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Abstract

Parasites of the genus Leishmania are able to secure their survival and propagation within
their host by altering key signalling pathways involved in the ability of macrophages
(MOs) to directly kill pathogens or to activate cells of the adaptive immune system. One
important step in this immune evasion process is the Leishmania-induced activation of
host protein tyrosine phosphatase SHP-1. SHP-1 has been shown to directly inactivate
JAK2 and Erkl1/2, and to play a role in the negative regulation of several transcription
factors involved in M@ activation such as: NF-kB, STAT-1a, and AP-1. These signalling
alterations contribute to the inactivation of critical M@ functions such as the production
of IFN-y-induced nitric oxide (NO), a free radical associated with parasite killing and
clearance. In addition to interfering with IFN-y receptor signalling, Leishmania is able to
alter several LPS-mediated responses (e.g. IL-12, TNF-0, NO production) through
mechanisms not yet fully understood. A main goal of this study was to better understand
the mechanisms used by the parasite to block Toll-like receptor (TLR)-mediated
functions. Experiments performed revealed a pivotal role for SHP-1 in the inhibition of
TLR-induced M@ activation through binding to and inactivating IL-1 receptor-associated
kinase 1 (IRAK-1). We identified the binding site as an evolutionarily conserved ITIM-
like motif, which we named kinase tyrosine-based inhibitory motif (KTIM). Further
experiments and sequence analysis revealed that several cytosolic kinases other than
IRAK-1 possess potential KTIMs, suggesting it could represent a regulatory mechanism
widely used by kinases. The final experimental section aimed to explore the differential
ability of the two different stages of Leishmania, promastigotes and amastigotes, to alter

MO signalling and function. In conclusion, this work uncovers a new mechanism
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whereby Leishmania is able to interfere with TLR-mediated activation of M@s by
inducing host SHP-1 activity. The SHP-1 binding site on IRAK-1 was named KTIM, a
motif we believe might play a major role in regulating a wide range of kinases other than
IRAK-1. In addition, we describe important similarities and differences in the ability of
promastigotes and amastigotes to alter several M@ signalling molecules in order to inhibit
[FN-y-mediated NO production in M@s. Taken together, the experiments performed in
this work are aimed to improve our understanding of evasion mechanisms employed by
promastigotes and/or amastigotes of Leishmania, hoping such findings will help in the

development of more efficient anti-leishmanial therapies in the near future.

19



Résumé

Les parasites du genre Leishmania assurent leur survie et leur propagation par I’altération
de voies de signalisation impliquées dans la capacité des macrophages (M@s) a détruire
directement les pathogénes ou a activer les cellules du systéme immunitaire acquis. Une
étape critique de ce mécanisme d’inactivation est ’activation par Leishmania de la
protéine phosphatase SHP-1 de la cellule hote. Il a ét¢ démontré que la protéine SHP-1
peut inactiver directement JAK2 ainsi que Erk1/2 et joue un rdle dans la régulation
négative de plusieurs facteurs de transcription, tels que NF-kB, STAT-1a et AP-1,
impliqués dans 1’activation des M@s. L’altération de ces voies de signalisation contribue
a I’inactivation de fonctions critiques des M@s telle que la production d’oxyde nitrique
(NO) induite par I’IFN-y, un radical-libre impliqué dans 1’anéantissement du parasite. En
plus d’inhiber les fonctions engendrées par I’IFN-y, Leishmania est capable d’inhiber de
nombreuses fonctions induites par le LPS, incluant la production d’IL-12, de TNF-a et
de NO, et cela par des mécanismes encore peu compris. Le but principal de cette étude
était de mieux comprendre les stratégies employées par le parasite afin d’inhiber les
fonctions induites par les Toll-like receptors (TLRs). Nos résultats révelent le rdle
critique de SHP-1 dans I’inhibition de I’activation des M@s induite par les TLRs, par
I’interaction et I’inactivation de la kinase 1 associée au récepteur IL-1 (IRAK-1). Nous
avons également identifié le site de liaison qui semble étre un motif conservé lors de
I’évolution ressemblant & un ITIM, que nous avons nommé motif de kinase a base de
tyrosine inhibiteur (KTIM). Des expériences supplémentaires et 1’analyse de séquences
ont révélées que plusieurs autres kinases cytosoliques autres qu’IRAK-1 posseédent un

motif potentiel KTIMs, suggérant que le KTIM pourrait représenter un mécanisme de
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régulation utilisé abondamment par les kinases. La derniere section d’expériences avait
pour but d’explorer les différences entre les deux stages de Leishmania, promastigote et
amastigote, au niveau de leur efficacité a altérer la signalisation intracellulaire et les
fonctions des M@s. En conclusion, cette ¢tude met a jour un nouveau mécanisme par
lequel Leishmania est capable d’interférer avec I’activation des M@s via les TLRs par
I’activation de la protéine hote SHP-1. Le site de liaison de SHP-1 contenu dans la
protéine IRAK-1 a ét¢ nommé KTIM, un motif qui joue possiblement un role primordial
dans la régulation d’un vaste nombre de kinases autres qu'IRAK-1. De plus, nous
soulignons d’importantes différences dans 1’efficacité des promastigotes et amastigotes a
altérer plusieurs molécules signalétiques des M@s afin d’inhiber la production de NO
induite par I’'I[FN-y dans les M@s. En somme, cette étude avait pour but d’améliorer notre
compréhension des mécanismes d’évasion utilisés par les promastigotes et/ou amastigotes
de Leishmania et ces découvertes vont possiblement contribuer au développement de

thérapies anti-leishmania plus efficaces.
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General Introduction

Activation of host SHP-1 is an important event leading to successful Leishmania
infections. Compared to wildtype mice, SHP-1"" mice have been shown to have reduced
footpad lesions and significantly lower parasite loads when infected with L. major, and
this was associated with increased neutrophil recruitment and augmented iNOS
expression in the site of infection. These findings go hand in hand with the ability of
SHP-1"" mice to produce higher amounts of several pro-inflammatory cytokines such as
IL-1B, IL-6, TNF-a, and chemokines in response to Leishmania infection or LPS
stimulation, compared to wildtype mice. Taken together, these observations confirm the
role of SHP-1 in the negative regulation of several leishmanicidal molecules produced by
macrophages (M@s), therefore providing evidence that help explain why the activation of

SHP-1 by Leishmania is crucial to the parasite.

Interestingly, accumulating evidence from our laboratory suggest that SHP-1 might have
an important role to play in the regulation of TLR signalling. This conclusion is based on
two main observations: Firstly, the previously mentioned finding that SHP-1"" mice, and
M@s derived from them, produce higher amounts of LPS-induced NO and pro-
inflammatory cytokines, which are functions mediated by TLR signalling. Secondly, the
previously reported roles for SHP-1 in the direct or indirect regulation of MAPKs and the
transcription factors (TFs) NF-kB and AP-1, all of which are critical proteins involved in

TLR signalling.

In Chapter 2, we explored the possibility that SHP-1 is a negative regulator of TLR

signalling and found out that this was the case. We demonstrated that SHP-1 was able to
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directly bind to IL-1-receptor associated kinase 1 (IRAK-1) causing the inhibition of its
kinase activity. Given the key role of IRAK-1 in the activation of signalling downstream
most TLRs, we were able to show that one mechanism by which Leishmania is known to
block LPS-mediated functions in M@s is indeed the inactivation of IRAK-1. We further
identified the binding site of SHP-1 on IRAK-1 to be an immunoreceptor tyrosine-based
inhibitory motif (ITIM)-like motif, which we termed kinase tyrosine-based inhibitory
motif (KTIM). Sequence analysis that we performed revealed that IRAK-1’s KTIM

emerged in early vertebrates and was evolutionarily conserved up to humans.

In Chapter 3, we pursued the new regulatory concept of KTIM. The high conservation of
this motif in IRAK-1 suggested to us that it was subjected to a remarkable evolutionary
pressure due to its useful function, leading to the stability of its amino acid components. It
was therefore very plausible that this motif could represent a novel regulatory mechanism
used by a wide range of kinases. Towards that end, we analyzed the sequences of key
cellular kinases and indeed found that many of them contain one or more potential
KTIMs, the majority of which were strikingly found in the kinase domain, as in IRAK-1.
We then followed the relative time in which those KTIMs appeared and found that,
consistent with what we observed in IRAK-1, most KTIMs appeared at the early
vertebrate level (fish or amphibian). Interestingly, the KTIMs in JNK and p38 appeared at
the invertebrate level providing insights about different potential roles of this motif when

present in invertebrates (as invertebrates do not have SHP-1).

Having explored the modulation of IRAK-1 signalling by Leishmania, we wanted to build
a more comprehensive view of how other signalling molecules are altered by the parasite.

A considerable amount of work on how Leishmania can interfere with many signalling
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molecules of the host such as protein tyrosine phosphatases (PTPs) and TFs has been
done with the promastigote stage of the parasite. This is important in understanding the
events occurring at the time of disease onset, but does not help in understanding the
evasion mechanisms utilized by the Leishmania form found in established infections, the
amastigote stage. Although quite a number of studies have been done using amastigotes,

comparative studies between the two forms is lacking.

In Chapter 4, we performed a comparative study between the ability of promastigotes and
amastigotes to alter M@ signalling and function. The study helped to confirm some
previous findings that dealt with either promastigote or amastigote infections only, but in
a comparative context. In addition, the study revealed new stage-specific evasion
mechanisms and some that are shared by both. Importantly, we reported, for the first time,
that amastigotes of Leishmania were able to activate host PTPs including SHP-1 as early
as promastigotes and that they did not seem to activate PTP-1B in early infection time.
We also uncovered interesting similarities and differences in the way the two stages
modulate the iINOS-binding TFs: NF-«B, STAT-1a, and AP-1. Finally, the role of the
parasite’s cysteine proteinase (CP) lmcpb was explored, and data implicating this CP in
the inhibition of the three previously-mentioned TFs was obtained, further increasing our

knowledge about this proteinase as a Leishmania virulence factor.

Taken together, we believe that the data presented in this thesis provide new insights into
molecular and cellular mechanisms that can help explain the long-observed ability of
Leishmania to inhibit LPS-mediated M@ functions. This study also challenges the notion
that ITIMs are negative regulatory motifs strictly associated with transmembrane proteins

by providing strong evidence that ITIM-like motifs (KTIMs) can be found in cytosolic
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kinases, and are able to regulate their activity. Such a finding broadens our knowledge
about immunoregulatory motifs and opens the door to the discovery of novel substrates of
SH2-domain-containing proteins like SHP-1. Finally, our comparative study between
promastigotes and amastigotes helps to expand our knowledge about similar mechanisms
used by Leishmania to alter M@ signalling, but more importantly identify stage-specific
differences that could contribute to effective drug design, especially since amastigotes are

the diagnostic stage of the parasite in infected organisms.
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Chapter 1

Literature Review
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1- Abstract

Apart from the impact of Leishmania on world health, leishmaniasis represents an elegant
infection model that can teach us a lot about host-parasite interactions and immune
evasion. This parasite has the ability to enter host macrophages (M@s) safely and
replicate inside the very same phagocytes that were recruited to destroy it. The inability
of M@s to kill the parasite and activate cells of the adaptive immune system is a product
of the parasite’s long-reported capacity to alter several key signalling pathways in the
host. Many signalling alterations are seen early in the course of infection suggesting they
start upon the initial contact between the parasite and the M. These rapid alterations of
signalling pathways serve at least two main functions: Firstly, inhibition of M@ killing
mechanisms that are triggered upon phagocytosis of foreign particles (e.g. production of
reactive oxygen species) and secondly, inhibition of leishmanicidal functions that can be
triggered in response to M@ activation in infected tissues in response to stimuli such as
lipopolysaccharides (LPS) or interferon-y (e.g. nitric oxide production). In this literature
review, we will discuss the roles of promastigotes and amastigotes of Leishmania in
disease establishment, focusing on the signalling pathways that they interfere with and the
MO functions that are affected by the alteration of these pathways. We then pay special
attention to Toll-like receptor signalling and its role in the triggering of innate immunity
and 1in the activation of the adaptive immune system. Finally, we devote the last section of
this review to discuss the various known mechanisms by which pathogens are able to
interfere with Toll-like receptor signalling to prevent the activation of immune cells via
these evolutionarily-conserved receptors whose main function is to detect pathogens and

contribute to their clearance.
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2- Leishmaniasis

2.1 Epidemiology

Leishmaniasis is a protozoan disease widespread in more than 80 countries in tropical and
subtropical regions of the world. It is estimated that over 12 million people are infected
world-wide with two million new clinical cases emerging every year [1]. This disease
continues to be a major health concern due to the fact that the majority of affected areas
are poor developing countries that often lack the funds and/or awareness to fight it. This
results in the lack of serious efforts and effective methods to treat infected individuals and
to control the spread of the insect vector and animal reservoirs. This situation is further

complicated by the lack of an effective vaccine against human leishmaniasis.

2.2 Life Cycle of Leishmania

The Leishmania parasite alternates between two main forms: the extracellular
promastigote and obligate intracellular amastigote stages. Promastigotes are elongated
flagellated forms transmitted by bites of female sandflies (Phlebotomus or Lutzomyia
species). While having a blood meal, the infected sandfly injects a small number of
infectious-stage, metacyclic promastigotes into the skin. Upon their entry, promastigotes
find their way into mammalian M@s where they enter and transform to smaller, round,
aflagellated amastigotes. Amastigotes start dividing within the phagolysosome and
ultimately lyse the M@ and proceed to infect other M@s or be picked up by another
sandfly during blood feeding where they transform again in the midgut of the fly to

rapidly dividing non-infectious procyclic promastigotes (Figure 1) [2].
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Mammalian host

Mature Reviews | Immunology

Figure 1: Life cycle of Leishmania. A schematic explaining the life cycle of

Leishmania alternating between the promastigote stage in the sandfly and the
amastigote stage in host macrophages. (Adapted from Sacks D ef al. (2002) Nat. Rev.

Immunol. 2: 845-858)

In addition to being morphologically different, the two life stages of the parasite have
different surface molecule compositions. While infectious metacyclic promastigotes have
a thick glycocalyx, this cover is almost completely absent in amastigotes [3]. The
glycocalyx is made of glycoproteins and other glycosylated species anchored to the
surface membrane by a glycosylphosphatidylinositol (GPI) linkage [4]. The promastigote
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surface is predominantly covered by lipophosphoglycan (LPG), a GPI-anchored molecule
made of repeating units of a disaccharide and a phosphate. Buried in a sea of LPG,
promastigotes have another important GPI-anchored molecule, the surface protease
glycoprotein 63 (gp63). Interestingly, amastigotes have been shown to produce very little
LPG compared to promastigotes [5], and have reduced gp63 production [6]. Although
LPG and gp63 are down-regulated by amastigotes, other proteins such as cysteine
proteinases (CPs) are upregulated in the amastigote stage of several Leishmania species
[7] indicating that some of these peptidases might play a crucial role in the intracellular
survival of the parasite. Despite several differences in surface composition, promastigotes
and amastigotes both express glycosylinositol phospholipids (GIPLs), a GPI-linked
glycolipid. GIPLs have a small size compared to LPG, are located close to the parasite
membrane, have a long half-life, and are believed to play a protective role on the parasite

surface [8].

2.3 Disease manifestations

Depending on the species of Leishmania involved and the immune response of the host,

the parasite can cause disease that can manifest itself in three main forms:

1- Cutaneous leishmaniasis: caused by parasites such as L. tropica, L. major, and L.
aethiopica in the old world, and L. mexicana in the new world. Two to eight weeks
following a bite from an infected sandfly, a red papule appears at the site of the bite.
The lesion becomes irritated, with intense itching, and begins to enlarge and ulcerate.

Ultimately, the patient can either mount a response where the ulcer can self-heal
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leaving a disfiguring scar or can have an anergic response where the nodule grows and

spreads over large areas of the skin [9].

Mucocutaneous leishmaniasis: caused by parasites of the L. brazilensis complex.

Initially, mucocutaneous leishmaniasis manifests itself in a way similar to that of
cutaneous leishmaniasis except that weeks to years following the healing of the skin
ulceration, lesions start appearing in mucocutaneous tissues mainly in the mouth and

nose causing disfiguring facial mutilation [9].

Visceral leishmaniasis: caused by parasites such as L. donovani donovani and L.

donovani infantum in the old world, and L. donovani chagasi in the new world. The
incubation period may be several weeks to a year, with a gradual onset of fever,
diarrhea, and anemia. Chills and sweating that may resemble malaria symptoms are
common early symptoms. As organisms proliferate and invade cells of the liver and
spleen, hepatomegaly, splenomegaly, and weight loss occur. Kidney damage may also
happen as cells of the glomeruli become infected. When the disease persists, patients
develop granulomatous areas in their skin known as post-kala-azar dermal
leishmaniasis. If untreated, visceral leishmaniasis develops into a debilitating lethal

disease that can kill the patient within one to two years [9].

2.4 Leishmania virulence factors

In

order to survive in the sandfly midgut and inside the mammalian host, Leishmania

requires a set of virulence factors that aid its survival. We will hereby discuss the major

ones.
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1- LPG: It is the major surface glycoconjugate of promastigotes. It consists of a polymer
of repeating Galf1, 4Man-PO4 units attached to a glycan core that is inserted into the
membrane via a phosphatidylinositol anchor. The molecule has a terminal branch of a
small oligosaccharide structure which varies among species [10]. Although the
backbone of the repeating units, the glycan core, and the lipid anchor are conserved
among Leishmania species, they differ in the additional oligosaccharide chains
branching off the backbone sugars [10]. One important feature that draws the attention
to LPG as a virulence factor is its ability to undergo several important modifications
during the life cycle of the parasite. As the parasite changes from a non-infective
procyclic to an infective metacyclic promastigote in the sandfly midgut, LPG doubles
its length by increasing the number of its repeating units [11]. The structural changes
of LPG are believed to protect the parasites from the gut’s digestive enzymes and help
the infectious ones detach from the sandfly’s midgut and migrate to the salivary glands
so they can be transported into the mammalian host during the fly’s blood meal [12].
As promastigotes enter the mammalian host, LPG has been shown to play a key role in
protecting the parasite against complement-mediated lysis [13] while maintaining the
ability to bind members of the complement system [13,14] and C-reactive protein [15]
which helps in the opsonization of the parasite and its uptake by M@s through
complement receptors (CRs) and C-reactive protein receptors (CRPRs), respectively.
Interestingly, it has also been shown that LPG protects parasites from the oxidative
burst by blocking protein kinase C (PKC) activity [16] and scavenging hydroxyl
radicals and superoxide anions [11]. Furthermore, this surface glycoconjugate was
shown to inhibit phagosome maturation and phagolysosome formation in MOs
[17,18]. Other reported functions of LPG include its ability to inhibit IL-12 synthesis
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and release at the transcriptional level [19] and its ability to reduce inducible nitric
oxide synthase (iNOS) mRNA expression and nitric oxide (NO) production when
incubated with M@s prior to IFN-y stimulation [20]. Although the requirement of LPG
for virulence varies from one species of Leishmania to another, it was demonstrated
that LPG-defective mutants of L. donovani and L. major are destroyed following
phagocytosis and that they are able to survive following the restoration of LPG
expression using genetic complementation of the LPG gene [21,22]. Despite the many
functions performed by LPG to help in the survival of promastigotes, this molecule is
strongly down-regulated in amastigotes, with the exception of L. major which has been
shown to express LPG that is structurally different from its promastigote counterpart
[23]. Nevertheless, the down-regulation of LPG in the amastigote stage of most
Leishmania species suggests that it is dispensable for amastigote survival, most
probably due to the presence of other mechanisms utilized by this form of the parasite

to survive the harsh environment of MOs.

GP63: It is a zinc-dependent metalloprotease, found on the surface of the Leishmania
parasite, that has a wide range of substrates including casein, gelatin, albumin,
haemoglobin, and fibrinogen [24]. This protease belongs to the metzincin class [25]
whose members include a sequence motif HExxHxxGxxH, and an N-terminal pro-
peptide that renders the proenzyme inactive during translation, and is removed during
maturation and activation[26]. Gp63 is abundant in promastigotes but has been shown
to be down-regulated in amastigotes [6]. Nevertheless, it is speculated that the reduced
expression of gp63 might be compensated for by the absence of LPG on the

amastigote surface [3,27] where gp63 is no longer buried in a sea of LPG and can
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therefore play an important role in the ability of amastigotes to modulate the host

response despite its lower numbers compared to promastigotes.

Given its presence on both forms of the parasite, gp63 is likely to play different roles
depending on the parasite stage. For instance, promastigotes of L. amazonensis and L.
major have been shown to utilize their gp63 to cleave C3b into iC3b and therefore help
the parasite avoid complement-mediated lysis [28]. Generation of iC3b can also act as
an opsonin aiding the parasite to interact with M@s through complement receptors 1
and 3 (CR1 / CR3) [29,30]. Gp63 also interacts with the fibronectin receptor (FR) and
can thus help the parasite adhere to MOs that way [31]. Interestingly, incorporating
gp63 into liposomes was able to protect intraliposomal serum bovine albumin from
degradation. This observation can suggest a similar mechanism whereby gp63 can help
amastigotes survive within the harsh environment of M@ phagolysosomes [32,33].
Work in our laboratory has shown that gp63 plays an important role in the cleavage
and activation of several M@ protein tyrosine phosphatases (PTPs) including the Src
homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1) (M.A. Gomez
and M. Olivier, manuscript under review). This novel role for gp63 can help explain
the rapid ability of Leishmania to activate SHP-1 and negatively regulate several key

signalling pathways in MOQs [34].

Cysteine proteinases (CPs): They are mostly studied in L. mexicana, which was
shown to exhibit high activity of CPs. This family includes: L. mexicana cysteine
proteinase a (Imcpa), L. mexicana cysteine proteinase b (Imcpb), and L. mexicana
cysteine proteinase ¢ (Imcpc). Imepb is a cathepsin L-like CP whose genes are

multicopy and occur in a tandem array of 19 genes [7]. Imcpa (cathepsin L-like) and
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Imcpc (cathepsin C-like), on the other hand, are single copy genes [35,36]. Although
Imcpb is expressed in metacyclic promastigotes, which might indicate a role for these
CPs in the virulence of this life-cycle stage [37], the expression of this cysteine

proteinase is significantly increased in amastigotes [7].

The roles of Imcpa, Imcpb, and Imepc in Leishmania virulence was studied through the
generation of mutants deficient for the cpa, cpb, and cpc genes. Although Imepc did
not act as a virulence factor, Imcpa and Ilmcpb did. L. mexicana deficient in the
multicopy ¢pb gene array had reduced virulence with poor lesion growth in BALB/c
mice [38,39]. The Imcpa was also implicated as a virulence factor based on the
observation that /mcpa / Imcpb double null mutant parasites were less infective to
BALB/c mice than Imcpb mutants only. This was concluded based on the observation
that the inoculation of double mutants did not result in the formation of skin lesions in
infected mice while /mcpb mutants caused a delayed appearance (week 37) of very

small lesions [39].

Several studies have suggested methods by which Imcpb can act as a virulence factor.
In fact, a role for Imcpb was proposed in the degradation of inhibitory kappa B- alpha
(IkB-a), inhibitory kappa B- beta (IkB-B), and nuclear factor kappa B (NF-«kB) in
MOs. This degradation was not seen with Imcpb mutants and was reversed when CP
inhibitors were used [40]. The authors concluded that this could represent one
mechanism by which L. mexicana can inhibit Lipopolysaccharide (LPS)-mediated IL-
12 production in M@s. Another interesting report provided evidence that L.
amazonensis amastigotes were able to internalize major histocompatibility complex

(MHC) class II molecules found in the parasitophorous vacuoles of their host cells and
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degrade them within their megasomes in order to block antigen (Ag) presentation [41].
The role of CPs in the degradation of these molecules was confirmed when more MHC
class II accumulation was observed inside amastigotes pre-treated with an irreversible
CP inhibitor. In addition to the role of Imcpa and Imcpb as virulence factors, these
proteinases can act as immunomodulators favouring a non-healing Th2 response
during the course of infection. It has been shown that Imcpb inoculated into footpads
of BALB/c mice increases IL-4 in the draining lymph nodes and polarizes splenocytes
towards a Th2 response measured by their increased IL-5 production compared to
controls [42]. This increase in IL-4 production was paralleled by an Imcpb-dependent
reduction in the expression of both the IL-2R on activated T cells and the low-affinity
IgER on mature resting B cells, and an increase in plasma IgE levels in mice injected
with active recombinant Imcpb for two weeks [42]. It was also shown that wildtype
(WT) but not /mcpa / Imcpb double mutants can induce IL-4 production in splenocytes
cultured from BALB/c mice. The double mutants but not WT parasites, on the other

hand, induced IL-2 production [39].

Acid phosphatases: These phosphatases are membrane-bound or secreted by
pathogenic species of Leishmania and are also found to be constitutively released into
the culture medium during in vitro growth [43]. One of the well-studied acid
phosphatases is the histidine secretory acid phosphatase (SAcP) produced by L.
donovani [44]. This acid phosphatase has been shown to dephosphorylate a wide range
of substrates including glycerol phosphates, mono- and di- phosphorylated sugars,
inositol phosphates and phosphorylated proteins [45-49]. Hydrolysis of such substrates

by SAcP could generate essential nutrients and/or modify the host environment to the
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advantage of the parasite [50]. These modifications of host environment include the
ability of acid phosphatases to inhibit toxic oxidative metabolite production by

neutrophils [51].

2.5 Leishmania modes of entry to macrophages

Phagocytosis by host M@s is a prerequisite to successful infections by promastigotes and
amastigotes. Promastigotes have to do so upon entry to the mammalian host and
amastigotes when they rupture infected MOs and go on to infect other ones. It is generally
accepted that entry of Leishmania to host MOs is a receptor-mediated event, and several
receptors have been shown to play a role in this process. We will hereby discuss the main
ones whose involvement in parasite attachment and entry has been well-established and

supported by a respectable amount of previous work.

1- Complement receptor (CR): Serum complement has been shown to improve parasite
adhesion to M@s [29]. Importantly, the binding of the third component of complement
to the parasite helps in its adhesion to host complement receptors [52]. Human M@s
have two classes of complement receptors: CR1 (CD35) and CR3 (Mac-1, CD18/11b),
which bind to C3b and iC3b, respectively [53]. The adhesion of parasites to CR1 is
transient because of the factor I cofactor activity of CR1 and the parasite’s gp63,
which are both able to cleave C3b to iC3b [28,54]. Based on this cleavage, the main
complement receptor involved in the phagocytosis of Leishmania appears to be CR3
and not CR1. In addition to helping the parasite get phagocytosed, C3 fixation on
parasites has been shown to aid in the intracellular survival of the parasite through

enabling it to block the M@ respiratory burst [55].

41



2-

Mannose-fucose receptor (MFR): Sugar receptors play an important role in the
recognition of pathogens due to their ability to detect carbohydrate moieties expressed
on the surface of those organisms. One Important receptor implicated in the
phagocytosis of Leishmania is the MFR. This receptor mediates the uptake of
mannose- and fucose- terminated glycoproteins [56]. Further evidence regarding the
ligand specificity of this receptor was obtained when rat fibroblasts transfected with
mannose receptor c-DNA were rendered able to endocytose and degrade mannose-
BSA in a specific manner [57]. The MFR was first identified in M@s [58], but was
afterwards found to be expressed on other cell types such as dendritic cells (DCs) [59].
Upon binding of the ligand to the MFR, the receptor is rapidly internalized, the ligands
are released into early endosomes and are quickly seen to co-localize with MHC class
[I-enriched compartments and lysosomes while the receptors recycle to the surface
[60]. As LPG of Leishmania contains terminal mannose sugar moieties, it is not
surprising to find out that the MFR can mediate the binding of the parasite to MOs
[61]. This has been shown by reversing parasite binding (attachment and ingestion)
through the use of soluble inhibitors of MFR activity, namely mannan and
ribonuclease B [61]. It is noteworthy that this receptor plays a more important role in
promastigote binding to M@s since it is this parasite stage that primarily expresses

LPG on its surface.

C-reactive protein receptor (CRPR): C-Reactive Proteins (CRPs) are acute phase
proteins mainly secreted by the liver. They are named so because they were initially
discovered to be able to bind to and precipitate the C-polysaccharide of the

Streptococcus pneumonia cell walls due to their ability to bind phosphorylcholine, a
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component of the C-polysaccharide, which they bind to in a calcium-dependent
manner [62]. Indications that CRP can bind to Leishmania were supported by
observations whereby CRP was found to bind some promastigotes in a calcium-
dependent manner [63]. In fact, it was later found that the repeating phosphorylated
disaccharides of LPG in metacyclic L. donovani promastigotes but not L. major
promastigotes were responsible for the binding to CRP [15]. It has been suggested that
the modifications of the LPG sugar backbone in the metacyclic stage might explain
why CRP binds to metacyclic but not procyclic promastigotes. As for why CRPs bind
to L. donovani but not L. major promastigotes, the substitutions that take place in the
3-position of the galactose of LPG of L. major that are known not to take place in L.
donovani have been proposed to mediate the decreased binding affinity of CRP to LPG
of L. major [15]. The discovery of LPG as a ligand of CRP directly implicated the
CRP receptor in the binding and uptake of the Leishmania parasite. It is very
interesting to note that although Leishmania is able to exploit CRP as an opsonin, the
entry of the parasite via the CRPR does not trigger M@ activation as would normally
happen in CRP-mediated uptake of other particles. It has been demonstrated that the
CRP-mediated entry of Leishmania does not affect parasite survival in M@s and does
not lead to the production of pro-inflammatory cytokines such as TNF-a and 1L-12

[64].

Fibronectin receptor (FR): FRs belong to the Bl integrin family, with two abundant
members VLA-4 and VLA-5 [65,66]. It has been shown that gp63 can exhibit
fibronectin-like properties and interact with the FR [31]. This interaction suggests a

role for the FR in the adhesion of Leishmania to M@s and in their uptake as seen by
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the slower and decreased parasite internalization upon the use of antibodies directed
against Bl integrins [31]. The fact that parasites still manage to ultimately get
internalized in the absence of functional fibronectin receptors suggests that these
receptors might not be the primary mediators of parasite adhesion but can facilitate the
process by stabilizing complement-mediated adhesion of parasites to M@s through the
ability of the FR to bind to gp63 of Leishmania [31]. The binding of gp63 to integrins
represents yet another mechanism by which gp63 can help in parasite adhesion and
entry, the first being its ability to cleave complement components and use the cleaved

forms as opsonins to adhere to M@s through CRs.

Fc receptor (FcR): These are protein receptors found on several immune cells
including M@s and have binding affinity to the Fc portion of immunoglobulins. Initial
experiments showed that opsonising Leishmania with parasite-specific IgG
significantly enhanced the ability of promastigotes to enter MOs but did not have any
enhancing effect on the ability of amastigotes derived from BALB/c mice to do so
[67]. The initial conclusion was that the FcR might not play a role in amastigote
infection. Further experiments revealed that the reason IgG opsonisation did not
augment the entry of amastigotes is the fact that amastigotes derived from mice lesions
are already highly coated with immunoglobulins. Interestingly, amastigotes harvested
from bone-marrow derived M@s (BMDMs) cultured in vitro or those collected from
SCID mice, have enhanced entry to M@s in the presence of specific IgG due to the
absence of immunoglobulins on the surface of these amastigotes prior to the
opsonisation step [67]. It is important to mention that amastigotes are still able to enter

M@s in the absence of immunoglobulins as opsonins suggesting a role for other
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receptors including CRs. Based on receptor blocking experiments, it appears that
amastigotes have the ability to switch binding receptors based on availability.
Blocking the FcR or CR3 one at a time is not sufficient to observe a strong decrease in
amastigote entry, and only when both receptors are blocked simultaneously that we
observe a drastic decrease in amastigote entry to MOs [67]. It remains to be mentioned
that entry by FcR seems to be an important mechanism by which the already
established amastigotes can enter and infect new cells, but most likely is not a
mechanism utilized by promastigotes as when they first enter the host, no specific

antibody response against the parasite is present.

Phosphatidylserine receptor (PSR): This is a receptor that detects phosphatidylserine
(PS) on apoptotic cells, therefore enabling phagocytes to clear them in a non-
inflammatory fashion. PS has been reported to be expressed on the surface of
amastigotes in what is referred to as “apoptotic mimicry”. By expressing PS,
amastigotes of L. amazonensis have been shown to be able to bind to MQs through the
PSR, mimicking apoptotic cells and therefore triggering an anti-inflammatory response
by inhibiting NO production and increasing IL-10 and transforming growth factor-beta
(TGF-B) secretion [68,69]. By doing so, amastigotes are able to more readily attach to
and infect MO@s while avoiding any harmful inflammatory responses. It is worth
mentioning that PS has been regarded as a contributor to amastigote virulence as it has
been shown that amastigotes derived from susceptible BALB/c mice display more PS

than those derived from resistant C57BL/6 mice [68].
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3. Alteration of macrophage signalling and functions by Leishmania

3.1 Signalling molecules altered by Leishmania

Cells can alter their physiology and function by activating and inhibiting their
intracellular signalling pathways. A typical pathway is usually triggered by a ligand such
as a cytokine or growth factor or pathogen-associated molecule. The binding of ligands to
their receptors causes activation of the receptor via its phosphorylation and/or
conformational change which in turn leads to the activation of second messengers in the
cytosol. These second messengers ultimately lead to the activation of several transcription
factors (TFs) that can translocate to the nucleus and bind to the promoters of their target
genes generating a change in the cell’s response. On the other hand, other signalling
molecules like phosphatases are able to dephosphorylate molecules and can therefore
counteract effects caused by protein phosphorylation. Using this negative feedback loop,
the cell can establish a balance between activation and inhibition, and is able to return to
the resting state following activation. Interestingly, many pathogens are able to alter the
signalling of their target cells to their own advantage and Leishmania is no exception.
Leishmania achieves this by either employing strategies to inhibit proteins that play a
positive role in immune cell activation or by activating molecules known to play key roles
in the negative regulation of immune cell signalling and function (Figure 2) [34]. We will
discuss below the main signalling molecules altered by Leishmania in an effort of the

parasite to survive inside host M@s.
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Figure 2: Macrophage signalling and functions altered by Leishmania. (Adapted from

Olivier M et al. (2005) Clin. Microbiol. Rev. 18(2): 293-305)

1- Protein kinase C (PKC): It is a family that comprises 10 serine / threonine kinases,
first characterized as Ca™ and phospholipid-dependent [70,71]. The PKC family
consists of three sub-families: conventional, novel, and atypical isoforms.
Conventional isoforms include: PKC-alpha, -beta I, -beta II, and —gamma and these
isoforms require Ca™ and diacylglycerol (DAG) to function. Novel isoforms include:
PKC-delta, -epsilon, -eta, and —theta and these isoforms require DAG but not Ca'™.
Atypical isoforms include: PKC-zeta and —lambda and these require neither DAG nor

% [72]. PKC signalling plays a key role in the response of M@s to activating
cytokines such as IFN-y and TNF-a [73,74], cytokines which have important roles in

driving several M@ functions including NO production [73] and oxidative burst [75].
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Given the leishmanicidal effect of these functions, it is remarkable that Leishmania is
able to block PKC activity in infected M@s. Promastigote LPG has been described to
be able to block PKC activity [16,76,77]. This inhibition is achieved through the
binding of LPG to the regulatory domain of PKC which contains the DAG, Ca™, and
phospholipid binding sites [11]. It is interesting to observe that amastigotes, which
lack LPG, are also able to inhibit PKC activity in monocytes [78], suggesting that
factors other than LPG can also mediate this inhibitory effect. Indeed, Leishmania-
induced ceramide generation [79] and GIPLs [77] have been shown to be able to
inhibit PKC, providing a possible mechanism by which amastigotes can inhibit the

activity of this kinase.

Janus Kinase 2 (JAK2): It is one of four members of the Janus family of tyrosine
kinases (JAK1, JAK2, JAK3, TYK2). As with the other members of the JAK family,
JAK?2 has two kinase-homologous domains at its C-terminus, the first is non-catalytic
and has a regulatory function and the second exhibits kinase activity. JAK activation
plays an important role in cell proliferation, differentiation, migration, apoptosis, as
well as immune activation [80]. The JAK signalling pathway is initiated when a ligand
(cytokine or growth factor) binds to its receptor inducing receptor multimerization.
This process brings the cytoplasmic domains of the receptor subunits -which are
associated with JAKs- into close proximity to each other, allowing the JAKs to
transphosphorylate and therefore activate each other. Activated JAKs are then able to
phosphorylate the receptors themselves on a conserved tyrosine residue (Tyr-440 in
the case of IFNyRI) providing a docking site for the TF signal transducer and activator

of transcription (STAT). JAKs then phosphorylate the docked STATs on a conserved
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tyrosine near their C-terminus. Phosphorylated STATs are then able to dimerize with
the help of their conserved SH2 domains and proceed to translocate to the nucleus to

bind their target regulatory sequences to activate or repress transcription [80,81].

The promoter of the iNOS gene responsible for NO production has binding sites for
several TFs including STAT-1 [82,83]. Given the leishmanicidal effect of NO as a free
radical, it is not surprising that Leishmania has the ability to block the JAK/STAT
signalling pathway in response to IFN-y stimulation. Indeed, it has been reported that
infection with L. donovani amastigotes was able to block IFN-y-induced JAK1, JAK2,
and STAT-1 phosphorylation in PMA-differentiated U-937 promoncytic cells and
human monocytes [84]. Our laboratory has gone further in studying the effect of
Leishmania on JAK2 phosphorylation by reporting that L. donovani promastigotes
were able to rapidly activate host SHP-1 and that this activation was associated with
increased binding of SHP-1 to JAK2 and the subsequent inhibition of the
phosphorylation of this kinase in response to IFN-y stimulation [85]. Another study
suggested that the Leishmania-induced unresponsiveness to IFN-y stimulation can be
due to the inhibition of the IFN-y receptor (IFN-yR) complex formation. The authors
observed decreased phosphorylation of IFN-yR-o and decreased association of the
receptor with JAK?2 caused by a downregulation of the receptor expression itself, but
provided no clues on how the parasite could do so [86]. Another complication with this
report is that the authors infected cells for 24 hours to see an appreciable effect on
receptor expression and phosphorylation, which cannot explain the rapid
dephosphorylation of JAK2 seen when BMDMs are infected with Leishmania

promastigotes [85]. This supports the notion that early JAK/STAT inhibition must
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depend on parasite-induced alterations of existing signalling molecules of the host and

not on alterations at the transcriptional level.

Mitogen-activated protein kinases (MAPKSs): These are serine / threonine kinases
activated by phosphorylation on two residues (threonine and tyrosine) in their kinase
activation loop. These two residues are separated by a single residue unique for each
group of MAPKSs: glutamate for the extracellular signal-regulated kinasel/2 (Erk1/2),
proline for Jun N-terminal kinase (JNK), and glycine for p38 [87]. The signalling
cascade usually starts by an external stimulus causing the activation of a MAPK kinase
kinase (MAPKKK) which is a serine / threonine kinase. The MAPKKK in turn
phosphorylates a MAPK kinase (MAPKK) which is a dual specificity kinase that can
phosphorylate both the threonine and tyrosine found in the T-X-Y motif found in the
activation loop of MAPKSs. Phosphorylation of the threonine and tyrosine causes a
conformational change in the activation loop allowing it to clear the ATP binding site
of MAPKSs which it obstructs in the inactive state thus activating the kinase [88]. Upon
their activation, MAPKs can phosphorylate cytosolic targets or translocate to the
nucleus to phosphorylate TFs and thus can directly affect gene expression. We will
hereby discuss the three main MAPKs in terms of their signalling roles and then

review some of the mechanisms by which Leishmania can interfere with their activity.

Erk1/2: Upon its activation by a MAPKK such as MEK1/2, Erkl/2 is able to
phosphorylate more than 70 different substrates including TFs [89]. Erk1/2 has the
ability to translocate to the nucleus where it is able to phosphorylate several members
of the Ets family of proteins in the transactivation domain [90]. Activated Ets1/2, for

example, interact with activating protein-1 (AP-1) and NF-kB in binding to gene
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promoters therefore enhancing transcription [87]. Other substrates of Erk1/2 from the
Ets family include Elk-1 and the SRF accessory protein-1 (SAP-1) which play an
important role in the regulation of c-fos (a subunit of AP-1) transcription [91]. Erk1/2

can also activate Fral/2 [92], therefore having yet another way to activate AP-1.

JNK: JNK was first cloned as a kinase that phosphorylates and activates the Jun AP-1
subunit [93], but was soon found to have a wider range of substrates. There are three
JNK genes that can give rise to several splice variants [94]: JNK1 and JNK2 which are
widely expressed, and JNK3 which is found only in brain tissue. JNK is activated by
MAPKKSs such as MKK4 and MKK?7 [87] and activated JNK can phosphorylate c-Jun
in addition to its ability to phosphorylate activating transcription factor-2 (ATF-2) on
threonines 69 and 71 preventing its ubiquitination and degradation [95]. The
phosphorylation of c-Jun has a direct effect on AP-1 activation while phosphorylation
of ATF-2 enhances its ability to dimerize with c-Jun to drive c-Jun expression [96], or
dimerize with ATF-6 to mediate signal transduction of stress signals associated with

protein misfolding [87].

p38: This MAPK contains at least four members: p38a and p38B which are
ubiquitously expressed, p38y found in skeletal muscles, and p386 found in the
prostate, testes, pancreas, and salivary, pituitary, and adrenal glands [97]. One of the
main targets of p38 is the MAPK-activated protein kinase 2 (MAPKAP-K2) [98]
which is a kinase able to phosphorylate several TFs such as: ATF-2 and ATF-1/cAMP
response element binding (CREB) [87] which is a TF that binds to c-AMP-regulated

enhancer (CRE) regions in cAMP-inducible genes like c-fos [99]. Notably, MAPKAP-
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K2 is also able to phosphorylate the SRE-binding TF serum response factor (SRF) that

forms a complex with Elk-1 and regulates c-fos gene expression [87,100].

In addition to playing important roles in the proliferation and differentiation of cells,
MAPKSs play a crucial role in the activation of immune cells including M@s through
their ability to activate several TFs that control pro-inflammatory mediators [101]. As
was the case with the JAK family, it is remarkable, though not unexpected, that the
Leishmania parasite developed tactics to render several MAPK members inactive in

response to parasite entry to MOs or to activating stimuli that follow infection.

Indeed, it was reported that the phagocytosis of L. donovani promastigotes by naive
M@s does not lead to the activation of any of the three MAPKs (Erk1/2, JNK, p38)
[102]. Additionally, several MAPKs have been shown to be inhibited in infected cells
in response to activating stimuli such as LPS. For example, L. amazonensis
amastigotes are able to block LPS-mediated Erkl phosphorylation in infected MOs
[103] and L. donovani amastigotes can block PMA-induced Erk1/2 phosphorylation in
RAW264 M@s leading to the inhibition of Elk-1 and c-fos expression [104]. The
authors of the latter study suggested a role for host PTPs in Erk1/2 inactivation, a
hypothesis supported and more deeply explored by our laboratory where we provided
evidence that PTP-SHP-1 is able to dephosphorylate and inactivate Erk1/2 through
demonstrating that this MAPK was still able to be activated in Leishmania-infected
SHP-1-deficient M@s in response to IFN-y stimulation [105]. Furthermore, it has been
suggested that the increased ceramide production in L. donovani-infected M@s can
lead to reduced Erkl1/2 phosphorylation ultimately leading to enhanced parasite

survival [106]. Interestingly, amastigotes of L. mexicana were also reported to inhibit
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Erk1/2 signalling not by inhibiting their phosphorylation but rather by degrading them
using the parasite’s cysteine proteinases. Similar cysteine proteinase-dependent

degradation was observed for JNK [40].

Concerning p38, it has been shown that this MAPK is non-responsive when M@s
infected with L. major are stimulated with a CD40 antibody to mimic the MO-T cell
interaction. p38 inactivation correlated with impaired iNOS2 expression and NO
production and therefore impaired leishmanicidal functions [107]. In fact, this
inactivation makes sense in the light of experiments showing the importance of p38
activation in the control of Leishmania infection. The use of anisomycin, a p38
activator, enhanced parasite killing in M@s by triggering p38-dependent anti-

leishmanial effects [107,108].

Transcription factors (TFs): In order to inhibit gene expression of pro-inflammatory
cytokines and microbicidal molecules, Leishmania developed several strategies to
interfere with TFs that bind to the promoters of those genes. Several TFs are involved
in this process including: NF-xB, STAT-1a, and AP-1, all of which have been shown
to be modulated by the parasite. We will hereby discuss the role of each of these TFs
in signalling and describe the known mechanisms by which the parasite is able to

interfere with their functions.

NF-kB: This TF is composed of five subunits: p65 (RelA), RelB, c-Rel, p50 (NF-
kB1), and p52 (NF-kB2). These subunits associate together as homo- or heterodimers

forming NF-kB [109]. Each subunit has three distinct structures: a Rel homology
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domain used for DNA binding, a dimerization domain, and a nuclear localization
signal [110]. In addition to these structures p65, Rel B, and c-Rel have a
transactivation domain suggesting their role in transcription activation [109]. NF-«xB is
held in an inactive state by binding to inhibitory kappa B (IxkB) [111]. NF-«xB is
released from its inhibitor when IxB gets phosphorylated by IkB kinases (IKK), which
are a family of three proteins: IKK-a and IKK-, which phosphorylate IxB, and IKK-y,

which serves as a regulatory subunit of the IKK complex [109].

There exist two distinct pathways for NF-«kB signalling: the classical pathway and the
alternative pathway [110]. The classical pathway involves activation of receptors such
as pS5TNFR, IL-1R, or TLR. This results in the activation of IKK-f which in turn
phosphorylates IkBa and leads to its polyubiquitination by an E3-ubiquitin ligase
causing its degradation and the release of p65/p50 dimers that are now free to
translocate to the nucleus to drive gene expression [112]. The alternative pathway, on
the other hand, involves the activation of receptors such as B cell-activating factor
receptor (BAFFR), CD40, and lymphotoxin beta receptor (LTBR) [113]. This activates
NF-«kB-inducing kinase (NIK) which phosphorylates IKK-a which in turn
phosphorylates p100 that gets processed to a p52 subunit. This pathway leads to the

accumulation of RelB/p52 dimers in the nucleus that drive gene expression [109].

NF-kB has more than 150 target genes, many of them code for inflammatory
cytokines, chemokines, immunoreceptors, and cell adhesion molecules. Examples of
these genes include: IFN-y, IL-1, IL-6, IL-12, MIP-1a, MIP-1B, MIP-2, MCP-1,
RANTES, and MHC class I [114]. It is therefore no surprise that this transcription

factor is referred to as a “central mediator of the human immune response” [114].
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Several groups have reported different strategies employed by Leishmania to alter NF-
kB. Leishmania-induced ceramide generation by M@s was shown to play a role in NF-
kB inhibition [106]. One study provided evidence that L. major amastigotes blocked
the nuclear translocation of the p65/p50 complex selectively favouring the c-Rel/p50
complex that they proposed plays a role in the gene expression of immunosuppressive
cytokines in M@s such as IL-10 [115]. Another study showed that cysteine proteinases
of L. mexicana mediated NF-kB degradation and caused its inability to bind its DNA
consensus sequence, thus partially explaining how the parasite can inhibit LPS-
mediated IL-12 production [40]. Work from our laboratory showed that promastigotes
of several pathogenic Leishmania species were able to cleave the p65 RelA subunit to
generate a p35 RelA fragment that is able to translocate to the nucleus and bind DNA.
This p35 fragment was suggested to be involved in the parasite’s ability to drive NF-

kB-mediated chemokine gene expression in infected MOs [116].

STAT: the STAT family consists of STAT-1, STAT-2, STAT-3, STAT-4, STAT-5a,
STAT-5B, and STAT-6 [117]. These STATs are activated by distinct cytokines, for
example, STAT-1 mediates responses to IFN-y, STAT-3 to IL-10, STAT-4 to IL-12,
and STAT-6 to IL-13 [118]. The signalling cascade involving STATs has been
discussed previously in the JAK section. Briefly, upon the binding of the appropriate
ligand to its receptor, JAKs associated to the cytoplasmic portion of the receptor will
get activated and phosphorylate the receptor on a conserved tyrosine residue. This
phosphorylation provides a docking site for STATs, which bind via their SH2
domains. STATs are phosphorylated by JAKs and are able to dimerize and translocate

to the nucleus where they can activate gene expression [117].
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We have previously described the ability of Leishmania to inhibit the JAK/STAT
pathway through SHP-1-mediated JAK2 dephosphorylation [85]. Interestingly, our
laboratory has also reported that the parasite is able to repress IFN-y-mediated
signalling in M@s through its ability to interfere with STATs. L. donovani
promastigotes were shown to be able to cause proteasome-dependent STAT-1
degradation in infected M@s. However, whereas STAT-1 degradation was reversed
using proteasome inhibitors [119], its capacity to respond to IFN-y was still altered due

to JAK?2 inactivation (unpublished data).

AP-1: AP-1 is a structurally complex TF whose dimers are principally made of
proteins belonging to the Jun (c-Jun, JunB, JunD) and fos (c-fos, fosB, Fra-1, Fra-2)
subfamilies, although proteins of the Maf and ATF families can also participate in the
formation of the AP-1 complex [120]. While members of the Jun subfamily can
homodimerize, members of the fos subfamily have to dimerize with members of other

subfamilies, mainly the Jun subfamily [120].

AP-1 can be activated by many kinds of stimuli such as growth factors, cytokines,
hormones, and pathogens, which do so using several signalling molecules. PKC has
been shown to play a role in c-fos expression [121]. Furthermore, MAPKs play a key
role in AP-1 activation. Erk1/2 for example, can activate AP-1 either by activating elk
which binds to and activate the c-fos gene [91] or by directly phosphorylating Fral and
Fra2 enhancing their binding to c-Jun [122]. JNK can activate AP-1 by either
phosphorylating c-Jun or ATF2 which dimerizes with c-Jun [123]. In addition, p38 is

also able to phosphorylate c-Jun [124].
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Keeping these AP-1 activators in mind, we can see that the previously mentioned
tactics employed by Leishmania to interfere with PKC, Erk1/2, INK, and p38 activities
have a direct impact on the ability of the parasite to block AP-1 signalling in M@s. In
addition, work from our group demonstrated a role for SHP-1 in AP-1 inhibition
[105,125] and a key role for the parasite’s surface protease gp63 in the cleavage and
degradation of key AP-1 subunits (I. Contreras and M. Olivier, manuscript in
preparation). The latter finding provides the first demonstration that a parasite-derived
molecule can directly interfere with AP-1 in host M@s in order to block its

downstream functions.

Protein tyrosine phosphatases (PTPs): PTPs are proteins that have the ability to
dephosphorylate substrates and are divided into receptor-like and non-receptor PTPs.
Non-receptor PTPs can either dephosphorylate tyrosines only or can possess dual
specificity dephosphorylating tyrosines as well as serines / threonines (Figure 3) [126].
One common feature of PTPs is the presence of a PTP catalytic domain in which a
critical cysteine is found within a conserved signature motif (I/'V)HCxxGxxR(S/T) and
mediates the hydrolysis via the formation of a thio-phosphate intermediate [127].
Receptor-like PTPs include: RPTP-a, CD45, and CD148 and the functions of some
like CD45 in immune cell signalling is well-known [128]. We will however focus on a
selected group of soluble PTPs who have been shown to play a role in Leishmania host
evasion mechanisms namely: PTP-1B, TC-PTP, PTP-PEST, and most importantly

SHP-1.
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Figure 3: Different phosphatase structures. (Adapted from Larsen M et al. (2003) Nat.

Rev. Mol. Cell. Biol. 4: 700-711)

PTP-1B and TC (T cell)-PTP: They are two ubiquitously expressed PTPs that have
more than 73% identity in their catalytic domain [129]. PTP-1B is known to play
important regulatory functions in metabolism, as demonstrated by the insulin
hypersensitivity of PTP-1B”" mice and their resistance to high fat diet-induced obesity
[130,131]. This insulin hypersensitivity was shown to be due to the ability of PTP-1B
to dephosphorylate the insulin receptor [132]. PTP-1B also seems to play a role in the
regulation of cytokine signalling through its ability to interact with and
dephosphorylate members of the JAK family namely: JAK2 and TYK2 [133]. In

addition to PTP-1B’s role in the regulation of JAK/STAT signalling, a role for this
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phosphatase in the regulation of TLR4 signalling was proposed. PTP1B” M@s had
increased LPS-induced iNOS expression and NO production compared to WT MOs
and were more susceptible to endotoxic shock following low-dose LPS injection [128].
Given the ability of PTP-1B to regulate several cellular processes including signalling
pathways of high importance in M@ function, it is rather surprising that no work has
been published on the role that PTP-1B plays during Leishmania infection. In fact,
very recent work from our laboratory showed that Leishmania gp63 was able to
enhance PTP-1B activation by cleaving it. PTP-1B activity seems to inhibit MO
activation and help in parasite survival as seen in the delayed onset of footpad swelling
and reduced parasite burden in PTP-1B”" mice infected with L. major (M.A. Gomez

and M. Olivier, manuscript under revision).

TC-PTP” mice suffer from multiple immunological defects and die within five weeks
of birth [134]. This observation and the findings that TC-PTP plays important roles in
the negative regulation of JAK1, JAK3 [135], and nuclear STAT-1 [136] suggest the
important role of this PTP in the regulation of immune responses. As is the case with
PTP-1B, it is equally surprising that data is lacking regarding the role of TC-PTP
during Leishmania infection. Our laboratory has shown that gp63 of Leishmania was
able to enhance TC-PTP activation by cleaving it in host M@s (M.A. Gomez and M.
Olivier, manuscript under revision). This gp63-mediated TC-PTP cleavage along with
the cleavage of PTP-PEST were very recently reported, by our group and M.L.
Tremblay’s group, to occur in fibroblasts infected with Leishmania and were
suggested to enhance the catalytic activity of the PTPs in question and/or allow them

to access additional substrates that might help the parasite establish itself [137].
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SHP-1: It is a PTP that contains two N-terminal SH2 domains (N-SH2, C-SH2),
followed by a PTP domain responsible for dephosphorylating substrates, and a C-
terminal tail [128]. This phosphatase is mostly expressed in hematopoietic cells
[138,139], but is also expressed at lower levels in epithelial [139], endothelial
[140,141], and central nervous system cells [142]. The SH2 domains have two main
functions: Firstly, the N-SH2 domain plays an important auto-inhibitory role by
interacting intramolecularly with the PTP domain keeping the PTP in the inactive
state. Secondly, both SH2 domains have the ability to bind to phospho-tyrosine (p-Y)
residues usually found within immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) whose consensus sequence is (I/V/L/S)xYxx(L/V) [143]. This second feature
of SH2-domains is thought to play a role in the detachment of the N-SH2 from the
PTP domain once the C-SH2 domain binds to a target p-Y, therefore opening up and

activating the PTP (Figure 4) [128].
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Figure 4: Regulation of SHP-1 by its N-SH2 domain. (Reprinted, with permission,

from the Annual Review of Immunology, Volume 25 © 2007 by Annual Reviews

www.annualreviews.org)

SHP-1 plays a key role in immune cell signalling, this is supported by the autoimmune
and immunodeficiency syndrome exhibited by SHP-1"" mice (motheaten mice). These
mice are named so because of the patchy hair loss that they suffer from due to
displacement of hair follicles by M@s and neutrophils that infiltrate the subepidermal
tissue. These myeloid cells also migrate to several other sites causing severe

inflammation and tissue damage [128,144]. In addition to its role in BCR [145] and
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TCR [146-148] signalling, SHP-1 has been shown to be able to interact with non-
receptor targets such as JAK2, JAK3 [149], several MAPKs [150,151], and
transcription factors such as STAT [152]. It is therefore an elegant tactic that
Leishmania activates SHP-1 in infected MOs in order to inhibit several signalling

pathways that can otherwise be deadly to the parasite (see figure 2).

At the signalling level, our laboratory has clearly demonstrated that Leishmania was
able to rapidly activate host SHP-1 causing SHP-1-mediated JAK2 inactivation in
M@s [85]. Additionally, we and others have implicated SHP-1 in the negative
regulation of Erk1/2 activity [104,105] and in the regulation of the downstream TFs
NF-«B and AP-1 [105] during Leishmania infection. At the functional level, our
laboratory showed that the injection of PTP inhibitors (bis-peroxovanadium
compounds) to mice infected with L. major or L. donovani helped control the infection
[153] in a manner dependent on iNOS expression and NO production [154].
Furthermore, we demonstrated that SHP-1-deficient viable motheaten mice, infected
with L. major, did not develop footpad swelling and had significantly reduced parasitic
loads [155]. This decreased pathology was associated with more neutrophil

recruitment to the footpad and more iNOS mRNA expression [155].

As to how Leishmania is able to activate SHP-1, it has been proposed that
Leishmania’s Elongation Factor-1a (EF-1a) is responsible for the activation of host
SHP-1 seen 16 hours post-infection [156]. This report cannot explain; however, how
SHP-1 is activated in earlier infection times nor does it explain how EF-la of the
parasite can shuttle from the phagolysosome where the parasite is to the cytosol where

SHP-1 is found. A more plausible mechanism has been recently suggested by our
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group, where SHP-1 was shown to be activated via cleavage by the parasite’s protease
gp63, which gains access to the cytosol by going through the lipid raft of host MOs
(M.A. Gomez and M. Olivier, manuscript under review). In conclusion, it appears that
the rapid activation of SHP-1 by Leishmania is a key host evasion step whereby the
parasite is able to utilize this phosphatase to negatively regulate several key MO
pathways and render it unresponsive to activating stimuli such as: IFN-y and LPS. By
doing so, the parasite is able to block several M@ functions such as NO production and
the synthesis of many pro-inflammatory cytokines that can be deadly to the parasite if

allowed to be produced.

Suppressors of cytokine signalling (SOCS): This family is made of eight members:
cytokine-inducible SH2-containing protein (CIS) and suppressors of cytokine
signalling 1 to 7 (SOCS1-7). These proteins have a central SH2 domain and a SOCS
box motif in their C-terminal and have been shown to play an important role in the
regulation of over 30 cytokines including IL-6 and IFN-y [157]. Both SOCS1 and
SOCS3 are involved in the negative regulation of JAK/STAT signalling through the
ability of both proteins to interact with Y1007 in the catalytic loop of JAK2 [158,159].
SOCSI1 and SOCS3 not only bind JAK2 but also have strong binding affinities to
phosphotyrsoines located within several receptor subunits such as the IFNyR1 [160]
and the IL-12 RP2 [161]. SOCS gene expression is driven by JAK/STAT signalling
where SOCS can inhibit this pathway in a negative feedback loop. This negative
regulation can occur either by direct binding and inhibition of JAK (e.g. SOCS1),
SH2-mediated binding of SOCS to the cytoplasmic domain of the receptor, followed

by JAK inactivation (e.g. SOCS3), or by competing with STAT SH2 domains in the
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binding to critical phosphotyrsoines in the cytoplasmic domains of receptors (e.g.
SOCS2). An additional regulation mechanism is the ability of the E3 ubiquitin-ligase
complex to bind to the SOCS box motif targeting receptors or receptor-associated

proteins to proteasome-mediated degradation [157].

The involvement of SOCS in Leishmania infection remains unclear due to the paucity
of published research in that subject. One study reported the ability of live and heat-
killed L. donovani, but not purified LPG, to transiently induce SOCS3 expression in
M@s. This expression was independent of phagocytosis and cytokine release by the
infected M@s [162]. This report does not explain which parasite component is able to
induce SOCS3 expression nor does it demonstrate any downstream functional
consequences of this induction. Further work is certainly required to explore the role

of SOCS proteins in the inhibition of cytokine signalling in Leishmania-infected M@s.

3.2 Macrophage functions altered by Leishmania

Modulation of signalling pathways by Leishmania are intended to alter critical M@

functions to the advantage of the parasite. Upon the initial contact of Leishmania with the

M@, certain functions such as the production of chemokines and chemokine receptors are

induced whereas others are inhibited. Among the functions inhibited by the parasite are

those related to M@ activation and to their ability to present Ag and communicate with

cells of the adaptive immune system. Hereby, we will discuss the main functions that

Leishmania can interfere with upon initial interaction (0-6 h) or chronic infection (> 6 h)

of host MOs.

64



I- Induction of chemokine expression: One of the important early challenges
confronted by Leishmania is the ability to preferentially recruit cells of the immune
system to the site of inoculation in order to infect them and establish disease in the
host without getting killed. One key mechanism by which the parasite is able to do so
is the induction of chemokine expression and production by host immune cells. One
study showed that infection of mice with L. major upregulated the gene expression of
several chemokines in cells collected from the footpad and their draining lymph nodes.
These chemokines were measured by quantitative PCR and RNAase Protection Assay
(RPA) and include: RANTES / CCL5, MIP-1a./ CCL3, IP-10 / CXCL10, and MCP-1 /
CCL2 [163]. In addition, our laboratory has clearly shown that L. major infection
caused an upregulation in the expression of several chemokines in cells recruited to the
air pouch of infected mice. These chemokines include: RANTES, MIP-1a, MIP-1 /
CCLA4, IP-10, MCP-1, and MIP-2 / CXCL1) [164]. It is interesting to see that most of
these chemokines are monocyte chemoattractants, recruiting MOs to infected tissues
and helping the parasite get installed. It is equally interesting to see that none of these
chemokines, with the exception of MIP-2, attract neutrophils. This is in accordance
with our previous finding that neutrophil recruitment to infection sites is associated
with parasite killing in SHP-1 deficient viable motheaten mice [155]. In addition, our
laboratory has shown that cells recruited to the air pouch in L. major-infected mice not
only upregulate chemokine expression but also the expression of chemokine receptors

including: CCR1, CCR2, CCR3, and CCRS [164].

So far, we have considered chemokine upregulation as beneficial to the parasite, yet it

is important to bear in mind that secreted chemokines during leishmaniasis can act as a
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2.

double-edged sword. While early selective activation of monocyte-chemotactic factors
can help the parasite recruit M@s that they can infect, treatment of susceptible BALB/c
mice infected with L. major with recombinant IP-10 in the early course of infection,
for example, has been shown to increase NK cell cytotoxic activity in the draining
lymph nodes and can drive a healing IFN-y-mediated Thl response [165]. In chronic
infections, chemokine types, amounts, and duration of chemotactic effect have been
implicated in parasite clearance or persistence. For instance, in visceral leishmaniasis,
clearance of parasites from the liver is strongly associated with increased late phase IP-
10 production and the Thl effects associated with its presence [165]. Parasite
persistence in the spleen, on the other hand, has been correlated with sustained MCP-1

but not IP-10 levels [166].

Inhibition of microbicidal free radical production: One of the dangers that
Leishmania encounters recruiting and entering M@s is the ability of these cells to
produce free radicals that are deadly to the parasite. Two main free radical molecules
have been shown to have leishmanicidal effects: NO [167] and reactive oxygen
intermediates (ROIs) [168]. NO is produced by NOS which converts one of the
terminal nitrogens of the guanidino group of L-arginine to NO producing L-citrulline
[169,170]. The importance of this free radical in leishmaniasis was demonstrated by
several groups. An early study showed the ability of activated MOs to kill L. major
amastigotes by an L-arginine-dependent mechanism [171]. Another study confirmed
this observation by showing that L-N-monomethyl arginine (L-NMMA), an L-arginine
analogue and inhibitor of the NO pathway, was able to inhibit the leishmanicidal effect

of MOs activated in vitro with IFN-y or LPS. The authors also showed the ability of
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NO in cell-free suspensions to kill the parasite. Importantly, the same group
demonstrated the importance of NO in vivo by rendering resistant CBA mice

susceptible to L. major infection upon local administration of L-NMMA [167].

The question that comes to mind next is: how can NO contribute to parasite killing?
Modes of action seem to include the ability of NO to cause modifications of proteins,
injury to mitochondria, oxidation of membranes, DNA damage (e.g. depurination),
modulation of cytokine production, and interference with maturation of immune cells
[172]. Examples of Leishmania proteins inactivated by NO include the glycolytic
enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [173] and the Krebs
cycle enzyme, aconitase, which NO can inhibit through triggering iron loss from its

iron-sulfur prosthetic group [174].

Having discussed the detrimental effects of NO on Leishmania, it is comprehensible
that the parasite is able to block its synthesis in response to stimuli such as IFN-y [20],
but how can Leishmania achieve this inhibition? A critical role for host SHP-1 has
been proposed. As previously stated, Leishmania has the ability to rapidly activate
SHP-1 in infected M@s and by doing so can interfere with several molecules involved
in NO production including: JAK2, Erk1/2, and the TFs NF-xB and AP-1. Indeed,
SHP-1 deficient MOs infected with L. donovani are still able to produce NO in
response to IFN-y stimulation unlike infected WT M@s which are refractory to a
similar stimulation [105]. Expectedly, the IFN-y-mediated NO production in infected
SHP-1 deficient MOs correlated with successful phosphorylation of JAK2 and Erk1/2,

and the activation of NF-kB and AP-1. These findings further elucidate the role of

67



SHP-1 activation in parasite survival and propagation through its ability to contribute

to NO inhibition [105].

We have previously mentioned that the iNOS promoter contains binding sites for NF-
kB, STAT-1a, and AP-1. It therefore follows that all Leishmania-mediated signalling
alterations of these TFs or of signalling molecules that activate them may contribute to
NO inhibition in response to activating stimuli. We have discussed many of these
alterations in the previous section, but will reiterate the ones of direct relevance to NO
inhibition. These include: the ability of the parasite to inhibit PKC activity, inhibit
MAPK activation, inhibit LPS-mediated NF-xB activation, induce ceramide formation,
and cause proteasome-mediated STAT-1a degradation. Additionally, the Leishmania-
induced production of the immunosuppressive molecules IL-10 and TGF- by MOs

may contribute to the ability of the parasite to inhibit NO [175,176].

ROIs represent another source of danger to Leishmania. These intermediates include
the superoxide radical and hydrogen peroxide produced by cells of the immune system
such as: neutrophils and M@s in response to phagocytosis of foreign particles.
Although important in parasite killing, the activity of the respiratory burst in mice was
shown to have an early and transient effect only. This conclusion is based on the
delayed granuloma formation and resolution of infection seen in respiratory burst-
deficient X-CGD mice infected with L. donovani compared to WT [177]. Despite the
critical role that NO seems to play in Leishmania killing [177], ROIs do contribute to
parasite clearance and are therefore a target to be inhibited by the parasite. Indeed, L.
donovani has been shown to inhibit the oxidative burst in infected M@s [78,178,179],

and this inhibition was mediated by the parasite surface molecules LPG and gp63
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[11,180] and involve PKC inactivation [78]. Interestingly, it was later shown that LPG
of L. donovani promastigotes is able to block NADPH oxidase assembly at the
phagosome membrane without interfering with p47(phox) phosphorylation and its
ability to form complexes with p67(phox) [181]. L. donovani amastigotes, on the other
hand, were shown to effectively block superoxide release through inhibiting the
phosphorylation of the NADPH oxidase component p47(phox), leading to defective
recruitment of p47(phox) and p67(phox) to the phagosome [182]. The inhibition of
p47(phox) phosphorylation could be a result of the previously reported ability of
Leishmania amastigotes to inhibit PKC activity [78], which is reported to be required

for p47(phox) phosphorylation [183].

Inhibition of pro-inflammatory cytokine production: We will focus in this section
on three main cytokines: IL-1, TNF-o, and IL-12. IL-1 and TNF-o have been
correlated with antimicrobial activities against bacteria and parasites in vitro and in
vivo [184-187], and IL-12 1s well-known for its ability to promote Thl differentiation
and to activate NK cells [188]. Concerning IL-1 and TNF-a, it has been shown that
these molecules are not produced upon a 12 h in vitro infection of human monocytes
with L. donovani amastigotes [189]. Interestingly, preinfection of those cells
diminished LPS-mediated IL-1 production but not IL-1 m-RNA, suggesting inhibition
at the translational level [189]. Another study showed that pre-incubation of human
monocytes with purified LPG was able to cause inhibition of LPS-mediated IL-1B
secretion [190]. The role of LPG in IL-1p inhibition was later shown to involve the
ability of LPG to inhibit the transcription of the IL-1p gene in a manner dependent on

the nucleotide region -310 to -57 of the promoter region [191]. This inhibitory effect of
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LPG on IL-1PB gene transcription was suggested to involve an inhibition of the binding
of an activation factor or an induction of an unknown transcription repressor [191].
Interestingly, an in vivo study using the mouse air pouch system showed that L. major
was able to cause production of IL-1, IL-6, and TNF-a in the early stage of infection,
an event that was less notable with L. donovani [192]. These findings could help
explain the different pathologies caused by both species including the ability of L.
donovani to visceralize and the restriction of L. major to the inoculation site. A later
study by our laboratory clearly demonstrated that SHP-1 deficient mice stimulated
with LPS or infected with L. major produced significantly higher amounts of IL-1, IL-
6, and TNF-a compared to their littermates [164]. This suggests that SHP-1, activated
by Leishmania, plays a pivotal role in the attenuation of the inflammatory response via
repressing the production of these pro-inflammatory cytokines possibly contributing to

parasite survival and pathogenesis.

IL-12 is another key molecule inhibited by Leishmania. This inhibitory effect is
necessary for parasite survival given the established role of this molecule in driving
Th1 differentiation and production of IFN-y by T cells and NK cells, which in turn can
activate MOs to kill the parasite. It has been reported that infection of BMDMs with
promastigotes of L. major or L. donovani fails to induce IL-12 production both
following infection alone and upon subsequent LPS or heat-killed bacterial stimulation
of M@s [193]. Similar observations were seen when murine M@s were infected with
amastigotes of L. major and L. mexicana [194]. Furthermore, incubation of activated
murine M@s with LPG led to the inhibition of IL-12 production by these cells, with

the inhibition occurring at the transcriptional level [19]. The mechanism by which IL-
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12 is inhibited by Leishmania remains unclear. Roles for the M@ CR3 [195] and FcyR
[196] have been proposed. Additionally, we have described in the previous section the
role of L. mexicana’s cysteine proteinases in the cleavage of NF-kB and the possible
involvement of this process in the inhibition of LPS-induced IL-12 production by

infected M@s [40].

Production of immunosuppressive molecules: In addition to being able to suppress
pro-inflammatory molecules like IL-1, IL-6, IL-12, and TNF-a, Leishmania is also
able to induce the production of immunosuppressive molecules that can help further
the survival and propagation of the parasite. Three immunosuppressive molecules have
been reported to play important roles in disease establishment: prostaglandin E2

(PGE2), TGF-B, and IL-10.

PGE2 is produced from arachidonic acid with the help of enzymes known as
cyclooxygenases (COXs). COXs have two isoforms: the constitutive COX-1 and the
inducible COX-2 [197]. PGE2 has been demonstrated to inhibit M@ activation through
interfering with several functions including generation of oxygen radicals, expression
and release of LPS-induced TNF-a, and response to several pro-inflammatory
cytokines [198]. It is therefore understandable why Leishmania has been reported to
induce PGE2 production in infected M@s [199-201]. Following this line of thought,
our laboratory showed that Leishmania was able to increase PGE2 production in
infected M@s through its ability to induce COX-2 expression in a PKC-dependent
manner [202]. This finding raises the interesting notion that PKC seems to be rapidly
and transiently activated upon L. donovani infection resulting in increased PGE2

synthesis, and then gets inactivated afterwards to inhibit some of the PKC-dependent
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leishmanicidal functions described earlier in the literature review under the PKC
section. Another interesting report correlated PGE2 production with increased

visceralization of L. donovani in malnourished mice [203].

TGF-B is a potent suppressor of the immune system, with effects on a wide range of
immune cells including: M@s, DCs, NK, and T cells [204]. Given the important role of
these cells in the progression of Leishmania infections, it is not surprising to find out
that several species of the parasite are able to induce TGF- production and promote
an anti-inflammatory environment [205]. This Leishmania-induced increase in TGF-
production has been correlated with reduced iINOS expression in immune cell
infiltrates found in the skin lesion and draining lymph nodes of infected mice [176]
and with impaired IL-12-driven IFN-y production and cytotoxic abilities of NK cells
derived from mice infected with L. major [206]. In support of the previous roles of
TGF-B in suppressing various innate and adaptive immune functions during
leishmaniasis, one study reported high levels of TGF-B in the local environment
surrounding L. chagasi-infected M@s [207]. Furthermore, the same group showed that
in vitro infection of human M@s with L. chagasi was associated with an increase in the
biologically active form of TGF-f rather than an increase in m-RNA or total protein
levels [207]. L. chagasi’s cysteine proteinase cathepsin B was implicated in the
production of active TGF-B from the latent form [207], a mechanism reported to be
shared by the L. donovani complex [208]. Additionally, as previously described under
the phosphatidylserine receptor section, interaction of PS-expressing amastigotes with

the PSR has been shown to trigger TGF-f3 production in infected M@s [69].
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IL-10 is yet another anti-inflammatory cytokine induced by Leishmania. This cytokine
has established roles in the inhibition of effector functions of key immune cells,
importantly: T cells and monocytes / M@s. The principal function of this cytokine is to
control and ultimately terminate inflammatory responses [209], making the induction
of this cytokine of clear benefit to Leishmania. Ligation of the FcyR seems to play a
role in the induction of IL-10 in M@s [210]. The binding of amastigote PS to its
receptor can also trigger IL-10 production [69] as previously mentioned in the PSR
section. The production of IL-10 leads to some similar consequences as those
encountered by TGF-f production, importantly the ability to inhibit M@ activation and
NO production [175]. In addition, IL-10 suppresses the production of pro-
inflammatory cytokines such as: IL-1, IL-12, and TNF, and the expression of
costimulatory molecules such as B7-1 and B7-2 [175]. The role of IL-10 in the
progression of leishmaniasis in vivo is established based on reports where resistant
mice were rendered more susceptible to L. major infection when they were designed to
express an IL-10 transgene [211], and other reports where susceptible BALB/c mice
were rendered more resistant to infection when their IL-10 gene was knocked-out
[212]. All this accumulating data suggest IL-10 induction to be one effective

mechanism used by Leishmania to evade M@ activation and killing.

Interference with antigen presentation: MOs are antigen presenting cells (APCs)
that can link innate and adaptive immunity by phagocytosing foreign objects, digesting
them in lysosomes, and coupling pathogen-associated Ags to MHC II molecules and
presenting them on their surface to CD4+ T cells (T helper cells). The activation of T

helper cells causes activation of other immune cells including B cells, cytotoxic CD8+
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T cells, and M@s. Therefore, and in order to persist inside M@s and cause chronic
infections, Leishmania had to develop ways to interfere with the ability of these cells

to present foreign Ags.

One remarkable tactic the parasite utilizes is its ability to inhibit IFN-y-induced MHC
class II expression in infected M@s. Indeed, L. chagasi and L. donovani were both
shown to inhibit MHC II expression in response to IFN-y stimulation [213-215].
Surprisingly, M@s infected with L. major or L. amazonensis showed normal
phagocytosis, Ag processing, and MHC II production, yet these cells failed to present
parasitic Ags to T cell hybridomas [216,217]. Authors of both studies concluded that
the failure to present Ags to T cells is due to the parasite’s ability to interfere with the
loading of Ags onto MHC II molecules. Another interesting mechanism to control Ag
presentation was presented previously in the section related to cysteine proteinases of
Leishmania. Briefly, amastigotes of L. amazonensis have been shown to be able to
internalize MHC II molecules and to degrade them using their cysteine proteinases

[41].

Activation of CD4+ T cells involves a “two-signal model” whereby two signals are
required to activate the T helper cell. The first signal is triggered by the binding of the
T-cell receptor (TCR) to the MHC II-Ag complex on the APC, and the second is
provided by the binding of CD28 or CD40L on T cells to costimulatory molecules of
APCs such as those of the B7 family or CD40. Interestingly, apart from interfering
with the first signal by inhibiting MHC II presentation, Leishmania has been
demonstrated to interfere with M@ costimulatory signals. L. donovani infection was

reported to block LPS-mediated B7-1 expression in infected MOs [218], a mechanism
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that seems to be mediated by prostaglandins [219]. Furthermore, L. major was reported
to interfere with CD40 signalling in infected M@s in a p38-dependent manner [107].
This result is very interesting, especially that previous studies have established a
protective role for CD40 in Leishmania major infections [220,221], while others have
reported that the disruption of CD40 / CD40L ligation results in increased
susceptibility to L. amazonensis infection [222]. The increased susceptibility caused by
the disruption of CD40 / CD40L ligation was in part due to the inhibition of iNOS

expression [220,222] and IL-12 production [223] by infected MOs.

So far in the previous sections, we have discussed several mechanisms by which
Leishmania can interfere with key signalling pathways involved in M@ activation such
as the JAK/STAT pathway. We also discussed alterations that occur to signalling
molecules involved in TLR signalling such as MAPKSs and the TFs NF-kB and AP-1.
However, this does not give justice to TLR signalling, given its extremely important
role in the activation of APCs to kill invading pathogens and/or activate cells of the
adaptive immune system. Equally important are the strategies developed by pathogens
to block TLR signalling pathways that can lead to undesirable activation of immune
functions. We will therefore dedicate the rest of this literature review to discuss TLR
signalling and what is known about its modulation by pathogens, with special

emphasis on parasites including Leishmania, the subject of this thesis.
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4. Toll-like receptor (TLR) signalling

4.1 Toll signalling and functions in Drosophila

Unlike vertebrates which have innate and adaptive immune systems, invertebrates,
including the fruit fly Drosophila melanogaster, have no adaptive immune system and
rely only on innate immunity to fight off pathogens. The innate immune system of the
fruit fly has cellular and non-cellular components. The cellular component being MO-like
blood cells and the non-cellular part being antimicrobial peptides (AMPs) secreted by the
fat body (insect equivalent of mammalian liver) into the hemolymph [224]. Drosophila
has seven different AMPs and their expression is driven by two distinct pathways: the
Toll pathway, triggered by Gram-positive bacteria and fungi, and the immune deficiency
(IMD) pathway triggered by Gram-negative bacteria [225]. Both pathways lead to the
activation of NF-kB, yet of different homologues. While Toll signalling causes the
degradation of cactus (insect homologue of mammalian [kB) and the translocation of Dif
to the nucleus, the IMD pathway causes the proteolytic cleavage and activation of Relish
(insect homologue of mammalian p105 precursor of NF-kB p50), whose N-terminal part
can translocate to the nucleus and drive gene expression [226]. The existence of different
components in those two pathways suggests a good level of signalling independence and
specificity in the response to invading pathogens [227]. While Toll was originally found
to be involved in the dorsal-ventral patterning of fruit flies during early embryogenesis, a
striking finding was the ability of insect Toll receptors and mammalian TLRs to mediate
host defence. The ability of TLR4 to recognize bacterial LPS raised the possibility that
Drosophila’s Toll was also a pattern-recognition receptor (PRR), but further studies

revealed that this was not the case. Unlike TLR4 which can directly detect LPS with the
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help of MD-2 and CD14, Drosophila’s Toll can detect pathogens through the proteolytic
cleavage of a cytokine-like molecule known as spaetzle (Spz). Spz is found in its inactive
form in the blood of the fly and is cleaved upon immune challenge by a serine protease
cascade. The cleaved form corresponds to the 106 carboxyl-terminal residues and will be
referred to as C-106 [228]. The binding of C-106 to Toll causes receptor dimerization and
activation of downstream signalling. The cytoplasmic portions of Tolls then interact with
the Drosophila homologues of the adaptor protein myeloid differentiation factor 88
(dMyD88) through their Toll / IL-1 receptor (TIR) domain [229]. The adaptor protein
Tube is then recruited to dMyD88 via a death domain / death domain (DD/DD)
interaction allowing it to activate Pelle, the IRAK homologue of Drosophila. Pelle
activation leads to the activation of Drosophila TNF receptor-associated factor 6
(dTRAF6) which, in turn, ultimately leads to the phosphorylation of cactus and the
translocation of NF-kB homologues to the nucleus to drive gene expression (Figure 5)

[224].
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Figure 5: Insect and mammalian Toll and TLR pathways. A: Schematic of

mammalian TLR4 signalling. B: Schematic of Drosophila Toll signalling. (Adapted

from Wang L et al. (2006) Immunobiology 211: 251-261)
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The IMD pathway, on the other hand, resembles the mammalian TNFR1 pathway.
Following the binding of Gram negative peptidoglycans (PGNs) to peptidoglycan
recognition proteins (PGRPs), PGRP-LC isoforms dimerize and relay the signal to IMD
(insect homologue of mammalian RIP). IMD recruits Drosophila’s Fas-associated protein
with death domain (DFADD) which interacts with death-related ced-3 / NEDD2-like
protein (DREDD), a protein that shares homology with mammalian caspase 8. DREDD is
also able to activate Drosophila TGF-B activated kinase 1 (dTAK1), a kinase that has the
ability to activate the Drosophila INK pathway and the IKK complex (ird5 and Kenny).
Activation of IKK ultimately leads to the freedom of Relish to translocate to the nucleus
and regulate transcription (Figure 6) [224].
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Figsure 6: Drosophila IMD and mammalian TNFR-1 pathways. A: Schematic of

mammalian TNFR-1 pathway. B: Schematic of Drosophila IMD pathway. (Adapted
from Wang L ef al. (2006) Immunobiology 211: 251-261)
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4.2 TLR signalling and role in innate and adaptive immunity

Similar to Toll receptors in Drosophila, organisms from Caenorhabditis elegans to Homo
sapiens have TLRs that are able to sense diverse pathogen-associated molecular patterns

(PAMPs) including: proteins, lipids, lipoproteins, and nucleic acids (Table 1) [230].

Microbial Components Species TLR Usage
Bacteria

LPS Gram-negative bacteria TLR4
Diacyl lipopeptides Mycoplasma TLR6/TLR2
Triacyl lipopeptides Bacteria and mycobacteria | TLR1/TLR2
LTA Group B Streptococcus TLR6/TLR2
PG Gram-positive bacteria TLR2
Porins Neisseria TLR2
Lipoarabinomannan Mycobacteria TLR2
Flagellin Flagellated bacteria TLRS
CpG-DNA Bacteria and mycobacteria | TLR9

ND Uropathogenic bacteria TLR11
Fungus

Zymosan Saccharomyces cerevisiae | TLR6/TLR2
Phospholipomannan Candida albicans TLR2
Mannan Candida albicans TLR4
Glucuronoxylomannan Cryptococcus neoformans | TLR2 and TLR4
Parasites

tGPI-mutin Trypanosoma TLR2
Glycoinositolphospholipids | Trypanosoma TLR4
Hemozoin Plasmodium TLR9
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Microbial Components Species TLR Usage

Profilin-like molecule Toxoplasma gondii TLR11
Viruses

DNA Viruses TLR9
dsRNA Viruses TLR3
ssRNA RNA viruses TLR7 and TLR8
Envelope proteins RSV, MMTV TLR4
Hemagglutinin protein Measles virus TLR2
ND HCMV, HSV1 TLR2
Host

Heat-shock protein 60, 70 TLR4
Fibrinogen TLR4

Table 1: TLR ligands and their corresponding receptors. (Adapted from Akira S ef al.

(2006) Cell 124: 783-801)

In mammals, TLRs are expressed on several types of immune cells including: M@s, DCs,
B cells, and certain types of T cells [231] and therefore play an important role in the
triggering of the innate and adaptive immune response. Upon binding of PAMPs to their
receptor, signalling pathways that lead to the induction of several pro-inflammatory
cytokines (e.g. IL-1pB, IL-6, TNF-a, IL12), chemokines, interferons, and co-stimulatory
molecules can be activated [230]. The activation of APCs such as M@s not only increases

their ability to phagocytose and kill foreign objects, but also enhances their ability to
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present antigens and activate cells of the adaptive immune system. It therefore follows

that TLRs play a very important role in bridging innate immunity to adaptive immunity.

TLRs are type I membrane proteins that have leucine rich repeats (LRRs) in their
ectodomain responsible for the recognition of PAMPs, and a cytoplasmic region similar
to that of the IL-1 receptor known as the TIR domain responsible for the binding to
adaptor proteins and the triggering of downstream signalling events [232]. To date, 11
human and 13 mouse TLRs have been identified. TLR 1, 2, 4, and 6 recognize lipids,
TLR 5 and 11 recognize proteins, and TLR 3, 7, 8, and 9 are intracellular receptors which
recognize nucleic acids (see Table 1). TLRs homo- or hetero-dimerize and the binding of
their specific ligands causes a conformational change that brings the two TIR domains in
the cytosol into close proximity generating a platform on which signalling complexes can
form. The molecules that are first recruited to TIR domains are adaptor proteins and the
next section will discuss in details the different types of the TIR domain-containing

adaptor proteins involved in TLR signalling.

4.3 Adaptor proteins in TLR signalling

1- Myeloid differentiation factor 88 (MyD88): This adaptor protein was named so
because it was coded by the 88™ gene found to be induced in myeloid precursor cells
in response to IL-6 [233]. It plays a crucial role in IL-1R signalling [234], and was
later found to play an equally important role in TLR signalling as seen by the
unresponsiveness of MyD88”" mice to several TLR ligands including TLR2 and TLR4
ligands, and the resistance of those mice to LPS-induced shock [235,236]. In fact,

MyD88 signals downstream all TLRs except TLR3, and the absence of MyDS88 in
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mice has been associated with a decreased ability to fight off different pathogens

including Leishmania (Table 2) [237].

Adaptor | Infection Phenotype
MyD88

| Survival after intravenous infection
Staphylococcus aureus 1 Bacterial load in blood and organs
1 Cytokines produced by M@s

Normal parasitaemia and survival

Plasmodium berghei | Serum IL-12 and liver injury

T ; it | Survival after intraperitoneal infection
oxoprasma gonatt | Serum IL-12 and IFN-y
| Survival after intraperitoneal infection

Listeria monocytogenes 1 Bacteraemia in spleen and liver
| Serum TNF, IFN-y, and NO

| Resistance to skin inoculums

Leishmania major | IL-12-mediated Th1 cell response

Table 2: Effects of different pathogens on MyD88™ mice. (Adapted from O’Neill LA

et al. (2007) Nat. Rev. Immunol. 7: 353-364)

Once MyD88 binds to the TIR domain of TLRs, it is able to recruit members of the
IL-1 receptor-associated kinase (IRAK) family. Interestingly, IRAK-4 —the closest
human homologue to Pelle- was discovered to be the first IRAK member to be
required to the complex [238]. The kinase activity of IRAK-4 is required for its

function and necessary for the phosphorylation of IRAK-1 and the induction of NF-
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kB, as shown by the blockage of IL-1-induced activation of IRAK-1 and NF-kB when
293 cells are transfected with a dominant negative form of IRAK-4 [238]. The authors
of the previous work rightfully proposed that IRAK-4 signals upstream of IRAK-1 and
has a signalling role that is distinct from that of IRAK-1. Soon after, another study
demonstrated by peptide phosphorylation assays that IRAK-4 is able to phosphorylate
IRAK-1 on Threonine® (Thr*®) and Thr*®’ [239]. The first phosphorylation event on
Thr*® was shown to cause a conformational change in the kinase domain of IRAK-1
allowing a second phosphorylation event on Thr’®’, leading to its full enzymatic
activity [239]. Once IRAK-1 is fully active, it is able to autophosphorylate itself in the
proline- serine-, and threonine-rich ProST region causing an increase in the total
negative charge of the protein responsible for its detachment from MyD88 and
attachment to TRAF®6 to activate signalling (Figure 7) [239]. It is important to note that
whereas IRAK-4 is thought to perform those critical threonine phosphorylations in
vivo, IRAK-1 seems to be able to perform those two critical phosphorylations on its
own in in vitro and overexpression systems, by autophosphorylation. The result is also
a fully active IRAK-1 able to autophosphorylate in the ProST region causing a
dramatic increase in its molecular weight and a shift in its electromobility, a hallmark

of IRAK-1 activation [239].
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1. kick-off phosphorylation
at T209

2. opening of kinase domain:
weak kinase activity

3. T387 phosphorylation
in the activation loop

mm O—6F) 4. full kinase activity
( @_'—'—@ T )

T209 1387

5. hyper-phosphorylation
in the ProST region

region

6. dissociation from
the receptor complex

TRAF6 oligomers

Figure 7: Simplified model explaining the role of IRAK-4 in IRAK-1 autoactivation.

The two vertical lines on the left represent the cell membrane. IRAK-1 is made of an
N-terminal (contains the death domain (DD) which binds to MyD88), the ProST
region, the kinase domain, and the C-terminal. (Adapted from Kollewe C et al. (2004)

J. Biol. Chem. 279: 5227-5236)
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The detachment of IRAK-1 from the MyD88 complex and its attachment to TRAF6
represents a key step in the transmission of the signal transduction pathway from the
IL-1R and TLRs to the nucleus. TRAF6 is an E3 ubiquitin ligase which forms a
complex with Ubcl13 and UevlA to synthesize lysine-63-linked polyubiquitin chains
responsible for the activation of a pivotal MAPKKK known as TAK1 [240]. TAKI
associates with TAKI1-binding proteins 1, 2, and 3 (TAB1, TAB2, TAB3) and
activates two downstream pathways: the NF-xB and the MAPK pathways [232].
TAKI1 activates NF-kB through its ability to activate the IKK complex, which in turn
phosphorylates IkB proteins leading to their degradation and the consequent
translocation of the now free NF-xB to the nucleus. It also activates several MAPKSs,
importantly JNK and p38, through the activation of the MAPKKSs that phosphorylate
them [232,237]. The activation of the NF-kB and MAPK pathways via MyD88
therefore contributes to the ability of immune cells such as M@s to produce pro-
inflammatory cytokines and free radicals such NO and ROIs in response to LPS

stimulation.

MyD88 adaptor-like protein (Mal): This adaptor molecule is also known as TIR
domain-containing adaptor protein (TIRAP) and has been shown to play an important
role in MyD88-dependent signalling [241,242]. Interestingly, Mal does not seem to
participate in all MyD88-dependent signalling pathways, which adds specificity to the
role it plays in TLR signalling. Mal-deficient mice have defective TLR4-induced
cytokine production and impaired TLR2 but not TLRY signalling [243,244]. These

studies suggest a specific role for Mal in TLR2 and TLR4 signalling only.
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The mechanism of action of Mal was largely unknown for a few years after its
discovery. The mystery surrounding Mal’s function started to be solved when it was
found that Mal contained a phosphatidylinositol 4, 5 bisphosphate (PIP2) binding
domain that mediates its recruitment to the plasma membrane. Upon the recruitment of
Mal, this adaptor protein serves as a bridge to facilitate MyD88 delivery to activated

TLR4 to initiate signal transduction [245].

TIR-domain-containing adaptor-inducing interferon-p (TRIF): This is a key
adaptor protein in TLR signalling as it mediates MyD88-independent signalling
leading to the production of type I interferons and is the exclusive adaptor protein used
in TLR3 signalling [237]. The role of TRIF in MyD88-independent signalling was
confirmed using TRIF-deficient mice, which were shown to have impaired TLR3- and
TLR4- induced IFN-B production and activation of interferon regulatory transcription
factor 3 (IRF3) [246]. In addition to the induction of type I interferons, the MyD&88-
independet pathway also drives NF-xB activation as was shown by the complete
abolition of LPS- induced NF-kB activation in cells deficient for both TRIF and

MyDS88 [247].

How does TRIF perform its functions at the signalling level? TRIF has different
interaction motifs that allow it to recruit several proteins including: TNFR-associated
factor (TRAF)-family-member-associated NF-«kB-activator-binding kinase 1 (TBKI),
TRAF6, and receptor-interacting protein 1 (RIP1) [237]. TRIF seems to associate with
TBKI1 through NF-kB-activating kinase associated protein 1 (NAPI1) [248] and
therefore activate the TF IRF-3 that way. To activate NF-kB, TRIF has a RIP

interaction motif in its C-terminal that allows it to bind to RIP1 and therefore activate
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NF-«xB [249]. Although TRAF6 was shown to have a binding site in the N-terminal of
TRIF and to play a role in TRIF-mediated NF-kB activation [250,251], the role of
TRAF6 in TRIF signalling remains controversial [252]. The latter study demonstrated
that poly inosine:cytosine (poly I:C) was able to activate NF-xB in MOs derived from

TRAF6” mice as efficiently as in M@s derived from TRAF6" mice [252].

TRIF-related adaptor molecule (TRAM): This adaptor protein is involved in TLR4
signalling only, as shown by the defect of TRAM-deficient mice in the production of
cytokines in response to TLR4 but not other TLR ligands [253]. Just like Mal has a
PIP2 binding domain to associate with cellular membranes, TRAM was shown to
become membrane-associated through its ability to wundergo constitutive
myristoylation [254]. Another similarity between Mal and TRAM lies in their
functions, similar to Mal serving as a bridge to MyD88, TRAM bridges TRIF,

recruiting it to the activated TLR4 complex [255].

Sterile a- and armadillo-motif-containing protein (SARM): Unlike the other four
TIR-containing adaptor proteins which drive TLR signalling, SARM plays a negative
role in the regulation of NF-kB and IRF signalling. This negative regulatory role
targets MyD88-independent but not MyD88-dependent pathways through the direct
interaction between SARM and TRIF [256]. It is not exactly understood how SARM
can inhibit TRIF signalling. One possibility is that by binding to TRIF, SARM blocks
the ability of the protein to bind to downstream signalling molecules such as: TBKI,
RIP1, or TRAF6. The other possibility is that SARM can recruit an as-yet-unknown
TRIF inhibitor using its sterile a-motif (SAM) domains [237]. It is important to

mention that SARM protein levels were found to be increased following LPS
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stimulation, suggesting that it functions as part of a negative feedback loop to control

the TRIF pathway [237].

To conclude this part, we have shown that TLR signalling is mediated by several TIR
domain-containing adaptor proteins that ultimately signal in one of two main sub-
pathways: the MyD88-dependet pathway, utilized by all TLRs except TLR3, and the
MyD88-independent pathway utilized by TLR3 and TLR4 (Figure 8) [232]. The
MyD88-dependent pathway leads to the induction of pro-inflammatory cytokines and
the production of free radicals such as NO and ROIs through its ability to activate NF-
kB and MAPKs, and the MyD88-independent pathway leads to NF-kB activation and
most notably the activation of the IRF family of TFs that induces the production type I
interferons. The following section will discuss the known mechanisms by which those

two pathways are negatively regulated following immune cell activation.

MyDEBMIRAP-dependent patinay
TRIF/ TRAM-dependent pathway

Type | IFN genes \ Type | IFN genes

IFN inducible genes Inflammatory cytokine genes IFN inducible genes

Figure 8: MyD88-dependent and —independent pathways. (Adapted from Kawai T et

al. (2007) Semin. Immunol. 19: 24-32)
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4.4 Negative regulation of TLR signalling

The activation of TLR signalling is clearly a double-edged sword. On one hand, it is
important in the early detection of many pathogens by the innate immune response, and is
crucial for the activation of the adaptive immune response and immunological memory.
On the other hand, if left uncontrolled, immune activation by TLRs can have detrimental
outcomes. One of the most serious diseases is sepsis which is mainly caused by LPS of
Gram negative bacteria, a TLR4 ligand [257]. The strong inflammation produced by LPS-
induced cytokines such as TNF-a, IL-1, and IL-6 leads to massive vasodilation and tissue
hypoxia, which can result in septic shock and death [258]. TLR signalling may also
contribute to heart failure in young patients by activating DCs [259] and to
atherosclerosis in a MyD88-dependent fashion [260,261]. In addition, a role for TLR
signalling has been proposed in the development of diabetes [262,263], experimental
autoimmune encephalomyelitis [264], systemic lupus erythematosus (SLE) [265], asthma

[266,267], and rheumatoid arthritis [268,269].

In order to keep TLR signalling under tight control, cells have developed several
strategies to negatively regulate it at different levels. Negative regulators can be assigned
to the following cellular compartments: extracellular, transmembrane, and intracellular

[270]. We will hereby discuss these three classes and how they work.

1- Extracellular negative regulators: The only extracellular regulators known to-date
are soluble decoy receptors (sTLRs). Two of these have been identified: sSTLR2 and
sTLR4 [271,272]. sTLR2 was demonstrated to inhibit lipopeptide-induced IL-8 and

TNF-a production in monocytes by binding to the PGN of Staphylococcus aureus and
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to sCD14 [273], and sTLR4 has been proposed to block the interaction between TLR4

and its co-receptor MD-2 by binding to the latter [274].

2- Transmembrane negative regulators: These regulators are defined by their ability to
inhibit TLR signalling by either interfering with the binding of TLRs to their ligands
or by sequestering TLR adaptors. The ones identified so far are: suppressor of
tumorigenicity 2 (ST2), single immunoglobulin IL-1-related protein (SIGIRR),
radioprotective 105 (RP105), and TNF-related apoptosis-inducing ligand receptor

(TRAILR).

ST2: It is found in two main forms: ST2L and sST2. Both forms are type I
transmembrane receptors with a cytoplasmic TIR domain and an extracellular domain
containing immunoglobulin (Ig)-like domains [275-277]. The only difference between
both forms is that sST2 contains an additional nine amino acid stretch in the C-
terminal [275-277]. The negative regulatory role of ST2 was based on the finding that
mice deficient in both ST2L and sST2 produced extensive amounts of pro-
inflammatory cytokines in response to IL-1, LPS, bacterial polypeptides, and cytosine-
phosphate-guanine (CpG), but not in response to poly I:C (TLR3 ligand), clearly
demonstrating that ST2 is a negative regulator of MyD88-dependent pathways only
[278]. This conclusion was further confirmed by demonstrating the ability of ST2 to
directly bind MyD88 and Mal but not TRIF [278]. By doing so, ST2 sequesters

MyD88 and Mal and prevents them from otherwise initiating TLR signalling.

SIGIRR: This regulator is highly expressed in epithelial and dendritic cells but not

M@s and is a member of the TIR superfamily with one Ig domain in its extracellular
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domain [279,280]. It is LPS-inducible [281], and its role in negative regulation is
derived from the findings that its overexpression in DCs leads to the inhibition of IL-1
and IL-18-mediated NF-kB activation [282]. Mice deficient for SIGIRR displayed
increased LPS and CpG-mediated (but not poly I:C-mediated) NF-kB activation and
cytokine production, further confirming the role of SIGIRR in the negative regulation
of TLR signalling and confining its role to MyD88-dependent pathways [281]. In fact,
SIGIRR has been shown to form complexes with TRAF6 and members of the IRAK

family in response to IL-1 stimulation in vitro [279].

RP105: It is a TLR4-homologue induced by LPS and able to directly interact with the
TLR4 / MD-2 complex; therefore occupying sites that otherwise could bind LPS and
trigger TLR4 signalling [283]. Interestingly, RP105 was shown to require binding to

its own co-receptor MD-1 prior to binding to the TLR4 / MD-2 complex [283].

TRAILR: This regulator belongs to the TNF superfamily and has no TIR domains
[284]. Mice deficient for TRAILR showed increased cytokine production when M@s
were stimulated with ligands of TLR2, 3, and 4 [285], suggesting that TRAILR could
regulate both MyD88-dependent and —independent pathways. This was confirmed by
the finding that TRAILR works at the level of IkB, stabilizing IkB-a and causing a

decrease in the nuclear translocation of NF-kB [285].

Intracellular negative regulators: These proteins include: MyD88 short (MyD88s),
IRAK-M, SOCSI1, NOD2, PI3K, Toll-interacting protein (TOLLIP), and A20 [286].

We will hereby discuss them one at a time, explaining their modes of action.
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MyD88s: We have previously discussed the pivotal role of MyD88 in TLR signalling,
but we have not discussed its structure in enough detail. MyD88 has a DD in its N-
terminal required for interaction with the IRAK family (IRAK-4 and IRAK-1), a
central interdomain also required for the binding to IRAK-4, and a C-terminal TIR
domain used to interact with the cytoplasmic portion of TLRs. MyD88s is a MyD8&8
protein that lacks the interdomain and cannot therefore bind IRAK-4 [286]. Unlike
MyD88 which is ubiquitously expressed, MyD88s was found only in the spleen and
brain [286], and was reported to be induced in THP-1 human monocytes following
LPS stimulation [287]. The regulatory effect was deduced from the inhibition of IL-1
and LPS-induced NF-kB activation in HEK293T cells overexpressing MyD88s [287].
As for how MyD88s works, this alternatively-spliced adaptor protein was found to
form heterodimers with MyD88 which compete in binding to TLRs with MyD8&8
homodimers. IRAK-1 is still recruited to the complex but is no longer activated by
IRAK-4 as the latter is unable to associate with MyD88s due to the absence of the

interdomain necessary for IRAK-4’s ability to bind MyD88 [288].

IRAK-M: It is an LPS-induced protein [289] that is predominantly expressed in
peripheral blood leukocytes and only weakly in other tissues [286]. Its negative
regulatory function has been suggested based on the findings that IRAK-M-deficient
mice have increased inflammatory responses to bacterial infection and reduced LPS
tolerance and that M@s derived from these mice produce more pro-inflammatory
cytokines in response to LPS and CpG DNA [289]. IRAK-M’s mode of action
involves the inhibition of IRAK-1 / TRAF6 complex formation without interfering

with the ability of IRAK-1 to be recruited to MyD88 [286]. This implies that IRAK-M
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can either interfere with the phosphorylation of IRAK-1 and/or stabilize the TLR-

MyD88-IRAK-4 complex [286].

Interestingly, it has also been reported that two splice variants of IRAK-2 (IRAK-2c
and 2d) have a negative regulatory function in TLR signalling. Although IRAK-2a and
IRAK-2b seem to induce LPS-mediated NF-kB activity when overexpressed in
fibroblasts, overexpression of IRAK-2c and IRAK-2d inhibit this activation [286,290].
The latter two isoforms are LPS-inducible in M@s and lack death domains, as opposed
to full length IRAK-2 and all other isoforms, suggesting a possible negative-feedback
effect on TLR signalling. To sum up, IRAK-2 and its isoforms -2a and -2b signal
downstream of IRAK-4 and are involved in positive signalling in parallel with IRAK-1
[290-292], while IRAK-2¢ and -2d are involved in the negative regulation of TLR
signalling [290]. Despite this knowledge, IRAK-2 is among the least explored and
least understood IRAK members, and future studies are needed to better understand its

role in TLR siganlling.

SOCS1: We have previously discussed SOCS1 when we listed mechanisms by which
Leishmania can interfere with JAK/STAT signalling. Interestingly, SOCSI’s
expression in M@s is also induced in response to LPS and CpG stimulation suggesting
a role in the negative regulation of TLR signalling [286]. In fact, M@s from SOCSI-
deficient mice produce increased amounts of NO and pro-inflammatory cytokines in
response to LPS and CpG, and the mice are more susceptible to sepsis compared to
WT mice [293,294]. However, it remains a matter of debate whether SOCSI1 plays a

direct role in the regulation of TLR signalling or whether this regulatory effect is an
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indirect effect arising when SOCSI is activated to inhibit type I IFN signalling

triggered by TLR ligands. Few studies support the latter suggestion [295,296].

NOD2: It is a member of the nucleotide-binding oligomerization domain family
(Caterpiller family) and contains, like other members of this family, a C-terminal
leucine-rich repeat domain [297]. Compared to WT mice, spleen cells from NOD2-
deficient mice have an elevated TLR2 ligand-induced Thl response marked by
elevated IL-12 and IFN-y production. This elevated Thl response was seen in response
to bacterial peptidoglycan but not LPS, suggesting a specific role for NOD2 in the
regulation of TLR2 signalling [298]. The mechanism by which NOD2 works is not

well understood, and future research in this area is required.

PI3K: It is a protein expressed in most cells and is a heterodimer that consists of a p85
regulatory subunit and a p110 catalytic chain [299]. Similar to what was observed with
NOD2-deficient mice, PI3K-deficient mice exhibit an elevated Thl response marked
by IL-12 production. Unlike NOD2 deficiency however, this elevated Thl was
observed in response to several TLR ligands including peptidoglycan, LPS, and CpG
[300]. The mechanism of action of PI3K in the inhibition of TLR signalling is not
well-understood, but is thought to involve inactivation of all three MAPKs and the TF

NF-xB [300].

TOLLIP: TOLLIP represents the only known negative regulator of IRAK-1 at resting
state. Its regulatory role was proposed based on experiments where overexpression of
TOLLIP led to the inhibition of TLR2- and TLR4-mediated NF-kB activation [301]. In

addition to its ability to bind TLR2 and TLR4, TOLLIP was reported to be able to bind
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the DD and kinase domain of IRAK-1 suppressing its ability to autophosphorylate
[301]. Upon TLR stimulation, IRAK-1 phosphorylates the TOLLIP attached to it
causing its release so the kinase can get fully activated and bind TRAF6 to activate

downstream signalling pathways [301].

A20: Although A20 was initially identified as a TNF-induced zinc-finger protein
involved in the negative regulation of TNF-a-induced NF-«xB, this protein was later
shown to be induced by LPS stimulation as well [286]. Experiments on M@s derived
from A20-deficient mice showed increased production of pro-inflammatory cytokines
in response to many TLR ligands including peptidoglycan and poly I:C [302]. In
addition, transfection of cells with A20 suppressed TLR-induced NF-«kB activation
[302]. The mechanism of action of A20 makes it unique among all others in that it can
regulate both MyD88-dependent and -independent pathways through regulating
TRAF6. A20 was shown to be a cysteine proteinase capable of blocking TLR
signalling by cleaving the ubiquitin chain of TRAF6 [302]. Ubiquitination of TRAF6
is crucial for its ability to interact with TAB1 and TAB2 and therefore its role in the
activation of TAKI and ultimately NF-«xB. For a summary of all the intracellular

negative regulators of TLR signalling, see figure 9 [286].
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Figure 9: Intracellular negative regulators of TLR signalling. A schematic

summarizing all the previously discussed negative regulators of TLR signalling,
indicating the molecules they act upon. (Adapted from Liew FY et al. (2005) Nat. Rev.

Immunol. 5:446-458)
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5. Modulation of TLR signalling by pathogens

We have previously explained how TLR signalling is invaluable for the activation of
innate immunity and the initiation of an adaptive immune response towards invading
pathogens. However, pathogens also have their say! In fact, several pathogens have been
shown to have the ability to interfere with TLR-mediated immunity by avoiding
detection, down-regulating TLR expression, or by blocking signalling pathways triggered
by the ligation of PAMPs to TLRs [303]. This ability of pathogens to circumvent TLR-
mediated immunity was acquired during the evolutionary arms race between pathogens
and their hosts (represented here by the host’s immune system) in a continuous effort of
both parties not to fall behind, become less competitive, and eventually lose the race. In
this section, we will discuss strategies employed by bacteria, viruses, and parasites to alter

TLR-signalling to their advantage.

5.1 Modulation of TLR signalling by bacteria

One of the main reasons behind the success of TLRs is their detection of PAMPs, but
why is that so? The answer to this question lies in the fact that PAMPs are highly
conserved molecules of big importance to the virulence of pathogens. In other words,
pathogens that have major mutations affecting the antigenicity of their PAMPs are most
likely penalized by natural selection due to their decreased virulence. This results in the
conservation of most PAMPs which can explain how TLRs remain successful in detecting
them. This argument applies to all currently known bacterial PAMPs with one possible
exception: flagellin. Although flagellin has been shown to represent an important

virulence factor involved in the attachment and entry of several bacteria [304-307], some
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such as Salmonella enterica, for example, was shown not to require flagellin for its
pathogenicity [308], opening the room for modifications to occur to flagellin and giving it

a potential to escape detection.

Based on the fact that the vast majority of bacterial PAMPs can be detected by TLRs,
bacterial evasion mechanisms are expected to exist, and this will be the topic of this
section. Certain bacterial components have been shown to down-regulate the expression
of TLRs and/or their co-receptors. Indeed, it has been shown that LPS of the oral
pathogen Porphyromonas gingivalis is able to downregulate TLR4 expression in human
gingival fibroblasts [309] and that P. gingivalis’ adhesion molecule fimbrillin A is able to
bind TLR4 and induce the downregulation of its co-receptor CD14 [310]. Ehrlichia
chaffeensis, an intracellular bacterium, was shown to cause LPS tolerance by
downregulating TLR2, TLR4, and CD14 expression. It is not to be understood that LPS
tolerance (the ability of LPS to cause tolerance to subsequent LPS stimulation) is always
advantageous to the pathogen. On the contrary, it is more plausible that LPS tolerance is a
mechanism used by immune cells to decrease the heightened level of inflammation to
avoid its detrimental effects on the host while maintaining the ability to resist pathogens

[311].

Mechanisms that seem to clearly work in favour of the pathogen include those directed
towards preventing PAMP detection or inhibiting the signalling cascade it generates. For
instance, a glycolipid preparation of Treponema medium was shown to inhibit the binding
of LPS to immobilized CD14 and LPS-binding protein (LBP) and to inhibit LPS-
mediated NO production in murine MOQs [312]. Bacillus anthracis, the causative agent of

anthrax, contains a metalloproteinase called the lethal factor that can cleave the N-
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terminal of MKKs, therefore inhibiting MAPK signalling [313]. Francisella tularensis,
on the other hand, upregulates a 23 kDa protein during its intracellular infection that is
able to block the degradation of IkB, therefore inhibiting the NF-kB pathway. This 23
kDa protein also plays a role in the inhibition of LPS- or bacterial lipopeptide-mediated
p38 and c-jun phosphorylation and in the inhibition of TNF-a and IL-1 production by
J774 M@s [314]. However, the authors of the previous study did not identify this protein

or define its mode of action.

Mycobacterium tuberculosis expresses a 19 kDa lipoprotein that inhibits MHC II
expression and antigen processing in a TLR2-dependent manner [315]. Further studies
showed that the activation of TLR2 by this 19 kDa lipoprotein leads to the inactivation of
IFN-yR signalling in human M@s which can help explain the effect it has on MHC II
expression and antigen presentation [316]. Interestingly, this lipoprotein has been also
implicated in the inhibition of phagosome maturation in a MyD88-dependent manner

[317].

All virulent Yersinia species express the virulence antigen known as LcrV. This antigen
was shown to cause immunosuppression by inducing IL-10 expression [318] in a TLR2-
and CD14-dependent manner [319]. This was further confirmed when IL-10 knock-out
mice were found to mount a strong pro-inflammatory response and to be resistant to
Yersinia infection [320]. Other famous virulence factors that Yersinia possesses are
known as Yersinia outer proteins (Yops). These proteins are made of several components:
a type III secretion system called Ysc, a system to deliver bacterial proteins to eukaryotic
target cells such as YopB and YopD, a control element called YopN, and a set of

intracellularly-delivered proteins that interfere with host cell signalling such as YopE and
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YopH [321]. Interestingly, YopH is a PTP capable of dephosphorylating target proteins in
the host such as Crk-associated substrate (p130Cas) [322], therefore disrupting focal
adhesion points involved in phagocytosis [323]. Another reported function of Yops is the
inactivation of host MAPK signalling pathways [323]. Whether or not this represents
direct interference with TLR signalling is a matter of debate, but the inactivation of
MAPK signalling and the existence of possible TLR-related substrates of YopH certainly

mean that YopH could play an important role in the inhibition of TLR-related functions.

5.2 Modulation of TLR signalling by viruses

Few TLRs have been implicated with viral PAMP detection, and the information
regarding the ability of viruses to alter TLR signalling is scant. one study using
Drosophila fat body cells showed that HIV-1’s viral protein U (Vpu) is able to interfere
with the NF-kB pathway through blocking the degradation of cactus (insect homologue of
IxB) [324]. The authors of the previous study relied on the fact that many aspects of NF-
kB signalling is conserved between the fly and mammals to propose that Vpu could
potentially play a role in TLR signalling evasion in mammals in a similar manner. This

awaits further investigation.

Vaccinia virus (VV) is reported to encode proteins known as A46R and A52R that share
amino acid sequence similarity to TIR and can therefore compete with TLR signalling by
associating with TIR domains of TLRs (Similar to the mechanism of action that we
previously described for MyD88s). These proteins have been shown to inhibit IL-1 and

TLR4-mediated NF-«kB activation in mammalian cells [325].
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Viral PAMPs are now known to be recognized by several TLRs including: TLR2, TLR3,
TLR4, TLR7, TLR8, and TLR9Y (see Table 1). Nevertheless, not much data is available on
how viruses can evade signalling through these TLRs. It is therefore very likely that many
viral evasion mechanisms related to signalling through those TLRs will be reported in the

future.

5.3 Modulation of TLR signalling by parasites

As shown previously in Table 1, several parasite PAMPs are ligands of TLRs. In the light
of the host-pathogen arms race that we previously touched upon, the detection of parasite
PAMPs by TLRs has two main implications: First, the ability of cells of the immune
system to detect parasites and eliminate them when favourable conditions are present.
Second, the ability of parasites to counteract TLR detection by interfering with TLR
signalling keeping immune cells in an inactive state and rendering them refractory to

subsequent TLR stimulation.

One of the main parasite-derived molecules involved in TLR binding and activation are
GPI-anchored proteins. Trypanosoma cruzi-derived GPI-anchors were shown to be
detected by TLR2 / TLR6 and CD14 and to activate NF-xB [326,327], while GIPLs of T.
cruzi activated Chinese hamster ovary (CHO) cells in a TLR4 / CD14-dependent manner
[328]. It has been also shown that GPI-mucin of 7. cruzi is able activate TLR signalling
on first exposure and induce tolerance to secondary TLR stimulation [329]. This was later
shown to be mediated by the ability of GPI-mucin to induce the expression and activation
of the serine / threonine phosphatase PP2A that acts on cellular IRAK-1, MAPKs, and

IxB causing their inhibition and leading to tolerance [330]. The induction of PP2A was
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shown to require p38 and NF-kB, the very same molecules PP2A is induced to inhibit
therefore giving rise to an autoregulatory loop [330]. LPG of Leishmania is another GPI-
anchored protein detected by TLRs. It has been shown that LPG of L. major directly
binds to TLR2 of M@s and NK cells [331,332] and that LPG of L. donovani is also
detected by TLR2 of activated MOs [333]. Interestingly, GPI-anchors derived from
Plasmodium falciparum merozoites can induce TNF production in human monocytes and
mouse M@s through interacting with TLR1 / TLR2 and to a lesser extent TLR4
[334,335]. Moreover, GPI- anchors of Toxoplasma gondii are detected by TLR2 and
TLR4, which can thus play an important role in host defense against 7. gondii infections

[336].

Although less numerous than GPI-anchored ligands, non-GPI-related ligands represent an
important group of parasite-related molecules detected by TLRs. An example is the T.
cruzi-derived protein Tc52, which is able to induce pro-inflammatory cytokine production
in DCs in a TLR2-dependent manner [337]. Other important non-GPI ligands include the
DNA of T. cruzi, T. brucei, and Babesia bovis, which are able to activate M@s and DCs
[338,339], possibly through unmethylated CpG motifs [340] detected by TLR9 [341,342].
TLR3 was recently shown to be upregulated in IFN-y-primed M@s and to play a role in
their leishmanicidal activity. The silencing of TLR3 led to impaired NO and TNF-a
production in IFN-y-primed M@s in response to L. donovani infection and increased
parasite survival [333]. Given that the only known ligand of TLR3 is dsRNA, the parasite
component that activates TLR3 remains unclear. The authors ruled out the presence of
dsRNA leishmaniavirus infection in their parasite strain and also failed to detect natural

Leishmania-derived double-stranded RNA structures such as rRNA or tRNA [333]. As
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far as apicomplexans are concerned, Plasmodium-derived hemozoin crystals were shown
to induce pro-inflammatory cytokines in M@s [343,344]. Initially, TLR9 was proposed as
the binding receptor of hemozoin [345], this remains controversial as it has been later
shown that TLR9 activation by hemozoin is mediated by malaria DNA attached to the
crystal and that the activation of TLR9 by hemozoin was abolished upon treatment with
nucleases [346]. In fact, recent data from our laboratory show that the pro-inflammatory
cytokine IL-1B is induced by hemozoin through the Nod-like receptor family, pyrin
domain containing 2 (NIrp2) and the adaptor protein Asc, which lead to caspase 1
activation (M.T. Shio and M. Olivier, manuscript under review). Concerning 7oxoplasma,
a profilin-like protein from 7. gondii (PFTGQG) activates TLR11 in mouse cells [347], and
heat shock proteins and partially purified preparations isolated from tachyzoites activate

TLR4 and TLR2, respectively [348,349].

The many parasite-related molecules that are detected by TLRs suggest an important role
for TLR-related signalling molecules in the resistance to parasitic infections [350]. Given
the fact that Thl-driving pro-inflammatory responses are beneficial to the host in several
types of parasitic infections, it is not surprising that the activation of the MyD8&8-
dependent pathway is crucial in the resistance to many protozoan diseases. Indeed,
MyD88-deficient mice are highly susceptible to 7. cruzi [351], T. brucei [342], L. major
[352], and T. gondii [353] infections due to the decreased inflammatory response and the
impaired production of Thl-associated cytokines such as IL-12 and IFN-y in these mice.
It is important to mention that MyD88-driven pro-inflammatory events are not always
favourable to the host in the fight against protozoans. The decreased inflammatory and

Th1 responses in MyD88-deficient mice were seen to improve pathology and outcome of
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P. berghei infection in mice. This suggests that Plasmodium, in this case, utilizes the

MyD88-dependent pathway to cause tissue injury and worsen disease symptoms [354].

It is quite remarkable that the amount of susceptibility to several protozoan infections
conferred by the absence of MyD88 is significantly higher than that observed when mice
lacking a single TLR are used. This strongly suggests that several TLRs are
simultaneously involved in the recognition of parasites, thus explaining why the loss of
MyD88 can have a bigger impact on susceptibility compared to the loss of a single TLR
[350]. Nevertheless, deficiency of relevant TLRs increases susceptibility to certain
infections. For example, TLR9-deficient mice have higher parasitemia and mortality
when infected with 7. cruzi [341] or T. brucei [342]. TLR4-deficient mice are more
susceptible to L. major infection with bigger lesion size and parasite loads compared to
WT mice [355,356], and TLRI11-deficient mice are more susceptible to 7. gondii
infection manifesting increased cyst formation in the central nervous system and

decreased IL-12 and IFN-y production compared to WT mice [347].

The ability of TLRs to detect parasite PAMPs put together with the fact that many
successful infections are associated with silent entry to target cells suggests that parasites
must have evasion tactics to block TLR signalling and functions. Some of these
mechanisms have been already described while others are still to be discovered. We will
hereby discuss some evasion strategies employed by Leishmania, Plasmodium, and

Toxoplasma.

The ability of Leishmania to interfere with TLR signalling components has been already

discussed in this thesis under the “signalling pathways altered by Leishmania” section.
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These evasion mechanisms include the previously discussed ability of the parasite to
interfere with the activation of all three MAPKs (Erk1/2, JNK, p38) (see MAPK section),
and its ability to interfere with IkB, NF-xB, and AP-1 (see TF section). There is also
evidence that signalling through CR1 and CR3, which Leishmania is known to bind to,
can inhibit LPS- and IFN-y-induced IL-12 production through impaired STAT-1

phosphorylation [195]. A similar role for FcyR ligation has been proposed [196,357].

P. falciparum causes infected erythrocytes to express P. falciparum erythrocyte
membrane protein 1 (PfEMP1) which was shown to interact with the scavenger receptor
CD36 on the surface of DCs [358] making the cells that phagocytose these infected
erythrocytes become unresponsive to LPS stimulation, ultimately leading to defects in T

cell activation [359-361] .

T. gondii is yet another parasite able to block LPS-mediated IL-12 and TNF-a production,
the upregulation of co-stimulatory molecules, and the activation of T cells [362-365]. One
way the parasite is able to do so is by activating STAT3 in IL-10-dependent and —
independent manners [366,367]. Although this 7. gondii-induced inhibition of subsequent
LPS stimulation might somehow resemble LPS tolerance in that it inhibits MAPKs like
p38 [368], important differences between infection and LPS tolerance exist. Unlike LPS
tolerance, 7. gondii infection followed by LPS stimulation resulted in the activation of
MKK3 and MKK6 (upstream activators of p38) and in the degradation of IxB [368]. This
suggests that the inactivation of p38 observed when LPS stimulation is preceded by
Toxoplasma infection is either due to the inhibition of another p38-activating kinase such
as MKK4, or is mediated by a 7. gondii-induced MAPK phosphatase that prevents the

phosphorylation-dependent activation of p38 [350]. It is interesting to note that although
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T. gondii infection followed by LPS stimulation causes IkB activation, the liberated NF-
kB fails to translocate to the nucleus [369,370]. Later studies suggested that the lack of
NF-xB translocation might actually be due to increased nuclear export of this TF rather
than inhibition of nuclear import [371]. For a summary of the previously-mentioned TLR

signalling manipulation tactics by parasites, refer to figure 10 [350].
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Figure 10: Modulation of TLR signalling by protozoan parasites. Note that other

species of Leishmania such as L. donovani can also interfere with Erk1/2 and NF-xB
activation and have not been included for simplicity. (Adapted from Gazzinelli RT ef

al. (2006) Nat. Rev. Immunol. 6: 895-906)
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Based on the previous sections describing the importance of TLR signalling in fighting
disease and the many tactics developed by pathogens to circumvent this, it is rather
tempting to hope that by using TLR ligands in vaccination or treatment regiments, we can
activate the immune system to fight pathogens and clear them more efficiently. For
example, monophosphoryl lipid A (TLR4 ligand) is in an advanced stage of development
for use in vaccines in combination with antigens of P. falciparum [372] and Leishmania
species [373]. Other TLR ligands that demonstrated promising results in vaccination
experiments include imiquimod and R848 (resiquimod) (TLR7 / TLR8 ligands) which
mounted a protective Thl response against L. major antigens [374], and CpG-containing
oligodeoxynucleotides (TLRY ligand), which induced protective immunity against 7.
cruzi, Leishmania, Plasmodium, and T. gondii [350,375-379]. Additionally, flagellin
(TLRS ligand) was successfully used to stimulate mucosal immunity [380], and might
turn out to be important in developing vaccines that target pathogens of mucosal tissue

such as T. gondii which infects the intestinal tract.

As far as treatment is concerned, the use of imiquimod and CpG-containing
oligodeoxynucleotides as immunomodulators, for example, has been proven effective in

the treatment of leishmaniasis in experimental models [381-383].

In conclusion, TLRs play a crucial role in mounting innate and adaptive immunity against
invading pathogens. Alteration of TLR signalling by pathogens or by clinical drugs can
play a key role in the outcome of infections. We have discussed in good detail strategies
used by pathogens or by the clinic to alter TLR signalling. The activation of MyD88-
dependent signalling and Thl responses can turn out very useful in the elimination of

many pathogens including Leishmania. However, these efforts must always be perceived
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with caution as exaggerated activation of inflammation can cause edema, pain, tissue
injury, and in severe conditions could be deadly. In addition, certain infectious models
like malaria seem to benefit from MyD88-dependent signalling and inflammation in their
pathology and thus a completely different approach should be used when trying to fight
Plasmodium. As opposed to using TLR ligands which can worsen the disease, TLR
agonists could prove clinically effective in treating malaria. Nevertheless, the effects of
blocking TLR-TLR-L interactions on the ability of the immune system to fight off other

pathogens that can be / become present have to be taken into serious consideration.
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Chapter 2

Leishmania-Induced IRAK-1 Inactivation is Mediated by

SHP-1 Interacting with an Evolutionarily Conserved KTIM

Motif
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Although there is a good deal of knowledge about how Leishmania can utilize host SHP-1
to alter signalling triggered by IFN-y stimulation, mechanisms underlying the ability of
Leishmania to block TLR signalling, especially in response to LPS, and the role of SHP-1
in the process remain largely unexplored. It has been reported that Leishmania can
interfere with some signalling molecules involved in downstream TLR signalling such as
the MAPKSs Erk1/2 and JNK and the transcription factors NF-kB and AP-1, nevertheless,
nothing is known about how the parasite can interfere with critical upstream proteins
unique to IL-1 / TLR signalling such as members of the IL-1-receptor-associated kinase
(IRAK) family. In this chapter, we were interested to explore mechanisms utilized by
Leishmania to block TLR signalling in MOs, and to evaluate the role of host SHP-1 in
this process. The study permitted us to identify SHP-1 as a novel regulator of TLR
signalling utilized by Leishmania to inhibit IRAK-1 kinase activity leading to the inability
of M@s to respond to a wide range of TLR stimulation. We also identified the binding
site for SHP-1 on IRAK-1 as an evolutionarily conserved immunoreceptor tyrosine-based
inhibitory motif (ITIM)-like motif that we named kinase tyrosine-based inhibitory motif
(KTIM). Finally, we proposed that such a motif (KTIM) could play a pivotal role in the

regulation of many kinases other than IRAK-1.
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Abstract

Parasites of the Leishmania genus can rapidly alter several macrophage (M) signalling
pathways in order to tame-down the innate immune response and inflammation, therefore
favouring their survival and propagation within their mammalian host. Having recently
reported that Leishmania and bacterial LPS generate a significantly stronger
inflammatory response in animals and phagocytes functionally deficient for the Src
homology 2 domain-containing protein tyrosine phosphatase (SHP-1), we hypothesized
that Leishmania could exploit SHP-1 to inactivate key kinases involved in Toll-like
receptor (TLR) signalling and innate immunity such as IL-1 receptor-associated kinase 1
(IRAK-1). Here we show that upon infection, SHP-1 rapidly binds to IRAK-1 completely
inactivating its intrinsic kinase activity and any further LPS-mediated activation as well
as MO functions. We also demonstrate that the SHP-1 / IRAK-1 interaction occurs via an
evolutionarily conserved ITIM-like motif found in the kinase domain of IRAK-1, which
we named KTIM (Kinase Tyrosine-based Inhibitory Motif). This regulatory motif
appeared in early vertebrates and is not found in any other IRAK family member. Our
study additionally reveals that several other kinases (e.g. Erk1/2, IKK-a/B) involved in
downstream TLR signalling also bear KTIMs in their kinase domains and interact with
SHP-1. We thus provide the first demonstration that a pathogen can exploit a host protein
tyrosine phosphatase, namely SHP-1, to directly inactivate IRAK-1 through a generally

conserved KTIM motif.
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Author Summary

Leishmania developed several methods to seize control of macrophage signalling
pathways in an effort to inactivate their killing abilities. One effective method utilized by
the parasite is the activation of host protein tyrosine phosphatases, specifically SHP-1.
This increased phosphatase activity contributes to the inactivation of signalling molecules
involved in critical macrophage functions such as NO and cytokines production.
Interestingly, the absence of SHP-1 results in stronger macrophage inflammatory
responses to a bacterial cell wall component known as LPS, a molecule detected by
macrophages through Toll-like receptors (TLRs). This observation suggested a role for
SHP-1 in the regulation of TLR signalling. Our study reveals that upon Leishmania
infection, SHP-1 is able to rapidly bind to and inactivate a critical kinase (IRAK-1) in this
pathway. This regulatory binding was shown to be mediated by an evolutionarily
conserved motif identified in the kinase. This motif was also present in other kinases
involved in TLR signalling and therefore could represent a regulatory mechanism of
relevance to many kinases. This work not only reports a unique mechanism by which
Leishmania can avoid harmful TLR signalling, but also provides a platform on which
extensive investigation on host evasion mechanisms and regulation of cellular kinases can

be gained.
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Introduction

Innate inflammatory responses play a critical role in controlling pathogens [1]. However,
protozoan parasites such as Leishmania evolved strategies to avoid phagocyte activation
by seizing control of key signalling pathways, therefore favouring their invasion and
survival within the host cell [2]. We recently reported that the protein tyrosine
phosphatase (PTP) SHP-1 plays a pivotal role in taming down phagocyte-mediated
inflammatory responses [3]. For instance, we showed that in the absence of SHP-1,
several pro-inflammatory cytokines (e.g. IL-1pB, IL-6, TNF-a) and chemokines, as well as
inflammatory neutrophil recruitment were all exacerbated by Leishmania infection [3]. Of
interest, we also found that LPS mediates an excessive inflammatory response in the
absence of SHP-1, therefore suggesting that SHP-1 could exert its negative regulatory

action via Toll like receptor (TLR) signalling.

As SHP-1 can interact with various members of the JAK and MAP kinase families in
physiological, immune response, and infection contexts [2,3], we explored the possibility
that the capacity of Leishmania to block the macrophage (M@) inflammatory response
could result from rapid IRAK-1 kinase inactivation through SHP-1 action. This
hypothesis is further reinforced by the fact that several LPS-mediated M@ functions (e.g.
TNF-a, NO, IL-12), critical for the containment of pathogens and adaptive immune

response development, are inhibited upon Leishmania infection [2,4,5].

Whereas invertebrates depend mainly on the evolutionarily conserved innate immune
system to fight off pathogens, vertebrates have developed a sophisticated adaptive

immune system, hence the need to regulate the innate immune response. The TLR family
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has been shown to play a key role in triggering innate immunity as well as the subsequent
induction of adaptive immune responses in vertebrates [6]. Our previous findings
reporting augmented Leishmania- and LPS-induced innate inflammatory response in the
absence of SHP-1 (PTPN6) [3], and the several reports that key transcription factors (NF-
kB and AP-1) related to TLR signalling were strongly activated in the absence of SHP-1
[7-9], suggested the importance of SHP-1 in the negative regulation of TLR signalling
and its subsequent inflammatory response in vertebrates. Of interest, a mutation in the
PTPN6 gene coding for SHP-1 in humans has been recently linked to Sezary syndrome

[10], a T-cell cutaneous lymphoma arising from chronic inflammatory state.

From these observations, and given the fact that IRAK-1 serves as a crucial kinase in all
MyD88-dependent pathways leading to the activation of innate inflammatory responses,
we hypothesised that SHP-1 is a critical player in the negative regulation of this kinase
that can be exploited by Leishmania. For instance, until recently there was no indication
that SHP-1 could interact with IRAK-1. However, a recent study by Cao’s laboratory [11]

provided strong evidence that SHP-1 can interact with IRAK-1.

Here, we provide evidence that SHP-1 negatively regulates IRAK-1 intrinsic kinase
activity in its resting state and upon Leishmania infection through binding to an
evolutionarily conserved ITIM-like motif located within IRAK-1’s kinase domain. In
addition, it is important to stress that this is the first mention of this motif to be found
within a kinase, as to date it has only been found within the intracytoplasmic portion of
immunoglobin (Ig)-like receptors. Of interest, we also discovered that this ITIM-like
motif was present in several other kinases. Finally, our study also provides evidence from

in silico sequence analyses that both IRAK-1 and SHP-1 evolutionarily emerged in
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vertebrates concomitantly with the development of a better-controlled innate immune
response. Therefore the appearance of this key interaction in early vertebrates may have

also contributed to the development of the more complex adaptive immune response.
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Materials and Methods

Cell Culture and Reagents. The immortalized me-3 (SHP-l'/ ) and LM-1 (WT) bone
marrow-derived M@s (BMDMs) were generated from motheaten mice (Pipn6™™;
C3HeBFel me/me) and their respective wild-type littermates (C3HeBFel me/+) as
described [7]. The immortalized BIOR BMDMSs were derived from B10A.Bcg" mice [12].
L929 cells used for the TNF bioassays were grown in RPMI-1640 medium (5% FBS).
M@-activating lipopeptide-2 (MALP-2) and lipopolysaccharide (LPS) from E.coli were
purchased from Alexis Biochemicals, San Diego, CA. Flagellin and CpG DNA were
purchased from Invivogen, San Diego, CA. IRAK1/4 inhibitor (N-(2-Morpholinylethyl)-

2-(3-nitrobenzoylamido)-benzimidazole) was purchased from Calbiochem, La Jolla, CA.

In vitro infection. L. donovani infantum, L. mexicana (MNYC/BZ/62/M379), L. major
Friedlin strain (MHOM/JL/80/Friedlin), and L. tarentolae strain TAR II promastigotes
were kept in SDM medium (10% FBS), and stationary phase parasites were used to infect
cells in a parasite to M@ ratio of 20:1. Non-internalized parasites were removed by
washing the plates with phosphate-buffered saline (PBS), after which MOs were collected

for subsequent experiments.

Western Blot Analysis. Western blotting was performed as previously described [13].

Proteins were detected using antibodies directed against IRAK-1 (generated in the
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laboratory of Dr. Akira), SHP-1 and phospho-tyrosine (clone 4G10) (Upstate,
Charlottesville, VA), and actin (Sigma-Aldrich, ON, Canada). Proteins were detected
using an anti-rabbit or anti-mouse horseradish peroxidase (HRP)-conjugated antibody
(Amersham, QC, Canada) and visualized using ECL western blotting detection system

(Amersham).

IRAK-1/IRAK-4 kinase assay. 6x10° M@s were lysed in cold lysis buffer (20mM Tris
(pH 7.5), ImM EDTA, 150mM NaCl, 1% Igepal, 10mM p-glycerophosphate, ImM
sodium orthovanadate, 25ug/ml aprotinin and 25upg/ml leupeptin). Lysates were
precleared with protein A/G agarose beads (Santa Cruz, CA). Samples were then
centrifuged (13,000 x g, 10 min) and supernatants kept. IRAK-1 or IRAK-4 antibody and
protein A/G agarose beads were added to the supernatant and samples were incubated
O/N at 4°C. Beads were spun down and washed with the lysis buffer described above,
followed by washes with the kinase assay buffer (20mM HEPES pH 7.5, 20mM MgCl,,
3mM MnCl,, and 10mM -glycerophosphate). Kinase assay buffer (20ul) containing
10uCi of y—32P (Amersham) was then added to the beads and samples incubated (30 min,
30°C). The reaction was stopped by the addition of 4x sample loading buffer (12.5% Tris-
HCI (pH 6.8), 10% glycerol, 10% SDS, 5% pB-mercaptoethanol, 0.05% bromophenol
blue). Samples were boiled and run on SDS-PAGE. Bands were detected using X-ray

Kodak films (Amersham) or by image analyzer (BioRad, Canada).
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In gel PTP assay. For immunoprecipitation samples, 6x10° M@s were lysed as described
previously for the IRAK-1 kinase assay without the addition of sodium orthovanadate to
the lysis buffer. Cell lysate controls (25ug) were obtained using a PTP lysis buffer
(50mM Tris (pH 7.0), 0.ImM EDTA, 0.ImM EGTA, 0.1% B-mercaptoethanol, 1%
Igepal, 25pg/ml aprotinin and 25pg/ml leupeptin). Samples were loaded on a gel
containing a y-32P-labelled poly(Glu4Tyr) peptide (Sigma-Aldrich) and the SHP-1 band

was observed by in gel PTP assay as previously described [14].

Co-immunoprecipitation. Samples were lysed in the western blot lysis buffer (no
sodium orthovanadate was added when immunoprecipitating SHP-1) and
immunoprecipitated using protein A/G agarose beads (Santa Cruz) and 4pg of the IRAK-
1, SHP-1 antibody, or anti-rat antibody (Sigma-Aldrich) for non-specific binding. Beads
were spun down and washed three times with lysis buffer. Beads were resuspended in the
4x western sample loading buffer previously described and boiled supernatants were

loaded on SDS-PAGE and western blot analysis was performed as described above.

GST pull-down assay. Wildtype mouse IRAK-1 gene and the IRAK-1 genes of the
different KTIM mutants (all in PCDNA3 vectors) were in vitro translated using the
Promega TNT Quick Coupled Transcription/Translation kit (Fisher Scientific, ON,
Canada) using 20uCi *°S (Amersham). The active or the trapping mutant of GST SHP-1
was produced in BL21 bacteria. Bacterial lysates were extracted using the BugBuster

Protein Extraction Reagent (VWR CANLAB, ON, Canada), and the GST protein (5pg)
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was pulled down from bacterial lysates using glutathione sepharose beads (30ul)
(Amersham). The active/trapping mutant of GST-SHP-1 bound to glutathione beads was
left to interact with immunoprecipitates (IPs) or in vitro translated IRAK-1 protein in a
PTP reaction buffer (50mM Hepes (pH 7.5), 0.1% p-mercaptoethanol) for 1 h at RT.
When in vitro translation of IRAK-1 was performed, GST-SHP-1 was allowed to interact
with IRAK-1 in a 5:1 ratio. Beads were then spun down, washed 3x with the PTP lysis
buffer, then resuspended in 4x sample loading buffer (20ul), boiled, and loaded on SDS-

PAGE. IRAK-1 bands were revealed by exposing to X-ray film (Amersham).

Alkali-resistance phosphoprotein assay. Kinase assays were run on SDS-PAGE as
described above, pre-treatment image is taken by exposing the gel to a phospho-imager
screen. Next, gels were fixed overnight at RT in a 10% methanol / 7% acetic acid
solution. Gels were then soaked in a 10% glutaraldehyde solution (30 min, RT) with
gentle shaking and rinsed in water prior to incubation with KOH. The alkali treatment of

32p_labelled IRAK-1 was performed as previously described [15].

Generation of IRAK-1 mutants. The mouse IRAK-1 gene cloned into a PCDNA3
plasmid was mutated at different sites within the KTIM using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) as instructed by the manufacturer. The
primers (all synthesized by Genome Québec, Montréal, QC, Canada) designed to create

the mutants were:
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For the tyrosine to phenylalanine mutation;

sense: 5’GGCTTATACTGCCTTGTTTTTGGCTTCTTGCCCAATGG3’;

anti-sense: 5’CCATTGGGCAAGAAGCCAAAAACAAGGCAGTATAAGCCS .

For the leucine to methionine mutation;

sense: 5’GGCTTATACTGCCTTGTTTATGGCTTCATGCCCAATGG3’;

anti-sense: 5’CCATTGGGCATGAAGCCATAAACAAGGCAGTATAAGCC3 .

For the glycine to alanine, phenylalanine to tyrosine, leucine to methionine triple
mutation, sequential mutagenesis was performed where the above-mentioned leucine
mutation was used as the template to generate an additional glycine to alanine mutation

using the primers:

sense: 5’GGCTTATACTGCCTTGTTTATGCCTTCATGCCCAATGG3’;

anti-sense: 5’CCATTGGGCATGAAGGCATAAACAAGGCAGTATAAGCC3.

Finally, a phenylalanine to tyrosine mutation was generated using the previously

described double mutation as a template using the primers:

sense: 5’GGCTTATACTGCCTTGTTTATGCCTACATGCCCAATGG3;

anti-sense: 5’CCATTGGGCATGTAGGCATAAACAAGGCAGTATAAGCCS3’.

All mutations were verified by sequencing the entire plasmid using the T7 and SP6
primers (provided by Genome Quebec, Montreal, QC, Canada) and the internal primers

5’TTCCTCCACCAAGTCAAG3’ and 5’CCTGAGGAGTACATCAAGAC3’.
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IL-12 mRNA expression analysis. RNA was extracted from M@s using TRIzol reagent
(Invitrogen Canada, ON, Canada). Reverse transcription was performed using oligodT.
Quantitative Real-Time PCR (qRT-PCR) was performed with a Corbett Research
Rotorgene (Corbett Life Science, Sydney, Australia), using Invitrogen Platinum SYBR
Green qPCR SuperMix-UDG (Invitrogen) and 0.4 uM primer in 25 ul. gPCR program is:
50°C 2 min; 95°C 3 min; (95°C 20 sec, 60°C 30 sec, 72°C 20 sec) for 40 cycles followed
by a melting curve. All primers annealing temperature was 60°C. Oligo sequences are:
GAPDH: 5’-CGG ATT TGG CCG TAT TGG GCG CCT-3’ and 3’- ACA TAC TCA
GCA CCG GCC TCA CCC-57; IL-12: 5°- GGA AGC ACG GCA GCA GAA TA-3’ and

3’-AAC TTG AGG GAG AAG TAG GAA TGG-5'.

TNF bioassay. TNF bioassay was performed as previously described [16]. Briefly, TNF-
sensitive 1.929 fibroblasts were seeded in 96-well plates in a concentration of 3.5 x 10*
cells/100 pl/well in RPMI-1640 (5% FBS) medium and incubated for 24 h until obtaining
a monolayer. Supernatants from designated experiments were added to L929 cells and
serially diluted in the presence of actinomycin D (2 pg/ml). After incubation (18 - 24 h,
37°C), the L929 monolayers were stained with crystal violet, washed with distilled water,
and left to dry. Then, methanol was added to dissolve the stain and cytotoxicity was
determined by measuring absorbance at 595 nm. One unit of TNF was referred to as the

reciprocal of the dilution that induced 50% of L929 cell lysis.
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NO assay. NO production was evaluated by measuring the accumulation of nitrite in the

culture medium by the Griess reaction, as previously described [3].

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared by a
standard protocol, and EMSAs were performed as previously described [17]. Briefly,
nuclear extracts were incubated with binding buffer containing 1.0 ng of [y->>P] dATP
radiolabeled double-stranded DNA oligonucleotide for 20 min at room temperature. The
DNA binding consensus sequence used for  NF-xB was (5'-
AGTTGAGGGGACTTTCCCAGGC-3"). Spl consensus oligonucleotide was used as
non-specific control (5'-ATTCGATCGGGGCGGGGCGAGC-3") (Santa Cruz). DNA-
protein complexes were resolved by electrophoresis in native 4% (w/v) polyacrylamide

gels. The gels were then dried and autoradiographed.

pNPP phosphatase assay. MOs were collected, lysed in the PTP lysis buffer described
previously and kept on ice for 45 min. Lysates were cleared by centrifugation, and protein
content was determined by Bradford reagent followed by IP. Equal amounts of IPs were
incubated in a phosphatase reaction mix (50mM Hepes (pH 7.5), 0.1% B-

mercaptoethanol, 10mM pNPP) overnight at 37°C. OD was then read at 405 nm.

Sequence alignments. Sequences were obtained from the NCBI protein database.

Sequence alignments used to calculate identity and similarity percentages were generated
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by EMBOSS local pair-wise alignment algorithms program
(http://www.ebi.ac.uk/Tools/emboss/index.html). The accession numbers of the protein
sequences included in the study are: human (Homo sapiens) IRAK-1 (P51617),
chimpanzee (Pan troglodytes) IRAK-1 (XP 521332), dog (Canis familiaris) IRAK-1
(XP 549367), bull (Bos Taurus) IRAK-1 (Q2LGB3), mouse (Mus musculus) IRAK-1
(Q62406), rat (Rattus norvegicus) IRAK-1 (XP_001057078), tropical frog (Xenopus
tropicalis) IRAK-1 (NP _001006713), zebrafish (Danio rerio) IRAK-1 (XP_697688),
human IRAK-4 (QINWZ3), chimpanzee IRAK-4 (XP 001166114), rhesus monkey
(Macaca mulatta) IRAK-4 (XP_001091707), dog IRAK-4 (XP_543727), bull IRAK-4
(QIRMTS), mouse IRAK-4 (Q8R4K2), rat IRAK-4 (XP_217026), chicken (Gallus
gallus) IRAK-4 (NP_001025909), zebrafish IRAK-4 (AAT37635), squid (Euprymna
scolopes) IRAK-4 (AAY27972), sea urchin (Strongylocentrotus purpuratus) IRAK-4
(XP_784716), Caenorhabditis elegans IRAK-4 (NP_502587), honeybee (Apis mellifera)
pelle-like protein (XP_624002), Drosophila melanogaster pelle (NP_476971), chicken
IRAK-2 (NP_001025776), mouse JAK?2 (Q62120), mouse JAK3 (Q62137), mouse TAK1
(Q62073), mouse Erkl (Q63844), mouse Erk2 (P63085), mouse JNK (CAC88132),
mouse p38 (P47811), mouse IKK-a (Q60680), mouse IKK-f (0O88351), mouse LYN

(AAH31547).

Band quantification. All densitometric analyses were performed using the Quantity One
software, Biorad Laboratories Inc. Values and standard deviations observed represent

scans of three independent experiments.
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Ethical Oversight: The bone marrow-derived macrophages described in this study have
been previously derived from WT and SHP-1-deficient mice (see reference 7), and
immortalized as cell lines. However, experiments done on the animals used in that study
(reference 7) adhered to McGill University’s guidelines for animal husbandry and was

approved by the institutional research ethics committee.
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Results

SHP-1 regulates IRAK-1 kinase activity by direct interaction

To investigate the effect of SHP-1 on IRAK-1 kinase activity, we immunoprecipitated
IRAK-1 from the lysates of SHP-17" M@s and their wildtype (WT) counterparts and
subjected the IP to an IRAK-1 kinase assay. Results indicated that IRAK-1 kinase activity
in SHP-17" cells was significantly higher compared to WT (Figure 1, top panel). The
increase in IRAK-1 basal kinase activity observed in SHP-1"" cells is not due to a
differential expression of IRAK-1 as supported by loading controls provided (Figure 1,

lower panels).

Then, to evaluate whether the SHP-1 regulatory effect on IRAK-1’s kinase activity
involved their interaction, we performed immunoprecipitation assays and observed that
IRAK-1 and SHP-1 co-IP (Figure 2A). Their association was further confirmed as we
have detected PTP activity corresponding to SHP-1 in the IRAK-1 IP (Figure 2B, top
panel), and IRAK-1 kinase activity in the IP of SHP-1 (Figure 2B, bottom panel). A
secondary rat antibody was used as a negative control (Figures 2A and B). These
experiments suggested the presence of IRAK-1 and SHP-1 in the same multi-protein
complex. To test whether they directly interact, we in vitro translated IRAK-1 using
radiolabelled methionine, and put the radiolabelled IRAK-1 in contact with GST-SHP-1.
IRAK-1 was pulled down specifically by GST-SHP-1 and not by GST alone, showing

that this interaction is direct (Figure 2C).
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Next, we examined whether the binding of SHP-1 is sufficient to regulate IRAK-1 kinase
activity. To do so, IRAK-1 was immunoprecipitated and put in contact with increasing
concentrations of active GST-SHP-1. IRAK-1 kinase activity was inhibited in a dose-
dependent manner by GST-SHP-1 and not by GST alone (Figure 2D, left panel).
Interestingly, the highest dose of GST-SHP-1 used to inhibit IRAK-1 activity did not alter

IRAK-4’s kinase activity (Figure 2D, right panel).

The fact that the PTP-SHP-1 dephosphorylates tyrosine residues raised the possibility that
IRAK-1 is tyrosine phosphorylated. To investigate this hypothesis, alkali-resistance
phosphoprotein assays were performed. Treatment of IRAK-1 kinase assay gels with
KOH permits the in-gel dephosphorylation of pSer and pThr, but not pTyr allowing us to
evaluate the contribution of tyrosine phosphorylation to the overall phosphorylation
signal. Although IRAK-1 is known to be phosphorylated on Ser/Thr residues [18], our
results represent the first demonstration that IRAK-1 is also tyrosine phosphorylated at
resting state, and that LPS increases IRAK-1 tyrosyl phosphorylation by 46 £15% SD
(Figure 2E, upper panels). This finding was further confirmed by western blot using the

4G10 pTyr-specific antibody (Figure 2E, lower two panels).

SHP-1 binds to the kinase domain of IRAK-1 via an ITIM-like motif

At the view of our observations, we screened the mouse IRAK-1 sequence for possible
SHP-1 binding sites. We discovered that TRAK-1 contains an ITIM-like motif
(286LLVYGFL,9;) located in its kinase domain (Figure 3). This motif was found to be

absent in all the other IRAK family members since the last residue is a methionine instead
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of a leucine (Figure 4). To determine the involvement of this ITIM-like motif in the SHP-
1 / IRAK-1 binding, we used the full-length IRAK-1 sequence to introduce site-specific
mutations within the motif followed by in vitro binding assays (Figure 5). Firstly, a
Y288F mutation slightly decreased SHP-1 binding suggesting that possible
phosphorylation of the motif’s central tyrosine may increase binding affinity but is not
absolutely necessary for the binding to occur. Secondly, an L291M mutation, which
renders the site no more ITIM-like, significantly decreased SHP-1 binding. Thirdly, the
G289A/F290Y/L291M triple mutation, which also disrupts the ITIM-like motif,
completely abrogated the binding of SHP-1. Interestingly, this triple mutant of IRAK-1 is
identical to the corresponding site within IRAK-4. Collectively, these site-specific
mutations confirm the role of the ITIM-like motif in the binding of SHP-1 to IRAK-1.
This represents the first description of such a motif in a kinase that we now call KTIM
(Kinase Tyrosine-based Inhibitory Motif). Importantly, these experiments also suggest

that the SHP-1-mediated regulation of IRAK-1 is a mechanism not shared with IRAK-4.

Leishmania inhibits LPS-mediated MO functions by rapidly inactivating IRAK-1

The biological relevance of this regulatory interaction between IRAK-1 and SHP-1 was
investigated using the ability of N-(2-Morpholinylethyl)-2-(3-nitrobenzoylamido)-
benzimidazole, a potent IRAK-1 inhibitor [19], to reduce NO production in WT and SHP-
17 M@s. As mentioned earlier, SHP-1 deficiency in M@s results in an increase in NF-kB
and AP-1 activity [7-9] leading to NO production at basal level and in response to LPS

when compared to WT [8]. Addition of the IRAK-1 inhibitor abrogated IRAK-1 activity
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in a dose-dependent manner (Figure 6A), and was paralleled by a reduction of basal NO
production in SHP-1"" cells and in LPS-mediated NO production in both cell lines (Figure
6B). In addition to demonstrating the essential role of IRAK-1 signalling in NO
generation, our data also show that SHP-1-mediated IRAK-1 regulation is critical for the

control of M@ activation.

Using Leishmania as an infectious model, we studied its ability to inhibit key M@ LPS-
mediated functions namely: IL-12 expression, TNF production, and NO generation. Our
results confirmed that infection with Leishmania caused a significant inhibition of LPS-
mediated expression of IL-12 (Figure 7A), TNF production (Figure 7B), and NO

generation (Figure 7C) in MOs.

As Leishmania activates host SHP-1 and blocks many LPS-mediated functions known to
be detrimental to the parasite, we investigated the possibility that Leishmania inactivates
IRAK-1. Kinase assays comparing IRAK-1 activity in MOs infected with L. donovani to
uninfected cells revealed that the parasite caused a rapid time-dependent inactivation of
IRAK-1 seen by reduced basal IRAK-1 activity in infected M@s (Figure 8A). To
investigate whether IRAK-1 inactivation is a common mechanism utilized by other
infectious Leishmania species, M@s were infected for 1 h with various Leishmania
species promastigotes and IRAK-1 kinase activity was measured. L. donovani decreased
IRAK-1 activity by 65+11% SD, and consistent with our expectation, L. mexicana and L.
major were also able to inactivate IRAK-1 as they decreased IRAK-1 kinase activity by
65+7% SD and 52+4% SD, respectively (Figure 8B). Interestingly, L. tarentolae, a lizard
non-pathogenic Leishmania did not inhibit IRAK-1 and seemed to even slightly activate it

(increase of 20+11% SD).
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In light of these observations, we were interested to evaluate whether the Leishmania-
mediated IRAK-1 kinase inactivation could alter LPS-mediated functions in infected
M@s. Our results indicated that unlike LPS stimulation per se that activates IRAK-1,
infection with Leishmania rendered IRAK-1 activation refractory to this TLR4 agonist
(Figure 8C). Since IRAK-1 signals downstream of all TLRs with the exception of TLR3,
we investigated whether this Leishmania-induced IRAK-1 inactivation is persistent upon
stimulation with other TLR ligands. As expected, Leishmania was able to render IRAK-1
unresponsive to MALP (TLR2), flagellin (TLRS), and CpG (TLR9) (Figure 8D). These
results suggest that alteration of IRAK-1-dependent signalling by Leishmania causes a
general unresponsiveness to a broad range of TLR ligands. All TLR ligands used were

shown to be functional using an NF-kB nuclear translocation assay (Figure 9).

Leishmania infection enhances the IRAK-1 / SHP-1 interaction leading to IRAK-1

inactivation

Having previously reported that Leishmania can rapidly induce host PTP SHP-1 to
inactivate JAK and MAP kinase pathways [8,20], we hypothesized that the Leishmania-
induced IRAK-1 inactivation observed was associated with an increased SHP-1 / IRAK-1
interaction. We indeed noticed by Western blot that a significantly greater amount of
SHP-1 was co-immunoprecipitated with IRAK-1 upon Leishmania infection (Figure
10A). Similarly, using in gel PTP assay, we were able to detect more SHP-1 activity in

IRAK-1 IP from lysates of Leishmania-infected M@s (Figure 10B). Higher SHP-1
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activity in Leishmania infected M@s was further supported when equal IP fractions were

subjected to a pNPP phosphatase assay (Figure 10C).

To demonstrate that the increased SHP-1 / IRAK-1 binding upon Leishmania infection is
responsible for IRAK-1 inactivation, IRAK-1 kinase activity was monitored in infected
WT and SHP-1" M@s. In accordance with our finding in BIOR M@s (Figure 8),
Leishmania was able to inactivate IRAK-1 in WT M@s (67+ 9% SD decrease in IRAK-1
activity). Interestingly, this Leishmania-induced inactivation was not detected in the
absence of SHP-1 (2+ 6% SD decrease in IRAK-1 activity) (Figure 10D). This rescue of
IRAK-1 activity was correlated with an inability of the parasite to block LPS-induced NO
production in SHP-1"- M@s (Figure 10E). Collectively, this set of data shows that the
Leishmania-activated SHP-1 is responsible for IRAK-1 inactivation leading to the

unresponsiveness of infected M@s to LPS stimulation.

To further understand the impact of IRAK-1 inactivation on LPS-mediated activation in
infected M@s, we monitored the association and dissociation events of IRAK-1 with
known key signalling molecules (MyD88, TRAF6) in response to LPS in naive and
Leishmania-infected cells. The result showed that IRAK-1 inactivation by Leishmania-
induced SHP-1 is associated with the inability of IRAK-1 to detach from MyD88 and

attach to TRAF6 in response to LPS stimulation (Figures 10F and G).
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IRAK-1 and SHP-1 emerged in early vertebrates while IRAK-1 KTIM appeared

only in amphibians

Given the important regulatory function of the KTIM present within IRAK-1, we
speculated that it would be evolutionarily conserved. In silico sequence comparisons of
available IRAK-1 sequences revealed that KTIM (LVYGFL) was fully conserved from
rodents to human (Figure 11). However, while the KTIM in Xenopus tropicalis showed
some variations compared to the other vertebrate sequences (LIYLYL), it was absent in
zebrafish due to the presence of a methionine at the last position (VIYVYM). Next, we
addressed the origin of IRAK-1 and SHP-1 as they are only present in vertebrates.
Sequence similarity analyses, including available IRAK-4 sequences from vertebrates and
invertebrates (Figure 12), indicate that IRAK-1 evolved from IRAK-4 by gene
duplication (Figure 13A). Similar sequence similarity comparisons suggest that SHP-1
evolved from SHP-2 and its orthologues found in invertebrates and that the ancestral
SHP-1 gene also appeared through gene duplication in lower vertebrates (zebrafish)

(Figure 13B).

From these observations, we raised the question whether other kinases may also have a
KTIM within their kinase domain. Although several proteins involved in MyD88-
dependent signalling (e.g. MyD88, TIRAP, TRAF6) did not contain KTIMs in their
amino acid sequence (data not shown), we were intrigued to discover that several kinases
from the JAK, MAP, Src, and IKK kinase families (JAK2, JAK3, Erkl/2, JNK, p38,
LYN, IKK-0/B) contained one or more potential KTIMs, the majority located within their
kinase domains (Figure 14A). This finding raises the possibility that KTIMs play

important regulatory functions for many kinases by favouring their interaction with SHP-
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1, as we herein report for IRAK-1. SHP-1 binding may control the activity of these
kinases at resting state or regulate their activity upon activation. In gel phosphatase assays
that we performed support this possibility as they demonstrate that IPs of IKK-B, Erk,
JNK, and p38 indeed exhibit SHP-1 activity (Figure 14B), indicating that these kinases
interact with SHP-1. Interestingly, Syk — a kinase that has no KTIM in its amino acid

sequence — did not show interaction with SHP-1 at resting state.
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Discussion

Leishmania has been reported to inhibit critical LPS-mediated M@ functions such as NO
and pro-inflammatory cytokines (e.g. IL-12 and TNF) production [2,4,5]. Although
mechanisms whereby NO is inhibited by Leishmania in response to IFN-y have been well
explored [2], our knowledge concerning the negative regulatory mechanisms leading to
the down-regulation of LPS-mediated M@ functions in Leishmania-infected cells is
limited. Herein, we provide the first demonstration that the Leishmania parasite can
rapidly inactivate IRAK-1 kinase activity with the participation of SHP-1, therefore
inhibiting M@ LPS-mediated functions. We further reveal that the mechanism by which
this inactivation occurs is through the binding of SHP-1 to an evolutionarily-conserved
ITIM-like motif located in the kinase domain of IRAK-1. This is the first demonstration
that a pathogen can use a host PTP to inactivate IRAK-1 and therefore block signalling
pathways ultimately leading to free radicals and pro-inflammatory cytokines production

known to be detrimental to its survival.

Given that TNF is a potent M@ activator, NO is leishmanicidal, and IL-12 is a critical
cytokine that drives Thl responses essential for the development of immunity against
Leishmania, it is not surprising that the parasite has evolved means to block the
production of these molecules [2]. A role for Leishmania phosphoglycans (PG) has been
proposed in the inhibition of NO [21]. In addition, roles for promastigote PG [22,23] and
amastigote cysteine peptidases [24] in the inhibition of LPS-mediated IL-12 production
have been reported. Nevertheless, apart from very few reports about Leishmania-induced
alterations in the Erk MAPK [22] and the downstream transcription factor NF-kB [24],

very little is known about how LPS-mediated functions are inhibited by Leishmania. In

135



this study, we confirmed that all three LPS-mediated M@ functions were inhibited by
Leishmania. Importantly, looking at NO production as a key function involved in the
killing of Leishmania parasites, we were able to show that IRAK-1 signalling is key for
its production. In fact, our finding that Leishmania inactivates IRAK-1 kinase activity and
that this inactivation is persistent upon subsequent LPS-stimulation supports the fact that
the parasite is able to successfully block LPS-mediated NO production in M@s.
Interestingly, consistent with the fact that IRAK-1 signals downstream of many TLRs, we
showed that IRAK-1 was also unresponsive in Leishmania—infected cells subjected to
stimulation with TLR2, TLRS, and TLR9 ligands. This result suggests that the parasite
causes wide range unresponsiveness to TLR signalling upon infection possibly allowing
Leishmania to avoid any harmful M@ activation involving TLR engagement.
Interestingly, L. donovani has been shown to activate IRAK-1 in IFN-y-primed M@s [25]
suggesting that the activation state of the MO can play an important role in the ability of
the parasite to inactivate IRAK-1. In an effort to understand how Leishmania inactivates
IRAK-1, we were able to identify SHP-1 as a key player in this process as there was
almost a complete rescue of IRAK-1 activity in SHP-17" M@s infected with Leishmania.
This rescue was corroborated by the parasite’s inability to block LPS-mediated NO
production in SHP-17" M@s. These results suggest a new evasion mechanism whereby
Leishmania can avoid detrimental M@ functions driven by MyD88-dependent pathways

by blocking IRAK-1, a key kinase in this pathway.

Our observation that the Leishmania—mediated IRAK-1 inactivation was associated with
enhanced SHP-1 binding to IRAK-1 fits with our finding that SHP-1 binds to and

regulates IRAK-1 at resting state. We clearly showed that IRAK-1’s intrinsic kinase

136



activity was higher in SHP-1" compared to WT M@s identifying SHP-1 as a novel
regulator of IRAK-1 activity, a finding supported by recent work of Cao and colleagues
[11]. The fact that SHP-1 interacts with and also dephosphorylates tyrosine residues
raised the possibility that IRAK-1 is tyrosine phosphorylated. Here, we show that IRAK-1
is indeed tyrosine phosphorylated at resting state, and further so in response to LPS
stimulation. Given that IRAK-1 was previously shown to be phosphorylated on Ser / Thr
residues only [18], our findings represent the first demonstration that IRAK-1 is also

tyrosine phosphorylated.

Having identified an ITIM-like motif in the kinase domain of IRAK-1 as the binding site
of SHP-1, its functionality was demonstrated by generating mutations within the motif
providing valuable information about the role of its amino acid components in the binding
affinity of SHP-1. Firstly, the tyrosine to phenylalanine (Y288F) mutation suggested that
the phosphorylation of the motif’s central tyrosine is not necessary for the binding of
SHP-1 to occur. Indeed it has been previously reported that tyrosyl phosphorylation
within ITIMs is not always required for the binding of SH2 domain-containing proteins
[26]. Secondly, the observation that the G289A-F290Y-L291M mutation caused a total
abrogation of SHP-1 binding, and that the L291M mutation partially reduced binding
suggested that the amino acids between the central tyrosine and the terminal leucine in the
motif play an important role in the binding affinity of SHP-1. Lastly, as the triple mutant
was designed to render the ITIM-like site in IRAK-1 identical to its corresponding site in
IRAK-4, the loss of SHP-1 binding in this mutant suggested that the SHP-1-mediated
regulation of IRAK-1 is a regulatory mechanism not shared with IRAK-4. It is

noteworthy to emphasize that ITIMs have been named so due to their presence in
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intracytoplasmic portions of transmembrane receptors [27]. Given that here we describe
this motif to be found in a cytosolic kinase and show that it mediates SHP-1 binding and
IRAK-1’s negative regulation, we propose to rename it KTIM (Kinase Tyrosine-based

Inhibitory Motif).

In MyD88-dependent signalling pathways, binding of a TLR ligand to its corresponding
receptor causes a rearrangement of the receptor complex and triggers the recruitment of
the adaptor protein MyD88, which in turn recruits the kinases IRAK-4 and IRAK-1 to the
receptor complex [1]. Upon critical phosphorylations of IRAK-1 by IRAK-4 [18], IRAK-
1 is partially activated and is able to get fully activated by autophosphorylation. This
autophosphorylation causes IRAK-1 to detach from the MyD88 complex and attach to
TRAFG6, activating downstream signalling pathways. Therefore, the IRAK-1 inactivation
by Leishmania-induced SHP-1 had to interfere somehow with the integrity of the
previous signalling events. Of utmost interest, we have been able to show that although
IRAK-1 was still able to bind MyD88 in Leishmania-infected MOs in response to LPS
stimulation, the kinase was unable to detach from the MyD88 complex and bind to
TRAFG6 as the stimulation persisted. This is the first demonstration that a pathogen can
interfere with TLR signalling by altering IRAK-1’s capacity to dissociate from the
MyD88 complex. This inability of IRAK-1 to detach from MyD88 is supported by our
observation that the binding of Leishmania-induced SHP-1 to the kinase domain of
IRAK-1 causes a strong inactivation of this kinase seen by its inability to
autophosphorylate, a process required for IRAK-1 to detach from the receptor complex

and activate downstream signalling cascades.
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Finally, it was remarkable to find out that the KTIM in IRAK-1 was evolutionarily
conserved from human to rodents. The absence of KTIM in fish and its appearance in
amphibians suggests that this motif emerged rapidly after the appearance of the ancestral
IRAK-1 gene in early branching vertebrates (amphibians) and was highly conserved
thereafter (Figure 15). Our findings thus raise the possibility that during the course of
evolution, the emergence of a mechanism to regulate the innate immune response by
targeting IRAK-1 activity (e.g. SHP-1) may have favoured the development of a more
sophisticated adaptive immune system in higher vertebrates (Figure 15). In addition, it is
important to note that Toll-interacting protein (TOLLIP) [28], the only other negative
regulator of IRAK-1 at resting state has emerged very early in invertebrates as opposed to
SHP-1 [29], IRAK-1 [30] and the KTIM motif which all appeared only in early
vertebrates. Noteworthy, we found that several other kinases from the JAK, MAP and
IKK kinase families contained one or more potential KTIMs raising the possibility that
KTIMs play important regulatory functions in many kinases (other than IRAK-1) by
favouring their interaction with SHP-1. In fact, it has been previously reported that some
of these kinases (e.g. JAK2, JAK3, JNK, Erk1/2) are negatively regulated by SHP-1 [31-
33]. However, none of these studies paid great attention to the mechanism whereby SHP-
1 either interacts or regulates these kinases. It remains to be mentioned that whereas some
of these kinases are also present in invertebrates, IRAK-1 and its KTIM only appeared in
vertebrates. This observation supports the idea that the appearance of this motif in IRAK-
1 has favoured the development of a mechanism to control the innate immune response.
In this context, regulation of IRAK-1 kinase activity would have prevented abnormal and
exacerbated microbicidal and inflammatory immune responses that could have been
detrimental to vertebrates and to the development of the adaptive immune response. It is
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also tempting to speculate that the appearance of an improved control over kinases by
SHP-1 may have influenced the global development of vertebrates, as several of these
kinases play pivotal roles in the regulation of cellular, molecular, developmental, and

metabolic processes.

In conclusion, we have identified a new evasion mechanism whereby Leishmania-
activated SHP-1 binds to an evolutionarily conserved KTIM located in IRAK-1’s kinase
domain leading to its inactivation. This abrogation was associated with the inability of
IRAK-1 to detach from the MyD88 complex to bind TRAF6, consequently resulting in
the unresponsiveness of Leishmania-infected macrophages to several TLR ligand
stimulation including LPS. By doing so, the parasite is not only able to block LPS-
mediated M@ production of NO and pro-inflammatory cytokines known to be involved in
Leishmania killing, but also terminate the extremely important roles played by these
molecules in the development of an effective adaptive immune response. At the
evolutionary level, we propose that the appearance of SHP-1 as a key regulator of IRAK-
1 kinase activity represented a pivotal evolutionary step that could have favoured the

development of the adaptive immune response in vertebrates.
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Figure 1: Regulation of IRAK-1 Kkinase activity by SHP-1. Upper Panel represents an
in vitro kinase assay comparing the basal kinase activity of IRAK-1 in WT littermates
versus Pipn6™™ M@ (SHP-17). A fraction of the IP was kept and subjected to a western
blot as a control for equal IRAK-1 IP (2nd panel from top). Cell lysates of WT and
SHP-1"7" M@s were blotted for SHP-1 to demonstrate the presence / absence of the SHP-1
protein (3™ panel from top). The membrane was stripped and reblotted for IRAK-1 to
monitor its expression level in both cell lines (4™ panel from top). Actin levels are shown
as loading controls (bottom panel). All results are representative of at least three

independent experiments.
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Figure 2: Demonstration of the IRAK-1 / SHP-1 interaction. (A) Western blot
analysis demonstrating the co-IP of IRAK-1 and SHP-1. IRAK-1 and SHP-1 were
immunoprecipitated then blotted against SHP-1 and IRAK-1 antibodies. Rabbit IgG anti-
rat was used as a control. (B) In gel PTP activity assay of SHP-1 and IRAK-1 IPs (top
blot). Rabbit IgG anti-rat was used as an IP control. Cell lysates of WT and SHP-1"" were
added in the last two lanes to confirm that the signal was SHP-1. Lower blot represents
IRAK-1 kinase activity in reciprocal IPs. (C) In vitro transcription/translation of the
IRAK-1 gene was performed using radiolabelled methionine. First lane shows the IRAK-
1 input. The last two lanes show methionine-labelled IRAK-1 pulled down after 1 h
incubation with either a GST-SHP-1 or GST respectively. (D) Kinase assay measuring
IRAK-1 activity upon its interaction with either GST alone or increasing concentrations
of an active GST-SHP-1 construct (left panel). Kinase assay measuring IRAK-4 activity
(right panel) upon its interaction with either GST alone or GST-SHP-1 (5pug). (E) Kinase
assay showing IRAK-1 activity at basal level and upon LPS treatment subjected to alkali
treatment to evaluate tyrosine phosphorylation in IRAK-1. Tyrosyl phosphorylation was
confirmed by western blot using an anti-phosphotyrosine antibody. An IP fraction was

kept and blotted for IRAK-1 as a loading control.
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Figure 3: IRAK-1 contains a KTIM motif in its kinase domain. The full amino acid
sequence of mouse IRAK-1 has been obtained from the NCBI protein database (Ref. no.
Q62406). The newly identified KTIM 1is in violet. Bottom drawing is a schematic
representation of the IRAK-1 protein showing the locations of the different domains and
critical residues. KTIM motif is shown as a violet rectangle. ProST,

Proline/Serine/Threonine —rich.
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IRAK-1 mouse sequence

(IL-1 receptor-a

=

=l

jated kinase 1)

MAGGPGPGEP VVPGAQHFLY EVPPWVMCRE YKVMDALEPA DWCQFAALIV RDQTELRLCE
RSGQRTASVL WPWINRNARV ADLVHILTHL QLLRARDIIT AWHPPAPVVP [PSTAAPRPSS
ISAGSEAGDW SPRKLQSSAS TFLSPAFPGS QTHSESELLQ VPLPVSLGPP LPSSAPSST
SSPESPVSGL QRAHPSPFCW PFCEISQGTC N
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Figure 4: Among the IRAK family, KTIM is unique to IRAK-1. All other IRAK
family members (IRAK-2, IRAK-M, and IRAK-4) whose sequences are available for
various invertebrate and vertebrate organisms lack a KTIM. A sequence comparison in
the KTIM region among the different IRAK family members is shown. Mouse was

chosen as a representative organism.
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Figure 5: Mutation of IRAK-1’s KTIM abrogates its ability to bind SHP-1. Top
panel represents methionine-labelled WT-IRAK-1 as well as the different IRAK-1
mutants in vitro translated and put in contact with 5ug of either GST alone or a trapping
GST-SHP-1 construct. Bottom panel represents equal fractions of the in vitro translated
products ran on an SDS gel to show equal input. All results are representative of at least

three independent experiments.
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Figure 6: Effect of pharmacological inhibition of IRAK-1 on macrophage nitric
oxide production. (A) IRAK-1 was immunoprecipitated from SHP-1" MO lysates and
incubated (1 h, RT) with increasing concentrations of the IRAK-1 inhibitor. A kinase
assay was then performed to show functionality of the inhibitor. Data are representative
of three experiments. (B) NO assay showing that the IRAK-1 inhibitor blocks, in a dose-
dependent manner, basal production of NO by SHP-1"" cells as well as LPS-mediated

(O/N stimulation) NO production in both WT and SHP-1"" M@s.

151



A

&

w
T

NO Production (uM)
S 3

IRAK1 Inhibitor (UM)
WT SHPA+ 1 10 60

L. =
-y

CoO WT LPS (100ng)
B sip.q-

LPS (10ng)

(=]
1

IRAK-1 inhibltor (M)
- 10

Lo
T
1 o !
PR
.
T
[
PRI
-
-
1 o !
'
3

152



Figure 7: Inhibition of LPS-mediated functions by Leishmania. (A) LPS-mediated
M@ IL-12 mRNA expression was analyzed by RT-PCR in uninfected and Leishmania-
infected M@s. Cells were infected with L. donovani O/N followed by LPS stimulation (10
and 100 ng/ml, 12 h). (B) LPS-mediated TNF production by M@s infected with
Leishmania. Cells have been infected as above and stimulated with LPS for 3 h. (C) NO
production by Leishmania-infected MOs in response to LPS. Cells have been infected as
above and stimulated with LPS for 24 h. (A - C) *, significant at P < 0.05, Anova test,

error bar SEM. Mean of three independent experiments.
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Figure 8: Inhibition of LPS-induced IRAK-1 Kkinase activity by Leishmania. (A)
Kinase assay performed on IRAK-1 IPs from lysates of M@s uninfected and infected with
L. donovani over a 6 h time-period. LPS stimulation (100 ng/ml, 30 min), positive
control. (B) IRAK-1 kinase activity detected in IPs from lysates of M@s infected or not
with pathogenic Leishmania species (L. donovani, L. mexicana, L. major) (20:1 parasite
to cell ratio, 1 h). Non-pathogenic lizard L. tarentolae was used as negative control. (C)
Kinase assay of IRAK-1 IPs from lysates of naive and L. donovani-infected MQ@s (O/N
infection) subjected or not to LPS stimulation (100 ng/ml, 30 min). (D) IRAK-1 kinase
activity in IPs from naive and L. donovani-infected MOs (O/N infection) stimulated or
not with various TLR ligands (MALP (100 ng/ml), LPS (100 ng/ml), flagellin (100
ng/ml), CpG (5pg/ml); 30 min). All results are representative of at least three independent

experiments.
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Figure 9: TLR ligands activate NF-kB in stimulated macrophages. Gel represents an
electromobility shift assay (EMSA) showing NF-kB nuclear translocation in response to a
2 h stimulation with the different TLR ligands used in Figure 8D. The EMSA confirms
that the ligands are functional and activating at the concentrations used. MALP,
macrophage-activating lipopeptide-2. Flag, flagellin. S, specific competition (100X cold

oligo). NS, non-specific competition (SP1 oligo).
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Figure 10: IRAK-1 / SHP-1 interaction is enhanced by Leishmania infection and
leads to IRAK-1 signalling alteration and macrophage functional inhibition. (A)
Western blot analysis demonstrating the enhanced co-IP of IRAK-1 and SHP-1 in
response to Leishmania infection. IRAK-1 was immunoprecipitated from uninfected and
Leishmania-infected M@ lysates (30 min post-infection). The IPs were run on SDS-
PAGE and blotted against SHP-1 (upper panel). Membrane was then stripped and blotted
against IRAK-1 as a control for equal IP (lower panel). (B) A fraction of the IPs (a, upper
panel) was subjected to in gel PTP assay showing higher SHP-1 activity associated with
the IP of Leishmania-infected MOs over uninfected. (C) Fraction of the IP (a, upper
panel) was also subjected to a phosphatase assay based on pNPP hydrolysis
demonstrating a significantly higher total phosphatase activity in the IP of Leishmania-
infected cells compared to uninfected controls. *, P < 0.05; error bar SD. Data are the
mean of four independent experiments. (D) IRAK-1 kinase assay of WT and SHP-17"
MOs infected or not with L. donovani for 1 h (upper panel). IP fraction was kept and
subjected to western blot as a loading control of IRAK-1 immunoprecipitation (lower
panel). (E) NO production by Leishmania-infected WT and SHP-17" M@s in response to
LPS. Cells have been infected with L. donovani (O/N) and stimulated with LPS for 24 h.
Significant difference P < 0.05, Anova test, error bar SEM. Mean of three independent
experiments. (F and G) IRAK-1 inactivation by Leishmania causes its inability to bind
TRAF6. Western blot analysis showing that Leishmania causes an abrogation of the
ability of IRAK-1 to bind TRAF6, but not MyD88, upon LPS stimulation. IRAK-1 was
immunoprecipitated from lysates of naive and L. donovani-infected M@ (1 h infection)

stimulated or not with LPS (100 ng/ml, 1 h). The IPs were run on SDS-PAGE and blotted
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against MyD88 (F) and TRAF6 (G). Membranes were stripped and blotted against IRAK-

1 to demonstrate equal IP.
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Figure 11: IRAK-1’s KTIM is evolutionarily conserved in vertebrates. Sequence
comparison of IRAK-1 in various vertebrates reveal that the KTIM is conserved in all
vertebrates down to Xenopus tropicalis (amphibian) but is absent in Danio rerio
(zebrafish). All homology percentages were calculated using the human IRAK-1
sequence as a reference. Human: Homo sapiens; Chimpanzee: Pan troglodytes; Dog:

Canis familiaris; Bull: Bos Taurus; Mouse: Mus musculus; Rat: Rattus norvegicus.
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Figure 12: IRAK-4 shows homology to IRAK-1 but does not bear a KTIM due to a
single amino acid substitution. IRAK-4 sequence comparison of various vertebrates
and invertebrates reveal that IRAK-4 has no KTIM due to a single leucine to methionine /
isoleucine substitution. All IRAK-4 homology percentages were calculated using the
human IRAK-4 sequence as a reference. IRAK-1/IRAK-4 homology percentages were
calculated within the same species. Rhesus monkey: Macaca mulatta; Chicken: Gallus
gallus; Squid: Euprymna scolopes; Sea urchin: Strongylocentrotus purpuratus; Worm:

Caenorhabditis elegans; Honeybee: Apis mellifera; Fly: Drosophila melanogaster.
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Figure 13: Evolution of vertebrate IRAK-1 and SHP-1 from IRAK-4 and SHP-2
ancestor genes. Schematic representation of the appearance of IRAK-1 and SHP-1 from
gene duplication events of the IRAK-4 (A) and SHP-2 (B) ancestor genes, respectively.
The emergence of the KTIM in IRAK-1 occurred after this gene duplication event took
place as the motif only appeared in amphibians. Similarity percentages were calculated

using the mouse IRAK-1 and IRAK-4 sequences.
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Figure 14: Several kinases possess KTIMs. (A) Table showing that several kinases
from the JAK, MAP, Src, and IKK kinase families possess potential KTIMs in their
amino acid sequences. Screening was done using published mouse protein sequences
found in the NCBI protein database. (B) An in gel phosphatase assay (upper panel)
demonstrating that IPs of IKK-, Erk1/2, JNK, and p38 all exhibit SHP-1 activity. Syk IP
was added as a control for a kinase that has no KTIM in its sequence and rabbit IgG was
used as a negative control. Fractions of all IPs were kept and run on SDS-PAGE and
blotted against their corresponding antibody to demonstrate the success of the IP

procedure (lower panel).
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Figure 15: Regulation of IRAK-1 by SHP-1 through its binding to KTIM is unique
to vertebrates and may have favoured the development of their adaptive immune
response. Schematic representation of the emergence of IRAK-1 and SHP-1 from IRAK-
4 and SHP-2, respectively. Unlike TOLLIP and SHP-2 which are found in invertebrates,
SHP-1 arose in vertebrates just like IRAK-1 and KTIM, coinciding with the emergence of

the adaptive immune response.
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Chapter 3

Identification of Key Cytosolic Kinases Containing Potential

Evolutionarily Conserved Kinase Tyrosine-based Inhibitory

Motifs (KTIMs)
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In the previous chapter, we showed for the first time that tyrosine-based inhibitory motifs
are not restricted to immunoreceptors. Indeed, we were able to demonstrate that the
evolutionarily conserved ITIM-like motif located in the kinase domain of IRAK-1 is able
to mediate binding to SHP-1 and is responsible for the regulation of the kinase activity of
the protein. Based on this finding, we proposed to name this motif a kinase tyrosine-based
inhibitory motif (KTIM). We ended the first chapter by revealing that several key cellular
kinases such as: JAK2, JAK3, and all three MAPKs (Erk1/2, JNK, p38) possess one or
more potential KTIMs, and that they are able to interact with SHP-1. In this chapter, we
decided to explore in more depth the potential KTIMs that we identified in these kinases.
Towards that end, we studied the number and location of these motifs in the different
kinases, their relative time of emergence in evolution, and their conservation from the
species they arise in up to human. Results indicated that in the majority of the cases,
KTIMs appeared in the amino acid sequence of kinases at the early vertebrate level (fish
or amphibian) and was highly conserved afterwards. These results are in accordance to
what we observed with IRAK-1 and support the evolutionary role that we proposed it
could have played, and that is the regulation of the innate immune response in early
vertebrates. Furthermore, we performed experiments that suggested that the few KTIMs
identified in invertebrates may have constituted readily available sites that performed new
regulatory functions as soon as their binding partners (e.g. SHP-1) arose in vertebrate

cells.
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Abstract

We have previously reported that the protein tyrosine phosphatase SHP-1 regulates the
kinase activity of IL-1 receptor-associated kinase 1 (IRAK-1) through binding to an
ITIM-like motif found in its kinase domain. As IRAK-1 is a cytosolic kinase and not a
membrane-associated immunoreceptor, we proposed to call this motif a kinase tyrosine-
based inhibitory motif (KTIM). Herein, we further investigated the presence, number,
location, and evolutionary time of emergence of potential KTIMs in a number of
cytosolic kinases including members of the JAK, MAPK, IKK, and Src families, all
known to play important roles in the signalling and function of various cells of the
immune system. Here, we unveil that many cytosolic kinases contained one or more
potential KTIMs, mostly located within their kinase domain. Additionally, we found that
most of KTIMs appeared at the level of early vertebrates (fish, amphibian) and were
highly conserved thereafter possibly due to the crucial role they played in controlling
complex cellular and physiological immune functions. Regarding KTIMs that were found
conserved in invertebrates, we provide experimental data suggesting that such motifs may
have constituted readily available sites that performed new regulatory functions as soon
as their binding partners (e.g. SHP-1) appeared in vertebrate cells. We thus propose
KTIMs as novel regulatory motifs found in a wide range of cytosolic kinases regulating
their activity through binding to SH2 domain-containing proteins such as: SHP-1 and

SHIP.
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Introduction

It is as important to inhibit an immune response as to activate it. It is therefore not
surprising to find a complex system of activating and inhibitory receptors associated with
different cells of the immune system. One important manner by which these receptors can
function is through the presence of immunoreceptor tyrosine-based activation motifs
(ITAMs) [1] and immunoreceptor tyrosine-based inhibitory motifs (ITIMs) [1,2] in their
cytoplasmic domains. ITIMs have the consensus sequence (I/V/L/S)-x-Y-x-x-(L/V) [3],
where x denotes any amino acid. They play a crucial role in the regulation of immune
responses as supported by the autoimmunity seen when inhibitory receptors containing

ITIMs are lacking [4,5].

The important role of ITIMs in the negative regulation of immune responses is further
reinforced by the fact that they are evolutionarily conserved and found in many types of
immune cells such as: B, T, and NK cells, as well as cells of myeloid origins. The B cell
inhibitory receptor (PIR-B) for example, contains ITIMs that are able to recruit Src-
homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1) leading to the
attenuation of B cell antigen receptor (BCR)-triggered activation responses through the
dephosphorylation of BCR, Syk, B-cell linker (BLNK), and phospholipase C (PLC) [6-
8]. The binding of SHP-1 to ITIMs on immunoreceptors is an early event that can
effectively shut down many subsequent events such as: calcium mobilization, cytokine
release, transcriptional activation, and cellular proliferation [3]. Another SH2 domain-
containing phosphatase known to be recruited to ITIMs is the SH2 domain-containing
inositol 5-phosphatase (SHIP). SHIP has been shown to be recruited to the inhibitor IgG

Fc receptor (FcyRIIB) and to mediate the hydrolysis of phosphatidylinositol 3,4,5-
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triphosphate (PIP3), which can ultimately lead to the negative regulation of signalling

events associated with this receptor [9].

In addition to B cells, NK and T cells have inhibitory receptors that have ITIMs in their
cytoplasmic domains. Many of the NK Ly49 receptors that belong to the C lectin-like
family contain ITIMs and their presence is crucial for the inhibitory function of this
receptor [10]. Half of the killer cell IgG-like receptor (KIRs) found on NK and memory T
cells have two ITIMs in their cytoplasmic domain. These ITIMs have been shown to bind
SHP-1 thus inhibiting cell-mediated cytotoxicity and cytokine secretion [11-13].
Additionally, CD94/NKG2A receptors, found in half of NK cells and a subset of memory

CD8+ cells, contain two ITIMs and are able to recruit SHP-1 or SHP-2 [14,15].

Importantly, monocytes, macrophages (M®s), and dendritic cells have also been reported
to possess ITIM-containing receptors such as the leukocyte inhibitory receptor (LIR, also
known as ILT, MIR, and CD85), which is able to associate to SHP-1 and SHP-2 [3].
Other receptors containing ITIMs on myeloid cells include: CD33, SIGLECS [16],

SIGLEC6 [17], SIGLEC7 [18,19], and PD-1 [20].

It is striking however, that all reports of ITIMs have been restricted to transmembrane
receptors, and no attention was paid to the possibility that such a motif could perform
regulatory functions in non-receptor proteins. We have recently reported that SHP-1 was
able to regulate IRAK-1 kinase activity in M@s through its ability to bind an
evolutionarily conserved ITIM-like motif located in the kinase domain [21]. Given that
this motif was present in a cytosolic kinase and not an immunoreceptor, we decided to

name it kinase tyrosine-based inhibitory motif (KTIM). Anticipating KTIM to be a
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regulatory mechanism of relevance to several kinases other than IRAK-1, we searched the
sequences of other key cytosolic kinases and reported that several of them such as
members of the Janus kinase (JAK) and MAP kinase families contained one or more

potential KTIMs mainly located in their kinase domain [21].

In this study, we investigated in more depth the KTIMs found in members of the JAK
family (JAK2 / JAK3), TGF-B-activated kinase (TAK1), MAPK family (Erk1/2, JNK,
p38), inhibitory kappa B kinases (IKK-a / IKK-B), and the Src family member LYN.
Furthermore, we monitored the relative evolutionary time in which each of these KTIMs
emerged in the amino acid sequence of its corresponding kinase. Of utmost interest, the
kinase JNK, known to be conserved from the fruit fly Drosophila melanogaster to Homo
sapiens, bears a KTIM within its kinase domain and was found to bind SHP-1, a negative
regulator only observed in vertebrates. This suggests that although this type of motif
could have been present long time ago in some invertebrate kinases, the emergence of
SHP-1 in early vertebrates may have brought about a better control over kinases involved
in the innate immune response, possibly favouring the development of a fine-tuned

adaptive immune response in higher vertebrates.
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Materials and Methods

Cell Culture and Reagents. The immortalized BIOR BMDMs were derived from
B10A.Bcg' mice as previously described [22]. The S2 macrophage-like cell-line derived
from a primary culture of late stage (20-24 h old) Drosophila melanogaster embryos was

kindly provided by Dr. Paul Lasko, Department of Biology, McGill University, Canada.

Western Blot Analysis. Western blotting was performed as previously described [23].
Proteins were detected using antibodies directed against SHP-1 (Chemicon, CA, USA)
and JNK (Santa Cruz, CA, USA). Proteins were detected using an anti-mouse or anti-
rabbit horseradish peroxidase (HRP)-conjugated antibody (Amersham, QC, Canada) and

visualized using ECL western blotting detection system (Amersham).

In gel PTP Assay. M@s were lysed with a PTP lysis buffer (50mM Tris (pH 7.0), 0.ImM
EDTA, 0.IlmM EGTA, 0.1% p-mercaptoethanol, 1% Igepal, 25ug/ml aprotinin and
25ug/ml leupeptin) and samples were loaded on a gel containing a y->>P-labelled
poly(Glu4Tyr) peptide (Sigma-Aldrich, ON, Canada). SHP-1 activity was assessed by in

gel PTP assay as previously described [24].

GST Pull-down Assay. GST and the trapping mutant of GST-SHP-1 were produced in
the BL21 strain of Escherichia coli. Bacterial lysates were obtained using the BugBuster
protein extraction reagent (VWR CANLAB, ON, Canada). For pull-down experiments,

GST or GST-SHP-1 (5ug) was purified from bacterial lysates using glutathione sepharose
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beads (Amersham). GST or GST-SHP-1 bound to glutathione beads were left shaking
(O/N, 4°C) with 500ul of BIOR or S2 lysates (2 mg) obtained using the previously
mentioned PTP lysis buffer. The beads were then spun down, washed 3x with the PTP
lysis buffer, resuspended in 4x sample loading buffer (20ul), boiled (95°C, 5 min.), and

subjected to SDS-PAGE.

Sequence Alignments. Sequences were obtained from the NCBI protein database.
Sequence alignments were generated by EMBOSS local pair-wise alignment algorithms
program (http://www.ebi.ac.uk/Tools/emboss/index.html). The accession numbers of the
protein sequences included in the study are: human (Homo sapiens) JAK2 (AAC23653),
chimpanzee (Pan troglodytes) JAK2 (XP_001139368), rhesus monkey (Macaca mulatta)
JAK2 (XP_001082883), pig (Sus scrofa) JAK2 (NP _999278), bull (Bos taurus) JAK2
(XP_870226), dog (Canis familiaris) JAK2 (XP_541301), mouse (Mus musculus) JAK2
(Q62120), rat (Rattus norvegicus) JAK2 (NP _113702), chicken (Gallus gallus) JAK2
(Q75R65), tropical frog (Xenopus tropicalis) JAK2 (AAI25683), zebrafish (Danio rerio)
JAK2 (NP_571168), honey bee (Apis mellifera) JAK2 (hopscotch-like) (XP_001121783),
fruit fly (Drosophila melanogaster) JAK2 (hopscotch) (Q24592), mosquito (Culex
tritaeniorhynchus) JAK (AAQI18517), human JAK3 (NP_000206), chimpanzee JAK3
(XP_512502), rhesus monkey JAK3 (XP _001115037), dog JAK3 (XP_852473), mouse
JAK3 (Q62137), rat JAK3 (NP_036987), chicken JAK3 (NP_990327), human TAKI
(043318), chimpanzee TAKI1 (predicted) (XP _001160579), rhesus monkey TAKI
(XP_001099849), pig TAKI (NP_001107752), bull TAK1 (A2VDU3), mouse TAK1
(Q62073), chicken TAK1 (XP_001233491), tropical frog TAK1 (AAI36217), zebrafish

TAKI1 (AAH95335), fruit fly TAK1 (Q9V3Q6), Caenorhabditis elegans TAK1 (MOM-
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4) (AAD39816), human Erkl (P27361), chimpanzee Erkl (XP 510921), bull Erkl
(NP_001103488), dog Erkl (XP_854045), mouse Erkl (Q63844), rat Erkl (P21708),
tropical frog Erkl (NP_001017127), zebrafish Erkl (BAB11812), fruit fly Erk-A (Protein
rolled) (P40417), Caenorhabditis elegans Erk homologue (mpk-1) (NP _001022583),
human Erk2 (P28482), chimpanzee Erk2 (XP_515005), bull Erk2 (P46196), dog Erk2
(NP _001104270), mouse Erk2 (EDK97436), rat Erk2 (P63086), tropical frog Erk2
(CAJ81851), zebrafish Erk2 (CAM16297), human JNK (NP_620637), chimpanzee JNK
(XP_001136927), rhesus monkey JNK (XP_001108815), bull JNK (XP_869760), dog
JNK (XP_855700), mouse JNK (BAAS85875), rat JNK (P49185), chicken JNK
(XP_421650), tropical frog INK (AAI167282), zebrafish INK (BAB11810), fruit fly JNK
(Basket) (NP _723541), Caenorhabditis elegans JNK (NP _741434), human p38
(CAG38743), chimpanzee p38 (NP_001009065), rhesus monkey p38 (XP_001112423),
bull p38 (NP _001095644), dog p38 (002812), mouse p38 (p47811), rat p38
(NP_112282), chicken p38 (XP_001232616), tropical frog p38 (AAH75368), zebrafish
p38 (AAQ91248), fruit fly p38 (BAA35141), Caenorhabditis elegans p38 (AAB00664),
Yeast (Kluyveromyces marxianus) (Hoglp-like protein) p38 (ACD02022), human IKK-a
(O15111), bull IKK-a (Q95KV1), dog IKK-a (XP_861524), mouse IKK-a (Q60680),
chicken IKK-a (Q5ZJB4), tropical frog IKK-a (Q28DZ1), zebrafish IKK-o (Q4G3H4),
human IKK-f (014920), bull IKK-f (Q95KV0), dog IKK-B (XP_539954), mouse IKK-f3
(088351), rat IKK-B (NP_445807), tropical frog IKK- (NP_001005651), zebrafish IKK-
B (XP_692018), fruit fly IKK-B (ird5) (NP _524751), human LYN (AAHS59394),
chimpanzee LYN (XP_528143), rhesus monkey LYN (XP_001087049), bull LYN

(XP_614963), dog LYN (XP 535078), mouse LYN (AAA39470), rat LYN
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(AAA41549), chicken LYN (NP_001006390), tropical frog LYN (CAJ83326), zebrafish

LYN (NP_001013288).
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Results

Identification of potential KTIMs in members of the JAK family

To find out whether members of the JAK family of kinases contain potential KTIMs, we
screened all available JAK1, JAK2, JAK3, and TYK2 amino acid sequences for the
presence of this motif. While no KTIMs were found in any of the JAKI or TYK2
sequences, JAK2 contains two potential KTIMs both located within its kinase domain,
one emerging in fish and the other in amphibians (Figure 1). Additionally, JAK3 contains
three potential KTIMs, one located in its kinase domain and appearing in early mammals
(mouse / rat) and the other two present as early as chicken and found within or close to
the kinase domain (Figure 2). KTIMs in JAK2 and JAK3 are conserved upon emergence

all the way up to human.

Identification of potential KTIMs in the TAK1 and IKK family of kinases

Given the crucial role of TAKI and IKK in the ultimate activation of NF-kB, it was
important to explore the possibility that those two kinases could contain potential KTIMs
that can play a role in the regulation of their kinase activity. Upon analyzing the available
TAKI1 amino acid sequences from C. elegans to human, we found that TAK1 contains
one potential KTIM located within its kinase domain. The motif appeared in fish and is
conserved up to human (Figure 3). Furthermore, IKK-a contains one potential KTIM that
emerged in mouse and is conserved up to human while the KTIM present in IKK-f3
appeared in amphibians and is conserved thereafter. Interestingly, the KTIMs in IKK-a

and IKK-B did not lie within their respective kinase domain (Figure 4).
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MAPK and Src family of kinases also contain potential KTIMs

MAP kinases and those of the Src family play pivotal roles in signalling pathways that
affect several cellular processes, therefore, identifying potential KTIMs in their sequences
would be of high significance. Sequence analysis revealed that all three MAP kinases
Erk, JNK, and p38, as well as LYN have potential KTIMs. Erkl and Erk2 contain one
KTIM each located within their kinase domain. This motif appeared in amphibians and is
highly conserved thereafter (Figure 5). Two KTIMs are present in JNK, one in the kinase
domain, highly conserved from as early as C. elegans, and a second one located outside
the kinase domain that emerged in Drosophila (Figure 6). p38 bears two KTIMs, one
found in the kinase domain and highly conserved from as early as C. elegans. The second
KTIM is located outside the kinase domain and emerged in the fish sequence, becoming
highly conserved thereafter (Figure 7). As far as the Src family is concerned, LYN was
found to contain one potential KTIM within its kinase domain. The motif is absent in
lower vertebrates (fish and amphibians), but appears in chicken and is conserved

thereafter (Figure 8).

SHP-1 is able to bind Drosophila’s JNK in vitro

Our sequence analysis revealed the emergence of KTIMs in two key kinases in
invertebrates (JNK, p38). This finding is interesting since SHP-1 emerged after the
divergence between invertebrates and vertebrates and is only found in the latter [21]. This
suggests that the KTIMs found in JNK and p38 may have emerged before their regulators
and that they could have been readily available upon appearance of SHP-1. We therefore

hypothesized that SHP-1 may be able to recognize and bind JNK from Drosophila, which

188



contains two KTIMs. To address that question, we first confirmed by western blot and in
gel PTP assay that unlike mouse M@s, no SHP-1 protein or SHP-1 phosphatase activity
could be detected in Drosophila S2 M@s (Figure 9A). Next, we incubated purified GST-
SHP-1 with mouse and Drosophila M@ lysates, then GST-SHP-1 was pulled down and
the recuperated proteins were run on SDS-PAGE. Western blotting was then performed
using an antibody that detects both mouse and Drosophila JNK. Results clearly showed
that while mouse JNK interacted with SHP-1 as expected, Drosophila’s JNK was also
able to interact with SHP-1 as efficiently as vertebrate JNK even though the phosphatase

was artificially introduced into the S2 M@ lysates (Figure 9B).
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Discussion

We have recently reported that IRAK-1 possesses a KTIM motif in its kinase domain and
that this motif emerged in the amino acid sequence of IRAK-1 at the amphibian level and
was conserved thereafter until human [21]. In addition, we have shown that other kinases
known to play pivotal roles in signalling of immune cells have potential KTIMs [21]. In
this study, we analyzed the number, location, and time of emergence of potential KTIMs
in several important kinases. We included members of the JAK and MAPK families due
to their established role in signalling pathways of immune cells. On the other hand, TAK1
and members of the IKK family are known to activate NF-kB and therefore modulate the
transcription of several important genes involved in immune functions. Additionally, the
Src family of proteins also plays important signalling functions including their ability to
phosphorylate ITIMs creating docking sites for SH2 domain-containing proteins

[6,25,26].

It was remarkable to find that all the kinases studied, with the exception of IKK-a and
IKK-B, had some or all of their KTIMs located in the kinase domain. This is in
accordance to what we observed previously with IRAK-1 [21] and may represent one
way by which their regulation can take place. The steric hindrance caused by binding of
SH2 domain-containing proteins such as SHP-1 to the kinase domain can itself represent
a powerful way to interfere with the kinase activity of these proteins. The presence of
potential KTIMs outside the kinase domain in IKK-o and IKK-B suggests that this is not
the only way KTIMs work, but that the phosphatase activity of recruited proteins like
SHP-1 or SHIP must play an important role in the inactivation process, either by

dephosphorylating tyrosine residues on the KTIM-containing kinase or by docking itself
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on this kinase and dephosphorylating other proteins that come in close proximity to the

protein complex.

In accordance to what we observed previously with IRAK-1 [21], the majority of the
identified KTIMs emerged in the early vertebrate level (fish and amphibian) (Figure 10).
These findings support our previous suggestion that the emergence of KTIMs in early
vertebrates might have played an important role in the development of adaptive immunity
in vertebrates by tightly controlling innate immune responses through their ability to
modulate the activity of kinases involved in innate immune functions [21]. It was
interesting to note that KTIMs appeared later in evolution in kinases that were found
exclusively in vertebrates (JAK3, LYN, and IKK-a). This is possibly due to the shorter
period of time available for the favourable mutations to occur compared to kinases
present in invertebrates. Even more interesting was the finding that some kinases namely
JNK and p38 contained potential KTIMs present in invertebrates and conserved all the
way to human. The fact that these motifs emerged in invertebrates and were highly
conserved suggests evolutionary pressure that maintained them due to important functions
they may have played in invertebrates. These functions might have included binding to
SH2 domain-containing proteins like SHP-2 whose orthologues are found in invertebrates
[27] but not SHP-1 which is found exclusively in vertebrates [21]. This raises the
interesting possibility that such motifs were theoretically able to bind SHP-1, except that
SHP-1 was not found in invertebrates. This implies that once SHP-1 emerged in early
vertebrates, these conserved KTIMs constituted novel and readily available regulatory

sites that could bind to this phosphatase.
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To test the possibility that an invertebrate KTIM-containing kinase could theoretically
bind SHP-1 in a similar manner to a vertebrate KTIM-containing kinase, we performed
pull-down assays to measure the ability of the mouse GST-SHP-1 to pull down
Drosophila or mouse JNK. JNK was chosen for this experiment for two main reasons:
Firstly, JNK is the only kinase we identified whose KTIMs all appeared early in
invertebrates and were highly conserved throughout species and secondly because JNK
has been previously shown to be regulated by SHP-1 in mouse cells [28]. Indeed, our
pull-down assays showed that Drosophila INK was able to bind SHP-1 as efficiently as
mouse JNK. This result is a good indication that one or both KTIMs found in the JNK

sequence since invertebrates could mediate the binding to SHP-1.

It is important to stress that several kinases that we screened did not contain any KTIM,
these kinases include JAK1 and TYK2 from the JAK family, IKK-y from the IKK family,
Syk from the ZAP-70 family, and Src, Yes, Fyn, Fgr, Lck, Hck from the Src family (Data
not shown). This finding supports the fact that the consensus sequence of KTIM is not

very flexible and is unlikely to appear in kinases by chance alone.

Although mutagenesis assays are further required to confirm the ability of the reported
KTIMs to mediate binding to SH2 domain-containing proteins such as SHP-1, SHP-2,
and SHIP, this work sheds light on the potential importance of these motifs as regulatory
sites in many kinases and opens the door to the discovery of new SHP-1 substrates.
KTIMs can help explain some of the results obtained in previous studies where SHP-1
was implicated in the regulation of kinases such as JAK2, JAK3, Erk, and JNK but where
no clear regulatory mechanism was proposed [28-30]. Importantly, this work introduces

for the first time the notion that KTIMs can be a regulatory mechanism widely used by
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kinases and that the KTIMs found conserved as early as invertebrates might have
constituted readily available motifs that were able to bind regulatory proteins as they
appeared in vertebrates (e.g. SHP-1). Nevertheless, despite the few KTIMs we found
conserved in invertebrates, it is not surprising to find that most of KTIMs appeared in
early vertebrates where they must have performed critical functions that guaranteed their
evolutionary conservation. In performing their negative regulatory functions, KTIMs
could have played an important role in the development of adaptive immune responses in
vertebrates by fine-tuning innate immune responses and helping to avoid excessive

activation of the immune system that could have been detrimental to the host.
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Figure 1. JAK2 contains two KTIMs within its kinase domain. (A) Amino acid
sequence comparison of JAK?2 in several invertebrates and vertebrates reveals that JAK2
possesses two KTIMs located in its kinase domain, appearing in early vertebrates.
Conserved amino acid residues appear in red, non-conserved residues in critical positions
in the motif appear green, and non-conserved residues in variable positions in the motif
appear blue. A red box is drawn around the motif in the amino acid sequence of the
organism in which it first emerges. (B) Schematic diagram of human JAK?2 indicating the
important domains and the location of the KTIMs. N, N-terminal. SH2, Src-homology 2

domain. KD, kinase domain. C, C-terminal.
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Figure 2. JAK3 contains three KTIMs close or within its kinase domain. (A) Amino
acid sequence comparison of JAK3 in several vertebrates reveals that JAK3 possesses
three KTIMs located close or within its kinase domain. Conserved amino acid residues
appear in red and non-conserved residues in critical positions in the motif appear green. A
red box is drawn around the motif in the amino acid sequence of the organism in which it
first emerges. (B) Schematic diagram of human JAK3 indicating the important domains
and the location of the KTIMs. N, N-terminal. SH2, Src-homology 2 domain. KD, kinase

domain. C, C-terminal.
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Figure 3. TAK1 contains one KTIM within its kinase domain. (A) Amino acid
sequence comparison of TAK1 in several invertebrates and vertebrates reveals that TAK1
possesses one KTIM located in its kinase domain, appearing in early vertebrates.
Conserved amino acid residues appear in red, non-conserved residues in critical positions
in the motif appear green, and non-conserved residues in variable positions in the motif
appear blue. A red box is drawn around the motif in the amino acid sequence of the
organism in which it first emerges. (B) Schematic diagram of human TAK1 indicating the
important domains and the location of the KTIM. N, N-terminal. KD, kinase domain. C,

C-terminal.
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Figure 4. IKK-a and IKK-f each contain one KTIM outside their kinase domain (A)
Amino acid sequence comparison of IKK-o and IKK-B in several invertebrates and
vertebrates reveals that IKK-a and IKK-f each possess one KTIM located outside the
kinase domain. Conserved amino acid residues appear in red, non-conserved residues in
critical positions in the motif appear green, and non-conserved residues in variable
positions in the motif appear blue. A red box is drawn around the motif in the amino acid
sequence of the organism in which it first emerges. (B) Schematic diagram of human
IKK-a and IKK-f indicating the important domains and the location of the KTIM. N, N-

terminal. KD, kinase domain. C, C-terminal.
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Figure 5. Erkl and Erk2 each contain one KTIM within their kinase domain. (A)
Amino acid sequence comparison of Erk1/2 in several invertebrates and vertebrates
reveals that Erkl and Erk2 each possess one KTIM located in the kinase domain,
appearing in early vertebrates. Conserved amino acid residues appear in red, non-
conserved residues in critical positions in the motif appear green, and non-conserved
residues in variable positions in the motif appear blue. A red box is drawn around the
motif in the amino acid sequence of the organism in which it first emerges. (B) Schematic
diagram of human Erk1 and Erk2 indicating the important domains and the location of the

KTIM. N, N-terminal. KD, kinase domain. C, C-terminal.
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Figure 6. JNK contains two KTIMs one of which within the kinase domain. (A)
Amino acid sequence comparison of JNK in several invertebrates and vertebrates reveals
that JNK possesses two KTIMs in Drosophila and that they are conserved in vertebrates.
Conserved amino acid residues appear in red, non-conserved residues in critical positions
in the motif appear green, and non-conserved residues in variable positions in the motif
appear blue. A red box is drawn around the motif in the amino acid sequence of the
organism in which it first emerges. (B) Schematic diagram of human JNK indicating the
important domains and the location of the KTIMs. N, N-terminal. KD, kinase domain. C,

C-terminal.
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Figure 7. p38 contains two KTIMs one of which within the kinase domain. (A)
Amino acid sequence comparison of p38 in several invertebrates and vertebrates reveals
that p38 possesses two KTIMs one present in Drosophila and conserved in vertebrates
and the other appearing in early vertebrates. Conserved amino acid residues appear in red,
non-conserved residues in critical positions in the motif appear green, and non-conserved
residues in variable positions in the motif appear blue. A red box is drawn around the
motif in the amino acid sequence of the organism in which it first emerges. (B) Schematic
diagram of human p38 indicating the important domains and the location of the KTIMs.

N, N-terminal. KD, kinase domain. C, C-terminal.
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Figure 8. LYN contains one KTIM within its kinase domain. (A) Amino acid
sequence comparison of LYN in several vertebrates reveals that LYN possesses one
KTIM located in its kinase domain. Conserved amino acid residues appear in red, non-
conserved residues in critical positions in the motif appear green, and non-conserved
residues in variable positions in the motif appear blue. A red box is drawn around the
motif in the amino acid sequence of the organism in which it first emerges. (B) Schematic
diagram of human LYN indicating the important domains and the location of the KTIM.

N, N-terminal. SH2, Src-homology 2 domain. KD, kinase domain. C, C-terminal.
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Figure 9: SHP-1 is able to bind Drosophila’s JNK in vitro. (A) Upper panel represents
a western blot demonstrating the presence of SHP-1 in murine BIOR M@ lysates and its
absence in Drosophila S2 M@ lysates (30 ug of protein per lane). Middle panel is an in
gel PTP assay detecting SHP-1 activity in murine but not Drosophila M@ lysates (30 pg
of protein per lane). Bottom panel is a western blot where the membrane in upper panel
was stripped and re-blotted for JNK to show its presence in both murine and Drosophila
MO lysates. (B) Western blot using JNK antibody of a pull-down of GST or GST-SHP-1
put in contact with 2 mg of murine BIOR or Drosophila S2 M@ lysates. All results are

representative of at least three independent experiments.
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Figure 10: KTIM appearance in evolution. A schematic showing the relative
evolutionary time in which KTIM got introduced into the amino acid sequences of the

kinases investigated in this study.
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Chapter 4

Comparative Study of the Ability of Leishmania mexicana

Promastigotes and Amastigotes to Alter Macrophage

Signalling and Functions
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Having explored the modulation of IRAK-1-dependent signalling by Leishmania, we
wanted to build a more comprehensive view of how the parasite can alter other MO
signalling molecules involved in various pathways to establish itself in the host. The
proteins we decided to study were: protein tyrosine phosphatases (PTPs) and selected
transcription factors (TFs): NF-kB, STAT-1a, and AP-1. This choice is based on the fact
that PTPs are established negative regulators of M@s and the previously-mentioned TFs
are involved in the production of leishmanicidal molecules such as NO and pro-
inflammatory cytokines. The data available in the literature regarding the modulation of
these signalling molecules deal with one or the other form of the parasite, and
comparative studies are lacking. Therefore, a major goal of this chapter is to compare the
ability of promastigotes and amastigotes to alter cell signalling and function. Results
yielded several interesting similarities between the two forms including the ability of both
to rapidly activate SHP-1 and to inhibit STAT-1a and AP-1. Of utmost interest, certain
differences were unveiled including the differential ability of promastigotes to activate
PTP-1B and to strongly induce the generation of a p35 NF-«kB subunit in early infection
time. Finally, this work uncovers novel roles for L. mexicana’s cysteine proteinase Imcpb
in the inhibition of STAT-1a and AP-1, therefore expanding our knowledge about this

proteinase as a Leishmania virulence factor.
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Abstract

Leishmania alternates between two morphologically different stages: promastigotes and
amastigotes. While the majority of reports focused on how the promastigote form can
alter macrophage (M@) signalling and function, fewer reports investigated signalling
alterations mediated by amastigotes, and comparative studies are lacking. In this study,
we performed a comparison between the ability of both forms of the parasite to alter MO
signalling and functions. Here, we show that promastigotes and amastigotes were both
able to rapidly activate host protein tyrosine phosphatases (PTPs), importantly the Src-
homology 2 domain-containing PTP (SHP-1). However, we found that PTP-1B is
specifically activated by promastigote but not amastigote infection. We also show a
similarity in the way promastigotes and amastigotes inactivate the transcription factors
(TFs) STAT-loo and AP-1, but differences in the modulation of NF-«xB with
promastigotes cleaving the p65 subunit generating a smaller p35 subunit while
amastigotes fully degrading the p65 subunit with no p35 production. Importantly, we
show that the cysteine proteinase Imcpb plays a key role in the alteration of NF-kB,
STAT-1a, and AP-1 by promastigote and amastigote infections, ultimately leading to the
inability of these TFs to translocate to the nucleus in response to IFN-y stimulation and
thus contributing to the ability of both parasite forms to effectively block IFN-y-mediated

NO production in M@s.
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Introduction

Leishmania parasites are endemic in more than 80 countries in the world. It is estimated
that there are 12 million cases of leishmaniasis worldwide, with 2 million new cases
emerging every year [1]. The most common manifestations of the disease are: visceral
leishmaniasis caused by L. donovani and L. chagasi and responsible for the majority of
mortality cases, cutaneous leishmaniasis caused principally by L. major and L. mexicana
and is the most common manifestation of the disease, and the disfiguring mucocutaneous

leishmaniasis caused by L. braziliensis [2].

Leishmania 1s a dimorphic protozoan alternating between the promastigote and
amastigote stages. Promastigotes have an elongated shape with long flagella and live
inside the sandfly vector. Once promastigotes are deposited into mammalian skin while
the sandfly is having a blood meal, they are phagocytosed by cells of the monocyte / M@
lineage and rapidly transform into round amastigotes which are smaller in size and lack
flagella [2]. In addition to being morphologically different, the two life stages of the
parasite have different surface molecule compositions. While infectious metacyclic
promastigotes have a thick glycocalyx, this cover is almost completely absent in
amastigotes [3]. The glycocalyx is made of glycoproteins and other glycosylated species
anchored to the surface membrane by a glycosylphosphatidylinositol (GPI) linkage [4].
The promastigote surface is predominantly covered by lipophosphoglycan (LPG), a GPI-
anchored molecule made of repeating units of a disaccharide and a phosphate. Buried in a
sea of LPG, promastigotes have another important GPI-anchored molecule, the surface
protease gp63. Interestingly, amastigotes have been shown to produce very little LPG

compared to promastigotes [5], and have reduced gp63 [6] that, in the case of L.
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mexicana, has been shown to lack a GPI anchor and to be confined to the flagellar pocket

[7].

Although LPG, and to a lesser extent gp63, are the most studied virulence factors in
Leishmania, other important virulence factors found in several Leishmania species
include cysteine proteinases (CPs) [8]. L. mexicana has been shown to have cathepsin L-
like CP genes (Imcpb) that are a multicopy and occur in a tandem array [9] and two single
copy CP genes, one is cathepsin L-like (Imcpa) and the other cathepsin B-like (Imcpc).
Unlike LPG and gp63 which are plentiful in promastigotes and are downregulated in
amastigotes, Imcpb is expressed at low levels in metacyclic promastigotes and is strongly
upregulated in amastigotes [9] indicating that the protein may play a crucial role in the

intracellular survival of the parasite.

Given that promastigotes have to avoid M@ microbicidal action in order to establish
themselves in the host and that amastigotes have to suppress MO killing abilities when
they try to invade new M@s in the course of a persistent Leishmania infection, it is not
surprising that both forms of the parasite can alter key MO signalling pathways [10].
Indeed several studies have previously shown that promastigotes [11-14] and amastigotes
[12,15,16], or molecules derived from them, are able to block Nitric Oxide (NO)
production by host M@s in response to activating stimuli such as IFN-y or bacterial
lipopolysaccharide (LPS). The promastigote surface contains several glycoconjugates
allowing interaction with M@s and internalization via several types of receptors such as:
complement receptors 1, 3, and 4 [17,18], the mannose fucose receptor [19], the C-
reactive protein receptor [20], and the fibronectin receptor [21]. On the other hand,

amastigotes lack many of those glycoconjugates and seem to interact with M@s mainly
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through glycosylinositol phospholipids (GIPLs) and to be phagocytosed via the Fc
receptor following opsonisation by antibodies or via complement receptors. Although
redundancies might exist in the way promastigotes and amastigotes interact with M@s
and modulate their signalling in order to block their killing functions, the differences
between both forms, whether at the gene expression, metabolic, or surface molecule
levels suggest to us that some differences ought to exist in the way those two forms can
modulate M@ signalling to their own favour. This work is an effort to compare the
similarities and differences between promastigotes and amastigotes of L. mexicana in
terms of their ability to alter key signalling molecules namely: protein tyrosine
phospahatases (PTPs), and the transcription factors (TFs): nuclear factor kappa B (NF-
kB), signal transducer and activator of transcription-1 alpha (STAT-1a), and activating
protein 1 (AP-1), known to play a pivotal role in NO production [22,23] as well as other
M@ functions detrimental to the survival of the Leishmania parasite [10]. In addition,
given the established role of Imcpb as a virulence factor and immunomodulator [24,25],
this work explores the role of this proteinase in the Leishmania-induced alterations of

signalling molecules that we observed.
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Materials and Methods

Cell Culture and Reagents. The immortalized BIOR BMDMs were derived from
B10A.Bcg' mice [26]. The immortalized me-3 (SHP-1") and LM-1 (WT) bone marrow-
derived M@s (BMDMs) were generated from motheaten mice (Ptpn6™™; C3HeBFel
me/me) and their respective wild-type littermates (C3HeBFelJ me/+) as previously
described [27]. Recombinant murine IFN-y was purchased from Cedarlane, NC, USA.
Antibodies used to immunoprecipitate SHP-1 and PTP-1B were purchased from Upstate,

NY, USA.

In vitro infection. Promastigotes of L. mexicana (MNYC/BZ/62/M379), and L. mexicana
deficient for Imcpb generated by targeted gene deletion as previously described [24] were
kept in SDM medium (10% FBS), and stationary phase parasites were used to infect cells
in a parasite to MO ratio ranging from 5:1 to 20:1. Axenic amastigotes of WT and
Imepb™™ L. mexicana were transformed from promastigote cultures, kept in MAA
(medium for axenically grown amastigotes, pH 5.6, 20% FBS), and incubated at a
temperature of 32°C. When parasites were used for infections, non-internalized ones were
removed by washing the plates with phosphate-buffered saline (PBS), after which MOs

were collected for subsequent experiments.
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Western Blot Analysis. Western blotting was performed as previously described [28].
Proteins were detected using antibodies directed against gp63 (provided by Dr. Robert
McMaster, University of British Columbia, Canada), LACK (provided by Dr. Eric Prina,
Institut Pasteur, France), A2 (provided by Dr. Greg Matlashewski, McGill University,
Canada), SHP-1 (Chemicon, CA, USA), and PTP-1B (Upstate). Proteins were detected
using an anti-rabbit or anti-mouse horseradish peroxidase (HRP)-conjugated antibody
(Amersham, QC, Canada) and visualized using ECL western blotting detection system

(Amersham).

NO assay. NO production was evaluated by measuring the accumulation of nitrite in the

culture medium by the Griess reaction, as previously described [29].

pNPP phosphatase assay. MOs were collected, lysed in PTP lysis buffer (50mM Tris
(pH 7.0), 0.ImM EDTA, 0.1mM EGTA, 0.1% B-mercaptoethanol, 1% Igepal, 25ug/ml
aprotinin and 25ug/ml leupeptin), and kept on ice for 45 min. Lysates were cleared by
centrifugation, and protein content was determined by Bradford reagent. For experiments
measuring phosphatase activity in total cell lysates, 30pg of lysates were incubated in a
phosphatase reaction mix (50mM Hepes (pH 7.5), 0.1% B-mercaptoethanol, 10mM pNPP)
for 30 min at 37°C and OD was read at 405 nm. For experiments measuring phosphatase
activity in immunoprecipitates (IPs), cell lysates were subjected to immunoprecipitation
using protein A/G agarose beads (Santa Cruz, CA, USA) and 3pg of the SHP-1, PTP-1B,

or the anti-rat (Sigma-Aldrich, ON, Canada) antibody for non-specific binding. Beads
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were spun down and washed 3x with the PTP lysis buffer and then incubated with the

phosphatase reaction mix for 4-6 h at 37°C and OD was read at 405 nm.

In gel PTP assay. Cell lysates (30ug) were obtained using the PTP lysis buffer
previously described. Samples were loaded on a gel containing a y->>P-labelled
poly(Glud4Tyr) peptide (Sigma-Aldrich) and PTP bands were observed by in gel PTP

assay as previously described [30].

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared by a
standard protocol and EMSAs were performed as previously described [31]. Briefly,
nuclear extracts were incubated with binding buffer containing 1.0 ng of [y-"*P] dATP
radiolabeled double-stranded DNA oligonucleotide for 20 min at room temperature. The
DNA  binding  consensus sequence  used for NF-«xB  was (5'-
AGTTGAGGGGACTTTCCCAGGC-3"), for STAT-1 (GAS/ISRE consensus) was (5'-
AAGTACTTTCAGTTTCATATTACTCTA-3"), and for  AP-1 was  (5'-
AGCTCGCGTGACTCAGCTG-3"). Spl consensus oligonucleotide was used as non-
specific control (5'-ATTCGATCGGGGCGGGGCGAGC-3") (All DNA oligonucleotides
were purchased from Santa Cruz). DNA-protein complexes were resolved by
electrophoresis in native 4% (w/v) polyacrylamide gels. The gels were then dried and

autoradiographed.
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Results

Promastigotes and amastigotes of L. mexicana efficiently block IFN-y-mediated NO

production in MOs

To investigate whether both promastigotes and amastigotes were able to inhibit IFN-y-
mediated NO production in our experimental system, NO levels were measured in B10OR
MOs infected with one form or the other, followed by IFN-y stimulation. Results showed
that both promastigotes and amastigotes of L. mexicana were able to significantly block
IFN-y-mediated NO production in M@s (Fig. 1A). Successful differentiation of L.
mexicana promastigotes to amastigotes was confirmed by the remarkably decreased
production of gp63 in amastigotes compared to promastigotes (Fig. 1B, upper panel) and
also by the detection of the amastigote-specific A2 protein in amastigote but not
promastigote lysates (Fig. 1B, middle panel). The LACK D protein was used as a loading
control (Fig. 1B, lower panel). Morphological differences between the two forms were
also confirmed using phase-contrast light microscopy which shows that promastigotes are
greater in size, elongated, and flagellated (Fig. 1C, upper picture) while amastigotes are

smaller in size, round, and aflagellated (Fig. 1C, lower picture).

Promastigotes and amastigotes of L. mexicana activate PTPs in MOs

We have previously reported that Leishmania donovani promastigotes can rapidly
increase total PTP activity in M@s to alter their signalling pathways [32]. Here, were
performed pNPP phosphatase assays to compare the ability of promastigotes and

amastigotes of L. mexicana to rapidly activate PTPs in M@s. Results indicated that both
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promastigotes and amastigotes were able to rapidly increase total PTP activity in infected
M@s reaching a peak activation value at 6 h post-infection and decreasing thereafter (Fig.
2A). To have a better understanding of the specific PTPs involved in this activation, we
performed in gel PTP assays screening for different M@ PTPs and monitoring their
modifications with promastigote or amastigote infections over a 24 h infection period. In
gel PTP assays showed that both promastigotes and amastigotes were able to rapidly
activate the Src-homology 2 domain-containing protein tyrosine phosphatase (SHP-1)
seen by the appearance of a cleavage product associated with SHP-1’s activation (Fig.
2B, two upper arrows). Interestingly, only promastigote infection activated PTP-1B

resulting in a cleavage fragment (Fig. 2B, two lower arrows).

L. mexicana’s cysteine proteinase is not involved in SHP-1 or PTP-1B activation in

MOs.

One important virulence factor expressed in metacyclic promastigotes and in amastigotes
of L. mexicana is the cysteine proteinase Imcpb. To evaluate a possible role for Imcpb in
the activation of SHP-1 and PTP-1B, we performed in gel PTP assays, western blots, and
pNPP phosphatase assays on lysates and IPs of M@s infected with WT or lmcpb'/'
promastigotes and amastigotes and evaluated the effect of these parasites on SHP-1 and
PTP-1B cleavage and activation. Although there was some reduced cleavage of SHP-1’s
upper band in MOs infected with lmcpb'/' promastigotes and amastigotes (Fig. 3A, first
arrow from top and Fig 3B, upper panel), its lower cleavage band was still prominent
(Fig. 3A, second arrow from top and Fig 3B, upper panel), and SHP-1’s

immunoprecipitate (IP) from lmcpb™ infected M@s exhibited an elevated phosphatase

229



activity similar to that caused by WT parasites (Fig. 3C, upper graph), suggesting that

Imcepb is not required in the Leishmania-induced SHP-1 activation.

Infection with Imepb™ parasites did not lead to the cleavage of the upper PTP-1B band
seen with WT promastigotes (Fig. 3A, third arrow from top and Fig. 3B, lower panel),
resulting in a strong reduction in the cleavage band that we observe in WT promastigote
infection (Fig. 3A, bottom arrow and Fig. 3B, lower panel). This decrease in PTP-1B
cleavage was associated with the inability of lmcpb” parasites to cause PTP-1B
activation, measured by pNPP assays, when compared to WT promastigote infection (Fig.
3C, lower graph). Surprisingly, no PTP-1B cleavage was observed when M@s were
infected with WT amastigotes which are known to express /mcpb in higher levels than
promastigotes. This controversy can be explained by our finding that Imcpb” parasites
express lower gp63 levels compared to WT parasites (data not shown), thus explaining
why PTP-1B cleavage was reversed when M@s were infected with Imcpb”

promastigotes.
Ability of L. mexicana promastigotes and amastigotes to alter MO TFs

Being strong modulators of M@ signalling, we decided to study the ability of
promastigotes and amastigotes of L. mexicana to alter key M@ TFs namely: NF-«xB,
STAT-1a, and AP-1. We also evaluated the lowest parasite to cell ratio required to cause
these alterations. EMSAs revealed that both promastigotes and amastigotes were able to
cause the disappearance of the p65-containing subunit of NF-kB, however with different
end results. Promastigotes cleaved the p65 into a p35-containing subunit, while

amastigotes caused a total degradation of this subunit with no observable production of
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the p35 subunit (Fig. 4A). Interestingly, both promastigotes and amastigotes inhibited
STAT-la and AP-1 DNA-binding, but with a generally stronger effect seen with
amastigote infection (Figs. 4B and 4C). Additionally, a parasite to cell ratio of 5:1 was
sufficient to observe the previously mentioned alterations (Figs 4A, 4B, and 4C) and was

thus selected for the rest of the EMSA experiments conducted.

Lmcpb plays a crucial role in the ability of promastigotes and amastigotes of L.

mexicana to modulate NF-xB, STAT-1a, and AP-1

To study the role of Imcpb in the modulation of the different TFs, we performed EMSAs
to evaluate the ability of Imepb™ parasites to alter NF-xB, STAT-1a, and AP-1. Results
revealed that both promastigotes and amastigotes of Imepb™” parasites were not able to
alter the p65 subunit of NF-kB (Fig. 5A) or to inhibit STAT-1a (Fig. 5B) and AP-1 (Fig.
5C) DNA-binding. The previously mentioned TFs of M@s infected with lmcpb'/' parasites
remained intact and similar to that of uninfected M@s suggesting a crucial role for Imcpb
in the cleavage / degradation of NF-kB, and in the blockage of STAT-1a and AP-1 DNA-

binding in host MOs.

Unlike infection by WT parasites, TFs of MOs infected with lmcpb'/' parasites retain

their ability to be activated by IFN-y

To evaluate whether the alteration of NF-kB, STAT-1a, and AP-1 by WT promastigotes
and amastigotes interferes with the ability of those TFs to translocate to the nucleus, and
to evaluate the role of Imcpb in this context we performed EMSAs. Results indicated that
infection with WT promastigotes and amastigotes of L. mexicana rendered p65-

containing subunits of NF-xB, STAT-1a, and AP-1 unresponsive to IFN-y stimulation
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(Figs. 6A, 6B, and 6C, respectively). Interestingly, these TFs were able to translocate to
the nucleus and bind their consensus sequences in a manner similar to the IFN-y only

positive control when M@s were infected with Imepb™™ parasites (Figs. 6A, 6B, and 6C).

Promastigotes and amastigotes of WT L. mexicana but not lmcpb'/' parasites are

able to inhibit M@ NO production in response to IFN-y stimulation

To evaluate the impact of Imcpb on M@ function, we performed NO assays to test
whether lmcpb'/ " parasites are able to block IFN-y-mediated NO production by M@s in a
fashion similar to that observed by WT parasites. Results showed that while WT
promastigotes and amastigotes successfully inhibited IFN-y-mediated NO production as
illustrated in Figure 1A, lmcpb'/' parasites were not able to do so. Levels of NO produced
in response to Imcpb™ parasites were comparable to those produced by uninfected cells

stimulated with IFN-y (Fig. 7).
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Discussion

NO production by M@s plays a key role in the resolution of Leishmania infections.
Indeed, there are several publications reporting the ability of promastigotes, amastigotes,
and various parasite molecules such as LPG [11] and GIPLs [12] to inhibit M@ NO
production in response to activating stimuli. Of utmost interest, none of those previous
studies compared the ability of both forms of the parasite to inhibit M@ NO production

and the negative regulatory mechanisms they employ to cause this inhibition.

We have previously reported the ability of Leishmania promastigotes to rapidly activate
host PTPs [32]. Furthermore, we and others have shown that host SHP-1 is one of the key
PTPs activated by Leishmania [13,27,29,32,33]. However, very little work has been done
concerning the ability of amastigotes to activate host PTPs and SHP-1 in particular. The
key role that SHP-1 plays in amastigote infection can be deduced from in vivo studies
where amastigotes are exclusively found and where the absence of SHP-1 was associated
with increased resistance to Leishmania infection [27]. Additionally, it has been
previously reported that Leishmania donovani amastigotes are able to activate host SHP-
1, yet the effect was claimed to be observable after 17 hours of infection [34]. In this
work, we confirm previous observations regarding the ability of promastigotes to activate
host PTPs (e.g. SHP-1). Importantly, we demonstrate that amastigotes can rapidly
activate host PTP activity (as early as 0.5 h post-infection) (Fig. 2A), and that SHP-1 is a
key phosphatase rapidly activated by amastigote infection (Fig. 2B and Figs. 3A, 3B, 3C).
This suggests that SHP-1 is a critical phosphatase utilized by both forms of the parasite to

inactivate key MO signalling pathways.
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Interestingly, PTP-1B was activated by promastigote but not amastigote infection (Fig.
2B and Figs. 3A, 3B, 3C). This phosphatase has been reported to bind to and negatively
regulate JAK2 [35] while knock-down and overexpression studies suggested its role in
the regulation of MyD88-dependent pro-inflammatory cytokines such as TNF-a and the
inhibition of NF-kB and STAT-1 activation in TLR-triggered M@s [36]. Given that SHP-
1 has also been associated with its ability to negatively regulate JAK2 [32], block LPS-
mediated TNF production [14], and control NF-kB and AP-1 DNA-binding activity [37],
this finding suggests that PTP-1B activated by promastigotes might have an additive
effect to SHP-1 action to help establish the parasite in host cells. Indeed, data from our
laboratory demonstrated that Leishmania promastigote gp63 activated PTP-1B in a
cleavage-dependent manner and that PTP1B”" mice infected with L. major promastigotes
showed a significant delay in the onset and progression of footpad inflammation as well
as lower parasite burden (M.A. Gomez and M. Olivier, manuscript under review).
Therefore, the additional necessity of PTP-1B action by promastigotes is plausible given
that they are less adapted to the host environment compared to amastigotes that might
find SHP-1 action sufficient to ensure their safe entry to new uninfected phagocytes
especially that they seem to more drastically affect some signalling molecules upon initial
contact with M@s such as the strong inhibition they cause to NF-kB, STAT-1, and AP-1
compared to promastigotes (Fig. 4). It is worth mentioning; however, that the utilization
of host PTPs other than SHP-1 by amastigotes is a possibility that cannot be disregarded

and deserves further investigation.

Consistent with a previous finding from our group, we have shown that promastigotes

cause a cleavage of NF-kB’s p65 subunit generating a smaller p35 subunit [38]. On the
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other hand, amastigotes caused complete NF-kB degradation (Fig. 4A) as previously
shown [39]. Also, consistent with previous findings, promastigotes were able to cause
degradation of STAT-1a [40] and inhibition of AP-1 [13] in M@s. Importantly, we were
able to demonstrate for the first time that amastigotes of L. mexicana can also cause rapid
STAT-1a and AP-1 inhibition (Fig. 4). Very interestingly, all the alterations caused by
promastigotes and amastigotes to NF-kB, STAT-1a, and AP-1 were reversed when
infecting M@s with Imepb”™ parasites. Lmcpb has been previously reported to cause the
degradation of: IkB and NF-kB [39], IL-2R, and the IgER [41]. Our data confirm the role
of Imcpb in NF-kB degradation (Fig. 5A), and demonstrate for the first time that Imcpb
leads to the inhibition of STAT-1a and AP-1 DNA-binding activity possibly by causing
their degradation (Fig. 5B and 5C). The protection of these transcription factors seen
when infecting M@s with Imepb” parasites is reflected by the ability of those
transcriptions factors to translocate to the nucleus and bind their target sequences in
response to IFN-y stimulation (Fig. 6), which correlated with the ability of M@s to
produce NO when stimulated with IFN-y following infection with lmcpb’/ " parasites (Fig.
7). This finding could help partially explain the previously observed low infectivity of
cpb mutants [24], as well as further confirm the role of this cysteine proteinase as a

Leishmania virulence factor.

In conclusion, our comparison of promastigotes and amastigotes of L. mexicana in terms
of their ability to alter M@ signalling yielded several interesting similarities as well as
differences. While both forms were able to activate total PTP activity and to rapidly
activate SHP-1, PTP-1B was only activated by promastigotes. Additionally, while both

forms caused full inhibition of STAT-lo and AP-1, NF-xB seemed to be altered
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differently. Promastigotes cleaved NF-kB’s p65 subunit to p35 while amastigotes caused
complete p65 inhibition with no significant production of the smaller subunit.
Importantly, the study also revealed new roles for Imcpb as a virulence factor by
demonstrating its ability to interfere with STAT-1a and AP-1 DNA-binding activity,
therefore contributing to the parasite’s ability to block IFN-y-induced NO production in

MG@s, securing its survival and propagation within its mammalian host.
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Figure 1: Inhibition of IFN-y-mediated nitric oxide production by L. mexicana
promastigotes and amastigotes. (A) NO assay of BIOR M@s left untreated, stimulated
with IFN-y (100U/ml) for 24 h, infected with Leishmania (O/N), or infected with
Leishmania (O/N) then stimulated with IFN-y (100U/ml) for 24 h. *, significant at P <
0.05, Anova test, error bar SEM. (B) Western blot analysis of L. mexicana promastigote
and amastigote cell lysates (40pg). Membrane was cut and blotted for gp63 (upper panel)
and A2 (middle panel). Membrane was then stripped and reblotted for LACK D (lower
panel) to demonstrate equal loading. (C) Phase contrast light microscopy pictures of
stationary phase L. mexicana promastigotes (upper picture) and L. mexicana axenic
amastigotes (lower picture). Both pictures were taken under a magnification of 1200X.
Pro, promastigotes; Ama, amastigotes. All results are representative of at least three

independent experiments.
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Figure 2: Activation of host PTPs by L. mexicana promastigotes and amastigotes.
(A) BIOR M@s were infected with L. mexicana promastigotes or amastigotes for the
specified time course (0-24 h) and total PTP activity of M@ lysates (20ug) was measured
using the pNPP phosphatase assay. (B) Cell lysates (30png) of M@s infected with
promastigotes or amastigotes of L. mexicana for the specified time course (0-24 h)
subjected to an in gel PTP assay. Last two lanes are lysates (30 pug) from WT and SHP-1"
M@s to confirm the band corresponding to SHP-1. All results are representative of at

least three independent experiments.
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Figure 3: Imcpb is not involved in SHP-1 and PTP-1B activation. (A) BIOR MJs
were infected with L. mexicana promastigotes and amastigotes of WT and lmcpb'/ )
parasites for the specified time course (0-6 h) and cell lysates (30ug) were subjected to an
in gel PTP assay. Last two lanes are lysates (30 pg) from WT and SHP-17" M@s to
confirm the band corresponding to SHP-1. (B) Samples in A ran on SDS-PAGE and
blotted for SHP-1 (upper panel) and PTP-1B (lower panel). (C) BIOR M@s were infected
with L. mexicana promastigotes and amastigotes of WT and lmcpb'/ " parasites (3 h)
followed by lysis and immunoprecipitation of SHP-1 or PTP-1B. The SHP-1 and PTP-1B
IPs were subjected to a pNPP phosphatase assay (upper and lower graphs, respectively).
*, significant at P < 0.05, Anova test, error bar SEM. Rabbit IgG anti-rat was used as a
negative control for the IPs. P, promastigotes; A, amastigotes. All results are representative of

at least three independent experiments.
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Figure 4: Modulation of macrophage transcription factors by L. mexicana
promastigotes and amastigotes. BIOR M@s infected in the specified parasite to cell
ratios (3 h infection) with L. mexicana promastigotes and amastigotes. Nuclear proteins
were extracted and subjected to EMSA to evaluate DNA-binding activity of NF-kB (A),
STAT-1a (B), and AP-1 (C). S, specific competition (100X of specific non-radioactive

oligo); NS, non-specific competition (100X of non-specific, non-radioactive Sp-1 oligo).

243



pacsin:col SEEEETEE s ws TFEECEGEE sws EESEETER sws

. ..--\v

b

S s " 5{ LT D |
S-NERRR T, E

244



Figure 5: Role of Imcpb in the modulation of macrophage transcription factors.
B10R M@s infected for the specified time course (0.5 - 3 h) with WT or lmcpb'/'
promastigotes and amastigotes of L. mexicana in a 5:1 parasite to cell ratio. Nuclear
proteins were extracted and subjected to EMSA to evaluate DNA-binding activity of NF-
kB (A), STAT-1a (B), and AP-1 (C). S, specific competition (100X of specific non-
radioactive oligo); NS, non-specific competition (100X of non-specific, non-radioactive

Sp-1 oligo).
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Figure 6: Nuclear translocation of transcription factors in response to IFN-y in
macrophages infected with wildtype or lmcpb'/' L. mexicana promastigotes and
amastigotes. BIOR MOs left uninfected, stimulated with IFN-y (100U/ml) for 6 h,
infected (O/N) with WT or lmcpb'/' promastigotes and amastigotes of L. mexicana in a
5:1 parasite to cell ratio, or infected (O/N) then stimulated with IFN-y (100U/ml) for 6 h.
Nuclear proteins were extracted and subjected to EMSA to evaluate DNA-binding
activity of NF-kB (A), STAT-1a (B), and AP-1 (C). P, promastigotes; A, amastigotes; S,
specific competition (100X of specific non-radioactive oligo); NS, non-specific

competition (100X of non-specific, non-radioactive Sp-1 oligo).
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Figure 7: Inability of lmcpb"' parasites to inhibit IFNy-mediated macrophage nitric
oxide production. NO assay of BIOR MOs left untreated, stimulated with IFN-y
(100U/ml) for 24 h, infected with WT or lmcpb'/ " L. mexicana (O/N), or infected (O/N)
then stimulated with IFN-y (100U/ml) for 24 h. *, significant at P < 0.05, Anova test,

error bar SEM. Result is representative of at least three independent experiments.
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Summary and General Discussion
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Among the major findings in this thesis is our discovery that SHP-1 negatively regulates
IRAK-1’s kinase activity by directly interacting with an ITIM-like motif in its kinase
domain, which we called kinase tyrosine-based inhibitory motif (KTIM). IRAK-1’s
KTIM appears in amphibians and is evolutionarily conserved, suggesting that this motif
might have played a key role in the control of innate immune responses of early
vertebrates and in the development of a fine-tuned adaptive immune response in higher
vertebrates. Furthermore, KTIM represnts the first report of an ITIM-like motif not
present in a transmembrane protein. This finding led us to discover that several key
kinases other than IRAK-1 (e.g. JAK2, JAK3, TAKI1, IKK-a, IKK-B, LYN, and the
MAPKSs Erk1/2, INK, and p38) possess potential KTIMs and that this motif might be a

regulatory mechanism used by a wide range of cellular kinases.

Very interestingly, this newly-identified role of SHP-1 as a negative regulator of TLR
signalling was found to be utilized by Leishmania in order to inhibit M@ functions that
are harmful to the parasite. In this thesis, we uncovered that the parasite was able to
utilize its ability to activate host SHP-1 to increase the binding of this phosphatase to
IRAK-1 causing the inhibition of its intrinsic kinase activity and downstream functions
(e.g. NO production) in response to various TLR ligands including LPS. This observed
inactivation of IRAK-1 by Leishmania was associated with the inability of the kinase to
detach from MyD88 to bind TRAF6. Taken together, these experiments propose a novel
evasion mechanism used by this protozoan parasite that can help explain its long-reported

ability to inhibit LPS-mediated MO functions.

In an effort to explore the ability of Leishmania to alter other signalling molecules in

MOs and to better understand which life stage of the parasite can cause these alterations,
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we performed experiments to compare promastigotes and amastigotes in terms of their
ability to activate PTPs and alter TFs in host M@s. Data presented in this thesis indicate
that unlike PTP-1B, which is activated by promastigotes alone in early infection, the rapid
induction of SHP-1 activity is a common strategy employed by both forms. In addition,
we demonstrated that although promastigotes and amastigotes inhibit the transcription
factors STAT-1a and AP-1 similarly, NF-kB is modulated differently. While amastigotes
of L. mexicana mainly caused the degradation of the p65 subunit of NF-«kB,
promastigotes cleaved it to produce a p35 DNA-binding subunit. Finally, we explored the
role of L. mexicana’s CP, Imcpb, in these signalling alterations and uncovered that it
plays a pivotal role in the early modulation events of the transcription factors NF-«kB,
STAT-1a, and AP-1, which correlated with the parasite’s ability to block IFN-y-mediated

NO production in MOs.

Over the past years, our laboratory has accumulated evidence that support the
involvement of SHP-1 in the regulation of TLR signalling. SHP-1"" mice, and M@s
derived from them, exhibit higher LPS-mediated NO and pro-inflammatory cytokine
production. In addition, key components of TLR signalling such as MAPKs and the TFs
NF-xB and AP-1 are activated in the absence of SHP-1. Furthermore, SHP-1"" mice have
lower parasite survival when infected with Leishmania compared to their littermates, and
this was associated with increased iNOS expression and higher production of several pro-
inflammatory cytokines such as IL-1f, IL-6, and TNF-a. Based on all these observations,
one of the main goals of this study was to understand the exact role of SHP-1 in the
negative regulation of TLR siganlling and how this can be exploited by Leishmania to

secure its survival in the host.
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One of the major findings of Chapter 2 is the identification of SHP-1 as a novel negative
regulator of TLR signalling. This result was corroborated by Cao and colleagues who
showed that in the absence of SHP-1, DCs and M@s produce a higher amount of TNF-a
and a lower amount of IFN-f in response to LPS, and that this was due to the absence of
the negative regulatory effect of SHP-1 on IRAK-1’s kinase activity [384]. Although this
study provided good support to our findings, important differences exist in the
experimental approach used to demonstrate the mechanism underlying the IRAK-1 /
SHP-1 interaction. While we showed the involvement of the ITIM-like motif in the
binding of SHP-1 to IRAK-1 by performing point mutations to full-length IRAK-1
rendering the motif similar to the corresponding site within IRAK-4 (which we showed is
not regulated by SHP-1), the latter study study showed the interaction by deleting the
motif completely from a heavily truncated form of IRAK-1 (a construct that includes
amino acids 149-386 of IRAK-1, whose murine WT protein has 710 amino acids). Our
approach remains more physiologically and biochemically relevant as we used the full-
length protein for the interaction assays, verified the functionality of the mutant IRAK-1
proteins produced (data not shown), and performed carefully chosen mutations that gave
a deep insight into the contribution of individual amino acids within the motif to the
binding affinity of SHP-1. Importantly, we were the first to realize and report that the
ITIM-like motif in IRAK-1 should not be called ITIM at all! We clearly emphasized that
this functional ITIM-like motif is found in a cytosolic kinase, and so we proposed to
name it kinase tyrosine-based inhibitory motif (KTIM). In fact, we went further to
identify several important kinases that contained potential KTIMs and interacted with

SHP-1. This finding paved the road to the research conducted in Chapter 3.
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Our finding that SHP-1 interacts with and regulates IRAK-1 activity at resting state led us
to propose that an important function of SHP-1 is to keep IRAK-1 in-check and prevent
its activation in the absence of appropriate stimuli. In support of this hypothesis,
preliminary data that we generated showed that SHP-1 seems to detach from IRAK-1
following LPS stimulation (data not shown). A better understanding of the kinetics of this
process and the specificity of TLR ligands that can induce it is a future direction our

laboratory would like to pursue.

Results derived from this study carry another major finding and a first demonstration that
a pathogen can rapidly interfere with TLR signalling through inactivating IRAK-1 using a
host PTP. We have convincingly showed that IRAK-1 inhibition is an evasion mechanism
specific to pathogenic Leishmania species and is not observed in non-pathogenic strains
like L. tarentolae. We then provided evidence that SHP-1 activity is essential for the
parasite’s ability to block IRAK-1 and ultimately the LPS-mediated functions
downstream of it. Therefore, this work provides a novel mechanism by which Leishmania
can inhibit several LPS-mediated functions detrimental for parasite survival such as IL-
12, TNF-a, and NO production. In fact, we were able to show that IRAK-1 in infected
cells was not only unresponsive to LPS stimulation but also to several other TLR ligands
including ligands of TLR2, TLRS, and TLR 9. This result is interesting given that TLR2
has been shown to be a ligand of Leishmania’s LPG [331,332], TLRS detects flagellin
[385] and could be activated along with TLR4 when bacteria are present, and TLR9 has
been previously shown to play a favourable role in the resolution of leishmaniasis [386].
Keeping this in mind, we propose a dual function for IRAK-1 inactivation by Leishmania:

First, as some parasite components can be detected by TLRs that signal through IRAK-1,
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inactivation of this kinase might have a key role in the ability of the parasite to enter MOs
silently without triggering their activation. Second, this mechanism provides protection to
the internalized parasites from subsequent M@ activation that can be mediated by LPS or
flagellin of bacteria accidentally injected by the sandfly or introduced to the infection site

afterwards one way or the other.

Another interesting finding is the way IRAK-1 signalling is inhibited in response to
Leishmania. We have uncovered in Chapter 2 that the inability of IRAK-1 to
autophosphorylate upon SHP-1 binding abrogates its ability to detach from the MyD88
complex to bind TRAF6. This is very similar to the suggested mode of action of a
naturally-occurring TLR negative regulator: TOLLIP (see TOLLIP section in the
literature review for more details). Consequently, the manuscript in Chapter 2 represents,
to the best of our knowledge, the first report that a pathogen can utilize this cellular

regulatory concept as an evasion mechanism.

The evolutionary consequences of KTIMs are truly exciting. We have shown that IRAK-
I’s KTIM is not found in fish and emerges in amphibians remaining highly conserved
thereafter up to human. Very interestingly, although we only displayed the zebrafish
IRAK-1 sequence in our publication, we also know that IRAK-1 of the aquarium pet the

green puffer fish (ZTetraodon nigroviridis) lacks KTIMs too (data not shown), further

supporting our report that the motif’s appearance in IRAK-1 seems to have occurred in
amphibians. In fact, we have obtained fish M@s from collaborators and intend to evaluate
the ability of their IRAK-1 to interact with SHP-1. If no interaction is found, a very
exciting additional support to the evolutionary role of amphibian-emerging KTIM in

binding SHP-1 will be generated. In addition and to explore the effect of KTIM in vivo,

261



plans are on the way to generate transgenic mice that express IRAK-1 mutated in its
KTIM and compare them to mice expressing WT IRAK-1 in terms of their inflammatory

status, response to LPS, and resistance / susceptibility to Leishmania infection.

We discussed in Chapter 2 the suggested significance of KTIM appearance in the
regulation of innate immune responses and possibly the appearance of adaptive immunity
in lower vertebrates, and I will not repeat the arguments here. What is worth mentioning,
however, is that our search for potential KTIMs in other kinases in Chapter 3 uncovered
that the majority of KTIMs appear in the early vertebrate stage and are found in or near
the kinase domain (similar to IRAK-1). Taken together, these findings re-enforce our
suggestion that KTIMs could represent a regulatory mechanism widely used by cellular
kinases. The interesting exceptions, where KTIM was found conserved in the sequence
of invertebrate kinases, suggest that invertebrate KTIMs could have performed different
functions other than binding SHP-1, but nevertheless transformed into readily available
regulatory sites as soon as their regulators emerged in vertebrates. Our experiments that
show the ability of Drosophila’s JNK to bind mammalian SHP-1 support this hypothesis.
Finally, it is important to stress that the involvement of all the reported potential KTIMs
explored in Chapter 3 in SHP-1 binding needs to be confirmed by site-directed
mutagenesis, in an experimental manner similar to that used with IRAK-1 in Chapter 2.
These experiments will be of utmost importance in unraveling which of these KTIMs are

truly involved in SHP-1 binding and in the regulation of the kinase they lie within.

Going back to the main focus of this thesis and that is to explore immune evasion
mechanisms developed by Leishmania, one important question that arises is: how many

of these tactics are shared by both forms of the parasite (promastigotes and amastigotes)
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and how many are unique to one form or the other? This knowledge is essential given the
differences in biochemical and cellular properties of the two stages of the parasite and the
different roles they play in the course of infection (amastigotes being the diagnostic stage

of the disease in infected hosts).

Having discovered that Leishmania promastigotes inactivate IRAK-1, we performed
additional experiments and found that amastigotes are also capable of doing so (data not
shown). This is not surprising in the light of our finding in Chapter 4 that amastigotes are
equally able to activate host SHP-1 in infected M@s. This finding establishes SHP-1 as a
key molecule triggered in early infection by the two Leishmania forms to alter phagocyte
signalling pathways. Chapter 4 goes deeper in exploring further similarities and
differences between evasion tactics used by promastigotes and amastigotes. The end
result of this work is the characterization of mechanisms that they both share such as
STAT-1a and AP-1 inhibition, and others that are unique to one form only such as the
early induction of PTP-1B and the generation of a p35 subunit of NF-xB by
promastigotes. We will not go through the possible implications of these similarities and
differences as they have been sufficiently discussed in Chapter 4, but should definitely
stress the potential importance of this work in the success of future efforts to design
amastigote-specific anti-leishmanial therapies that interfere with signalling pathways
reported to be exploited by the parasite. It is important to mention that the study in
Chapter 4 additionally provided valuable data about novel roles for the cysteine protease
Imcpb as a virulence factor. To date, roles for Imcpb in the degradation of the IgER and
NF-«xB have been reported [37]. We have provided evidence that Imcpb is also involved

in STAT-1a and AP-1 DNA-binding inhibition. Whether this effect is directly mediated
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by Imcpb’s protease activity or not remains to be determined. Given the previously
reported ability of Imcpb to access the cytoplasm from the parasitophorous vacuole and to
mediate degradation of the TF NF-kB [40], we suspect a similar mechanism to cause
STAT-1a and AP-1 degradation by L. mexicana, but this is to be confirmed. Finally,
future directions for this project include comparing the effect of promastigotes and
amastigotes on signalling molecules upstream of the studied TFs such as JAK2 and
MAPKs as well as exploring whether the proteins targeted by the activated PTPs are of
the same nature in oder to further understand the differential manners whereby

promastigotes and amastigotes interfere with host M@ physiology.

In conclusion, we believe this thesis brings about valuable additions to the fields of
parasite immunology and cell signalling. We provide a novel mechanism whereby
Leishmania can inhibit TLR-mediated M@ activation through its ability to cause SHP-1-
mediated IRAK-1 inhibition (see figure 11 for a cartoon summary). This implies that
pharmacological targeting of SHP-1 or IRAK-1 in the future could prove useful in the
fight against leishmaniasis. Additionally, the identification of SHP-1 as a novel regulator
of TLR signalling widens our knowledge about how signalling pathways associated with
these PAMP-detecting receptors can be controlled. This finding therefore implicates
potential applications for SHP-1 in controlling exacerbated TLR-mediated inflammation
and serious conditions related to it such as septic shock. Importantly, this study breaks the
dogma that has prevailed until the publication of the manuscript in Chapter 2 that ITIMs
are only associated with transmembrane receptors. Indeed, a study published in August
2008 screening for potential ITIMs in the genomes of various organisms started their

quest by excluding all proteins that did not have a transmembrane domain [387]. This
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strongly demonstrates the new avenues that KTIM will bring to many fields as an ITIM-

like motif shown for the first time to be present in non-receptor proteins involved in

various cellular, molecular, developmental, and metabolic processes.

iL-12, NO, TNFa
LPS redialed functions inhibited by Leishrmania

Olivier M., 2009

Figure 11: Proposed model by which Leishmania inhibits MyD88-dependent

signalling in macrophages. (Adapted from Olivier M (2009), unpublished)
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Claims to Originality
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The work presented here increases the scientific knowledge in the fields of cell signalling
and host-pathogen interactions. Although the discoveries were made while studying the
Leishmania infection model, many of the findings reported in this thesis can have an
important impact on our understanding of signalling pathways and the way they are
regulated in various cell types. In addition, our identification of novel host evasion
mechanisms utilized by Leishmania raises the possibility that similar tactics could be
employed by other pathogens. To the best of our knowledge, the findings that bring

originality to this work can be summarized as follows:

e The discovery that SHP-1 binds to and regulates IRAK-1’s kinase activity. This

finding classified SHP-1 as a novel negative regulator of TLR signalling.

e The first emphasis that an ITIM-like motif is found in a cytosolic kinase, and the

introduction of the concept of kinase tyrosine-based inhibitory motif (KTIM).

e The first report that IRAK-1 is tyrosine phosphorylated.

e The first report that a pathogen can rapidly interfere with TLR signalling by using
a host PTP to inhibit IRAK-1 activity. The exact step at which IRAK-1 signalling

is inhibited was also identified.

e The first report to implicate the Leishmania-induced IRAK-1 inactivation in the

ability of the parasite to inhibit LPS-mediated M@ functions.

e The first work to explore the conservation of IRAK-1’s KTIM in evolution, and to

investigate the presence and conservation of KTIMs in several other kinases.
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The first report of the ability of Leishmania amastigotes to rapidly activate MO

PTPs, importantly SHP-1.

The first report that amastigotes do not activate PTP-1B in early infection time.

The first work to suggest a role for Leishmania’s cysteine proteinase, Imcpb, in

the inhibition of STAT-1a and AP-1 activity in infected M@s.
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