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ABSTRACT

The capacity of intracellular bacteria to cause disease depends on their ability to invade and
replicate within eukaryotic host cells. These characteristics also allow preferential invasion and
replication by facultative anaerobic bacteria in solid tumours, which can be exploited to design
delivery vectors for cancer therapy.

The aim of this thesis is to study the molecular mechanisms that regulate two parameters of
bacterial invasion: internalization and escape from the host innate immune response.

We show that the deubiquitinating enzyme UCH-L1 promotes internalization of Listeria
monocytogenes and Salmonella enterica in epithelial cells. Knockdown of UCH-L1 reduces the
uptake of both bacteria in UCH-LI1-positive epithelial cells, while expression of the
catalytically active enzyme promotes internalization in the UCH-L1-negative HeLa cell line.
This effect is dependent on modulation of the actin cytoskeleton dynamics, alteration of
clustering and activation of the L. monocytogenes receptor Met, a receptor tyrosine kinase
(RTK). Actin cytoskeleton re-arrangement and RTK signalling share a common effector
protein: the focal adhesion kinase (FAK), a key regulator of focal adhesion complexes. We
found that UCH-L1 interacts with components of the focal adhesion and cadherin complexes:
FAK, paxillin, vinculin, B-catenin and p120, and further regulates the activation of FAK and the
formation of focal adhesion complexes, leading to an increase of adhesive capacity and motility
of the cells.

These findings highlight an unrecognized involvement of the ubiquitin cycle in bacterial entry.
Considering that UCH-L1 is highly expressed in malignant cells, this may represent one of the
mechanisms by which intracellular facultative anaerobic bacteria preferentially localize within
solid tumours.

Intracellular bacteria replication is controlled by the activation of a broad array of defensive
mechanisms, but mainly relies on compartmentalization followed by lysosomal destruction of
the invading microorganisms in professional phagocytic cells, macrophages and neutrophils.
Several pro-inflammatory cytokines enhance the bactericidal capacity of the host cells. We
demonstrated that the bona fide cytokine Thioredoxin (Trx) 80, a truncated form of
Thioredoxin 1, induces monocytes activation and inhibits replication of intracellular pathogens
by trapping the bacteria into the lysosomal compartment, thus promoting their destruction. Our
results show that Trx80 potentiates the bactericidal activities of professional phagocytes, and

contributes to the first line of defense against intracellular pathogens.
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1. PRINCIPLES OF BACTERIAL PATHOGENESIS

Bacterial pathogenesis is a multi-step process that is modulated by several factors: the
bacterial strain and its toxicity (defined by the presence of virulence factors), the
amount of bacteria at the inoculation site and the efficiency of the host immune system.
Here we will review some of the mechanisms that allow bacteria to establish efficient

infection.

The first step of bacterial infection is cell adhesion. Indeed, most bacteria need to
initiate attachment for a successful infection. Pathogens usually colonize host tissues
that are in contact with the environment: conjunctive, respiratory, urinary or digestive
tract. Bacteria attach to these mucosal surfaces via diverse adherence factors called
adhesins, often in a specific manner. The adhesin is any bacterial ligand, such as a
capsule component, cell wall, pili or fimbriae, that binds to a host cell surface receptor:
glycoprotein such as integrins, cadherins, selectins. Commonly, one bacterium
expresses and uses more than one adhesin [1].

Fimbriae are hair-like structures that extend from the bacterial surface. Particularly
Gram-negative pathogens such as Escherichia coli (E. coli), Vibrio cholerae (V.
cholerae), Pseudomonas aeruginosa (P. aeruginosa) or Neisseria species use fimbriae
to adhere [2,3,4]. Afimbrial adhesins do not form the long, polymeric fimbrial structure
leading to closer contact between the bacteria and the host cell. These are produced by
Gram negative: Yersinia pseudotuberculosis, enteropathogenic E.coli, Neisseria spp.,

Gram positive: Staphylococcus spp. Streptococcus spp., and mycobacterial pathogens

(2] [5T16] [7] [8].



After adherence, pathogens need to reach niches in tissues to allow them to proliferate
and disseminate. This is termed invasion. To invade tissues, bacteria produce
extracellular proteins called invasins. Invasins are enzymes that damage the
extracellular matrix and host cells, facilitating the growth and spreading of the bacteria.
Spreading factors such as hyaluronidase (which cleaves proteoglycans in connective
tissue), streptokinase and staphylokinase (which break down fibrin clots), collagenase
and neuraminidase affect the physical properties of the extracellular matrix to facilitate
the diffusion of the bacteria. Other enzymes as phospholipase, lecithinase and
hemolysin are able to lyse cell membranes leading to phagosome or cell lysis [1, 2].

Some digestion factors like proteases, lipases (which degrade accumulated host oils) or
nucleases (which digest released DNA or RNA) may help to break down host barriers
by degrading host cell molecules. Coagulase converts fibronectin into fibrin, causing
clotting. P. aeruginosa secretes elastase, which degrades extracellular molecules and

helps tissue invasion associated with keratitis, burnt tissue necrosis and cystic fibrosis

(]

The first line of defence against bacteria during the infectious process is inflammation
with the recruitment of neutrophils and macrophages. Their function is to engulf, kill
and digest bacteria. In order to survive, the most successful pathogens possess
additional structural or biochemical implements and have elaborated different strategies
to evade the host immune system.

The simplest strategy is to avoid encountering phagocytes. Some pathogens invade
tissues without macrophages like in the lumen of glands (Leptospira). Certain agents
induce minimal inflammation to not attract the phagocytes (bacteroides in mice). A few

species inhibit chemotaxis towards phagocytes or leukocytes (Staphylococcus aureus).



Some bacteria hide from the immune system by covering their surface with a host
component (S. aureus, E. coli).

An important component used by bacterial pathogens to evade clearance is the capsule,
which protects bacteria from phagocytosis as well as antibiotics. The capsule is a coat
made of excreted high molecular weight polysaccharides. Streptococcus pneumoniae,
Neisseria meningitidis and P. aeruginosa produce capsules with different chemical
composition and immunomodulatory effects. The incapacity of macrophages to engulf
encapsulated bacteria leads to an enhanced inflammatory response, which in turn tends
increase tissue damage [10,11].

Finally, some bacteria produce extracellular enzymes or toxins called agressins that are
able to kill the phagocyte before of after ingestion. This is the case for the hemolysins
produced by many Gram-positive bacteria or the exotoxin A produced by P.
aeruginosa.

Intracellular bacteria have the ability to survive and multiply inside phagosomes after
engulfment. Intracellular lifestyle permits the evasion of humoral immune response.
However, inside infected cells, bacteria have to face intracellular defences and a
particularly hostile and evolving environment inside phagosomes, characterized by
poor nutrient contents, low pH, and presence of bactericidal compounds or enzymes
added via lysosomal fusion. To stay alive, bacteria are able, through protein production,
to modify their surroundings, creating specialized niches to replicate [1] [2] [12].

Once inside a host cell, a Salmonella containing vacuole (SCV) undergoes a
maturation process. The vacuolar membrane rapidly acquires markers such as early
endosome antigen 1 (EEA1) and the transferrin receptor, suggesting a direct fusion
with early endosomes. Subsequently, proteins associated with later stages of the
endosomal pathway such as lysosomal glycoproteins (Igps), lysosomal membrane

associated protein (Lamp)l, Lamp2 and cd63 are acquired. However, unlike early



endosome, there is no direct interaction between SCV and late endosomal
compartment. A selective delivery of lysosomal glycoproteins but not soluble enzymes
occurs via a novel type of rab7- and Igps-containing vesicles. In addition, two Type 111
secretion systems (TTSS) and their effectors are involved in this maturation process
which is yet poorly characterized [13].

Another example of persistence in the host, Mycobacterium tuberculosis inhibits the
maturation of the phagosome. This arrest is associated with an aberrant retention of
Rab35, an early endosome marker and a defiency of Rab7, involved in late endosome
trafficking and phagosome maturation. Mycobacterium also interacts with the host
protein, coroninl and the retention of this protein on the surface of the phagosome may
avoid its fusion with phagolysosomes. This indicates that Mycobacterium might
interfere at various stages of the maturation process of the phagosome in order to
inhibit its fusion with lysosomes [14].

Some other bacteria such as Listeria monocytogenes and Shigella flexneri are able to
escape the phagosome and replicate in the cytosol [9] [15]. The escape of L.
monocytogenes from the phagosome is mediated by listeriolysin O (LLO) and
phospholipases C (PLC). LLO production is tightly regulated: it is fully effective at low
pH to protect infected cells from damage and is activated only in the vacuole, by the y-
interferon (IFN-y) inducible lysosomal thiol reductase, a host factor. LLO forms pores
into the vacuolar membrane by binding to cholesterol. Once in the cytosol, Listeria can
replicate and hijacks the actin cell machinery to move to the membrane, spread to a
neighbouring cell and start a new cycle of infection.

S. flexneri possesses a TTSS that allows the injection of effectors into the host cytosol.
One effector, IpaB, has haemolytic activity and similarly to LLO, IpaB as a complex
with another effector, IpaC, binds to cholesterol and creates pores in the plasma

membrane of the cell during invasion. However, the role of this complex during



vacuolar escape is not confirmed: other genes from a large virulence plasmid could be

involved.

In addition to adhesins and invasins, bacteria produce a broad array of toxins, which
can be distinguished as endotoxins and exotoxins. Endotoxins are components of the
cell wall (the non-proteinaceous toxins) such as lipopolysaccharide (LPS) from Gram-
negative bacteria and teichoid acid from Gram-positive bacteria. Exotoxins are
proteins, which are released from the bacteria and act at tissue sites removed from the
site of bacterial growth (botulinum from Clostridium botulinum, LLO from L.

monocytogenes or elastase from P. aeruginosa for example) [1].



2. BACTERIA AS VECTORS FOR ANTICANCER THERAPY

Knowledge about infection pathways is important for both treatment and the
development of new antibacterial drugs. Moreover, an interesting twist in the ability of
bacteria to invade eukaryotic cells is the possibility to use them as delivery vectors for
anti-cancer therapy.

Bacteria possess unique properties that allow them to be used as original tools for
cancer treatment. A number of bacteria specifically target tumour cells, actively
penetrate tissues, and, once genetically modified, can induce toxicity in a controlled
way. Salmonella, Listeria and Clostridium, for example, have been extensively studied
the past decades and have been shown to control tumour growth and increase survival
in animal models.

One of the major hassles in cancer therapy is the lack of specificity for tumour cells
and the possibility to reach all the cells within the tumour mass. Bacteria have inherent
biological properties to overcome these problems. Many bacteria such as Salmonella,
Listeria, Clostridium, Escherichia and Bifidobacterium have been shown to accumulate
specifically in tumours. To reach the tumour, bacteria possess characteristics like
flagella or quorum sensing [16,17] [18,19,20].

The main problem that appears while using bacteria as anti-cancer agents is to balance
their own toxicity and the toxicity needed for therapeutic efficacy. To increase their
efficiency, genetically modified bacteria have been engineered to express a specific
therapeutic gene. By producing the protein of interest specifically at the tumour site,
bacteria may serve as vector or vehicles for delivering cytotoxic agents that are killing
cancer cells. These agents can be bacterial toxins, cytokines or tumour antigens
stimulating the immune system, angiogenic components or pro-drugs. Moreover,

bacteria can be detected using different imaging techniques.



All of these qualities allow a tight regulation of the treatment delivery compared to

intravenous administration. Intratumoral drug activity would be more efficient in

killing cancer cells and therefore be less toxic to normal tissue. Many strategies have

been already tested in animal models leading to several phase I clinical trials (Table 1).

Table 1: Human clinical trials using bacterial cancer therapies modified from [21]

Bacterial strain

Cancer type

Response /Clinical phase

Clostridium butyricum

M-55

Salmonella typhimurium

Squamous cell carcinoma

Metastatic, malignant neuroma

Leiomyosarcoma
Melanoma
Sinus carcinoma

Vascular glioblastoma

Oncolysis

Phase I complete

VNP20009

Metastatic melanoma

Renal cell carcinoma

Focal tumour colonization

Phase I complete

Salmonella typhimurium

Metastatic melanoma

Tumour biopsy culture positive

for VNP20009
VNP20009
Phase I complete
Intratumoral bacterial
Salmonella typhimurium Squamous cell carcinoma
colonization
VNP20009

Adenocarcinoma

Phase I complete




The drawback of using bacteria as anti-cancer agents is to balance their own toxicity
and the toxicity needed for therapeutic efficacy. To increase their efficiency, genetically
modified bacteria have been engineered to express a specific therapeutic gene. Here are
some examples of strategies already tested.

Cytolysin A (ClyA) is a bacterial toxin that forms pores in mammalian cell membranes
inducing apoptosis. Several groups have shown that treating mice with E. coli or S.
typhimurium expressing ClyA reduces tumour growth [22,23,24].

The pro-drug strategy uses anaerobic bacteria transformed with an enzyme that can
convert a non-toxic pro-drug into a toxic agent. Anaerobic bacteria proliferate
specifically in the necrotic and hypoxic areas of the tumour, allowing the enzyme to be
expressed at the tumour site. Several enzyme/pro-drug systems are available. Cytosine
deaminase (CD) converts 5-fluorocytosine (5FC) into 5-fluorouracil and nitroreductase
(NR), which in turn converts the pro-drug CB1954 to a DNA cross-linking agent.
Clinical trials are taking place using a highly attenuated strain of Salmonella,
VPN20009, as a vector combined with CD and NR [25]. Its low pathogenicity is due in
part to the purine auxotrophy of the strain (the bacteria cannot survive in the absence of
this compound) and also to the disruption of the msbB gene, which alters the lipid A,
decreasing the potential to activate tumour necrosis factor-a (TNF-a) and cause septic
shock. The low pathogenicity, the lack of antibiotic resistance and the intrinsic
properties of Salmonella make this strain a putative safe and effective vector.

Targeting angiogenesis is another strategy tested to kill tumour cells. Pre-clinical
studies have shown that endostatin, a C-terminal fragment of collagen VIII that exhibits
anti-angiogenic activity, inhibits tumour growth when they lack acquired tumour
resistance. Indeed, the use of a S. choleraesuis attenuated strain carrying an eukaryotic
vector expressing endostatin in a mice tumour model showed an inhibition of the

tumour growth and higher survival [26].



Finally, an alternative anti-cancer approach is anti-tumour vaccination therapy.
Preclinical studies are ongoing to use an attenuated strain of S. typhimurium carrying
plasmid DNA encoding tumour-associated antigens against hepatocellular carcinoma
(HCC) in mice. It has been shown that orally delivered attenuated S. typhimurium
carrying HCC self-antigen a-fetoprotein (mAFP) protects mice against mAFP

expressing tumours [27].

Extensive studies have led to the development of promising strategies for anti-cancer
treatments. Yet to improve these tools, we need to understand the still poorly
characterized mechanisms by which intracellular bacteria such as L. monocytogenes

and S. emterica invade and replicate preferentially solid tumours.



3. AIMS

The work included in this thesis aimed to dissect two aspects that are relevant for a
better understanding of bacterial pathogenesis and for the development of efficient

bacteria based delivery vectors:

A. Regulation of bacterial entry

B. Bacterial escape from the host innate immune response

Specifically we asked:

1. Do components of the ubiquitin proteasome system regulate bacterial entry?
We demonstrated that the ubiquitin C-terminal hydrolase UCH-L1 promotes bacterial
invasion by altering the dynamics of the actin cytoskeleton and activation of the L.

momocytogenes cellular receptor Met.

2. Does Thioredoxin 80 prevent replication of intracellular bacteria?
We demonstrated the bona fide cytokine Thiorodoxin 80, a truncated form of
Thioredoxin 1, prevents replication of intracellular bacteria pathogens by promoting

their lysosomal degradation in monocytes.
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4. MODELS

As models we have chosen two intracellular bacterial pathogens: Listeria
monocytogenes and Salmonella enterica serovar Typhimurium. These bacteria
efficiently invade, survive and replicate within the host cells [1], and have been used as

delivery vectors in phase I clinical trials [21].

Listeria monocytogenes

L. monocytogenes is an intracellular Gram-positive bacterium that is the causative agent
of a severe food-borne disease, listeriosis. The ability of the bacteria to cross three host
barriers: intestinal, blood-brain and materno-foetal barrier, lead to different types of
syndromes such as gastroenteritis, meningitis, materno-foetal or perinatal infections,
abortion or sepsis. The incidence of the disease is relatively low due to strict food
control. However, the lethality rate reaches 30% because of a very high susceptibility in
immunocompromised individuals, new borns and foetuses [28].

L. monocytogenes takes advantage of host cell signalling pathways at different stages
of the infection by mimicking host proteins. Listeria invade a wide variety of cells
through direct phagocytosis or by binding via virulence factors: Internalins (Inl) A
and/or B. InlA binds to the adherent junction protein E-cadherin and InIB to the tyrosin
kinase receptor Met. InlA and B mimic E-cadherin and Met respective ligands E-
cadherin and hepatocyte growth factor (HGF) [29,30]. The binding of InlA and/or B to
their receptor induces receptor ubiquitination, recruitment of clathrin, reorganization of
the cytoskeleton, and then the uptake of the bacteria by a mechanism that is defined as
“zipper” (Figure 1) [31,32,33,34]. Once internalized into a phagosome that has a mildly
acidic pH (5,7 to 5,9), Listeria secrete other virulence factors: the pore forming toxin

Listeriolysine O (LLO) and two phospholipases (PC-PLC and PI-PLC) that destabilize
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the phagosolysosomal membrane, thus preventing its fusion with lysosomal
compartments. Listeria rapidly escape into the cytoplasm of the cell, move to the cell
membrane via an actin polymerase (ActA) that hijacks the host actin polymerization
machinery, and replicate. Here again Listeria mimic structurally a host protein: the
Wiskott-Aldrich Syndrome protein (WASP), to recruit the Arp2/3 complex and actin.
The “comet tail” is then formed at the pole of the bacteria where ActA is accumulated,
allowing Listeria to move unidirectionaly in the cytosol (Figure 1). To adapt their
metabolism to the cytosol environment, Listeria use glucose-1-phosphate available in
high quantities there and express genes such as hexose phosphate transporter. At the
cell membrane, Listeria induce protrusions to spread to a neighbouring cell, forming a
double-membrane vacuole. Again, Listeria can escape this vacuole via LLO and PLC,

replicate into the cytosol and spread [15].

Salmonella enterica

In humans, Salmonella spp. is believed to cause over one billion infections annually,
with consequences ranging from acute gastroenteritis (food poisoning) to systemic,
often fatal, typhoid fever. Salmonella enterica serovar Typhi is the causative agent of
typhoid fever. The gender Salmonella has the particularity to invade different hosts
except for Salmonella typhi and Salmonella paratyphi that are restricted to humans and
cause enteric fever. Salmonella typhimurium is one of the main causes of food-borne
gastroenteritis in humans and is also responsible of food poisoning in animals such as
cattle, pigs and chickens. Salmonella typhimurium infection in mice mimics the typhoid
fever symptoms occurring with Salmonella typhi infection in humans [129].

Salmonella are facultative anaerobic Gram-negative bacteria that have acquired a
specialized protein secretion system, termed type III secretion system (TTSS) encoded

by the Salmonella pathogenicity island-1 (SPI1) and -2 (SPI2) [35]. The TTSSI1

12



delivers several bacterial effectors proteins directly into the host cell that induce a
profound rearrangement of the actin cytoskeleton at the site of entry. This cytoskeletal
remodeling drives localized membrane ruffling and lamellipodial extensions that
envelop bacteria and trigger their internalization into membrane bound vacuoles
(“trigger mechanism”) (Figure 1). At least five distinct effectors are known to
contribute to efficient Salmonella entry: SipA, SopA, B, D and E2. SipA is involved in
actin rearrangement. SopB, E and E2 activate the Rho family GTPases Racl and Cdc42
which in turn lead to the recruitment of other protein complexes involved in actin
polymerization such as WASP, Scar/WAVE family proteins and the Arp2/3 complex.
SptP, another effector protein acts as a negative feed back on actin rearrangement after
invasion. Following internalization, Salmonella survive and replicate within a modified
phagosome known as the Salmonella-containing vacuole (SCV), which initially is
marked by the accumulation of early endosome markers. These early markers are then
rapidly removed and within 60—90 min post invasion SCVs become highly enriched in
markers of late endosomes and lysosomes (Figure 1). In addition Salmonella have other
factors such as fimbriae, flagella and ion transporters that have important roles in
establishing and maintaining the intracellular niche. Invasion and early post-invasion
processes are modulated by TTSS1. Subsequently the TTSS2 effectors, involved in
nutrient acquisition and avoidance of antibacterial mechanisms, are required for

survival within the host cells [36].
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“Trigger” entry mechanism

“Zipper” entry mechanism

Plasma membrane /—/‘J@L 3
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with actin tail

Cytosol

Figure 1: Lifestyles of Listeria monocytogenes and Salmonella enterica.

Adapted from [37]. Listeria enters into cells via the “zipper” mechanism and escapes
phagosomes to replicate in the cytosol. Listeria moves in the cytosol by hijacking the
host actin machinery. Salmonella is internalized through the “trigger” mechanism and

replicates into early and late Salmonella containing vacuoles (SCV), avoiding fusion

with lysosomes.
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5. THE UBIQUITIN PROTEASOME SYSTEM (UPS) AND ITS

ROLE IN REGULATION OF BACTERIA ENTRY

5.1 The UPS at glance

The ubiquitin (Ub) system, in an addition to a signal for protein degradation, is a main
regulator of biological processes (Figure 2). Since the 1970s, protein degradation after
ubiquitination has been extensively studied and revealed that Ub-mediated destruction
plays a crucial role in cell cycle regulation, cell growth, DNA repair and immune
functions. More recently, it has been shown that Ub is involved in non-proteolytic
functions such as protein-protein interactions, vesicular trafficking, regulation of
histone modification and viral budding. As Ub is implicated in so many cellular
processes, any alteration in the Ub system can lead to diseases, such as cancer,
neurodegenerative or immune disorders. It is therefore a challenge to understand the
ubiquitin system in order to develop novel treatments for such diseases.

Ubiquitination is the covalent attachment of a small molecule, Ub, to a specific protein
substrate through a three-steps process involving three enzymes. E1, the Ub -activating
enzyme, forms a thioester between the catalytic cystein of the E1 and the C-terminal
glycin of Ub. Activated Ub is then transferred to an E2 enzyme forming a new
thioester. Several E2, Ub conjugating enzymes, act as carrier proteins. In the last step,
an E3 Ub ligase transfers the Ub to a lysine residue on the target protein. There are
more than six hundred ligand specific E3 ligases. In a few cases, protein substrates
containing an Ub binding domain (UBD) interact with the Ub-loaded E2 enzyme to
directly ubiquitinate themselves [38,39,40].

Proteins are commonly ubiquitinated by the formation of an isopeptide bond between
the C-terminal glycin of Ub and the g-amino group of a lysine (K) of the targeted

protein [41]. Some proteins may also be ubiquitinated on their N-terminal amino group
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by N-terminal ubiquitination, like, for example, the Epstein-Barr virus latent membrane
protein 1. Ubiquitination may also occur on amino acids other than lysine, such as
cysteine, serine or threonine [42].

Each of the seven lysine residues present in the Ub molecule can also be covalently
linked to another Ub moiety, leading to the formation of polyubiquitin chains. The fate
of the targeted protein depends on which residues are ubiquitinated. Polyubiquitination
via K48 is the signal for degradation by the proteasome while single, multiple or
polyubiquitination control other pathways, such as endocytosis, DNA repair or
transcription (Table 2) [43].

As all tightly regulated cellular processes, ubiquitination is reversible. The molecules
responsible for the cleavage of Ub from its ligand are called deubiquitinating enzymes
(DUBs). About 100 DUBs have been described and classified into five groups:
ubiquitin C-terminal hydrolases (UCHs), Ub-specific proteases (USPs), ovarian tumour
proteases (OTUs), Josephins and JAB1/MPN/MOV34 metalloenzymes (JAMMs). The
UCH, USP, OTU and Josephin families are Cys proteases, whereas the JAMM/MPN+
family members are zinc metalloproteases. It is thought that each DUB has a limited

number of substrates [44].
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Table2: Function of ubiquitin chains

Chain structure Lysine Function
Protein interactions
Monoubiquitination
Protein localization
Multi-monoubiquitination
Modulation of protein activity
11
Targeting to the 26S proteasome
48
NF«B activation
63 DNA repair

Targeting to the lysosome

Amino acid terminus

NFkB activation

Polyubiquitination 6
27
Protein degradation?
29
DNA repair?
33
Branched or
unknown

forked ubiquitin chains
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Figure 2: The Ubiquitin proteasome system adapted from [45]

Ubiquitination occurs through a multistep process involving E1, E2 and E3 enzymes
leading to the attachment of Ub chains to target proteins. The type of chain modulates
the fate of the protein. This process can be reversed at different levels by

deubiquitinating enzymes (DUB). (K: lysine)

5.2 UCH-L1

The Ubiquitin C-terminal Hydrolase (UCH)-L1, also known as PGP9.5, is a DUB
responsible for hydrolyzing Ub carboxyl terminal esters and amides, thus leading to Ub
removal from protein substrates and Ub precursor proteins [46]. The enzyme is highly
expressed in testis, ovary and neuronal cells. The gad mice, which present a
spontaneous autosomal recessive deletion mutant, display axonal dystrophy :and altered
spermatogenesis [47]. In humans, mutations at or around the catalytic site are
associated with familial Parkinson’s disease [48] and other neurodegenerative

disorders, characterized by the formation of protein aggregates, such as spinocerebellar
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ataxia [49] and Huntington’s disease [50]. On the other hand, high levels of UCH-L1
are associated with the more invasive variants of neuroblastoma [51], colon carcinoma
[52], non small-cell-lung carcinoma [53], pancreatic carcinoma [54], prostate and
breast carcinomas [55,56] and renal carcinoma [57]. Recent data indicate that UCH-L1
may contribute to the malignant phenotype by regulating epithelial-to-mesenchymal
transition (EMT) [58], a process that allows polarized, generally immotile epithelial
cells to acquire a motile mesenchymal phenotype [59]. Many signaling pathways,
including the TGF-B, Wnt/B-catenin, Notch, tyrosine kinase receptors and PI3K/AKT
pathways regulate and induce EMT but the critical molecular event is the down-
regulation of E-cadherin, a cell-cell adhesion molecule that is highly expressed in most

epithelial cells.

Increasing evidence implicates UCH-L1 in the regulation of membrane proximal
events, such as vesicular trafficking in pre-synaptic nerve terminals [60], cell motility
and invasion [61] [62], the LFA-1 dependent homotypic adhesion of lymphoid cells
[63], which is dependent on the clustering of specific receptors. Furthermore, UCH-L1
was recently shown to mediate the editing of tubulin ubiquitination, thereby regulating
microtubule dynamics in a variety of transformed cells [65]. However, the lack of
information on its physiological substrates has been a major obstacle in dissecting the
mechanism of UCH-L1 action. The capacity to hydrolyze polyubiquitin precursors and
small Ub adducts is the only experimentally confirmed enzymatic activity of UCH-L1
[66]. High expression of the enzyme was shown to be associated with increased levels
of free Ub in neurons but a catalytically inactive mutant had a similar effect [67]. The
failure to identify putative UCH-L1 substrates might be explained by the requirement
of specific modifications or co-factors regulating its activity. Indeed, the crystal

structure of UCH-L1 has revealed a distorted and inaccessible catalytic site, suggesting
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that a major conformational rearrangement is required to activate the enzyme [68]. A
possible mechanism of activation was recently proposed in a study where
monoubiquitination and auto-deubiquitination were shown to affect UCH-L1 activity,
possibly by regulating protein-protein interaction [69]. In addition, the activity of UCH-
L1 is also regulated by post-translational modifications, such as O-glycosylation [70],
and oxidation that appears to be a major cause of UCH-L1 inactivation in the brain of

patients suffering from Alzheimer and Parkinson diseases [71].

5.3 UPS and bacteria internalization
Although Ub is not present in bacteria, many bacterial pathogens target the host cell Ub
pathway during infection. I will focus here on the internalization step of Listeria

monocytogenes and Salmonella enterica.

Listeria enters into cells by subverting host cell receptors to mediate its own uptake.
Two invasion proteins, InlA and InlB, mediate Listeria entry into mammalian cells. Inl
A interacts with the cell adhesion molecule E-cadherin, whereas InlB interacts most
importantly with the hepatocyte growth factor receptor (Met/HGF-R) [29,30]. In
epithelial cells, internalized E-cadherin can go through the endosomal pathway in order
to be degraded by lysosomes or recycled to the cell membrane [72] [73]. E-cadherin
internalization depends on its ubiquitination by the E3 ligase Hakai, upon
phosphorylation by Src. Ubiquitination and internalization is inhibited by p120, which
displaces Hakai from E-cadherin [74].

Concerning the InIB pathway, several studies have shown that InlB mimics
functionally but not structurally the Met natural ligand: the hepatocyte growth factor
(HGF). Met is a tyrosin kinase receptor, its activation by the binding of InIB via its N-

terminal leucin-rich repeats induces Rac-mediated actin rearrangements, namely
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“zipper mechanism”[75]. Upon binding, Met dimerizes, autophosphorylates, and is
ubiquitinated by the E3 ligase c-Cbl. These modifications trigger the recruitment and/or
phosphorylation of several proteins adaptors such as Gabl, Shc and CrkII [76]. These
adaptors will then recruit phosphatidylinositol 3-kinase type 1 (PI3K) at the site of
bacterial entry, which is involved in the activation of Racl [77]. How this pathway then
activates the small G proteins Rac and Cdc42 is unknown. Rac and Cdc42 activate
Wave and/or N-Wasp, which in turn activate the Arp2/3 complex leading to actin
polymerization. Clathrin, which has recently been shown to be involved in
internalization of large cargos, is also necessary for Arp2/3 activation [34]. Other PI3K
independent partners linked to InlB/Met signaling such as phosphatidylinositol 4-

kinases and septin family proteins have also been recently described [78], [79].

Salmonella typhimurium invade non-phagocytic cells via a TTSS [36]. Translocation
of effectors into the cytosol of the host cell induce a dramatic rearrangement of the
actin cytoskeleton leading to membrane ruffles formation and engulfment of the
bacteria, an internalization mechanism known as “trigger” [35]. Salmonella hijacks the
host cell ubiquitin system to permit a sequential activity of the TTSS1 effector proteins,
such as SopE and SptP. SopE acts as a guanine nucleotide exchange factor (GEF) to
activate Rho GTPases and induces actin polymerization [80]. In contrast, SptP catalizes
the hydrolysis of GTP inactivating GTPases reversing the pathogen-induced
cytoskeletal changes. SopE and SptP are translocated at the same time but have to work
sequentially. This is achieved by cellular mediated ubiquitination of SopE, leading to
its rapid degradation and therefore fast inactivation [81].

SopB, another TTSS1 effector is associated with the plasma membrane and activates
SH3-containing GEF, an exchange factor for RhoG, leading to actin remodelling. After

bacterial internalization, SopB is translocated through the SCV membrane where it

21



plays a role in compartment maturation by reducing the level of negatively charged
lipids [82]. Ubiquitination downregulates SopB activity at the membrane and increases
its retention in the SCV. The mechanism is yet unknown but does not require any
Salmonella E3 ubiquitin ligases [83,84].

SopA is a TTSS1 effector associated with the entry of the bacteria into the host [83].
Structural analyses have shown that SopA is a novel HECT-like E3 ligase. No ligand
has been identified so far [85].

SirP, SspH1 and SspH2 effectors are novel E3 ligase (NEL) family members. SspH2 is
secreted by TTSS1 and therefore involved in invasion, whereas SlrP and SspHI1 are
translocated by TTSS1 and 2, indicating a role at different stages of the infection
[86,87,88,89]. The catalytic mechanism is distinct from SopA. They have a strong
activity when associated in vitro with the human E2 ligase UbcHS [90]. The
significance with Salmonella pathogenesis is not clear.

SseL and AvrA effectors have deubiquitinase activity and may be involved in
downregulating immune response. Ssel is transcolated by TTSS2 whereas AvrA is

secreted by TTSS1 but their roles remain elusive [91,92].

UCH-L1 has been shown to regulate receptor clustering and activation of small
GTPases involved in the regulation of actin cytoskeleton, such as Racl. Both of these
processes are connected to bacteria internalization. Therefore in paper I “The ubiquitin
C-terminal hydrolase UCH-L1 promotes bacterial invasion by altering the dynamics of
the actin cytoskeleton”, we investigated the role of this DUB in bacteria entry. We
demonstrated that UCH-L1 promotes L.monocytogenes entry into HEK 293 and CasKi
cell lines. We have generated UCH-L1 knock down cell lines by transduction of UCH-
L1 specific shRNA into these cell lines that led to 90% reduction of the endogenous

protein level. A gentamicin assay, consisting of infecting cells with the appropriate
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multiplicity of infection (MOI) during 45min followed by 1h incubation with
gentamicin to kill extracellular bacteria, was assessed to determine the bacterial
recovery at the given time after the assay. A significant reduction was observed in
UCH-L1 knock down cells. These results were further confirmed by confocal
microscopy analyses using GFP tagged-L. monocytogenes in HEK 293 cells. The
reverse experiment was done in HeLa cells (UCH-L1 negative) transfected with a
control vector, HA-UCH-L1 or the catalytic mutant HA-UCH-L1¢gps plasmids. The
gentamicin assay showed a two-fold increase of bacterial uptake in UCH-L1 expressing
cells compared to vector control and no difference between control and catalytic
mutant, suggesting that the DUB catalytic activity is responsible for the phenotype
observed. As L. monocytogenes binding to Met mimics the activation of the receptor by
HGF, we studied whether UCH-L1 knock down alters the Met-signaling pathway in
HEK 293 cells upon HGF stimulation. We observed a higher expression of Met in
UCH-L1 knock down cells, which was not due to a higher transcription of mRNA
(showed by qPCR). Decreased levels of UCH-L1 expression induced by iRNA were
associated with a significant reduction of ubiquitinated Met after HGF stimulation. No
differences were observed in the levels of Cbl-b and c, the Met E3 ligases. However,
the levels of phosphorylation of Tyr1003 (where Cbl-c is recruited) were constitutively
higher but did not increase in UCH-L1 knock down cells upon HGF stimulation. We
further showed that the activation of the MAPK Erk1/2 and Akt pathways was altered
upon UCH-L1 knock down in HGF stimulated cells.

The selective effect on Met Tyr1003 phosphorylation suggests that UCH-L1 may
regulate early events in receptor triggering, such as receptor clustering, that are
controlled by the actin cytoskeleton dynamics [93,94]. To test this possibility we used a
different bacterium, S. enterica serovar Typhimurium, whose entry does not involve a

specific receptor but is dependent on extensive remodeling to the actin cytoskeleton
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[95]. We observed a 60% reduction in S. enterica entry in HEK 293 cells transduced
with lentivirus expressing the UCH-L1 specific shRNA compared to control cells,
while expression of a functional UCH-L1 induced a 7-fold increase in bacteria uptake
in HeLa cells compared to the UCH-L1 negative control cells. This effect was
dependent on the enzymatic activity of UCH-L1, since the internalization of S. enterica
in cells transfected with the UCH-L1c99s mutant was similar to that observed in control
cells. The effect of UCH-L1 on the regulation of the actin cytoskeleton dynamics was
further established by visualization of polymeric actin in cells stained with TRITC
phalloidin. Expression of a functional UCH-L1 was associated with a 4-fold increase in
the spontaneous formation of actin stress fibers compared to cells transfected with the
vector control or the UCH-L1c9ps mutant. A small but reproducible increase of actin
stress fibers was also observed upon L. monocytogenes or S. enterica infection of HeLa
cells expressing the wild type UCH-L1 but not in control cells or cells expressing the
UCH-L1 cgps mutant.

This study identifies UCH-L1 as the first DUB that regulates bacteria entry and
highlights the complex interplay between bacteria internalization and ubiquitin-
dependent signaling. The capacity of enteropathogenic bacteria to invade epithelial
cells is an essential feature of their virulence. Thus, elucidation of the mechanisms that
regulate entry will provide important information towards the development of new
strategies for limiting bacteria infection and spread. In addition, attenuated strains of L
.monocytogenes and S. enterica serovar Typhimurium have been used as delivery
vectors for immunogenic antigens (HPV E7) or enzymes, such as cytosine deaminase,
that convert pro-drug to toxic drugs in tumour cells [96,97] [98,99]. Our findings
predict that the success of this tumour targeting strategy will be at least in part

dependent on the expression of UCH-LI1, suggesting that it may be particularly

24



indicated for tumour types, such as neuroblastoma [51], colon carcinoma [52], prostate

and breast carcinomas [55,56] where UCH-L1 is expressed at very high levels.

A question that still remains open is the molecular mechanisms by which UCH-L1
regulates Met signaling and actin cytoskeleton dynamics and the identification of its
cellular target(s). The data presented in paper I demonstrated that UCH-L1 knockdown
is associated with altered signaling capacity of the Met receptor that acts as docking site
for L.monocytogenes. Positive and, in some instances negative regulation of signaling is
achieved by clustering of the receptor in the plasma membrane [94]. It is now well
established that clustering of tyrosine receptor kinases (RTK) can be regulated by
integrin activation. The formation of direct or indirect complexes between the RTKs
and the integrins has been shown to increase RTKs dimerization and cross-
phosphorylation. Integrin-associated cytoskeletal components may be involved as well
in these putative complexes [100]. Since UCH-L1 has been previously shown to
regulate activation of the integrin LFA in B cells [63], we assessed whether UCH-L1
interacts with components of the focal adhesion and adherent junction complexes in
manuscript II “The Ubiquitin C-terminal Hydrolase UCH-L1 protects the focal
adhesion kinase from degradation and promotes formation of focal adhesion
complexes”. This analysis was performed by co-immunoprecipitation experiments
using as model HeLa cell lines transfected with vector control, HA-UCH-L1 or HA-
UCH-L1¢90s. We demonstrated that the catalytic active form of UCH-L1 interacts with
focal adhesion kinase (FAK), paxillin, vinculin from the focal adhesion complexes, 3-
catenin and p120 from the adherent junction complexes. As we observed no differences
in the steady state levels of these proteins in the HeLa cell lines, we focused on FAK as
a central actor of the integrin signaling pathway that leads to actin rearrangement. We

looked at the FAK turnover by cycloheximide chase experiments in the presence or
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absence of the proteasome and cysteine protease inhibitor MG132. We observed an
accumulation of a cleavage product of FAK in control cells and in cells expressing the
catalytic mutant UCH-L1c¢gos. This cleavage was inhibited by the protease inhibitor
MG132. A significant reduction of the FAK processing was observed in UCH-L1
expressing HeLa cells, where the enhanced stability of this protein correlated with an
increased activation of FAK, phosphorylated on the tyrosine residue 397 (Y397). As
activated FAK acts as a scaffold protein in focal adhesion complexes we tested whether
pFAKy397 stabilization would enhance paxillin recruitment. We observed a twofold
increase of paxillin recruitment via FAK in cells expressing active UCH-L1 compared
to controls. To further investigate the role of UCH-L1 in the formation of focal
adhesion complexes, we looked at the integrin dependent adherence of the HeLa cell
lines to fibronectin coated plates. After letting the cells adhere for 30min, a higher
number of cells expressing the active UCH-L1 were recovered. In agreement with these
results, immunofluorescence analysis showed a greater spreading of active UCH-L1
expressing cells compared to controls 4h after seeding on fibronectin-coated coverslips.
The number of focal adhesion containing integrin f1, FAK or paxillin were quantified
by immunostaining under the same conditions. A higher number of focal adhesion
complexes were observed in cells expressing the catalytically active UCH-L1
compared to controls. As the integrin signaling pathway regulates cell adhesion and
motility, we additionally checked whether UCH-L1 also played a role in this process.
Wound healing assay showed that cells expressing active UCH-L1 were more motile
than control cells.

Since UCH-L1 contributes both to the regulation of FAK stability and sustained
phosphorylation of the key residue Y397, it is likely that the UCH-L1-dependent

stabilization and activation of FAK are the molecular mechanisms that coordinate all
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the phenotypes observed in UCH-L1 expressing cells: enhanced motility and invasion,
actin cytoskeleton remodeling, and proliferation.

Indeed, activation of FAK has been shown to promote all the effects that have been
associated with UCH-L1 expression.

UCH-L1 has been shown to promote cancer cell invasion and migration [61] and
manuscript II. Migration is dependent on a rapid turnover of focal adhesion
complexes [101] [102] 2010 [103], which is regulated by FAK [104] [103].

Expression of wild type UCH-LI in the prostate epithelial cell line RWPE1 induces
EMT through the downregulation of E-cadherin and P-catenin expression and the
upregulation of vimentin eventually resulting in cell scattering and decreased cell-cell
junction [58]. In addition, we showed that expression of UCH-L1 is required to regulate
signaling via the tyrosine kinase receptor Met [64], a promoter of EMT (reviewed in
[59]), and induce cell scattering upon triggering of the receptor with its natural ligand,
the hepatocyte growth factor (HGF) [62]. There are several evidences demonstrating a
role of FAK in induction of EMT, via diverse mechanisms. Expression of a
constitutively activated Src in the KMI12C colon cancer cells promotes ETM,
characterized by enhanced assembly of integrin-mediated focal adhesion complexes,
induction of vimentin expression and down-regulation of cell-cell junction and
endocytosis of E-cadherin, which is required for signaling via the av/B1 integrin and
Src-dependent phosphorylation of FAK [105,106]. Similarly, inhibition of FAK using a
dominant negative mutant seems to impair loss of E-cadherin in a TGF-B-induced
model of EMT in the hepatocytic cell line MMH [127].

UCH-L1 is highly expressed in Burkitt’s lymphoma derived cell lines where it
promotes cell proliferation and anchorage-independent growth associated with an
UCH-L1 dependent, decreased expression of the the cyclin-dependent kinase inhibitor

p27%P! Overexpression of wild-type FAK exerts similar effects in the U-251MG
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glioblastoma cell line. These events also require FAK phosphorylation on Y397,
because the expression of a mutant FAK, where the tyrosine in position 397 is
Kipl

substituted with phenylalanine (Y397F) does not down-regulate expression of p27

promotes exit from the G1 phase of the cell cycle and inhibits soft agar growth [128].

The precise dissection of the molecular events involved in the stabilization of activated
FAK are still unknown. Since only the catalytically active enzyme mediates these
effects, it is tempting to speculate that UCH-L1 may regulate the ubiquitination of
FAK, which could affect the accessibility of FAK to cleavage by proteases. Very little
information is available regarding the regulation of FAK by the ubiquitin proteasome
system, and we are currently assessing whether expression of UCH-L1 modifies the
ubiquitination of FAK or any other component present in the complex with the active

enzyme.
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6. CONTROL OF INTRACELLULAR BACTERIAL

REPLICATION BY THE HOST IMMUNE SYSTEM

Intracellular bacteria replication is controlled by activation of a broad array of
defensive mechanisms, mainly relying on compartmentalization followed by lysosomal
destruction of the invading microorganisms. Several pro-inflammatory cytokines, such

as interferon gamma (IFN-y), can enhance the bactericidal capacity of the host cells.

The innate immunity is the first line of defence against invading organisms. Innate
immunity is involved in multiple aspects: pathogen recognition, antimicrobial defence
and initiation of the adaptive immune response [107]. This reaction involves the
recruitment of neutrophils and macrophages (professional phagocytes) at the site of
infection to release pro-inflammatory cytokines such as interleukin 1 (IL-1), IL-6, 11-12
or tumour necrosis factor-o (TNF-a). The response is adapted to the pathogen,
however cytokines have significant redundancy. Phagocytes recognize pathogens via
innate immune receptors so-called pattern recognition receptors (PRRs), which can
distinguish bacterial surface molecules. PRRs include Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain protein (NOD)-like receptors (NLRs),
scavenger receptors, C-type lectin receptors among others [108].

TLRs are transmembrane receptors present on the cell surface or inside endosomes.
They are highly conserved among species. Thirteen have been identify so far in mice
and ten in humans. They recognize a broad range of microbial products such as
flagellin, LPS or microbial DNA [109].

PRR signalling induces pro-inflammatory cytokines and chemokines production,

attracting more immune cells to the site of infection. This occurs through the activation
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of nuclear factor k enhancer binding protein (NF-kB) and mitogen activated protein
(MAP) kinases downstream pathways. Inflammation induces killing of bacteria and
repair of the tissue [110].

Interferon-y (IFN-y) is one the most important cytokines in the control of replication of
intracellular bacteria during the early stage of infection, and it acts in synergy with
signals triggered by PRRs to enhance bactericidal mechanisms. T lymphocytes
expressing CD4, also known as T helper (Th) cells, are the most prolific cytokines
producers. This cell subset is further divided into Thl and Th2 cells producing Th1- or
Th2-cytokines respectively. IFN-y is the main Thl cytokine. Th2-cytokines include IL-
10, with an anti-inflammatory effect to counteract Th1 response [111].

Natural killer (NK) and T cells are the main producers of IFN-y. Infected macrophages
secrete IL-12, stimulating NK and T cells to release IFN-y, which further activates
macrophages to secrete more IL-12 and so on. As well, macrophages activated with
live bacteria, LPS, IL-12 or IL-12 combined with IL-18 produce IFN-y, adding another
positive feedback loop.

Interaction of IFN-y with its receptor (IFN-yR) induces more than thousand genes
through activation of different signalling pathways. Some of the most important
proteins encoded to kill bacteria are: the inducible nitric oxide synthase (iNOS) and
phagocyte oxidase (NADPH oxidase). iNOS produces nitric oxide and NADPH
oxidase catalyse the oxidative burst. IFN-y also induces the expression of Fc and
complement receptors to enhance phagocytosis and expression of molecules that are
associated with interactions of Thl cells, such as MHC class II, CD40, adhesion and

co-stimulatory molecules [112].

30



6.1 Thioredoxin80 (Trx80)

Trx80 is composed of the 1-80 or 1-84 N-terminal amino-acid residues of Thiredoxin
(TRx) 1 obtained by cleavage through an unknown mechanism. Produced mainly by
monocytes, it is functionally different from Trx, since it does not possess redox activity;
is present as a dimer in solution is localized at the cell membrane rather than in the
cytosol. The biological functions of Trx and Trx80 are also different. Trx protects cells
from oxidative stress by redox control instead Trx80 is a cytokine that activates
monocytes. Interestingly, the levels of Trx80 in the plasma of healthy donors vary
widely: from 1 to 171ng/ml without any correlation with the levels of Trx. Trx80 was
first purified and cloned as an eosinophil cytotoxicity enhancing factor (ECEF)
[113,114]. Later, Trx80 has been shown to activate human CD14" monocytes into a
cell type designated as Trx80-activated-monocytes (TAMs). TAMs display surface
markers involved in the innate defense immunity and activation of T cells, e.g. CD14,
CD40, CD54 and CD86. TAMs exhibit a high pinocytic capacity; release significantly
high amounts of the pro-inflammatory cytokines TNF-a., IL-1f and IL-6; express high
levels of CD14 and the mannose receptor and induce a significantly lower proliferative
response in allogeneic peripheral blood mononuclear cells. CD14 is a surface receptor
that mainly binds LPS in association with LPS-binding protein. The upregulation of
CD14 may stimulate microbes as well as phagocytosis of apoptotic cells. However, the
removal of apoptotic cells by CD14 does not lead to an inflammatory response. CD40
upregulation induces interactions between monocytes and T cells via CD40-CD154
interactions, which will then lead to IL-12 production and CD86 expression. CD86 is a
costimulatory molecule that interacts with CD28 on T cells leading to IL-2 secretion

and polarizing T cells to Thl type cells. Moreover, Trx80 has been shown to induce
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interferon gamma (IFN-y) in peripheral blood mononuclear cells (PBMCs) (Figure 4)
[115,116,117].

Interestingly, Trx80 is the first cytokine to induce the production of the regulatory and
anti-inflammatory cytokines IL-12 and IL-10 respectively.

As the characteristics of TAMs resemble those of activated macrophages, we suggested
that TAMs play a major role in the defense against intracellular pathogens.

We chose to focus on two intracellular pathogens known to survive and replicate inside
monocytes: Brucella abortus and Listeria monocytogenes. To achieve their goal, they
must interfere with the different stages of phagosomal maturation to prevent their
killing. Phagocytosis of Brucella and Listeria is mediated by scavenger receptors and

functional lipid rafts [118] [119].
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Figure 4: Monocyte response to Trx80 stimulation modified from [116].

TAMs: Trx80 activated monocytes
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6.2 Models
Listeria monocytogenes have been previously described (Figure 5), therefore in this

section, the focus will be on Brucella abortus.
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Figure 5: Listeria monocytogenes intracellular cycle modified from [122].

Brucella is a small Gram-negative a-Proteobacterium that is the causative agent of
brucellosis. Pathogenic Brucella causes abortion in female animals by colonization of
placental trophoblasts and cause sterility in male animal. Human infections with B.
abortus may present various forms and often become chronic. Although the majority of
patients exhibit undulant fever, malaise, sweats, and
lymphadenopathy/hepatosplenomegaly, other complications may also occur i.e.
arthritis or epididymoorchitis. More serious and hard-to-treat complications include
spondylitis, neurobrucellosis, liver abscess formation, and endocarditis, the latter
potentially fatal. Brucella is able to enter and replicate efficiently in a variety of cells,
including epithelial cells, placental trophoblasts, dendritic cells and macrophages [120].
Despite their importance in the initial steps for virulence, the molecular determinants
and mechanisms of the internalization process remain poorly understood. Several

important virulence factors for persistence of Brucella in infected cells have been
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identified. These molecules allow Brucella to survive and proliferate within a
membrane compartment so-called the Brucella-containing vacuole (BCV). After
undergoing transient interactions with endosomes, BCV fuse with the endoplasmic
reticulum (ER) membrane to establish a replicative compartment. During intracellular
replication, the BCV contains ribosomes and numerous ER markers. Association with
the ER is a way for Brucella to avoid fusion of the BCV with lysosomes (Figure 6)

[121].
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Figure 6: Brucella intracellular cycle modified from [121].

BCV: Brucella containing vacuole
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6.3 Role of Trx80-activated monocytes in the control of replication of L.
monocytogenes and B. abortus

In paper III, “Thioredoxin 80-activated-monocytes (TAMs) inhibit the replication of
intracellular pathogens”, we observed a reduced recovery of Listeria monocytogenes at
48h and 24h post-infection in TAMs compared to control cells. To discriminate
between reduced internalization and replication we assessed bacteria uptake using
either gentamicin assays or immunofluorescence analysis. Both techniques showed a
higher uptake of bacteria in TAMs compared to control cells meaning that the lower
bacteria recovery observed in infected TAMs was due to the control of Listeria
replication after the internalization step. Since Listeria escape the phagolysosome in
order to survive inside the cells, we used a L. monocytogenes strain (NF-L327) with the
ability to turn green only when it is present in the cytosol. At 8h post-infection, we
observed 3 to 4 times more GFP-bacteria in control cells compared to TAMs, while
bacterial uptake was not altered. These results indicate that Trx80 activation prevents
the escape from the phagolysosomal compartment and enhances bacteria clearance
mediated by the lysosomes. To test this hypothesis, monocytes and TAMs were
infected with a GFP-tagged Listeria and localization of the bacteria was assessed 4h
post-infection using Lysotracker Red to visualize acidified vacuoles. A 2 to 3-fold
increase in the number of bacteria within acidified compartments was observed in
TAMs compared to non-stimulated monocytes 4 hours post-infection. In agreement
with these data, inhibition of the lysosomal function by chloroquine enhanced bacteria
recovery in TAMs compared to that observed in non-stimulated cells. Our data indicate
that lysosomal-dependent degradation is a key bactericidal mechanism induced by

Trx80 stimulation.
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Listeria and Brucella have elaborated strategies to avoid phagosome maturation and/or
fusion with lysosomes. Listeria escape the phagosome before it matures and fuses with
the lysosome. This step is very rapid, occuring within five minutes from the bacterial
engulfment into the host cell and is mediated by the production and secretion of
listeriolysin O (LLO) and two phospholipases, PI-PLC and PC-PLC. These enzymes
cause the breakdown of the membrane of the Listeria-containing phagosome and
thereby enable the bacteria to escape to the cytosol where they replicate [123]. The data
presented in Figures 4 and 5 indicate that more bacteria are localized within acidified
vesicles 4 hours after infection, resulting in 3 to 4-fold decreased recovery of Listeria in
the cytosol of infected cells. Trx80-dependent activation may alter the environment of
the phagosome preventing activation of LLO and secretion of phospholipases.
Maturation of the phagolysome per se may be accelerated upon cell activation and
bacteria can be killed with a faster kinetic. Alternatively, Trx80 activation may enhance
the autophagy process, resulting in formation of autophagosomes [124]. Similar results
have been reported in macrophages activated with IFN-y or LPS [125], indicating that
at least for the control of Listeria replication, Trx80 activation has similar effects as

other well-known activators of the macrophage function.

Survival of Brucella inside the cell relies on avoiding fusion of the Brucella-containing
vacuole (BCV) with lysosomes. For its intracellular survival, Brucella produces cyclic
glucans and requires the type IV secretion system VirB. Cyclic glucans modulate
maturation of BCV to avoid fusion with lysosomes [126], while VirB is required for the
late BCV maturation events corresponding to sustained interaction and fusion with the
ER [121]. TAMs could act either by neutralizing the cyclic glucans at the early stage of
the infection or interfering with the VirB system to prevent fusion of the BCV with the

ER.
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Collectively, we have demonstrated that Trx80 possesses an intrinsic capacity to
control intracellular infections, and that TAMs are effective against bacteria, such as B.
abortus and L. monocytogenes. The effects of Trx80 on monocytic cells are similar to
those induced by IFN-y, which plays a mandatory role in protection against intracellular
pathogens. These data suggest that TAMs are efficient effectors of the innate immune
response and represents a first line of defence against intracellular infections, before the

immune system can mount a proper T-cell response.
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7. CONCLUDING REMARKS

By looking at some mechanisms affecting the capacity of pathogenic bacteria to invade
and replicate in eukaryotic cells, we aimed at finding new properties that may be
exploited for therapeutic purposes.

Previous studies from our group and others led us to further investigate the role of
UCH-LI in bacterial entry. This thesis demonstrates, in paper I, that cytoskeleton
dynamics are regulated by UCH-LI1, which highlights a previously unrecognized
involvement of UCH-L1 and more generally for a deubquitinating enzyme in bacterial
entry. Importantly, these findings not only improve the understanding of bacterial
pathogenesis but may also be important for anti-cancer therapy. Indeed, malignant and
metastatic cells highly expressing UCH-L1 may be particularly susceptible to invasion
by bacterial-based drug delivery systems. Additionally, our results open new
perspectives in the field of deubiquitinating enzymes. As most of these enzymes remain
poorly characterized, it is of interest to study their potential role in bacterial
internalization and cytoskeleton dynamics.

To further understand the mechanisms involved in the interplay between UCH-L1 and
actin cytoskeleton, we looked for interacting partners and showed, in paper II, that
UCH-LI is a key regulator of focal adhesion complexes. UCH-L1 interacts with FAK,
a common effector between actin cyskeleton dynamics and adhesion, by protecting its
degradation. Further investigations are needed to understand the molecular mechanism
underlying the observed protection. Moreover, as the focal adhesions are complexes
involving many proteins, determining whether UCH-L1 can stabilize other partners
would help to identify new molecular mechanisms and better understand the biological

function of UCH-LI.
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In the second part of the thesis, we investigated the role of Trx80 in intracellular
bacterial replication based on previous studies describing Trx80 as a cytokine. As
Trx80 activated monocytes resembled macrophages, we investigated their response to
intracellular bacteria infection. In paper III we show that intracellular bacteria such as
Listeria and Brucella are trapped and killed in acidic vesicles, shedding light on a new
role of Trx80 as a bona fide cytokine that is involved in the first line of defence against
intracellular bacterial pathogens. However, further characterization of the molecular
mechanisms is still needed to understand the bactericidal activity of Trx80 and its role
on the bacteria containing vacuoles.

Collectively, these findings contribute to the comprehension of several aspects of
bacterial pathogenesis that may also be important to elaborate novel therapeutic

approaches such as bacterial delivery vectors to treat cancer.
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