporally and quantitatively accurate representations of protein complexes in different
biological conditions [132,133]. By replacing DDA with SWATH-MS, AP-SWATH studies have
been able to sensitively quantify dynamic rearrangements of protein interactions, even for
interactors so-far undetectable with DDA approaches as the dynamic range of abundance

spanned over four orders of magnitude [132].

1.7  Introduction to Mycobacterium tuberculosis proteomics

A decade ago, shotgun-MS was the only viable mass spectrometry-based proteomic method and
consequently most of the available proteomic data was in this form. In addition to providing
important insights into the composition of the respective sample, the resulting fragment ion
spectra provided the basis for specific measurement assays for targeting MS and DIA methods.
This progression from proteome discovery to serial proteome quantification by targeting MS and
DIA methods has been robustly implemented for Mtb. Specifically, Mtb is one of only a few species
for which reference fragment ion spectra have been generated and made publicly accessible for
proteins from every ORF of the genome [134-136]. In the following, we discuss the biological

insights into the proteome of Mtb gained from different proteomic methods.

Comparison of proteomic datasets on H37Rv and H37Ra, a virulent and avirulent strain of Mtb,
identified 29 significant changes of membrane associated proteins, including the possible protein
export membrane protein SecF and three ABC-transporter proteins, that were upregulated in
H37Rv. This suggested that the bacterial secretion and transporter systems might be significant
determinants for the virulence of the bacilli [137]. A similar approach applied to the membrane
associated proteins of H37Rv and BCG, the vaccine strain of Mtb, revealed the significance of
membrane proteins in causing the disease. Analyzing the proteome of H37Rv, H37Ra, BND and
JAL strains highlighted the distinct protein expression patterns of Esx and mcel operon proteins
in the JAL and BND strain, respectively, suggesting EsxA as a potential virulence factor. Proteins
MmpL4, Rv1269c, Rv3137, and SseA have been reported as major differences between the
ancient and modern Beijing strains which might clarify the increased virulence and success of the
modern Beijing strains [138]. SseA, a predicted thiol-oxidoreductase, together with SodA and

DoxX constitute a membrane-associated oxidoreductase complex (MRC) and lack of any MRC
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subunit results in the defective recycling of mycothiol as a functional analogue of glutathione
[139,140]. The low level of SseA in the modern Beijing strains most likely results in increased
DNA oxidation damage which explains the higher rate of mutation and accelerated acquisition of
drug resistance compared to more ancient strains [141]. Up-regulation of enzymes responsible
for long-chain fatty acid biosynthesis and HsaA implicated in steroid degradation and down-
regulation of long-chain fatty acid degrading enzymes have been observed in Beijing BO/W148
strains in compared to the reference strain termed H37Rv [139]. The differential expression of
23 proteins implicated in virulence were confirmed by targeted proteomics in seven clinically
relevant strains showing various degrees of pathogenicity [142]. Proteomic and transcriptional
analyses also generated some insights on metabolic remodeling between different BCG strains
which might be manifested by various degrees of immunogenicity and potentially vaccine efficacy
[143]. The mycobacterial protein analysis of mono-infected and HIV co-infected macrophages
revealed 92 significant changes which belong to various functional categories such as toxin-
antitoxin (TA) modules, cation transporters and type VII (Esx) secretion systems [144].
Proteomic studies have also increased the depth of our knowledge about the significant
regulatory pathways of Mtb. PhoP as a virulence factor regulates a small non-coding RNA (ncRNA)
namely Mcr7 which affects the activity of the Twin Arginine Translocation (Tat) protein secretion
system through TatC modulation. Consequently, the secretion of BlaC and the antigen 85 complex
(Ag85), a key player in the pathogenicity, changes significantly [145]. To decipher the role of
SecA2 dependent export pathway, the cell wall and cytosolic proteome of a SecA2 mutant were
compared to the wild type introducing the association of the pathway with DosR regulon and the
Mcel and Mce4 lipid transporters [146]. Proteomic analyses of culture filtrate on Mtb revealed
EsxG and EsxH, secreted co-dependently, facilitate the secretion of several members of the
proline-glutamic acid and proline-proline-glutamic acid protein families such as PE5 [35].

Drug resistant strains of Mtb are a growing problem for healthcare systems and have been
investigated using proteomic methods. Bedaquiline (BDQ), approved for the treatment of
multidrug-resistant TB, inhibits ATP synthesis inducing a bacteriostatic state for 3-4 days after
drug exposure. The induction of the DosR regulon as well as the activation of ATP-generating
pathways promote bacterial viability during this initial drug exposure, explaining in part why
BDQ is more effective when the bacilli have access to only non-fermentable energy sources such
as lipids [147]. Studying the proteome of ofloxacin (OFX) resistant strains showed fourteen
proteins up-regulated in respect to the OFX susceptible strains. Further docking analysis on four
of the proteins elucidated conserved motifs and domains interacting with OFX as a second-line
drug against MDR-TB [148]. A study showed that the abundance of several proteins responsible

for the maintenance of cell-envelope permeability barrier changed significantly in Mtb exposed
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to thioridazine. Thioridazine increases cell-envelope permeability and thereby facilitates

components uptake [149].

With the recent developments in the DIA/SWATH-MS field, we can quantify ~2700 proteins of
Mtb at semi-high-throughput (14 samples/day) consistently from 1 pg of total peptide mass over
many samples and conditions. To support the quantitative measurement of the Mtb proteome by
DIA/SWATH-MS, an Mtb proteome spectral library has been generated, validated and made
publicly accessible [135]. It contains 97% of the annotated Mtb proteins and has paved the way
to study the Mtb proteome under many different conditions. According to shotgun-MS and deep
RNASeq experiment, we presume that 3488 proteins are expressed in Mtb cumulatively and that
protein concentrations range from 0.1 to 1000 fmol/pg (10-44 632 estimated protein copies per
cell), spanning four order of magnitude. GroEL1/2, MihF, GroES and Tuf are the most abundant
proteins. Furthermore, 29 previously unannotated proteins have been identified by MS-based
proteomics which emphasizes that the genome annotation of Mtb still needs to be further refined
[135]. In a prototypical study, the absolute protein concentrations of the Mtb proteome and its
reorganization after exposure to hypoxia was determined in a time course experiment. The
results showed that whereas ribosomal proteins remain largely unchanged, products of DosR
regulon genes were strongly induced to constitute 20% of the cellular protein content during
dormancy. A quarter of 631 differentially expressed proteins had metabolic functions and 80%

of them constituted connected metabolic pathways with at least four enzymes [136].

1.8 Introduction Mycobacterium tuberculosis host proteomics

Despite the advances in quantitative mass-spectrometry based proteomics that enable a sensitive
and deep coverage of any given biological samples, comprehensive profiling of host proteomics
responses to virulent Mycobacterium tuberculosis infection have lagged behind and remain to-
date scarce. Consequently, the virulence-associated effects of Mtb infections on global host
responses remain unexplored. Indeed, most proteomic studies quantifying the responses to live
Mtb infections were predominantly done on fractionated organelles using various peptide
labelling strategies including on the endoplasmic reticulum (ER) in response to either H37Rv or
H37Ra after 4 hours of infections to measure a total of 133 ER proteins [150], on exosomes from
Mtb-infected macrophages [151], to quantify newly synthesized proteins secreted by
macrophages upon the first 26 hours of infections with 4 different virulent Mtb strains [152].
However, due to the more physiologically relevant sub-cellular compartments in Mtb infections,
many have quantified the proteomic composition of bacilli-containing phagosomes with the aim

of shedding light on the Mtb-driven phagosomal maturation arrest [153-155].
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Whole-cell proteomic studies quantifying the host proteomic responses include an analysis of
infected lungs to identify Mtb-specific antigens [156] and a comparative study to identify putative
in vitro biomarkers for the clearance of Mtb infections after antimicrobial treatment [157].
However, more recent publications aimed at analyzing the more global host responses of
macrophages infected by Mtb and M. bovis comparative infections by quantitatively measuring
2’000 proteins belonging to the host enabled them to pin-point strain specific host proteomic
responses. Yet, the only paper to our knowledge to study the virulence-specific proteomic
response to differential virulent Mtb strains quantified the response to H37Rv and H37Ra. By
quantifying the altered protein expression profiles in response to both strains from the 6’700
host proteins measured, they could identify the 235 proteins significantly altered after 12 hours
of infections. Results showed that more virulent Mtb infected macrophages resulted in
differentially regulated proteins involved in oxidative phosphorylation, nucleosome assembly,

vesicular formation, apoptosis and blood coagulation [158].
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