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1  ABSTRACT
T Cell Protein Tyrosine Phosphatase (TC-PTP) and Protein Tyrosine Phosphatase

(PTP)-1B are two closely related enzymes involved in the regulation of cytokine
signalling. While tcptp-/- mice display a wide range of hematopoietic defects and die
within three to five weeks after birth, ptplb-/- mice are healthy and show no apparent
immune phenotype; nevertheless, in vitro results suggest that both enzymes negatively
regulate interferon signalling. The goal of my thesis was to determine their role in
macrophages whose activation and maturation is largely dependent on interferon-gamma.

In the first instance, we detected a progressive mononuclear cellular infiltrate in
several organs of the TC-PTP deficient mice, which, together with active cytokine
production, was likely to be the cause of tissue damage and ultimately their death.
Moreover, the tcptp-/- mice showed increased sensitivity to exogenous lipopolysaccharide
in vivo and developed symptoms of septic shock. tcptp-/- spleen-derived macrophages
were also highly sensitive to lipopolysaccharide. These findings indicated that TC-PTP
was necessary for the regulation of inflammatory disease.

In the second part, although ptp1b-/- bone marrow presented no abnormalities at the
myeloid progenitor level, it contained more colony stimulating factor (CSF)-1
-responsive cells and the CSF-1 receptor was hyperphosphorylated in ptplb-/- bone
marrow-derived macrophages. ptplb-/- splenic macrophages also displayed upregulated
activation markers as well as increased sensitivity to LPS. Collectively, these results
indicated that PTP-1B regulated myeloid differentiation and macrophage activation in
vivo.

Lastly, we wished to delete one or both copies of PTP-1B in tcptp-/- and tcptp+/-
mice by interbreeding to study the redundancy of the two enzymes. Our results indicated
that the double mutant was lethal at a relatively early stage of embryonic development.
Mice heterozygous for TC-PTP on the ptplb-/- background developed symptoms similar
to the tcptp-/- mice, and their macrophages were highly sensitive to interferon-gamma as
shown by increased Statl phosphorylation, indicating a nonredundant role for PTP-1B

and TC-PTP in the regulation of interferon signalling.
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2 RESUME

T Cell Protein Tyrosine Phosphatase (TC-PTP) et Protein Tyrosine Phosphatase
(PTP)—IB sont deux enzymes hautement similaires au niveau structural, et impliquées
dans la régulation des signaux de cytokines. Les souris tcptp”” meurent tot aprés la
naissance et présentent plusieurs défauts de développement du systéme immunitaire. Par
contre, les souris pspIb” sont viables et ne présentent pas de phénotype immunologique
apparent. Malgré cela, les résultats in vitro suggerent que les deux enzymes puissent
réguler les voies de signalisation d’interférons. Le but de mes travaux était d’évaluer leur
role dans les macrophages, dont l’activation et la maturation sont dépendantes de
I’interféron gamma. _

En premier lieu, nous avons détect¢ une infiltration progressive des cellules
mononucléaires dans plusieurs organes, y compris le cceur. En plus de la production
active des médiateurs inflammatoires, ces infiltrations cellulaires étaient probablement
responsables des dommages tissulaires et éventuellement de la mort des souris rcprp™.
D’ailleurs, les souris étaient plus susceptibles & I’endotoxine et développaient des
symptdmes de choc septique. Les macrophages dérivés de la rate rcptp” présentaient
également une susceptibilité accrue & I’endotoxine. Ces résultats indiquent que TC-PTP
est nécessaire pour le contrdle de la réaction inflammatoire.

Dans la deuxiéme partie, malgré le fait que la moelle osseuse pzpIb” contenait un
niveau normal de précurseurs myéloides, il y avait plus de cellules réceptives a colony
stimulating factor (CSF)-1. Le récepteur CSF-1 était également hyperphosphorylé dans
les macrophages dérivés de la moelle pplb”. Les macrophages de la rate ptplb”
paraissaient activés d’aprés |’exposition des marqueurs de surface et par une
hypersensibilité & I’endotoxine. Ensemble, ces données démontrent que PTP-1B est un
régulateur de la différenciation myéloide et de I’activation des macrophages.

En dernier lieu, nous voulions étudier les conséquences de 1’ablation de 1’une ou
des deux copies du géne PTP-1B dans les souris tcpip” et teptp™. Le but de cette
expérience était de déterminer si les enzymes possédaient une fonction similaire. Nos
résultats démontrent qu’au moins une copie de PTP-1B ou TC-PTP était nécessaire au
développement embryonnaire. Les souris tcptp™ ptplb™ développaient des symptdmes

similaires aux souris tcptp'/’, et leurs macrophages étaient extrémement susceptibles a
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Pinterféron gamma, susceptibilité indiquée par une augmentation de la phosphorylation
de Statl. Cela démontre que PTP-1B et TC-PTP possédent un rdle non similaire dans la

régulation des voies de signalisation d’interférons.
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1 CHAPTER I — INTRODUCTION

1.1 OVERVIEW OF THE THESIS
T cell protein tyrosine phosphatase (TC-PTP; also known as PTPN2) and protein tyrosine

phosphatase 1B (PTP-1B; also known as PTPNI1) are two closely related non-
transmembrane phosphatases that have been implicated in the negative regulation of
cytokine receptor signalling (reviewed in [1]). TC-PTP is ubiquitously expressed, but can
be detected at higher levels in hematopoietic tissues than in most others. PTP-1B is also
expressed throughout the system, but its function has been mostly characterized in tissues
involved in glucose homeostasis, such as liver and muscle. Mice deficient in TC-PTP die
perinatally from an ill-defined syndrome, characterized by various hematopoietic defects
including anemia [2]. In vitro studies have also shown that the loss of TC-PTP in
fibroblasts results in decreased proliferation and increased sensitivity to DNA damage [3].
On the other hand, pspIb”" mice were reported to be healthy and resistant to diet-induced
obesity and diabetes [4]. This phenotype has resulted in several pharmaceutical
companies attempting to inhibit PTP-1B in the hopes of alleviating Type Il diabetes.
Although PTP-1B was shown to regulate Jak2 phosphorylation in leptin [5] and growth
hormone pathways [6] as well as interferon (IFN)-y signalling in fibroblasts [7], no
immune phenotype is apparent in ptplb'/ " mice. However, due to their high structural
similarity, small-molecule inhibitors against PTP-1B also interfere with TC-PTP activity
to a certain degree [8].
The aim of my thesis was therefore three-fold:
1) To better characterize the inflammatory syndrome in fcptp”” mice and in
particular, to determine the extent of hyperactive cytokine signalling;
2) To examine whether the increased activation of Jak2 signalling would lead
to defective myeloid differentiation in the absence of PTP-1B; and
3) To determine whether TC-PTP and PTP-1B have a cooperative role in vivo
and what the consequences of simultaneously inhibiting TC-PTP and

PTP-1B would be by cross-breeding the two mutant strains.



This thesis has been divided into five sections. The first section is an overview of
the literature as it pertains to cytokine signalling, the role of PTPs in its regulation, and
the regulation of cytokine signalling in inflammation and myeloid development. The
second section is based on a published manuscript that defines the role of TC-PTP as a
regulator of inflammatory disease. The third section is based on a manuscript in revision
that reports an essential role for PTP-1B in normal myeloid development through the
regulation of colony stimulating factor (CSF)-1 signalling. The work presented in the
fourth section examines the complementary role of TC-PTP and PTP-1B in
monocyte/macrophage development and activation through the regulation of CSF-1 and
IFN-y signalling. The fifth section discusses the overall impact of TC-PTP and PTP-1B in
hematopoiesis and proposes models to explain the similarities and differences in their
function. It also includes a short discussion on how inhibiting TC-PTP and PTP-1B could

be beneficial in specific situations.



1.2 CYTOKINE SIGNALLING

1.2.1 Cytokine receptors

1.2,1.1 Type I receptors
The traditional cytokine receptors are composed of transmembrane proteins with no

intrinsic catalytic activity. They can be further divided into families based on the number
and type of receptor subunits utilized as well as the structure of the individual ligands.
Type I receptors all bind four-helix bundle cytokines [9], including various interleukins
(IL), hormones, and colony stimulating factors. There is little sequence homology among
the ligands, but their three-dimensional structure is highly conserved.

Some receptor subunits are shared by several ligands and used in conjunction with
ligand-specific chains (see fig. 1.1 for the different receptor subfamilies). The common y
chain, for example, which is associated with X-linked severe combined
immunodeficiency (XSCID) in humans [10, 11] is shared by IL-2, IL-7, IL-9, IL-15, IL-
21 and IL-4, which explains the pleiotropic phenotype seen in XSCID. Other subfamilies
can be defined as those using the common § chain (GM-CSF, IL-3 and IL-5) or gp130
(the 1IL-6 family). Yet other receptors are composed of homodimers of ligand-specific

chains.

1.2.1.2 Type II receptors
The type II family is also known as the interferon receptor family and consists of the

receptors for interferons as well as various interleukins, including IL-10 and IL-20. As a
general structure, these receptors are formed by two chains, one of which has only a short
cytoplasmic domain [12]. Once more, some of the receptor chains can be shared by
several cytokines, and one ligand can also associate with different receptor complexes.
The receptor chains also lack intrinsic catalytic activity and need to associate with
cytoplasmic kinases for signaling.

Perhaps the prototype of type II receptors (see fig. 1.2 for receptor structure) is the
IFN-y receptor [13]. The ligand-binding a-chain (IFN-yR1) contains the long cytoplasmic
domain necessary for the propagation of the signal. However, IFN-yR1 is not sufficient
for signal transduction but requires association with the shorter B-chain (IFN-yR2). Both

chains are known to bind cytoplasmic Janus kinases (Jaks) through their membrane-
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Figure 1.1 - Subfamilies of Type I cytokine receptors.

Common chains are identified and ligand-specific chains are depicted in solid
grey. Abbreviations used: CNTF, ciliary neurotropic factor; LIF, leukemia
inhibitory factor; OSM, oncostatin M; GH, growth hormone; Prl, prolactin;
Epo, erythropoietin; TPO, thrombopoietin.



PEIERRERRRIRRARERRLLY
’ """" RRRRRE

Figure 1.2 - Type II cytokine receptor structure.

Depicted is the IFN-yR with the ligand-binding and Stat-associating o, chain
(IFN-yR1) and the shorter 8 chain (IFN-yR2). Adapted from [12].



proximal domains, whereas the more distal regions of the IFN-yR1 are necessary for the
recruitment of signal transducer and activator of transcription (Stat)-1, the downstream

signal transducer.

1.2.1.3  Receptor tyrosine kinases
Although the classical cytokine receptors initiate signalling through accessory molecules

(Jak family kinases), there are several hematopoietic growth factors that associate with
receptor tyrosine kinases. These include stem cell factor (SCF), colony-stimulating factor
(CSF)-1 and FIt3 ligand. The three receptors, c-kit (CD117), CSF-1R (c-Fms; CD115)
and FIt3 (CD135), respectively, belong to the Class III receptor tyrosine kinase family,
which is generally characterized by five immunoglobulin (Ig)-like motifs in the
extracellular domain and two intracellular kinase domains [14].

In the case of CSF-1R, the dimerization of the receptor results in the activation of
the membrane-distal kinase and transphosphorylation of the receptor itself, which then
serves as a recruitment site for cytoplasmic adaptors and signal transduction molecules
[15]. In particular, phosphorylation of the activation loop tyrosine Y809 is necessary for
macrophage proliferation and differentiation, while activation of the phosphoinositide 3-
kinase (PI3K) pathway is crucial for CSF-1-dependent survival. CSF-1 and SCF
signalling have also been shown to involve Stat5 {11, 15]. Some of the negative

regulators of signaling are also shared between CSF-1R and the cytokine receptors.
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The Toll/IL-1R signalling pathway as exemplified by that of TLR4. Adapted
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1.2.2 Tollinterleukin-1 receptors

1.2.2.1 Toll-like receptors (TLRs)
While B and T cells of the adaptive immune system recognize specific sequences of

potentially pathogenic origin through their diverse and unique cell surface receptors, cells
of the innate immune system have a more restricted repertoire of receptors that are able to
recognize what are termed ‘pathogen-associated molecular patterns’ (PAMPs). These
receptors are named after their Drosophila orthologue, Toll, and comprise eleven
mammalian members (reviewed in [16, 17]). As a family, they are characterized by
leucine-rich repeats in their extracellular domain and a conserved Toll/IL-1 receptor
(TIR) domain in the cytoplasmic tail (see fig. 1.3). TIR domain associates with signalling
molecules, including myeloid differentiation antigen 88 (MyD88) [18], IL-1 receptor
associated kinase (IRAK) [19, 20], TNF receptor associated factor (TRAF)-6 [21],
adaptor protein TIRAP {22, 23], mitogen-activated protein kinases (MAPK) and
ultimately nuclear factor-xB (NF-xB).

Each TLR recognizes specific PAMPs. For example, bacterial lipopolysaccharide
(LPS) binds to a complex containing TLR4 [24, 25], whereas other cell wall components,
including peptidoglycan, associate with TLR2. Most TLRs are found on cell surface, but
TLRY is present on endosome membranes and therefore requires internalization of its
ligand bacterial DNA as well as endosome maturation to become activated. Such
intracellular localization correlates well with the nature of the ligand: TLR4 and TLR2
ligands are found on bacterial surface and require no processing, while that of TLR9
needs to be uncovered prior to receptor recognition. A recent report indicates that the
intracellular localization of TLR9 may rather prevent unwanted receptor triggering by
endogenous DNA [26].

In addition to binding to microbial products, TLRs also recognize endogenous
ligands and therefore may play a role in autoimmunity and tissue damage. For example,
TLRY has been shown to bind to chromatin, which when found in complex with IgG2a is
able to trigger rheumatoid factor release by auto-reactive B cells [27]. On the other hand,
heat shock proteins released during tissue injury can be recognized by TLR4 and lead to
an inflammatory response [28-30]. A summary of TLRs and their ligands can be found in
table 1.1.



1.2.2.2 IL-IRand IL-18R
The receptors for IL-1 and IL-18 share the intracellular signalling pathway with TLRs

and contain the same TIR motif in the cytoplasmic tail (reviewed in [31]). The
extracellular domain consists of three Ig-like domains, which mediate ligand recognition.
Both receptors are heterodimers of a ligand-binding chain (IL1Ra and IL18Ro) and an
accessory receptor chain that does not associate directly with the ligand but is ligand-
specific and required for high-affinity signalling. The IL-1 receptor family also includes
ST2, which was recently found to bind IL-33 [32], and the orphan receptor single-
immunoglobulin IL-1 related receptor (SIGIRR), which appears to play a role in negative

regulation of Toll/IL-1 receptor signalling [33].

1.2.3 Positive control - JAK and STAT
1.2.3.1 General structure and function
The Janus kinases or Jaks are cytoplasmic tyrosine kinases that can be found
constitutively associated with the cytokine receptors [34, 35]. There are four members to
the family in humans and mice, Jak1, Jak2, Jak3 and Tyk2, with the same basal structure:
an N-terminal band 4.1/ezrin/radixin/moesin homology (FERM) domain, followed by a
Src-homology-2 (SH2)-domain, pseudokinase domain and a C-terminal kinase domain.
The FERM domain mediates receptor association [36], whereas both the FERM [37] and
the pseudokinase [38-40] domains contain sequences that regulate kinase activity. Upon
receptor dimerization, Jaks become activated, presumably through autophosphorylation,
and consequently phosphorylate the receptor allowing for the recruitment of Stats, which
are also substrates for Jaks and mediate the downstream steps of cytokine signaling. Jakl1,
Jak2 and Tyk2 are ubiquitously expressed and used by both Type I and Type II cytokine
receptors. In contrast, Jak3 associates exclusively with the common y chain and its
expression is lymphoid specific (for specific receptors, see table 1.2).

Stats are a family of transcription factors recruited to the cytokine receptors upon
receptor phosphorylation. There are seven mammalian Stats, all of which are
approximately 90kDa in size and contain the same structural features: a coiled-coil

domain and a DNA-binding domain followed by a linker region, and SH2-domain and a



Ligand Refs.
TLR1*  Lipopeptides (41, 42}
TLR2*  Lipoproteins (peptidoglycan, lipoteichoic acid, zymosan, [43-46]
lipoarabinomannan)
TLR3 dsRNA [47, 48]
TLR4 LPS, heat shock proteins [24, 25, 28]
TLRS Flagellin [49]
TLR6*  lipopeptides [50]
TLR7 ssRNA, imidazoquinolines (51, 52]
TLRS& ssRNA [51]
TLR9 CpG DNA [27, 53-55]
TLR10®* No known ligand [56]
TLR11®  Profilin, uropathogenic bacteria [57, 58]

Table 1.1 — Toll-like receptors and their ligands.

A summary of TLR ligands as identified mostly by gene deletions in mice. * TLR1 and
TLR6 form heterodimers with TLR2. ® There is no functional TLR10 in mouse and no
functional TLR11 in human.
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Receptors

Knockout phenotype Refs.

Jakl

Jak2

Jak3

Tyk2

yc cytokines
(IL-2, IL-4, 1L-7, 1L-9, IL-15)

gp130 cytokines (IL-6, IL-11,
IL-12, CNTF, LIF, OSM)

IFNs

IL-10

Bc cytokines
(GM-CSF, IL-3, IL-5)
gp130 cytokines

cytokines with homodimeric
receptors (GH, Prl, Epo, TPO,
G-CSF, leptin)

IFN-y

yc cytokines

gp130 cytokines
IFNo/p
IL-10

Perinatally lethal due to failure [59]
to nurse;

B and T lymphopoietic defects;

Defective antiviral response

Embryonic lethal due to defective [60, 61]
erythropoiesis

Defective lymphopoiesis; [62, 63]
NK cell deficiency
Partial defect in antiviral response [64, 65]

Table 1.2 — Jak usage by different cytokine receptor families.

Abbreviations used: CNTF, ciliary neurotropic factor; LIF, leukemia inhibitory factor;

OSM, oncostatin M; GH, growth hormone; Prl, prolactin; Epo, erythropoietin; TPO,

thrombopoietin. Adapted from [34].
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transactivation domain. The SH2-domain mediates the initial docking to the receptor as
well as dimerization of the phosphorylated Stats. Once phosphorylated by Jaks on a
specific tyrosine residue within the transactivation domain, Stats form homo- or
heterodimers and translocate to the nucleus to activate target gene transcription. There is
no classical nuclear localization signal on Stats, but nuclear entry appears dependent on
dimerization as well as signals within the DNA-binding domain. Stat3 and Stat5 are the
most widely used Stats, while Statl is mostly restricted to the interferon receptors
(summarized in table 1.3). Phenotypes of Jak and Stat —deficient mice are summarized in

tables 1.2 and 1.3, whereas their association with human disease is discussed below.

1.23.2  Jak2
Jak2 deletion in mice is lethal in embryonic development [60, 61] due to a loss of

erythropoietin signaling and thereby a blockage in definitive erythropoiesis. Other
cytokines affected by the loss of Jak2 are common P family members IL-3, IL-5 and
GM-CSF [61] as well as thrombopoietin and IFN-y [60, 61]. In humans, Jak2 has been
implicated in leukemogenesis through the TEL-Jak2 fusion chimeras. The fusion results
in a constitutively active Jak2 dimer in children with T-cell acute lymphoblastic leukemia
(T-ALL) [66]. Similar translocations have also been observed in early pre-B acute
lymphoid leukemia and atypical chronic myelogenous leukemia (CML) [67]. Further
studies have shown that ectopic expression of the TEL-Jak2 fusion protein results in
growth factor independence and constitutive Stat activation in vitro [68, 69] and in fatal
lympho- and myeloproliferative syndrome in bone marrow transplanted mice [68]. A
gain-of-function mutation in Jak2 has been recently associated with increased incidence
in chronic myeloproliferative syndrome [70-72] AML and CML [73]. These studies
demonstrate that, in addition to being indispensable for normal erythropoiesis, Jak2 is

also critical in the regulation of myelopoiesis, at least through IL-3.

1.2.3.3  Jak3

In contrast to other Jaks, Jak3 expression is restricted to the hematopoietic compartment
and is inducible upon activation [74-76]. It interacts with the yc chain and is
indispensable for signaling by the yc receptors, including IL-2 and IL-7. Jak3 deficiency

in humans results in autosomal recessive SCID characterized by a lack of T cells and NK
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Receptors Knockout phenotype Refs.

Statl  IFNs Defective antiviral response; [77, 78]

Defective macrophage activation

Stat2  IFNo/f Defective antiviral response [79]
Stat3  IL-6 family Embryonic lethal; [80-85]
(IL-6, IL-11, Defective acute phase response (hepatocyte-specific

CNTE, LIF,  jeletion);
OSM) 7 N
G5, i, Dt aminammior st of oo
GH, IL-10 ’
Impaired thymic function (TEC-specific deletion);
Impaired wound healing (keratinocyte-specific
deletion);
Defective mammary gland involution (mammary
gland-specific deletion)
Stat4  IL-12 Impaired Thl differentiation; (86, 87]
Impaired NK cell cytotoxicity
StatSa yc cytokines  Defective mammary gland development (Stat5a); [88-96]

StatSb  (IL-2, IL-7,
IL-9, IL-15)

Be cytokines
(GM-CSF, Impaired IL-2 response (Stat5a/b);

IL-3, IL-5) Foetal anaemia (Stat5a/b);

Defective GM-CSF response (Stat5a);
Loss of sexually dimorphic growth (Stat5b);

GH, P1l, Epo, pecreased  hematopoietic  progenitor  function
TPO (StatSa/b);
Diminished GM-CSF response (StatSa/b);
Decreased IL-7 response (Stat5a/b)
Stat6  IL-4,1L-13 Impaired Th2 differentiation [97-101]

Table 1.3 — Stat usage by different cytokine receptor families.

Abbreviations used: CNTF, ciliary neurotropic factor; LIF, leukemia inhibitory factor;
OSM, oncostatin M; GH, growth hormone; Prl, prolactin; Epo, erythropoietin; TPO,
thrombopoietin; TEC, thymic epithelial cell. Adapted from [34, 102].
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cells but the presence of B lymphocytes [103-105]. Interestingly, in mice Jak3 signalling
is required for both T and B lymphopoiesis [62, 63]. Similarly, IL-7 signaling is
necessary for B cell development in mice, as IL7R” mice lack functional B cells [106],
but humans with mutations in IL-7R develop T cell deficient, B cell sufficient SCID
[107]. NK cell deficiency in both humans with SCID and jak3”" mice stems from the loss
of IL-15 signaling. Mice deficient in Jak3 also display age-dependent expansion of the
myeloid compartment, presumably through stimulation by activated residual T

lymphocytes rather than a direct effect of Jak3 on a particular cytokine pathway [108].

1.2.3.4  Statl
The first Stat to be deleted in mice was Statl. Despite the fact the Statl has been reported

to be activated in the context of a variety of different cytokines, the main phenotype
detected in Statl deficient mice was an impaired response to interferons [77, 78]. The
impaired induction of interferon response factors resulted in increased susceptibility to
viral infections [77, 78] as well as to Listeria monocytogenes [78], whose clearance is
dependent on normal macrophage activation by interferons. There was no detectable
change in hematopoiesis [77], excluding the possibility that defective development would
affect the antiviral response. Signalling downstream of other receptors known to activate
Stat]l was not impaired [78].

The decreased sensitivity to IFN also rendered Statl-deficient mice more
susceptible to the development of tumours, either through the deletion of p53 or by
treatment with methylcholanthrene [109]. This was shown to be due to the loss of Statl in
the tumour itself and not due to decreased immune surveillance. One potential mechanism
lies in the Statl-independent functions of interferons: in the absence of Statl, stimulation
with interferon resulted in activation of c-myc, which is a known proto-oncogene and
actually suppressed by activated Statl in a manner which was dependent on the

phosphorylation of Statl on S727 [110].

1.2.3.5  Stat3
Tissue-specific targeting of Stat3 has revealed a variety of immune and non-immune

phenotypes (table 1.3), and Stat3 therefore has both antiapoptotic (in the thymus) and
proapoptotic (in mammary gland) properties, depending on the physiological setting.
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Stat3 activity appears to correlate with increased oncogenicity, though. Overexpression of
a constitutively dimerized (and presumably active) form of Stat3 resulted in
transformation of immortalized fibroblasts as indicated by increased colony formation in
soft agar as well as tumour formation in nude mice [111]. Enhanced or constitutive
activation of Stat3 is also associated with a variety of hematopoietic malignancies,
including multiple myeloma, Burkitt’s lymphoma, acute myeloblastic leukemia (AML),
and chronic lymphocytic leukemia (CLL) (reviewed in [102]), as well as solid tumours

such as breast cancer and ovarian carcinoma.

1.2.3.6  Stat5a and Stat5h
StatSa and Stat5b are highly homologous (>90%) but encoded by two different genes.

Both proteins are activated by a variety of cytokines (see table 1.3), but appear to have
certain distinct functions. As Stat5 is significantly involved in cytokine-mediated
proliferation and survival, it can be expected to also play a role in oncogenesis.
Constitutive Stat5 activation has indeed been reported in AML, TEL-Jak2 positive acute
lymphoblastic leukemia (ALL), as well as Ber-Abl or TEL-PDGFBR positive CML
(reviewed in [102]). Interestingly enough, exogenous expression of TEL-Jak2 in Stat5a/b
deficient cells [112] did not result in myeloproliferative disease, a defect which could be
rescued by expressing either StatSa or oncostatin M, a StatS target gene. Conversely,
StatSa/b deficiency did not prevent transformation by v-Abl or Ber-Abl [96], suggesting
that, depending on the physiological context, Stat5 activation in oncogenesis can be either

a primary or secondary event.
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1.2.4 Negative control — SOCS, PIAS and PTPs

1.2.4.1  Protein Tyrosine Phosphatases
Both Jaks and Stats become phosphorylated on tyrosine residues during the activation of

a cytokine signal. The role of protein tyrosine phosphatases (PTPs) is to dephosphorylate
the activated Jaks and Stats, thereby downregulating a once activated response. The
family of human PTPs (reviewed in [113, 114]) consists of 38 classical PTPs (i.e. acting
solely on tyrosines), 61 dual-specific phosphatases (i.e. those dephosphorylating serine
and/or threonine in addition to tyrosine) as well as 8 phosphatases that do not belong to
either major class. The vast majority of human PTPs have murine orthologues. For the
purpose of this thesis, the term PTP refers only to classical PTPs, which are depicted in
figure 1.4.

The catalytic activity of PTPs resides in the highly conserved signature motif with
crucial cysteine and arginine residues (CxsR) [115, 116]. The active site cysteine is of
particular importance, and a cysteine = serine mutant PTP (PTP CS) will still bind to its
substrate but is no longer able to dephosphorylate the phosphotyrosine. This mutation
increases the stability of the enzyme-substrate interaction and is often referred to as the
“substrate-trapping” mutant [117]. Another such mutation involves an aspartic acid
residue that serves as the general acid during dephosphorylation. Mutation of this amino
acid to an alanine (PTP DA) also increases the stability of the enzyme-substrate complex
and allows for better co-precipitation. Both PTP CS and PTP DA mutants are widely used
for identification of PTP substrates.

Most PTPs are expressed in hematopoietic cells and in certain cases their deletion
results in immune phenotypes in mice (reviewed in [118]). Only some of these are
associated with Jak/Stat signalling, though. The first phosphatase shown to regulate Jak
phosphorylation was SH2-containing PTP-1 (SHP-1) [119]. Since then, other PTPs,
cytoplasmic, nuclear and trans-membrane, have been shown to participate in the control
of cytokine signalling in stimulus- and tissue-specific fashion. These are summarized in

Table 1.4 and discussed in greater detail below.
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Substrate Cytokine Refs.
CD45 (PTPRC) Jakl, Jak2, Jak3, Tyk2 1IL-3, SCF, Epo, IFNa [120]
? IL-2 [121]
? IL-7 [122]
RPTP-¢ (PTPRE) Stat3 IL-6, LIF [123]
IL-6,IL-10 [124]
PTP-1B (PTPN1) Jak2 Leptin [5, 125]
GH (6]
Jak2, Tyk2 IFN-y, IFN-0/p 7N
Stat5 Prl [126]
EpoR Epo [127]
TC-PTP (PTPN2) Statl IFNy [128]
Stat3 IL-6 [128, 129]
Stat5 Prl [130]
Jakl, Jak3 IFN-y, IL-2 [131]
SHP-1 (PTPN6)  EpoR/Jak2 Epo [119]
IFNo/BR, Jakl, Statl ~ IFNo/B [132]
Jak2 GH [133]
Stat6 IL-4,1L-13 [134]
IL-3R IL-3 [135]
SHP-2 (PTPN11) gp130 IL-6 [136]
Statl IFN-y [137]
? IFN-a [138]

Table 1.4 — Protein tyrosine phosphatases in cytokine signalling.

Summary of the phosphatases and the pathways they affect. Abbreviations used: SCF,
stem cell factor; Prl, prolactin; GH, growth hormone; Epo, erythropoietin; LIF, leukemia

inhibitory factor.
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Figure 1.4 — Classical protein tyrosine phosphatases.

Structures of the main groups of classical PTPs. Adapted from [113-114]. Non-
transmembrane groups : NT1, TC-PTP and PTP-1B; NT2, SHP-1 and SHP-2; NT3,
PTP-MEG2; NT4, PTP-PEST, LyPTP and PTP-HSCF; NTS, PTPH1 and
PTP-MEG1; NT6, PTPD1 and PEZ; NT7, PTP-BAS; NT8, Typ-PTP; NT9,
HD-PTP. Abbreviations used: CRAL/TRIO, cellular retinaldehyde binding
protein/trio homology (Sec14p homology); FERM, band 4.1/ezrin/radixin/moesin
homology; PDZ, postsynaptic density-95/discs large/ZO1 homology; KIND, kinase
N lobe-like domain; BRO, baculovirus BRO homology.
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1.242 SOCS
Suppressors of cytokine signalling (SOCS) are a group of proteins whose expression is

induced in response to cytokine stimuli and whose function is to downregulate the said
signal, in the manner of a classical negative feedback inhibitor. There are eight members
to the mammalian SOCS family (reviewed in [139-141]): SOCS-1 through -7 and
cytokine-induced SH2 protein (CIS). They contain an SH2 domain, through which they
presumably bind to their target proteins as well as a C terminal SOCS box domain and a
largely variable N terminal domain. The SOCS box is also found in other proteins,
including the tumor suppressor Von Hippel Lindau (VHL) protein, in which it is known
to mediate association with a E3 protein ubiquitin ligase complex [142, 143]. Indeed,
binding of SOCS has also been reported to increase degradation of its target proteins
[144-146]. In addition to targeting its substrates for ubiquitination, SOCS family proteins
can also inhibit cytokine signalling by competing for binding sites on the receptor [147-
149] or by direct binding to Jaks [148-150] (see figure 1.5). The phenotypes of mice with

genetically modified SOCS loci are summarized in table 1.5.

1.24.3  PIAS
Mammalian protein inhibitors of activated Stat (PIAS) comprise four members, PIASI,

PIAS3, PIASX, and PIASy, the last three of which have two splice variants (reviewed in
[151]). They have an amino-terminal SAP domain, which mediates corepressor
recruitment [152], a RING-finger-like zinc-binding domain (RLD) in the central portion,
and an acidic and a serine/threonine-rich domain in the carboxy-terminal end. The RLD
domain is required for the small ubiquitin-like modifier (SUMO) E3 ligase activity of
PIAS proteins [153]. In addition to recruiting corepressors and targeting Stats for
degradation through SUMOylation, PIAS can also directly interfere with DNA-binding
activity [154]. The different mechanisms are depicted in figure 1.5. In addition to
inhibiting Stat-mediated signalling, PIAS can also associate and interfere with other
transcription factors, including interferon-regulatory factors (IRF), NF-xB p65, SMADs
and p53 [151]. Pathways targeted by individual PIAS are summarized in table 1.5.
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Pathways targeted/ Phenotype of mice Refs.
Mechanism
CIS GH, IL-2, IL-3, IL-15;  cis(tg): growth retardation; [147,
Receptor association decreased NK(T) development 155-157]
SOCS1 IFN-y (major); socs1™”: Liver degeneration; [146,
Jak2 binding lymphopenia; massive inflammation; 150, 158-
(pseudosubstrate), TLR hypersensitivity 161]
Jak degradation
SOCS2 GH, IGF-1; socs2”: gigantism (162,
Receptor association 163]
SOCS3  IL-6, LIF, G-CSF socs3": embryonic lethality Splacental [164-
defects); neutrophilia (socs3™ lif ;s 168]
auto-immune/inflammatory disease
(hematopoietic specific deletion)
SOCS4 EGFR N/A [169]
SOCS5 IL-4? EGFR socs5™: no hematopoietic defects [169-
detected 172]
SOCS6  c-kit, IRS-4 socs6”": mild growth retardation [173,
174]
SOCS7 unknown socs7”: hydrocephalus [175]
PIAS1  IFNs (Statl); piasl + hypersensitivity to LPS, [176-
Inhibit DNA binding increased resistance to viral and bacterial 178]
infections
PIAS3  Stat3; N.A. [154]
Inhibit DNA binding
PIASx  Stat4; NA. [179]
Recruitment of HDAC
PIASy Statl piasy”": no defect in interferon signalling [180,
181]

Table 1.5 — Ligand-specificity of SOCS and PIAS.

Summary of pathways targeted by individual SOCS and PIAS and the phenotypes of

gene-targeted mice.
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Figure 1.5 — Mechanisms of negative regulation of cytokine signalling.

A) PTPs dephosphorylate 1) activated receptors, thus preventing recruitment of
downstream accessory molecules, including Stats; 2) activated Jaks, thus
deactivating them and decreasing phosphorylation of substrates, including receptor
chains and Stats; or 3) phosphorylated Stats, thus resulting in their disassociation
and exit from the nucleus. B) i) SOCS2 and CIS associate with receptor chains,
thereby preventing recruitment of downstream accessory molecules and promoting
the ubiquitination and degradation of the receptor; ii) SOCS1 and SOCS3 can
associate directly with Jaks, thus preventing phosphorylation of substrates and
promoting the ubiquitination and degradation of Jaks; iii) PIAS1 and PIAS3 can
prevent the binding of target Stats to DNA; iv) PIASx and PIASy can inhibit Stat-
dependent transcription through the recruitment of corepressors, including HDAC:;
v) PIAS promote sumoylation of target Stats and hence their degradation.
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1.3 PTPS IN CYTOKINE SIGNALING

1.3.1 Transmembrane type

1.3.1.1  CD45 (PTPRC)
CD45 is expressed on all nucleated hematopoietic cells and was the first transmembrane

or receptor-type tyrosine phosphatase to be identified in 1988 [182]. It has since been
shown to play an important role in regulating the signalling threshold of the T and B cell
receptors (TCR and BCR) for antigen (reviewed in [183]). The main mechanism for the
regulation of TCR and BCR signalling by CD45 is through its ability to modulate the
activity of Src family kinases, which are the primary kinases to become activated after
antigen stimulation. Initially CD45 was thought to activate Src kinases through
dephosphorylation of an inhibitory tyrosine residue, which was consistent with the
increased signalling threshold detected in CD45™ cells [184]. However, loss of CD45 in
macrophages results in increased adherence [185] due to increased Hck activity at focal
adhesion complexes, suggesting that CD45 can also negatively regulate Src activity, at
least in the context of integrin signalling. A possible explanation for the seemingly
opposite functions of CD45 lies in its localization with respect to the signalling complex:
TCR and BCR are recruited to lipid rafts upon activation, and CD45 is excluded from
such rafts and thus cannot participate in the negative regulation of Src kinases.
Conversely, integrin signalling complexes may include CD45 [183].

In addition to regulating Src kinases, CD45 has also been suggested to play a role in
cytokine signalling [120]. It associates with Jaks in vitro and dephosphorylates and
inactivates them. The association is through the membrane-distal PTP domain of CD45,
which is catalytically inactive. Co-expression studies showed that CD45 can negatively
regulate IL.-3 and SCF —mediated proliferation and colony formation, Epo-dependent
erythropoiesis and the interferon response [120]. Recently, another group reported
sustained and heightened Jakl and Stat5 phosphorylation in IL-7-dependent cell lines
from CD45" mice [122]. Although they detected increased Src kinase activity, which
could also increase Jak/Stat phosphorylation, Irie-Sasaki et al. showed that Src inhibitors
had no effect on Jak hyperphosphorylation in response to IL-3 in CD45" cells [120]. It
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does, therefore, appear that CD45 is a bona fide Jak phosphatase, although further studies

would help to clarify the extent of its contribution to the control of cytokine signalling.

1.3.1.2  RPTP-¢(PTPRE)
Receptor protein tyrosine phosphatase-epsilon (RPTP-¢; also known as PTPRE) [186]

exists in four forms resulting from transcription from two separate promoters, proteolytic
cleavage and translational initiation from internal sites. The full length form is
membrane-spanning and has been found increased in mouse mammary tumors [187],
where it contributes to the activation of Src family kinases. The cytoplasmic form created
by alternate promoter usage is primarily expressed in monocyte-macrophage lineage cells
[188, 189}, and has been shown to inhibit IL-6, LIF and IL-10 —mediated signalling [123,
124] in overexpression studies. In vivo evidence for a role of RPTP-¢ in cytokine
signalling is still lacking: mice deficient in RPTP-¢ show nervous defects [190] and
deficient osteoclast maturation presumably due to defects in cytoskeletal arrangement

[191] but no immune phenotype has been reported.

1.3.2 Non-transmembrane type

1.3.2.1  SHP-1 (PTPN6)
SH2 domain-containing phosphatase -1 (SHP-1) is a primarily hematopoietic

phosphatase [192] with two N-terminal SH2 domains, one of which plays a negative
regulatory role through binding to the catalytic domain and thereby preventing substrate
binding [193]. It was found to be mutated in motheaten (me/me) mice [194, 195], which
are characterized by multiple hematopoietic defects, leading to chronic inflammation and
systemic autoimmune disease. This phenotype clearly indicated that SHP-1 was able to
regulate immune cell development and function at several levels.

SHP-1 was also the first phosphatase reported to regulate Jak/Stat-mediated signals
[119]. 1t has been shown to associate with the EpoR and dephosphorylate Jak2 [119],
negatively regulate Stat6-mediated signalling in the IL-4 and IL-13 pathways [134],
associate with the IFNa/B receptor to decrease Jak1l and Statl phosphorylation [132], and
downregulate growth hormone receptor signals through Jak2 [133]. It also binds to and
dephosphorylates the IL-3R [135].
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Activation of Stats is associated with transformation, and one possible mechanism
for increased Stat phosphorylation is through decreased inhibitory phosphatase activity.
Decreased levels of SHP-1 due to hypermethylation of the locus have been detected in
acute myeloid leukemia and multiple myeloma cells [196, 197]. However,
hypermethylation had no prognostic value in either case. Decreased SHP-1 expression
and concomitant Stat3 hyperphosphorylation was also reported in adult T-cell leukemia
[198]. Furthermore, when primary cells were infected with human T cell leukemia virus,
the gradual loss of SHP-1 correlated with growth factor (IL-2) independence and cellular
transformation. In yet another study, the loss of SHP-1 expression correlated with
progression of myelodysplastic syndrome to acute leukemia [199]. Downregulating
SHP-1 activity therefore seems to be associated with haematological malignancies, even
if there may not always be any causative relationship.

SHP-1 is also known to dephosphorylate receptor tyrosine kinases, including colony
stimulating factor 1 (CSF1) receptor, the major receptor for macrophage differentiation
and proliferation [200]. me/me macrophages show an increased proliferation rate in
response to CSF-1 and prolonged growth factor-independent survival. This was shown to
be associated with increased p62(DOK) phosphorylation [201]. Accordingly, SHP-1
deficiency resulted also in increased osteoclast-formation and decreased bone density
[202, 203]. In addition to proliferation, SHP-1 regulates macrophage function through
modulation of FcyR-mediated phagocytosis [204], and is the target protein through which
Leishmania donovani modulates macrophage activity and escapes degradation [205, 206].
This is presumably due to increased SHP-1 activity and corresponding decreased signal

transduction in response to IFN-y [207, 208].

1.3.2.2  SHP-2 (PTPNI11)
SHP-2 is structurally similar to SHP-1 and is recruited to receptor tyrosine kinases

(RTKs), but rather than deactivating RTK signalling, it appears to promote signal
transduction through dephosphorylation of negative regulators [209, 210] and activation
of downstream signalling cascades, such as the PI3K pathway [211]. It can be activated
by phosphorylation [212, 213], and this C-terminal modification is required for relaying

signals downstream of certain receptors but not others [214]. In addition, SHP-2 can also
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play a negative regulatory role in certain cytokine signalling pathways, notably IL-6
[136], IFN-y [137] and IFN-a [138].

Mice deficient in SHP-2 die early in embryogenesis and present defective
gastrulation [215, 216]. This correlates with defective fibroblast growth factor responses.
Conversely, activating mutations in SHP-2 are associated with Noonan syndrome, a
developmental disorder characterized by shortened stature, facial abnormalities and
cardiac defects [217, 218]. Noonan syndrome is associated with an increased incidence in
juvenile myelomonocytic leukemia (JMML); sporadic SHP-2 mutations (known gain-of-
function and unknown mutations) are detected in JMML but also in myelodysplastic
syndrome, B-ALL, AML and neuroblastoma [219, 220]. In brief, gain-of-function and
potentially other mutations in SHP-2 correlate with tumorigenicity and make SHP-2 an

interesting target for anti-cancer therapy.

1.4 TC-PTP anp PTP-1B

1.4.1 Substrate specificities
The work presented in subsequent chapters concentrates on the role of TC-PTP and

PTP-1B in the regulation of macrophage development, activation and function, which is

why these two phosphatases are discussed separately and in greater detail here.

1.4.1.1 T cell protein tyrosine phosphatase
TC-PTP was originally cloned in human T cells [221] but is expressed ubiquitously in

mice, although at higher levels in hematopoietic tissues [222]. There are two isoforms, the
initially cloned 48-kDa form, which localizes to the endoplasmic reticulum [223], and the
predominant 45-kDa form, which lacks the C-terminal tail that would target it to the ER
but rather contains a bipartite nuclear localization sequence [224, 225]. The 45kDa form
is also the only one detectable in mice. In rat, by contrast, four different splice variants
exist [226]. For the purpose of the thesis, TC-PTP refers to the 45-kDa form (mouse or
human), and TC48 to the human 48-kDa form.

Although TC-PTP is mostly found in the nucleus, only a few of its proposed
substrates are nuclear. The first published TC-PTP substrates were the epidermal growth

factor receptor (EGFR) and the adaptor protein pS2shc [227]. The association with EGFR
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did not affect downstream signalling through the p42/p44 MAPK pathway, but did inhibit
recruitment of Grb2, another adaptor molecule, to the EGFR/Shc complex. The same
authors also reported that EGFR-mediated PI3K and c-Jun N-terminal kinase (JNK)
activation was inhibited by TC-PTP [228], but there was no direct association. To explain
how a nuclear enzyme can have a membrane-targeted substrate, Tiganis et al. [227]
observed that TC-PTP was able to exit the nucleus upon stimulus and bind EGFR in the
cytoplasm. This was later reported to occur during cellular stress and to be independent of
common nuclear export mechanisms [229] but rather operate by passive diffusion. A
recent report defines a link between integrin signalling, EGFR signalling and TC-PTP by
demonstrating that a,;(;-integrins activate TC-PTP and recruit it to the membrane, where
it would downregulate EGFR signalling [230].

In addition to EGFR, a truncated form of EGFR [231] the platelet-derived growth
factor receptor (PDGFR) [3, 232] and the insulin receptor [233, 234] are other RTKs
whose signalling is negatively regulated by TC-PTP. However, in vivo evidence for a
physiological role of TC-PTP in RTK signalling is still lacking.

Considering the largely hematopoietic phenotype of the fc-ptp”™ mouse [2] as well
as the tissue distribution of the enzyme, it was perhaps not surprising that TC-PTP was
found to modulate cytokine signalling. Stat5 [130], Stat3 [128, 129] and Statl [128] have
been shown to be dephosphorylated by TC-PTP in response to prolactin, IL-6 and IFN-y,
respectively. Jakl and Jak3 have also been identified as substrates for TC-PTP [131]
downstream of IFN-yR and IL-2R, respectively. In addition, TC-PTP has been reported to
bind to the phosphorylated growth hormone receptor [235], although the physiological

importance of such association is yet unclear.

1.4.1.2  Protein tyrosine phosphatase 1B
PTP-1B is a ubiquitously expressed cytosolic phosphatase that is localized to the

endoplasmic reticulum [236]. It was the first PTP whose crystal structure was resolved
[237], and has since become the prototypic non-transmembrane PTP. It has an N-terminal
catalytic domain, followed by two proline-rich domains and a hydrophobic tail that
targets it to the cytoplasmic face of the ER. Its phosphorylation accompanies cell cycle

progression [238], and has been proposed to regulate its catalytic activity. It can also be
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cleaved by calpain during platelet aggregation, and this cleavage results in its release
from the ER membrane to the cytoplasm [239].

Similar to TC-PTP, the subcellular localization of PTP-1B is in conflict with the
localization of its reported substrates. PTP-1B regulates several RTKs, including EGFR
[240, 241], PDGFR [241-243], insulin receptor [4, 244, 245] and insulin-like growth
factor type I receptor [246, 247]. More recently, PTP-1B has been shown to regulate ER
stress responses [248], but thus far no ER-localized PTP-1B substrates have been
identified.

In addition to RTKs, PTP-1B has other membrane-associated substrates. It has been
shown to dephosphorylate Src on the inhibitory tyrosine residue, thus positively
regulating its activity [249] in integrin-dependent signaling. More recently, focal adhesion
kinase (FAK) and o-actinin were also identified as substrates for PTP-1B downstream of
integrins [250]. The adaptor protein p130cas [251] can associate with PTP-1B through
one of the two proline-rich domains in the C-terminus of PTP-1B, forming another link
between PTP-1B and integrin signaling. PTP-1B can also dephosphorylate the negative
regulator p62dok [243] and thus positively influence Ras signaling. The oncoprotein p210
Ber-abl, which is found in CML, is another substrate of PTP-1B, and certain CML-
derived cell lines overexpress PTP-1B [252]. Lastly, PTP-1B can regulate cytokine
signaling through dephosphorylation of Jak2 and Tyk2 downstream of leptin [5, 125],
growth hormone [6], IFN-y and [FN-0/B [7], Stat5a/b downstream of prolactin [126] as

well as through a direct association with the Epo receptor [127].

1.4.2 Knockout mice

1.4.2.1 T cell protein tyrosine phosphatase (tcptp™)

TC-PTP-deficient mice were generated in our laboratory and have a mutant allele
containing a deletion of the catalytic domain which results in the loss of expression of the
gene product [2]. The tcptp” mice are born at the expected Mendelian ratio and appear
physically normal until 10-14 days of age, although some signs of growth retardation can
be detected earlier. By three weeks they exhibit weight loss, piloerection, hunched

posture and diarrhea. They also display defective hematopoiesis and immune function,
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characterized by splenomegaly, lymphadenopathy, anemia and thymic atrophy. All
teptp” mice die at 3-5 weeks after birth [2].

In accordance with the higher level of TC-PTP expression in hematopoietic system,
tcptp'/ " mice have defects in both hematopoiesis and immune function. Three-week-old
mice show a marked increase in spleen and lymph node cellularity. The red pulp of the
tcptp'/ " spleen is expanded, consistent with sequestration of red blood cells and correlating
with the decreased hematocrit. The bone marrow cellularity decreases strikingly between
days 17 and 21, accompanied by depletion of B220" cells. Therefore, it seems that there is
a switch toward extramedullary hematopoiesis, which cannot fully populate the various
compartments. In terms of T cell numbers, there is a striking decrease in thymic double
positive cells on day 21. However, the decrease in the absolute numbers of peripheral T
cells is modest and the CD4+/CD8+ ratio is essentially unchanged [2].

In addition to lymphopoietic abnormalities, there are functional defects to the T and
B cell compartments. The mitogen response of tcptp™ splenocytes to ConA and LPS is
severely impaired. There is also a defect in T cell dependent B cell responses as shown by
decreased number of plaque-forming colonies from fcptp” spleens after immunization
with sheep RBCs [2]. Part of the defect in mitogen assays may stem from the inherent
proliferative defect of zcptp™ cells [3]. Splenic T cells from tcptp” mice also produce less
IL-2 than their zcptp*’* counterparts [253]; however, the addition of exogenous IL-2 does
not rescue the phenotype. Stimulation with anti-CD3 is followed by normal tyrosine
phosphorylation patterns and calcium flux, providing evidence that the immediate events
downstream of TCR are not affected. Nevertheless, stimulating purified populations of
teptp” T or B cells partially rescues the phenotype, suggesting that although TC-PTP is
necessary for rapid progression through cell cycle, there may be other factors contributing
to the lack of proliferation in mixed cultures [254].

Recent data from our laboratory provide an explanation for the above findings.
Culturing purified populations of Grl® zcptp” cells with zcptp™™ T cells produces a
similar defect in proliferation in response to anti-CD3 as what is seen in zcpsp” spleen
cultures [254]. This is shown to correlate with NO production and is preventable by
adding iNOS inhibitors or anti-IFN-y to the culture medium. It is also contact-dependent,

suggesting that other signals in addition to IFN-y are necessary to induce NO production
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by the Gr1" cells. One example would be the engagement of co-stimulatory molecules, as
CD80 is upregulated on zcptp™ Gr1* cells [254]. It must be noted that reptp™* Grl™ cells
do not have the same effect on T cell proliferation in vitro, suggesting that the tcptp”
cells have a higher activation status.

Bone marrow transplantation experiments suggested that the hematopoietic defect is
not due to a problem with the stem cells but rather with the bone marrow stroma [2].
Irradiated normal recipients were fully reconstituted with zcptp”” bone marrow, whereas
tcptp” * bone marrow graft did not rescue tcptp'/ " recipients. Two months after the graft,
there was no difference in T and B cell numbers in different organs between irradiated
tcptp™™ mice that had received teptp™™ or teptp” bone marrow. Their hematocrit was
normal, and there was no increase in the size of either spleen or lymph nodes. However,
the functional defects seen in fcptp” mice were still present in the mice reconstituted with
tcptp” bone marrow: mature T and B cells from the spleen of these animals failed to
proliferate in response to mitogenic stimuli (ConA or anti-CD3 for T cells and LPS for B
cells).

It is of note that there is no overt defect in zcptp™” animals: they are generally
healthy and fertile past 12 months of age. The percentages of various lymphoid and
myeloid populations follow closely those seen in normal mice, and the mitogen and PFC
responses are normal [2]. This indicates that one normal allele is sufficient to sustain
hematopoiesis, proliferative T and B cell responses as well as T cell dependent B cell

responses.

1.4.2.2  Protein tyrosine phosphatase 1B (ptpl b")
The PTP-1B deficient mice were created by two different laboratories with essentially

similar phenotypes. The first report showed that when fed ad libitum, ptpIb” mice had
lower blood glucose and lower blood insulin than the ptpl1b** littermates [4]. They also
displayed higher glucose tolerance and lower glucose levels after exogenous insulin. On
high-fat diet, ptp1b” mice gained less weight and maintained better glucose tolerance and

b+/+

increased sensitivity to insulin when compared to ptp! mice. Their serum triglyceride

levels were also lower. This reflected increased phosphorylation of the insulin receptor in
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muscle and liver, suggesting that the loss of PTP-1B protected the mice from insulin
resistance and therefore type II diabetes.

The second group reported that the absence of PTP-1B resulted most of all in a
decrease in fat mass due to adipocyte hypotrophy [245]. The protection from diet-induced
obesity stemmed from increased basal metabolic rate and increased glucose disposal,
notably through decreased metabolic efficiency and dissipation of energy through heat.
They further characterized the tissue specificity of the insulin response and showed that
glucose uptake was enhanced in muscle but not in adipose tissue of piplb” mice.
Together, the two reports provided a physiological confirmation to previous in vitro data
implicating PTP-1B in insulin signalling. These findings were further confirmed by
muscle-specific overexpression of PTP-1B, which was shown to cause insulin resistance
[255]. Furthermore, a liver-specific rescue of PTP-1B greatly diminished insulin
sensitivity of ptpl b" mice [256].

Klaman et al. noticed that circulating leptin levels were decreased in pp! 5" mice

+

compared to ptplb"" mice, reflecting their decreased body fat mass [245]. This finding
seemed to be in conflict with the increased energy expenditure and decreased body mass.
Moreover, ppIb”™ mice did not exhibit significantly increased food intake. Accordingly
with the role of leptin on feeding and body mass control, the loss of PTP-1B was found to
enhance leptin signalling [5, 125]. Injection of gold thioglucose (GTG) kills hypothalamic
leptin-responsive neurones and renders mice hyperphagic and obese. Although the GTG-
treated ptplb”” mice increased their food intake at levels comparable to the GTG-treated

+/+

ptplb”" mice [125], their weight gain was only about half and their insulin sensitivity and
circulating insulin levels remained normal. This suggested that although Stat3
phosphorylation was enhanced in the hypothalami of ppIb” mice and PTP-1B was
shown to dephosphorylate Jak2 downstream of the leptin receptor, regulating sensitivity
to leptin was an important part but not the only means by which PTP-1B controlled body
mass and obesity.

In another study, leptin deficient (ob/ob) mice were bred with ptpIb™ mice with
similar results [5]. Mice deficient for PTP-1B gained less weight on the ob/ob

background, and their fat pads remained smaller. This was not due to differences in food

intake, and correlated with better glucose tolerance and lower fasting glucose.
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Interestingly, psp1b™ mice exhibited greater weight loss and restricted their food intake in
response to exogenous leptin, whether on a lean or ob/ob background. This was shown in
vitro to correlate with increased Stat3 phosphorylation downstream of leptin receptor, and
association of Jak2 with PTP-1B in phosphotyrosine-specific fashion. In sum, these two
studies showed that PTP-1B was able to control weight gain in leptin-dependent and —
independent manner, and that even in obese mice, the loss of PTP-1B conferred
protection against type II diabetes.

Based on the ptpIb” phenotype, PTP-1B has been proposed as a therapeutic target
for type II diabetes and obesity (reviewed in [257, 258]). In contrast to transgenic mice,
people who would require such treatment would already be obese and very likely
diabetic. Furthermore, neither small inhibitors nor inhibitory RNA treatment would result
in 100% ablation of PTP-1B activity. The studies by Cheng et al. and Zabolotny et al. 5,
125] indicated that pppIb™" mice were also somewhat protected as they exhibited an
intermediate phenotype. Furthermore, the use of PTP-1B inhibitory RNA in ob/ob mice
has vyielded promising results, including decreased adiposity correlating with
downregulation of adipogenic genes [259], as well as increased insulin sensitivity in liver
and muscle [260]. Therapeutic use of antisense RNA is quite expensive, however, and the
main drawback with small molecule inhibitors is their poor selectivity against TC-PTP,
the closest relative to PTP-1B.

Genetic studies in humans have shown a correlation between certain non-coding
mutations in pzpnl and type II diabetes in Caucasian and Hispanic populations [261, 262].
However, a recent study failed to detect any significant association between known
haplotypes of ptpnl and diabetes [263]. The authors were unable to identify any
significant differences between their study and that of Bento et al. {262] and concluded
that the discrepancies were most likely due to unaccounted for modifier genes and
possibly to the slight differences in subjects’ body mass index (the BMI values in the
most obese group in the North American study [262] were significantly higher than those
in the Canadian-Scandinavian study [263]).

In sum, PTP-1B is best known as a metabolic regulator gene. Despite the role it is
shown to have on Jak2-mediated signalling, no immune phenotype has yet been reported

in ptp1b™ mice.
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1.5 TC-PTP AND INFLAMMATION

1.5.1 Systemic inflammation and septic shock
Inflammation, or the combination of redness, heat, pain and swelling traditionally used to

describe an inflamed site (reviewed in [264]), is the basic response to injury and infection
with the ultimate goal of eradicating the infection and repairing the injury. This requires
multiple mechanisms to simultaneously detect infectious organisms and the extent of
tissue injury, to promptly respond to the trauma, but also to shut down the response once
the danger is past. When negative regulation is lacking or when the insult persists, the
initially beneficial response may cause more damage than the infection or tissue trauma
themselves.

The signal starts with resident sentinel cells, including tissue macrophages,
dendritic cells and mast cells. These sentinel cells will then secrete cytokines and
chemokines that will recruit in the first instance, neutrophils, followed by lymphocytes
and monocytes. Activation of lymphocytes is dependent on antigen plus costimulatory
signals from the resident antigen-presenting cells (APCs), whereas that of APCs requires
cytokines plus either microbial products or, in certain cases, self-proteins released during
tissue injury (see Toll-like receptors, section 1.2.2.1 and table 1.1).

Whereas neutrophils are key players in acute inflammation, monocyte/macrophages
are both initiators of the inflammatory response and some of the major effectors of
chronic inflammation. Their most potent activation signal is a combination of IFN-y and
LPS [265, 266], which will induce, for example, the production of tumor necrosis factor
(TNF)-o [267] and nitric oxide [268]. TNF-o can attract lymphocytes [269] and
neutrophils [270] as well as play an important role in tissue damage and sepsis [271-273].
Mice transgenic for TNF-a develop arthritis, whereas mice in which post-transcriptional
regulation of TNF-a has been abolished through the deletion of the AU-rich element in
the 3’ untranslated region develop both arthritis and inflammatory bowel disease [274].
Moreover, antibodies against TNF-o have been approved for treatment in arthritis and
Crohn’s disease [275, 276], two conditions associated with chronic inflammation.

Nitric oxide is associated with tissue injury [277, 278] and immunosuppression

[279-281]. When produced in combination with superoxide, it can form peroxynitrite
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[282], which is a potent oxidizing and nitrating agent able to react with tyrosine to form
3-nitrotyrosine and thus interfere with regular protein function. NO production is also part
of the negative feedback regulation of macrophage activation, as it has been shown to
result in macrophage apoptosis [283, 284].

Mice with spontaneous inflammation have provided several clues to the
understanding of the different components of inflammatory response and inflammatory
disease. Although data obtained from mice cannot always be extrapolated into humans,
the phenotypes of certain genetically modified mice correlate quite well with human
mutations. A selection of transgenic, hypomorphic and knockout mice presenting chronic
and/or acute inflammatory disease can be found in table 1.6.

Sepsis and septic shock result from a dysregulated inflammatory response [285],
and involve bacterial toxins either in the form of LPS (for gram-negative bacteria) or
superantigens and exotoxins (for gram-positive bacteria). Required host components
include IFN-y, TNF-q, IL-1 and (at least in gram-negative sepsis) TLR4. However, from
a therapeutic point of view, blocking any of these cytokines may come too late [285].
Death from sepsis is due to multi-organ failure, mostly as a result of hypoperfusion and

hypoxia.

1.5.2 Evidence for TC-PTP as a regulator of inflammatory responses
tcptp'/' mice display several hematopoietic defects, including proliferative defects and

anaemia [2]. They die within 3-5 weeks from unknown causes: however, by three weeks
of age they develop symptoms of wasting disease and septic shock, such as runting,
hunched posture, piloerection and diarrhoea. They are immunosuppressed in that their
lymphocytes do not proliferate in response to mitogenic stimuli, and they display thymic
atrophy and a decrease in CD4'CD8" double positive thymocytes. Similar signs
characterize, for example, murine graft-versus-host disease (GVHD), a chronic systemic
inflammatory syndrome [286].

Data from our laboratory and others have indicated that TC-PTP regulates cytokine
signalling through Jak1, Jak3 [131] and Statl [128], Stat3 [129] and Stat5 [130]. One of
the key cytokines involved in inflammatory responses is IFN-y, and TC-PTP has been
shown to downregulate IFN-y-mediated signals [128, 131]. Moreover, GVHD is
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Gene Phenotype Organs affected Human? Refs.
modified

Fas Lymphoproliferative disease;  Kidney, mesentery,  Yes [288, 289]
(CD95)  glomerulonephritis, vasculitis, joints, lungs, skin, [287]
(Ipr) synovitis, interstitial vasculature

pneumonitis, dermatitis

Clg Glomerulonephritis Kidney Yes [291]
[290]

TGF-B Macrophage, lymphocyte and  Lung, heart, stomach, No? [292, 293]
neutrophil infiltration; gastric  liver, spleen, lymph
ulceration nodes, pancreas,
colon, salivary
glands, striated
muscle

CTLA4  Lymphocyte, macrophage and  Heart, pancreas, lung, Yes [295, 296]

granulocyte infiltration bone marrow, liver,  [294]
salivary glands,
joints, blood vessels
SOCS1 Macrophage infiltration Liver, lungs, No? [158, 159]
pancreas, heart, skin
Cbl Activated B- and T-cell Salivary glands, No? [297]
infiltration pancreas, liver,

intestine, lungs,
kidney, heart, skeletal
muscle, urinary

bladder
RelB T-cell, granulocyte and Skin, lungs, liver, No? 298]
macrophage infiltration; salivary glands,
collagen deposition skeletal muscle,

stomach, epididymis,
ovaries, uterus

SHP-1 Neutrophil abscesses, Skin, lungs No? (194, 195,
(me) interstitial pneumonitis 299]

Table 1.6. — Mouse models of inflammation.
A selection of genetically modified mice presenting multi-organ inflammation. Adapted
from [264].
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associated with macrophage priming, which renders them more sensitive to exogenous or
endogenous LPS [286]. Primed or activated macrophages are then able to upregulate
TNF-a and INOS, especially after further stimulation with LPS [286, 300]. IFN-y is the
major macrophage priming cytokine [265]; zcptp™ mice also display increased numbers
of splenic macrophages (F4-80" cells) [2].

Therefore, we hypothesized that tcprp” macrophages might be primed in vivo due
to the loss of negative regulation on IFN-y signalling. They would produce increased
amounts of TNF-a and NO, causing tissue pathology and contributing to the death of
tcptp'/' animals. The amount of IFN-y present would not necessarily need be augmented
as, according to our hypothesis, even small amounts of IFN-y would result in macrophage
activation in the absence of TC-PTP. The results of these studies were published in Blood
in 2004 [301] and presented in Chapter 2 of this thesis.

1.6 PTP-1B AND MYELOPOIESIS

1.6.1 Overview of monocyte/macrophage development
All myeloid cells, whether they be erythrocytes, platelets or macrophages, arise from a

common myeloid progenitor cell (CMP), identified by Akashi et al. in 2000 {302]. The
CMP will then differentiate into megakaryocyte/erythrocyte (MEP) or
granulocyte/monocyte progenitors (GMP). These clonogenic progenitor cells will
eventually give rise to mature myeloid cells, depending on the cytokine environment and
transcription factors induced. A simplified view of myelopoiesis together with cell
surface markers for different populations can be found in figure 1.6.

It is generally accepted that IL-3 and GM-CSF are multilineage cytokines that can
stimulate both granulocytic and monocytic differentiation. Conversely, stimulation with
G-CSF is known to result in granulocyte formation, whereas CSF-1 (or M-CSF) will
favour monocyte formation (reviewed in [303]). GM-CSF deficient mice have normal
numbers of myeloid cells [304], but are more sensitive to pulmonary infections. Mice
with no G-CSF are neutropenic (20-30% normal levels), a defect which can be reversed
by exogenous G-CSF, and more susceptible to infection with Listeria monocytogenes

[305]. Mice lacking both G-CSF and GM-CSF are more severely neutropenic and show
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increased perinatal lethality [306]. Mice deficient in CSF-1 (op/op) have greatly reduced
numbers of macrophages and are osteopetrotic due to decreased osteoclast activity [307,
308]. Lack of both GM-CSF and CSF-1 results in frequent pulmonary infections
accompanied by neutrophilia, but the macrophage phenotype is no more severe than in
op/op mice [309]. These data show that although different myeloid lineages favour
certain CSFs, in vivo CSFs display some redundant function.

Hematopoietic growth factors act through the induction of lineage specific gene
expression, which is largely mediated by specific transcription factors. The two major
myeloid transcription factors are PU.1 and C/EBPa [303, 310]. However, neither is
myeloid specific, but can also be found in, e.g.,, B lymphocytes (PU.1) or non-
hematopoietic tissues (C/EBPa). Both are expressed in myeloid precursors and are able to
activate the transcription of CSF receptor genes.

Mice deficient in PU.1 lack both monocytes and granulocytes [311, 312], and in
vitro studies have shown that PU.1 is necessary for the terminal differentiation of both
lineages [313]. Interestingly enough, a recent report indicated that the duration of PU.1
expression may be crucial in determining myeloid fate: transient expression would favour
granulocytic development, whereas long term expression would block granulocytic
differentiation and result in monocyte formation [314]}. This was corroborated by another
study, which showed that the loss of one allele of PU.1 increased the proportion of
granulocytes in G-CSF -deficient mice [315]. Therefore, PU.1 dosage appears to play an
important role in granulocytic versus monocytic differentiation.

In the hematopoietic system, C/EBPa is predominantly expressed in immature
granulocytes [310]. Accordingly, the loss of C/EBPa results in absence of mature
neutrophils due to lack of G-CSFR expression [316]. These mice had high levels of
circulation myeloblasts and normal monocytic and lymphoid development. G-CSF
signalling also has the effect of increasing C/EBPa levels, a fact that inhibits monocytic
and favours granulocytic differentiation [315]. C/EBPa is also often mutated in AML

[317], which is characterized by immature myelocytes.
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Figure 1.6 - Myeloid differentiation.

An overview of the development of various myeloid lineages, including the
expression of surface markers and the role of major hematopoietic growth
factors.
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Other transcription factors that influence myeloid development include early growth
response (Egr)-1 [318] and IFN regulatory factor (IRF)-8 [319]. Overexpression of Egr-1
favoured monocytic development at the expense of granulocytes [320], and more recently
was shown to mediate terminal differentiation by antagonizing c-Myc [321]. IRF-8
interacts with PU.1 [322] and mice deficient in IRF-8 develop granulocytosis and

ultimately a syndrome similar to chronic myelogenous leukemia [323].

1.6.2 Evidence for PTP-1B in myeloid development

Despite the fact PTP-1B has no known role in the immune system, it is expressed in
hematopoietic cells [324, 325]. It has also been shown to dephosphorylate Jak2 and Tyk2
[7] as well as StatS [126]. Therefore, it would be reasonable to propose that PTP-1B
would affect hematopoietic cytokine signalling, and consequently immune development
and function.

Jak2 is activated downstream of a multitude of cytokine receptors, including G-CSF
and GM-CSF (see table 1.2). Moreover, the receptor for CSF-1 belongs to the same RTK
subfamily as PDGFR, a known substrate of PTP-1B [14]. PTP-1B therefore has the
potential to regulate myelopoiesis at several different levels. It has also been published
that the levels of PTP-1B are increased in cell lines derived from CML patients [252,
326]. The oncoprotein p210Bcr-Abl present in these cells is a substrate for PTP-1B;
however, it is not known what the reason for the upregulation of PTP-1B expression is in
CML, nor are the functional consequences of such expression clear. Based on this
information, we wished to investigate the role of PTP-1B in myeloid development, and
the results of these studies are currently in press in the Proceedings of the National
Academy of Sciences and presented in Chapter 3.

Concurrently with the work on PTP-1B in myelopoiesis, we also discovered that it
plays a role in B cell development. The absence of PTP-1B resulted in increased number
of B220" cells in the bone marrow and lymph nodes, and increased the occurrence of B
lymphomas in p53” mice. These data were published earlier this year in Cancer Research
[327].
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1.7 COMPLEMENTARY ROLE OF TC-PTP AND PTP-1B

1.7.1 Structural similarities and common substrates
TC-PTP and PTP-1B bear a high degree of structural similarity (72% amino acid

sequence identity within the catalytic domain) [328], and functional identity [329].
Moreover, the majority of small molecule inhibitors synthesized against PTP-1B display
no or very limited selectivity against TC-PTP [8, 257, 258]. Given that these inhibitors
are currently under consideration for treatment of type II diabetes, it becomes important
to know whether TC-PTP and PTP-1B function in vive is redundant, and what the
consequences would be of simultaneously interfering with the action of both. Therefore,
we opted for the generation of tcptp” ptp1b” double mutant mice.

TC-PTP and PTP-1B have four common published substrates, EGFR, PDGFR, IR
and Stat5 (see table 1.7). In addition, together they dephosphorylate all members of the
mammalian Jak family. Physiological evidence for either TC-PTP or PTP-1B as
regulators of EGFR or PDGFR is slight. Although PTP-1B is well known for its ability to
regulate IR signalling, and ptpIb” mice are more sensitive to insulin, we have not found
any in vivo evidence that IR signalling would be affected by the loss of TC-PTP (M.L.
Tremblay, personal communication). It has been shown that decreasing TC-PTP levels by
RNA interference in prplb™ fibroblasts enhanced insulin-mediated signalling along the
protein kinase B but not MAPK pathway [233]. However, the authors did not report any
physiological consequence of this prolonged signalling.

Given the data presented in Chapter 3, we felt that it would be more likely that
PTP-1B and TC-PTP collaborate in cytokine signalling. Table 1.8 summarizes the various
cytokine pathways that TC-PTP and PTP-1B could cooperatively regulate based on the
known Jak/Stat substrates for both enzymes. The simultaneous loss of the two enzymes
would presumably result in prolonged and increased activation of the pathway, similar to
ectopic expression of the activating cytokine, which is why I have included the
phenotypes of the mice transgenic for the various cytokines. Out of these candidate
pathways, only interferon signalling has been published to be influenced by both TC-PTP
and PTP-1B. Moreover, given that IFN-y is a macrophage activating, inflammatory type
cytokine, and that the results presented in Chapters 2 and 3 demonstrate that both TC-PTP

and PTP-1B can modulate macrophage development and/or activation, we hypothesized
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that IFN-y-mediated macrophage activation might well be one common denominator of

TC-PTP and PTP-1B function. The results of our studies are presented in Chapter 4.

Substrate

Evidence for TC-PTP

Evidence for PTP-1B

Refs.

EGFR

PDGFR

IR

Stat5

Jak family

Substrate-trapping

Hyperphosphorylation in -/-
embryos;

in vitro dephosphorylation

Substrate-trapping;

hyperphosphorylation in -/-
MEFs

Decreased phosphorylation
after PTP overexpression;

in vitro dephosphorylation

Substrate-trapping;

hyperphosphorylation in -/-
cells

Substrate-trapping;
hyperphosphorylation in -/-
MEFs

Substrate-trapping;
hyperphosphorylation in -/-
MEFs

Substrate-trapping;

hyperphosphorylation in -/-
tissues;

increased insulin sensitivity
in -/- mice
Decreased phosphorylation

after PTP overexpression;

in vitro dephosphorylation

Substrate-trapping;
hyperphosphorylation in -/-
cells and tissues;

increased leptin and GH
sensitivity in -/- mice

[227, 240-242]

[232,241-243]

[4, 233, 234, 244,
245]

[126, 130]

[5-7, 125, 131]

Table 1.7 — Common substrates for TC-PTP and PTP-1B.

A list of substrates reported to be dephosphorylated by both TC-PTP and PTP-1B,

including the methods

for substrate identification. Substrate-trapping refers to

phosphotyrosine-specific association with catalytically inactive mutant [117]. MEFs,

murine embryonic fibroblasts; GH, growth hormone.
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Cytokine Jaks and Stats  Transgenic phenotype Refs.

IFN-y Jakl, Jak2, Tissue-specific inflammation/ [330-333]
Stat1 autoimmune disease

IFN-0/B Jakl, Tyk2, Tissue-specific inflammation/ [334, 335]
Statl. Stat2 autoimmune disease

IL-6/LIF/OSM/CNTF Jakl, Jak2, Tissue-specific inflammation/ [336-339]

Stat3 autoimmune disease
IL-10 Jakl, Tyk2, Autoimmune diabetes (pancreas); [340-343]
Stat3 suppression of inflammation/Thl

responses (T cells)

Table 1.8 — Cytokine pathways potentially regulated by both TC-PTP and PTP-1B.

A summary of the cytokines that utilize Jakl and either Jak2 or Tyk2, including

phenotypes of tissue-specific transgenic animals.
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2 CHAPTER II — T CELL PROTEIN TYROSINE PHOSPHATASE
DELETION RESULTS IN PROGRESSIVE SYSTEMIC
INFLAMMATORY DISEASE

Copyright statement

This research was originally published in Blood. Heinonen, K.M., Nestel, F.P., Newell, EW,,
Charette, G., Seemayer, T.A., Tremblay, M.L., and Lapp. W.S. T Cell Protein Tyrosine
Phosphatase deletion results in progressive systemic inflammatory disease. Blood.

2004;103:3457-64. © the American Society of Hematology.

2.1 ABSTRACT

The deregulation of the immune response is a critical component in inflammatory disease. Recent
in vitro data show that T Cell Protein Tyrosine Phosphatase (TC-PTP) is a negative regulator of
cytokine signaling. Furthermore, fc-ptp”™ mice display immune defects and die within five weeks
of birth. We report here that rc-ptp” mice develop progressive systemic inflammatory disease as
shown by chronic myocarditis, gastritis, nephritis and sialadenitis as well as elevated serum
interferon-y. The widespread mononuclear cellular infiltrates correlate with exaggerated
interferon-y, tumor necrosis factor-a, interleukin-12 and nitric oxide production in vivo.
Macrophages grown from fc-ptp” mice are inherently hypersensitive to lipopolysaccharide,
which can also be detected in vivo as an increased susceptibility to endotoxic shock. These results
identify T Cell Protein Tyrosine Phosphatase as a key modulator of inflammatory signals and

macrophage function.
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2.2 INTRODUCTION

Protein phosphorylation, the most common post-translational modification in mammalian
cells, is used as a rapid means of modulating enzyme function. The control of cellular
phosphorylation levels depends on the reciprocal activity of kinases and phosphatases,
and defects in either component can have widespread effects on cell function. T Cell
Protein Tyrosine Phosphatase (TC-PTP) is a nuclear phosphatase that is strongly
expressed in the hematopoietic system. We have previously shown that it is essential for
coordinate immune function and development [2]. More recently, it has been identified as
a negative regulator of signal transduction associated with cytokine signaling through
Janus kinases (Jak) -1 and -3 [131] as well as several members of the signal transducers
and activators of transcription (Stat) family [128-130].

The fc-ptp” mice show normal genotypic frequency at birth and appear to be
physically normal until 10-14 days of age, after which their growth is retarded [2, 253].
Although the total number of peripheral T and B cells remains relatively unchanged, the
tc-ptp”” mice are severely immunosuppressed. They are unable to mount T cell dependent
B cell responses [2], and their splenocyte response to mitogens is totally suppressed.
Moreover, thymic double positive T cells decline sharply with age and stromal defects in
the bone marrow result in depletion of B cell precursors by three weeks of age [2]. The
tc-ptp” mice progressively develop symptoms of wasting disease [271-273], including
runting, hunched posture, diarrhea and weight loss 2], and die at 3-5 weeks of age.

Severe immune suppression accompanied by wasting disease is a hallmark of graft
versus host disease (GVHD), which is characterized by a loss of T cell proliferative
responses and the systemic priming of macrophages [286, 300, 344, 345]. Unstimulated
macrophages from normal animals respond to an interferon-y (IFN-y) plus
lipopolysaccharide (LPS) activation by producing tumor necrosis factor-a (TNF-a) [265,
267] and nitric oxide (NO) [266, 268]. Both are mediators of tissue damage [271-273,
277, 346] that play an important role in septic shock. Excess NO has also been shown to
cause immune suppression {281, 347, 348]. The immune suppression and apparent onset
of inflammatory symptoms together with the reported increase in number of splenic

macrophages [2] in tc-ptp'/’ mice and the in vitro data for a role in cytokine signalling
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[128, 131] led us to hypothesize that in vivo deletion of TC-PTP may result in
overproduction of cytokines and development of inflammatory disease, which would
account, at least in part, for the early mortality seen in zc-ptp” mice.

In this report we show that the expression of IFN-y, TNF-a and inducible nitric
oxide synthase (iNOS) is upregulated in vivo in fc-ptp” mice. A significant increase can
be detected as early as three days after birth, prior to the onset of any overt disease. The
overproduction of cytokines contributes to the priming of inflammatory cells in vivo, as
shown by an increase in sensitivity to LPS both in vitro and in vivo. Furthermore, tc-pzp'/'
macrophages are inherently hypersensitive to LPS. We also demonstrate the presence of a
widespread mononuclear infiltrate in several non-lymphoid organs. Taken together, our
observations indicate that TC-PTP is a key negative regulator of cytokine signaling and

inflammatory disease.

2.3 MATERIALS AND METHODS
Mice. Tc-ptp” mice were obtained from heterozygous matings and genotyped as

previously described [2]. Tc-pip™* and rc-pip™ littermates were used as controls. All mice
were kept in specific pathogen free housing in the animal care facility. Protocols were
approved by the McGill animal care ethics committee.

Reagents, antibodies, and media. Cell culture reagents were purchased from Invitrogen
(Burlington, ON) unless otherwise specified. Lipopolysaccharide was obtained from
Calbiochem (San Diego, CA), and prepared as previously described [286]. Recombinant
murine interferon-y was purchased from Invitrogen and ConcavalinA from Pharmacia
(Baie-d’Urfé, QC). TC-PTP was detected with the monoclonal mouse antibody clone
4F4. The polyclonal rabbit anti-INOS antibody was purchased from Upstate
Biotechnology (Lake Placid, NY) and polyclonal rabbit antiserum for calnexin was kindly
provided by Dr. J.J. Bergeron (McGill University, Montreal, QC). Secondary antibodies
used were horseradish peroxidase-conjugated anti-mouse (Jackson Immunoresearch) and
anti-rabbit immunoglobulin (Upstate Biotechnology, Lake Placid, NY) as appropriate.
FITC-conjugated anti-Gr-1, PE-conjugated anti-CD14 and APC-conjugated anti-Macl
antibodies for flow cytometry were purchased from BD Biosciences Pharmingen

(Mississauga, ON).
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Quantification of mRNA. Total RNA was extracted from tissues or cultured cells using
TRIzol (Invitrogen, Burlington, ON) according to the manufacturer's specifications.
mRNA was quantified using the QuantiTect™ SYBR® Green RT-PCR kit (Qiagen,
Mississauga, ON) and the Light Cycler® Real-Time PCR machine (Roche Diagnostics,
Laval, QC). The samples were first incubated at 50°C for 20 min to synthesize first strand
c¢DNA, after which they were heated to 95°C for 15 min in order to activate the Taq
polymerase. Conditions for amplification are described below. After each cycle total
fluorescence was determined as a measure of double-stranded DNA in the sample, and
the data were used as the basis for quantification. The identity of the PCR products was
confirmed by melting curve analysis. Data were analyzed using the LCDA software
(Roche Diagnostics, Laval, QC). GAPDH was used as a housekeeping message, and the
message of interest to GAPDH ratio was taken as the relative expression level. To
compare between organs and between age groups, the tc-ptp™™ expression level was
always set as one, and the fc-ptp” level was expressed as the fold increase or decrease as
compared to age-matched zc-psp*™* mice.

Primers. The following oligonucleotides were synthesized at the Sheldon Biotechnology
Centre (McGill University, Montreal, Quebec) and used as follows: GAPDH FWD
5'-AATGGTGAAGGTCGGTGTGAAC-3' and GAPDH REV 5-TGGAAGATGGTGAT
GGGCTTC-3' (155 95°C, 10s 57°C, 20s 72°C; 30 cycles); TNFa FWD 5'-CCTGTAGCC
CACGTCGTAGC-3' and TNFa REV 5'-TTGACCTCAGCGCTGAGTTG-3' (155 95°C,
8s 57°C, 25s 72°C; 35 cycles); iINOS FWD 5'-GCCGCATGAGCTTGGTGTTTG-3' and
iNOS REV 5-TGATAACGTTTCTGGCTCTTGAG-3' (15s 95°C, 9s 62°C, 25s 72°C; 40
cycles); IFNy FWD 5-TGGAGGAACTGGCAAAAGGATG-3"' and IFNy REV 5'-
CGCTTCCTGAGGCTGGATTC-3' (15s 95°C, 10s 61°C, 25s 72°C; 30 cycles); IL-12
(p40) FWD 5’-AGATGACATCACCTGGACCTCAG-3’ and IL-12 (p40) REV 5’-
ACGTGAACCGTCCGGAGTAA-3’ (155 95°C, 8s 62°C, 30s 72°C; 35 cycles).
Histology. Following euthanasia, complete autopsies were performed on all animals. All
of the organs from each animal were place in an individual bottle of 10% buffered
formalin for fixation. The bottles were labeled in code, such that the reviewing
pathologist had no knowledge of the animal's genotype or age. After fixation, the tissue

from each bottle was placed in a single cassette and processed. After overnight
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dehydration and impregnation of the tissue by paraffin, all of the tissue from each animal
was embedded in a paraffin block and serially sectioned. The 5 micron thick sections
were stained with hematoxylin and eosin (H and E) and examined by light microscopy. A
minimum of four H and E sections was reviewed from each animal; in several animals,
serial sections (> fifteen) were cut, stained and examined.

Measurement of serum IFN-y. 19 to 21-day-old mice were injected i.p. with 150 pl sterile
PBS containing 0 pg, 4 ng or 8 ug LPS. Blood samples were collected 5 hours post-
injection, allowed to clot and separated. Serum IFN-y was measured with OptEIA™
mouse IFN-y ELISA (BD Pharmingen). In brief, 96-well plates were coated with a
capturing monoclonal anti-mIFN-y antibody overnight. The amount of bound cytokine
from serum samples was measured using a second anti-mIFN-y antibody with a different
specificity and horseradish peroxidase/tetramethylbenzidine (TMB) -based detection
system (BD Pharmingen). Absorbance was measured at 450nm on an ELISA plate reader
(SLT Labinstruments, Salzburg, Austria) and compared to a recombinant mIFNy standard
curve.

Spleen cultures. Splenocytes were harvested from 14, 19 and 21-day-old mice, passed
through stainless steel mesh, and cultured in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS), 10 U/ml penicillin and 100 pg/ml streptomycin at 37°C  with 5%
CO,. For iNOS mRNA, cells were stimulated with 100 U/ml IFNy and 10 ng/ml LPS for
4 hours.

Splenic T cells were purified by positive selection for CD4 and CD8 using the
EasySep™ magnetic nanoparticles (StemCell Technologies, Vancouver, BC). The PE-
conjugated antibodies were obtained from BD Biosciences. For IFN-y mRNA, total
spleen cells or CD4/CDS8 -selected T cells were cultured in medium supplemented with
2.5 pug/ml ConA for 16 hours.

Spleen-derived macrophages were obtained essentially as previously described
[349]. In brief, spleen cells were cultured for seven days in 12-well plates at 1.6x10° cells
/ well and in medium supplemented with 30% L-929 conditioned medium and 10% FBS.
The supplemented medium was refreshed on day four. The L-929 medium was replaced

with unsupplemented medium for 24 hrs before stimulation with IFN-y and/or LPS.
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Nitrite assay. Measurement of NO production was performed essentially as described
previously [300]. In brief, spleen-derived macrophages were cultured in RPMI 1640
supplemented with 10% FBS, 10 U/ml penicillin and 100 pg/ml streptomycin and
additional activators, where indicated. To measure the concentration of nitrite in the
supernatant after 48 hours, 100 ul Griess reagent was added to 100 pl supernatant, and
the optical density was read at 550nm on an ELISA plate reader (SLT Labinstruments).
The absorbance values were then compared to a standard curve of known concentrations

of sodium nitrite.

2.4 RESULTS

2.4.1 Upregulation of inflammatory mediators in te-ptp”” mice.
Recent reports showed that signaling components downstream of the IFN-y receptor were

hyperphosphorylated in te-ptp™ cells in vitro [128, 131]. Since IFN-y is an important
regulator of inflammatory responses, we examined the effect that the lack of TC-PTP
would have on the expression of IFN-y, as well as two IFN-y responsive genes, TNF-a
and iINOS, in vivo.

First we wished to study rc-ptp ” mice at late stage of disease. We extracted RNA
from different tissues of 20-day-old mice, and analyzed it by real time quantitative RT-
PCR to determine the transcript levels in vivo. There was a significant increase in the
level of TNF-ao mRNA in the liver (approx. 15-fold) as well as in the salivary gland
(27-fold) (Fig. 2.1a), mirrored by a respective four to ten-fold upregulation of iNOS
mRNA (Fig. 2.1b). We observed similar results for IFN-y in the liver and a particularly
large increase in the salivary gland (120-fold) (Fig. 2.1¢).

The increased expression of iNOS was not restricted to mRNA but was also
reflected at the protein level (Fig. 2.2). A 125kDa band was clearly evident in tc-ptp”
liver and salivary gland, while there was no detectable iNOS present in the corresponding
tc-ptp*’* tissues. The enzyme was present in the thymus of both rc-pp™* and rc-ptp™
animals [344]. Membranes were stripped and reprobed for TC-PTP to confirm genotype
and for calnexin, a resident protein within the endoplasmic reticulum, to ensure equal

loading of protein in each lane.
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Figure 2.1 - Increased transcription of inflammatory mRNA on day 20

in tcptp-/- animals.

mRNA levels for A) TNF-a, B) iNOS and C) IFN-y in tcptp-/- mice () and
their wild-type littermates ([7) at 20 days after birth. Bars represent the mean +
SE from four to five mice with tcptp-/- values shown as fold increase from
those of age-matched tcptp-/- mice. Statistical significance was determined by a
two-tailed unpaired Student t test. *P<0.05; **P<0.005; ***P<0.001 tcptp-/-
compared to tcptp+/+.

50



3
-~
+
~
+

thymus
liver
salivary
gland
thymus
liver
salivary
gland

— i — iNOS

Calnexin

W ... TCPTP

Figure 2.2 - Upregulation of iNOS protein in tcptp-/- mice.

Western blots showing TC-PTP and iNOS expression in the thymus, liver and
salivary gland of three-week-old mice. Calnexin was used as a loading control.
Data shown are representative of three separate experiments.
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At birth, tc-ptp” mice appear normal and do not develop symptoms until 10-14
days of age[2]. It is possible that the increased activation of inflammatory mediators is
secondary to another defect brought on by the lack of TC-PTP and not a direct effect of
its deletion. To further explore this possibility, we determined the expression levels of
IFN-y, TNF-a. and iNOS in thymus, liver and salivary gland at the perinatal stage (three
days after birth) and at 12-14 days after birth which coincides with the time that overt
symptoms first appear. An upregulation in expression of TNF-a and iNOS was already
apparent in the liver at three days after birth (Fig. 2.3a, lower panel). There was a
corresponding increase in IFN-y expression as well. We did not detect any appreciable
difference within the thymus (Fig. 2.3a, upper panel), and the expression levels in the
spleen were not significantly increased (data not shown). The data from the salivary gland
showed considerable variation from mouse to mouse (data not shown).

At two weeks of age, a significant increase in the TNF-a and iNOS transcripts was
detected in the tc-ptp'/ " thymus (Fig. 2.3b, upper panel), accompanied by an even greater
level of upregulation in the liver (Fig. 2.3, middle panel). Furthermore, TNF-o. was
upregulated in the salivary gland of 14-day-old tc-ptp'/' pups (Fig. 2.3b, lower panel). The
increase in IFN-y mRNA in the liver was already over 20-fold and the signal in the
salivary gland had reached similar levels to those seen on day 20 (over 100-fold increase).
The inflammatory reaction appears to be inherent, since it can be detected as early as

three days after birth, and quickly becomes amplified with time.

2.4.2 Increased IFN-y production is preceded by an upregulation of
IL-12.

IL-12 is an IFN-y-inducing cytokine that is normally produced by macrophages in
response to microbial components [350]. When we measured the levels of the inducible
subunit p40 in three-day-old pups, we could see a massive upregulation in the te-ptp”
liver as well as to a lesser extent in the spleen (Fig. 2.4a). At two weeks, there was a
comparable increase in the fc-prp” spleen, liver and salivary gland (Fig. 2.4b).

Interestingly, the level of p40 mRNA returned to normal levels in all organs by day 21
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Figure 2.3 - Upregulation of TNF-o. and iNOS mRNA precedes the
symptoms of inflammatory disease and can be detected as early as

day 3.

mRNA levels for TNF-a, iNOS and IFN-y in the thymus, liver and salivary
gland at A) three days and B) two weeks after birth. Bars represent the mean
values = SE from four to five mice, with tcptp-/- values () shown as fold

increase from those of age-matched tcptp+/+ mice ((J). Statistical significance
was determined by a two-tailed unpaired Student t test. * P < 0.05;
** P <0.005 teptp-/- compared to teptp+/+.
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Figure 2.4 - Increased IL-12 p40 expression in tcptp-/- mice.

mRNA levels for IL-12 p40 subunit in A) spleen, thymus and liver at three days
and B) spleen, liver and salivary gland at two weeks after birth. Bars represent
the mean values + SE from four mice, with tcptp-/- values () shown as fold
increase from those of age-matched tcptp+/+ mice ((J). Statistical significance
was determined by a two-tailed unpaired Student t test. * P < 0.05 tcptp-/-
compared to tcptp+/+.
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(data not shown), suggesting that some negative feedback mechanism may be still in
place despite the overall dysregulation of inflammatory cytokines.

We reported previously that tc-ptp'/' splenic T cells display a severe proliferation
defect in response to mitogenic stimulation [2, 254]. The strong IFN-y production
observed in tc-pp” mice suggested that the T cell defect may be restricted to
proliferation and would not affect cytokine production. We purified T cells from the
spleen using antibodies against CD4 and CD8 and stimulated them overnight with the T
cell mitogen ConcavalinA. There was no difference in IFN-y production between
unstimulated zc-ptp*’* and rc-pp” cells, but ConcavalinA-activated tc-ptp™ T cells
produced over five times more IFN-y than their tc-ptp™* counterparts on a per cell basis
(Fig. 2.5). Similar results were obtained using whole spleen cultures. This indicates that
proliferation and cytokine production are two independent events and that TC-PTP has

opposite effects on the two.

2.4.3 Development of systemic inflammation in te-ptp” mice.
The presence of inflammatory cytokines in the salivary glands of zc-ptp™ mice led us to

examine the presence of an inflammatory infiltrate in non-lymphoid organs. A total of
nine fe-ptp” mice as well as 20 rc-ptp™* and tc-pep™ littermates were euthanized at one,
two, or three weeks after birth and tissue from each mouse was evaluated for pathology.
At one week, subtle, focal infiltration of the salivary gland as well as small lymphocytic
foci in the stomach could be detected in some zc-ptp”” mice. In addition to the infiltration
of the stomach and salivary gland, chronic lymphocytic myocarditis was observed in two-
week-old mice. All three 21-day-old fc-ptp”” mice featured combined chronic myocarditis
(Fig. 2.6a), chronic gastritis (Fig. 2.6b) and chronic sialadenitis (Fig. 2.6¢); in two of
these, lymphocytic infiltrates were also present in the kidney (Fig. 2.6d); in one, chronic
panniculitis was found in a random section of skin. The heart sections showed evidence
of patchy myocyte degeneration and necrosis, consistent with chronic lymphocytic