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Abstract

T1/ST2 is a member o f the IL-1 receptor family possessing the three 

characteristic extracellular Ig domains and an intracellular Toll-ILIR (TIR) domain. It 

is an orphan receptor expressed on a variety of cell types including mast cells, naive T 

cells and Th2 cells. As the TIR domain has been shown to be critical in signalling 

from all receptor members of this superfamily, the aim of this study was to 

characterise signalling via T1/ST2.

Work presented here shows an extensive analysis o f signal transduction 

pathways initiated by T1/ST2 primarily using two strategies in lieu o f a ligand for 

T1/ST2: overexpression of T1/ST2 and an activating crosslinking anti T1/ST2 

monoclonal antibody. T1/ST2 is the first member o f this family to be identified which 

is unable to activate the transcription factor NF-kB. A chimera comprising the 

extracellular domain o f T1/ST2 fused to the intracellular domain o f the IL-1 receptor 

is able to activate NF-kB in the systems used here but only by recruitment o f the ILl 

receptor accessory protein.

T1/ST2 is able to activate other signalling pathways as it clearly drives 

activation o f p38, p42/p44 and c-Jun-N-terminal (JNK) MAP kinases. JNK activation 

is shown using four separate assays, namely phosphorylation o f JNK and c-Jun, 

increased transactivating activity of a c-Jun-Gal4 fusion protein and activation o f an 

AP-1 luciferase construct. T1/ST2 also induces IL-4 production in CD4"  ̂ naive T 

cells. This induction is blocked by the JNK inhibitor SP600125, indicating a key role 

for JNK in the effect o f T1/ST2 in T cells.

An alternative Sanction of T1/ST2 as an inhibitor o f certain other ILIR/TLR 

ligands has also been identified. Both overexpression and crosslinking o f T1/ST2 

results in a downregulation o f NF-kB activation in cells stimulated with IL-1 and

xvii



LPS. No inhibition was observed however, of either NF-kB or Interferon Stimulated 

Response Element (ISRE) in cells stimulated with Poly I:C. Overexpression of 

T1/ST2 also inhibits NF-kB activation by ILIRAcP, TLR4, Mai, MyD88 but not 

IRAK or the adaptor TICAM-l/TRIF. A GST fusion of the TIR domain o f T1/ST2 

was shown to bind to Mai and MyD88 and not TICAM-l/TRIF indicating that the 

observed inhibition o f IL-1 and LPS may occur through sequestration o f these 

intermediate signalling molecules.

T1/ST2 is, therefore, an inhibitory member o f the IL-1 receptor family with 

respect to NF-kB, consistent with its role in Th2 cell regulation.



Chapter One 

General Introduction



Chapter 1 Introduction

The pro-inflammatory cytokine interleukin-1 (IL-1) has been the subject of 

intensive research since its initial discovery. The role o f IL-1 is in the management o f host 

defence through the initiation and development o f inflammatory and immune processes. Its 

role in the development o f  several inflammatory diseases such as rheumatoid arthritis, 

ulcerative colitis and septic shock have made the mechanism o f IL-1 signalling a key focus 

o f research. Similarly, novel members o f both the IL-1 family o f cytokines and the IL-1 

receptor family are the focus o f much interest in order to elucidate their role in the host 

response to disease. The focus o f this work is to characterise the signalling pathways of 

T1/ST2, a member o f the IL l receptor family whose ligand is as yet unknown.

1.1 IL-1 receptor (ILlR)/Toll-like receptor (TLR) superfamily members

The ILIR/TLR superfamily comprises two sub-family groups: the ILIR  subgroup 

whose members contain three extracellular immunoglobulin domains (Ig) and the Toll-like 

receptor subgroup whose members possess leucine-rich repeats extracellularly. All 

members contain a conserved intracellular Toll-ILIR (TIR) domain, which is involved in 

signal transduction. To date, ten members o f the ILIR  subgroup have been identified 

(O'Neill and Dinarello, 2000). The family members include the type I IL-1 receptor (IL- 

IRl )  (Sims et al., 1988) which directly binds IL-1 and was the first member o f the family 

to be identified, the type II IL-1 receptor (ILIRII) (McMahan et al., 1991), the IL-1 

receptor accessory protein (ILlRAcP) (Greenfeder et al., 1995) which is required for IL-1 

signalling, the IL-18 receptor (formerly IL-lRrp-1) (Pamet et al., 1996; Torigoe et al., 

1997), its accessory protein (IL-18RAcP) (Bom et al., 1998) and IL-lRrp2 (Lovenberg et 

al., 1996) which is reported to be responsive to the novel IL-1 homologues, IL-1F9 and IL-

1F5 (Debets et al., 2001). Other members including T1/ST2 (Klemenz et al., 1989;

1



Tominaga, 1989; Werenskiold et al., 1989), IL-lRAPL/TIGIRR-2 (IL-1 receptor accessory 

protein like) (Bom et al., 2000; Carrie et al., 1999) and TIGIRR-1 (Three immunoglobulin 

domain-containing IL-1 receptor-related)/IL-lRAPL2/IL-lR9 (Bom et al., 2000; Ferrante 

et al., 2001; Jin et al., 2000; Sana et al., 2000) are all orphan receptor members of this 

family with no known ligands. Single Ig-domain containing IL-1 receptor related (SIGIRR) 

(Thomassen et al., 1999) is also a family member although it only possesses one Ig-domain 

extracellularly, similar to IL-18 binding protein (Aizawa et al., 1999).

Ten members of the Toll-like receptor subgroup, termed TLR 1-10 have also been 

identified. These members all contain leucine-rich repeats (LRR) in their extracellular 

domain. The ligands for many of these receptors have been identified and these receptors 

seem to act as pattem-recognition receptors and play an essential role in the recognition of 

bacterial and viral products and hence in the innate immune response. Figure 1.1 shows a 

schematic representation of these receptors. I will now discuss these receptors in more 

detail, focussing especially on T1/ST2, the subject of this thesis.

1.1.1 T1/ST2 

Characterisation of T1/ST2

T1/ST2 was initially cloned as a primary response gene or an oncogene-induced 

gene from mouse fibroblasts (Klemenz et al., 1989; Tominaga, 1989; Werenskiold et al., 

1989). In the course of studying the ST2 gene another ST2 related mRNA was identified, 

predicted to encode a receptor (Yanagisawa et al., 1993). The initially identified protein is a 

soluble secreted form, now referred to at sST2, and the longer form is referred to as T1/ST2 

or ST2L. The extracellular domain of T1/ST2 is identical to sST2 although sST2 possesses 

an extra 9 amino acids on its C terminus. The human forms of both sST2 and T1/ST2 have

2
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Figure 1.1 IL-1 receptor/TLR superfamily. The ILIR/TLR superfamily share a region of homology 

in their intracellular domain termed the Toll/IL-l-like region (TIR) domain. The IL-IR subgroup are 

typified by having multiple IgG-like domains in their extracellular domain whereas the TLR subgroup have 

a leucine-rich repeat domain in its place.



now been cloned and both show approximately 67% homology to the murine homologues 

(Li et al., 2000; Tominaga et al., 1992).

Both proteins belong to the immunoglobulin (Ig) superfamily and T1/ST2 in 

particular belongs to the Toll/IL-1 Receptor (TIR) superfamily as it shows 29% homology 

to the type 1 IL-1 Receptor, possessing the 3 characteristic Ig domains extracellularly and 

the intracellular TIR domain. The intracellular portion o f human T1/ST2 shows 37% 

homology to the intracellular domain of human ILIR I (Li et al., 2000). The gene for 

T1/ST2 is also tightly linked to the genes encoding the type I and type II IL-IR  on both 

mouse chromosome 1 and human chromosome 2 (Tominaga et al., 1996; Tominaga et al., 

1991) suggesting close functional relationships between these proteins and members o f the 

ILIR  superfamily.

In addition, another variant form o f the ST2 gene product has been identified 

(Tominaga et al., 1999) termed ST2V. This form bears most similarity to sST2 but lacks 

one of the 3 Ig domains and was found to be localised to the plasma membrane, suggesting 

a possible role in modification o f T1/ST2 signalling (Tago et al., 2001). The three known 

forms o f T1/ST2 are shown in figure 1.2.

Expression of T1/ST2

Initial expression studies on T1/ST2 were performed using the rat ST2 gene, termed

Fill.  This gene was shown to have two promoters, and it was proposed that the two mRNA

isoforms o f ST2 and T1/ST2 were transcribed from the different promoters leading to

alternative splicing to produce the two distinct 3' coding sequences (Bergers et al., 1994). It

has subsequently been shown that both the murine and human T1/ST2 genes also have two

promoters but that the two genes can be transcribed from either promoter and in fact it is

the cell type that determines which promoter is used for both genes. The two alternative
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Figure 1.2 Variant forms of T1/ST2. Three forms of T1/ST2 have been identified. T1/ST2 

has three extracellular Ig domains and an intracellular TIR domain. Soluble ST2 has three Ig 

domains and no transmembrane region and ST2V lacks an Ig domain.



promoters o f the human T1/ST2 gene, which are located 8 Kb apart, are spliced to a 

common exon 2 containing the translation initiation site. It has been shown that the human 

UT-7 leukaemic cell line can use both distal and proximal promoters, although the distal 

promoter is the one primarily used in this cell line for expression o f both ST2 and T1/ST2. 

In the human fibroblastic cell line TM12 however, almost all transcription starts from the 

proximal promoter (Iwahana et al., 1999). Similarly Gachter et al (Gachter et al., 1996) 

showed that promoter usage was strictly tissue specific with the distal and proximal 

promoters being used exclusively in mast cells and fibroblasts respectively.

The T1/ST2 promoter has been shown to contain three binding sites for the GATA 

family o f transcription factors. Six proteins o f this family have been identified. GATA-1 

and GATA-2 are expressed in mast cells and erythroblasts while GATA-3 is a T-helper 

type 2 (Th2) specific transcription factor. Overexpression o f GATA-1 in mast cells causes 

elevated T1/ST2 synthesis and all three GATA binding sites are involved in regulation of 

gene expression (Gachter et al., 1998). A consensus DNA regulatory binding element 

known as TRE (TPA-responsive element) and an E-box have also been implicated for full 

promoter activity (Kessler et al., 1997). c-Fos and FosB were also shown to be able to 

induce the T1/ST2 gene indicating the involvement o f the AP-1 transcription factor in 

T1/ST2 expression (Kalousek et al., 1994). The MAP kinase JNK (c-Jun-N-terminal 

kinase), which regulates AP-1 via phosphorylation o f c-Jun, has also been implicated in the 

regulation of expression o f T1/ST2 as overexpression o f a specific JNK-1 gain-of-function 

mutant in Swiss 3T3 fibroblasts caused an induction in the T1/ST2 gene (Han et al., 2002).

The effect o f pro-inflammatory stimuli on T1/ST2 expression has been investigated

(Kumar et al., 1997). Balb/c-3T3 cells were used to show that stimulation with PMA, TNF

and IL Ia  and P has no effect on the expression o f T1/ST2. In contrast, stimulation with all

o f these, results in a marked increase in expression o f sST2. Similarly, using a mouse
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model of inflammation involving exposure of mouse ears to UVB irradiation, sST2 mRNA 

was seen to be expressed 48h post UV exposure while the level o f expression o f T1/ST2 

was not altered. This observed increase in sST2 expression with inflammation using these 

models, suggests the possibility that sST2 may act as a ‘ligand sink’ in a similar manner to 

ILIRII and one o f its roles may be to block responses stimulated by its cognate ligand.

The expression patterns of soluble and membrane bound forms o f T1/ST2 have 

been shown to be quite dramatically different. sST2 is primarily expressed on fibroblast 

cell lines and in non-haempoietic tissues such as embryonic bone, skin and retina (Rossler 

et al., 1995). T1/ST2 conversely, is present in cell populations o f the major haempoietic 

organs such as foetal liver, spleen and bone marrow. T1/ST2 is also found to be expressed 

on macrophages, erythroid progenitor cells and T cells in addition to being highly 

expressed on mature and immature mast cells (Bergers et al., 1994; Moritz et al., 1998; 

Rossler et al., 1995). T1/ST2 is also strongly expressed on the T helper 2 (Th2) cells. It was 

shown in the Th2 cell line DIO that T1/ST2 was expressed without stimulation while co

stimulation o f these cells with PMA and the calcium ionophore A23187 resulted in the 

expression o f sST2 (Yanagisawa et al., 1997). T1/ST2 is present at a very low level on 

naive ThO cells but it is not found to be expressed at all on T helper type I cells (Thl) (Xu 

et al., 1998). Furthermore the expression o f T1/ST2 on Th2 cells is independent of 

induction by the Th2 cytokines IL-4, IL-5 and IL-10. T1/ST2 is still detected on Th2 cells 

from IL-4 and IL-10 deficient mice, although its expression is reduced as compared to wild 

type on IL-5 deficient mice possibly indicating coordinate regulation o f IL-5 and T1/ST2 

(Lohning et al., 1998). Using constructs comprising o f deletion mutants o f the T1/ST2 

promoter fused to the luciferase gene, it has been shown that the distal, but not the proximal 

promoter, o f T1/ST2 is responsible for gene expression in Th2 cells. The Th2 cytokine IL-4

enhanced T1/ST2 expression via direct modulation o f the distal promoter while expression
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was suppressed by the Thl cytokine IFN-y. These results provide a mechanistic explanation 

for the selective expression o f T1/ST2 on Th2 cells (Carter et al., 2001).

T1/ST2 function

Given the selective expression pattern o f T1/ST2 on Th2 cells and not Thl cells, the 

major focus o f investigation to date has been to identify the role o f T1/ST2 on Th2 cells.

Thl/Th2 cell biology in brief

The abbreviations Thl (T helper cell type 1) and Th2 (T helper cell tj^ e  II) refer to 

CD4^ a p  TCR T cell subsets that provide help to cells o f both the innate and adaptive 

immune systems. Multiple Th forms have been described (e.g. T h l, Th2, Thp, ThO and 

Th3). Antigen naive T cells are designated Thp for precursor o f T-helper cell. Upon antigen 

exposure through contact with cells o f the innate immune system, a Thp cell may undergo 

differentiation to an uncommitted cell termed ThO (reviewed in (Zhai et al., 1999)). 

Depending on cytokine environment and antigen exposure Thp/ThO cells will develop into 

either Thl or Th2 cell types. The Th phenotypes are characterised by the cytokines that 

they produce. Thl cells produce primarily IL-2, IFN-y, Lymphotoxin and TNF-P while Th2 

cells produce IL-4, IL-5 and IL-13. IL-IO has also been classified as a Th2 type cytokine 

although there is some evidence to show that, in humans, both Thl and Th2 cells secrete 

IL-10. It is now also recognised that a third Th subset known as T regulatory or T 

suppressor cells can produce IL-10 (Maloy and Powrie, 2001). Thl and Th2 cells have 

been associated with specific immune responses due to the cytokines that they secrete. Thl 

cells promote cell mediated immune responses and activate macrophages and are thus 

defensive against intracellular pathogens. In contrast, Th2 cells are associated with allergic
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reactions involving IgE, basophils and eosinophils and also target extracellular pathogens 

such as helminths (reviewed in (Lafaille, 1998)). A simple schematic o f T cell 

differentiation and Thl and Th2 cell function is shown in figure 1.3.

In addition to cytokine production, receptors can be used to differentiate Thl and 

Th2 cells. Chemokine receptors CXCR-3 and CCR-5 are characteristic o f Thl cells while 

CXCR-4, CCR-3, CCR-4 and CCR-7 are associated with Th2 cells. Although more 

generally associated with one cell type over the other, these markers are not always unique 

being occasionally expressed on the alternative cell type. T1/ST2, however, has now been 

identified as a stable cell marker for Th2 cells and the IL-18 receptor (IL18R) as a stable 

cell marker for Thl cells (Chan et al., 2001). This has led to the increased use o f antibodies 

against these two markers as a method for identifying cell type and monitoring the shift

between Thl and Th2 cells during infection.

Finally transcription factors, specific for either Thl or Th2 cells have been 

described. The transcription factor T-bet has been shown to be unique to Thl cells, while 

the transcription factors GATA-3 and c-M af are only found in Th2 cells. In both cell types 

these transcription factors are involved in cell function and maintenance o f T cell 

differentiation (Agnello et al., 2003).

Role of T1/ST2 in Th2 cell function

Given the similarity o f T1/ST2 to the IL IR I and its possible link with

inflammation, the expression pattern observed on T helper cells was very interesting. A lot

o f recent work, therefore, has focused on elucidating the role o f T1/ST2 in Th2 cell

function. It is known that allergen provocation o f mice causes an increase in eosinophil

recruitment to the lung and IgE production resulting in allergic lung inflammation.

Pretreatment o f mice with either a blocking monoclonal antibody to T1/ST2 or a Tl/ST2-Ig
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fusion prior to allergen challenge inhibited eosinophil recruitment, IL-5 secretion and IgE

production but had no effect on Thl-mediated inflammation indicating a role for T1/ST2 in

Th2 mediated inflammatory responses (Coyle et al., 1999). It has also been shown that the

number o f T1/ST2 positive cells is highly up regulated on CD4^ cells from lungs containing

granulomas induced by Schistosoma mansoni eggs (Lohning et al., 1999) and that cross-

linking o f T1/ST2, using an anti-Tl/ST2 monoclonal antibody, directly induced

proliferation o f Th2 cells and production o f type 2 cytokines IL-4 and IL-5 but not o f the

Thl cytokine IFN-y (Meisel et al., 2001). It was noted however that the expression of

T1/ST2 on Th2 cells following antigenic stimulation was delayed compared to production

o f type 2 cytokines. More recently it has been shown that in a model o f lung inflammation

induced by respiratory syncytial virus (RSV), treatment with anti-Tl/ST2 mAb reduced

inflammation and the severity o f the illness in mice with Th2 but not Thl driven

immunopatholgy (Walzl et al., 2001). The effects o f T1/ST2 in Leishmania major infection

have also been investigated. Healing and non-healing L.major infections have been

ascribed to Thl and Th2 responses respectively. The majority of inbred mice infected with

L.major will develop a Thl response, develop small lesions and heal after a few weeks.

BALB/c mice, on the other hand, develop progressive nonhealing lesions driven by a Th2

response. An initial investigation showed that a significantly higher percentage o f T1/ST2^

cells was detected in footpads from BALB/c infected mice than from CBA mice, indicating

a possible role for T1/ST2 in the Th2 driven pathology o f this infection (Kropf et al., 2002).

The same group, however proceeded to further characterise the role of T1/ST2 in response

to this infection by using a similar approach to that employed by Coyle et al, i.e. a blocking

mAb to T1/ST2 and a Tl/ST2-Ig fusion, to interfere with T1/ST2 signalling. They showed

that these reagents had no effect on lesion development or parasite replication but did

induce a higher Thl response and increase the ability o f CD4"  ̂T cells to respond to the Thl
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cytokine IL-12 indicating a possible role for T1/ST2 in downregulation of the Thl response 

during the course of a non-healing L.major infection (Kropf et al., 2003).

Interestingly, analysis of the importance of T1/ST2 in Th2 mediated effector 

responses using T1/ST2 deficient mice has yielded conflicting results. Two separate studies 

have shown that T1/ST2'^' mice show normal responses to infection with the helminthic 

parasite Nippostrongylus brasiliensis (Hoshino et al., 1999a; Senn et al., 2000). These mice 

are able to clear this infection with normal kinetics and do not show altered cytokine 

production compared to wild type. Hoshino et al also investigated the Th2 response using 

the same mouse model of allergic airway inflammation as used by Coyle et al and observed 

identical responses following exposure of the mice to an aerosol of OVA as seen with wild 

type mice. A third group to characterise a T1/ST2 knockout, however, reported a clear 

difference between T1/ST2 '̂ ' mice and wild type. Using the pulmonary granuloma model of 

infection caused by Schistosoma mansoni, these mice show reduced lung tissue 

eosinophilia recruitment and reduced levels of IL-4 and IL-5 production (Townsend et al., 

2000). This group attribute the difference in results to the use of a short-term antigen 

challenge and antigen specific restimulation. The differences between these three reports 

together with the discrepancies observed between the response of T1/ST2 knockout mice to 

infection and previous evidence reporting T1/ST2 to be critical for Th2 responses show that 

the actual role of T1/ST2 in Th2 cell function remains unclear.

1.1.2 IL-1 receptors

The best characterised receptor in the superfamily is IL -lR l. All forms of IL-1 (IL- 

la , IL -ip and the ILl receptor antagonist) bind to ILIRI, an 80 kDa glycoprotein (Sims et 

al., 1993). IL-1 a  and IL-lp are agonists that induce similar responses, whereas the IL-1
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receptor antagonist (IL-IRA) functions to block IL-1 a  and IL -ip  activity. All known 

biological responses of IL-1 are mediated through the type IIL -IR . The crystal structure of 

the extracellular portion o f the type IIL IR  containing bound IL -ip  has been solved to 2.5A 

resolution. It shows that the two amino terminal Ig domains o f the receptor are held in a 

fairly rigid conformation by an inter-domain disulphide bond, whereas the membrane 

proximal Ig domain is connected to the other by a flexible tether. The receptor appears to 

wrap around the IL-1 molecule, such that IL -lp  interacts with the receptor in two places: a 

larger area o f contact in the groove between the first and second domains and a smaller area 

on the side o f the third domain (Vigers et al., 1994).

The type II ILIR  is a product o f a separate gene to ILIRI and contains a severely 

truncated cytoplasmic domain lacking the TIR domain and as a result is not capable o f 

transducing a signal upon IL-1 ligation and acts as a decoy receptor to negatively regulate 

IL-1 signalling (Colotta et al., 1993; Sims et al., 1993; Stylianou et al., 1992). All three IL- 

1 cytokines have been shown to bind the type I ILIR with high affinity (Ruggiero et al., 

1997), whereas only IL -lp  binds the type II ILIR  with high affinity (Dripps et al., 1991). 

This difference in affinity is explained by the need for tighter control o f the circulating 

form o f IL-1 (IL -lp) compared to the membrane bound form (IL-1 a )  in order to ensure the 

rapid removal o f IL-1 p to prevent detrimental effects on cells caused by excessive IL -1 

production. ILIRII (Giri et al., 1990) and possibly IL IR I (Svenson et al., 1993) may also 

exist as ‘soluble’ receptors in the circulation. These are formed when the extracellular 

domain o f the receptors are cleaved fi’om their membrane anchors. In the circulation these 

receptors can bind IL-1, protecting the pro-form from proteolytic degradation as has been 

described in the TNF system (Aderka et al., 1992). This may act to prolong the action of 

the cytokine by increasing its half-life.
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Upon binding, IL-1 induces a structural change that allows dimerisation o f the 

ILIRI with the ILlRAcP (Greenfeder et al., 1995) to form the active signalling complex. 

The ILlRAcP was originally identified because a monoclonal antibody, which recognised 

neither IL-1 nor the IL-1 receptors, was able to inhibit IL -ip  responses. ILlRAcP interacts 

with the extracellular portion of ILIRI only after IL-1 has bound to the receptor. IL-1 

cannot signal without the presence of the ILlRAcP as was shown using a cell line EL4 

D6/76, which lacks ILlRAcP. This cell line cannot respond to IL-1 although 

responsiveness can be restored to this cell line upon transfection with ILlRAcP (Wesche et 

al., 1997b). Similarly ILIRI-deficient cells show that IL-1 cannot form a complex with 

ILlRAcP in the absence o f ILIR I (Labow et al., 1997). IL-IRA binding to IL -lR l, 

however, does not induce recruitment o f ILlRAcP, explaining why it cannot induce signal 

transduction (Greenfeder et al., 1995). It has also been shown that ILlRAcP interacts with a 

component o f the NF-kB signalling pathway ILl receptor associated kinase (IRAK) and is 

therefore responsible for recruitment o f IRAK to the active signalling complex (Huang et 

al., 1997; Volpe et al., 1997). A splice variant o f the ILlRAcP has also recently been 

identified giving rise to a soluble form in T cell lymphomas (Korherr et al., 1997) and in 

liver cells, where it was suggested to negatively regulate IL-1 signalling (Jensen et al., 

2000). It has subsequently been shown that the soluble form of the ILlRAcP inhibits IL-1 

signalling by enhancing the ability of the soluble ILIRII to bind IL-1 a  and IL-1 (3 

(Greenfeder et al., 1995; Smith et al., 2003).

1.1.3 IL-18 receptors

The cytokine IL-18 was first described as IFN-y-inducing factor (Okamura et al., 

1995). The receptor for this cytokine, IL-18R (originally termed ILlRrp), was identified as
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a member o f the IL IR  superfamily based on its homology to IL IR I, ILlRAcP and T1/ST2 

(Pamet et al., 1996). It shares the same conserved sequences common to members o f the 

family including the intracellular TIR domain. The IL18R is found to be expressed in lung, 

spleen, heart, testis, Thl cells and NK cells (Torigoe et al., 1997). Interestingly, it is not 

expressed on T-cell-helper type 2 (Th2) cells. It is also reported that IL-18R is not 

expressed in brain (Torigoe et al., 1997) although this is possibly due to the level of 

expression being below detection limits rather than being completely absent.

The IL-18R is activated upon binding o f the cytokine IL-18. Similar to the IL-I 

receptor signalling complex, an accessory protein for IL18R, termed AcPL (Accessory 

Protein-like), has been identified (Bom et al., 1998). In transient transfection assays AcPL 

did not itself bind to IL-18 and failed to activate IL-18 signalling pathways. Co-expression 

o f both IL18R and AcPL induces activation of NF-kB in response to IL-18 and a dominant 

negative form o f AcPL can inhibit these signalling pathways. Expression o f AcPL appears 

to be more restricted than that o f IL18R, in that it is not detectable in heart or testis.

Furthermore a novel IL-18 binding protein (IL-18BP) has been identified (Novick et 

al., 1999). IL-I8BP abolishes the induction o f IFN-y and NF-kB activation by IL-18, 

indicating that IL-18BP functions as an inhibitor o f early Thl cytokine responses. 

Interestingly, several poxviruses encode putative proteins highly homologous to IL-I8BP, 

suggesting that viral products might attenuate IL-18 and interfere with cytotoxic T cell 

response. A novel member o f the IL-1 family termed ILIF7b, which has significant 

sequence similarity to IL-18, was recently shown to bind to the IL-18R but without 

inducing IL-18R signalling as it fails to recruit AcPL. ILlF7b, however, can form a 

complex with ILI8BP and bind to the IL18R and this complex acts to inhibit IL-18 

signalling (Bufier et al., 2002).
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IL-18 receptor and Thl cell function

IL-18 is known to play an important role in T-cell-helper type 1 (Thl) responses 

primarily by its ability to induce IFNy production in T cells and natural killer cells (NK 

cells). IL18R, however, binds IL-18 with a low affinity relative to IL-1 binding to ILIRI, so 

the functional role o f IL18R remained controversial until a role for IL18R in Thl cell 

function was shown from studies using IL18R deficient mice (Hoshino et al., 1999b). 

These mice are unresponsive to IL-18 and are defective in Th 1 cell development. They are 

unable to initiate IL-18 signalling pathways. NK cells from these mice show defects in 

cytolytic activity and IFN-y production in response to IL-18. The role o f IL18R in Thl cell 

function therefore suggests that IL18R and T1/ST2 have divergent roles in T helper cell 

subtype development and activation.

1.1.4 Other members of the ILl receptor family

Several other members o f this family have been identified based on their homology 

to IL IR I. Until recently these were all orphan receptors though much work is being done to 

identify the ligands for these receptors and little is known about their function.

1.1.4.1 ILlRrp2

ILlRrp2 was originally isolated from rat brain tissue and showed to have 42% 

homology to IL IR I (Lovenberg et al., 1996). In rat tissue it is expressed in the lung, 

epididymus, testis and cerebral cortex. In situ hybridisation showed that expression in the 

brain is non-neuronal and associated with the cerebral vasculature. It has recently been 

shown that two o f the novel IL-1 family members, IL-1F5 and IL-1F9 both bind ILlRrp2 

(Debets et al., 2001). IL1F9 (IL-ls) appears to act as an agonist to this receptor and can
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activate NF-kB. IL1F5 (IL-16), however specifically inhibits the IL-1F9 response. IL-1F9 

and IL-1F5 and ILlRrp2 may therefore represent a similar signalling system to the IL- 

Ia(3/IL1R antagonist and ILIR I system and take part in the inflammatory response. A 

structural analysis o f IL-1F5, performed in our laboratory, has suggested however, that IL- 

1F5 may act as an agonist rather than an antagonist as it lacks the key residues present in 

IL lR a showed to be important in mediating antagonistic effects (Dunn et al., 2003).

1.1.4.2 SIGIRR

Little is known about this novel member o f the ILl receptor family. It shows the 

typical conserved motifs that characterise all members but is structurally and functionally 

different as it contains only a single Ig domain extracellularly although it does possess a 

TIR domain (Thomassen et al., 1999). Also, it does not map to the same cluster on 

chromosome 2 as IL IR I, IL18R and T1/ST2. As with T1/ST2 it does not bind any o f the 

IL-I family o f cytokines and seems to be unable to activate NF-kB, either in full length or 

as a fusion with the extracellular domain o f IL IR I. Recent evidence, however, has shown 

that SIGIRR functions as a biologically important modulator o f Toll-ILIR signalling. 

Inflammation is enhanced in SIGIRR-deficient mice as measured by enhanced chemokine 

induction after IL-1 injection and a reduced threshold for lethal endotoxin challenge. 

Furthermore, cells from SIGIRR-deficient mice show enhanced activation in response to 

IL-1 or certain Toll ligands (Wald et al., 2003).
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1.1.4.3 IL-IRAPL and TIGIRR-1

These final two members were identified by homology searches o f human genomic 

data base sequences (Bom et al., 2000). In addition IL-IRAPL was independently 

identified and shown to be highly expressed in post-natal brain structures and has been 

implicated in X-linked mental retardation (Carrie et al., 1999) Bom et al have attempted to 

classify these two members as either receptor-like or accessory-protein like based on 

chimera studies and investigating NF-kB activation. They have concluded that these two 

fall into neither sub-group and may therefore function as a new class o f receptors within 

this family.

1.1.5 Toll-like receptors

In Drosophilia embryos, the Toll protein is known to drive the establishment o f 

dorsal ventral polarity. The ligand that activates Toll in this process is Spatzle (Morisato 

and Anderson, 1994). Spatzle binds directly to the Toll ectodomain with a stoichiometry o f 

one Spatzle dimer to two receptors, and initiates signalling (Weber et al., 2003). The 

cytoplasmic domain o f Toll was identified to be homologous to the cytoplasmic domain o f 

ILIR  (Gay and Keith, 1991) and also a role for Toll in the response to infection was 

identified in the adult fly (Lemaitre et al., 1996) in which Toll is able to activate D if (an 

NF-kB homologue) which regulates the expression o f antifungal peptides such as 

Drosomycin (Meng et al., 1999). The high level o f evolutionary conservation in innate 

immunity led Janeway and colleagues to search for mammalian Toll-related proteins. They 

successfully described the first human homologue o f Drosophila Toll, initially named 

human Toll (hToll), but subsequently renamed Toll-like receptor (TLR)-4 (Medzhitov et 

al., 1997). This protein was also identified as human rsc786 (Mitcham et al., 1996). The
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involvement o f TLR4 in innate immunity was supported by the ability o f constitutively 

active TLR4 to activate NF-KB-dependant genes such as IL-1, IL-6 and IL-8. This was 

followed by the identification o f general structural features of the TLR family, such as the 

presence o f leucine-rich repeats extracellularly and the presence o f the TIR domain (Rock 

et al., 1998). The family presently consists of 10 mammalian TLRs, while 9 TIR-domain 

containing receptors have been identified in Drosphilia and several in plants.

Combinations o f overexpression studies, ex vivo studies and knockout mice have 

been widely used to identify the ligands for these receptors. To date these studies have 

shown that TLR4 is the receptor for lipopolysaccharide (LPS), lipoteichoic acid fi*om gram- 

positive bacteria, F protein from syncytial virus and taxol (a diterpene purified fi"om the 

bark o f the Western yew {Taxus brevifolia)) (Kawasaki et al., 2000; Kurt-Jones et al., 2000; 

Poltorak et al., 1998). TLR2 responds primarily to peptidoglycan and lipoproteins from a 

variety o f pathogens (Schwandner et al., 1999; Takeuchi et al., 1999) although TLR2 seems 

to function as a heterodimer with either TLRl or TLR2 and does not recognise pathogen 

associated molecular patterns (PAMPS) independently (Ozinsky et al., 2000a). The ligand 

for TLR9 has been identified as unmethylated bacterial CpG-DNA (Hemmi et al., 2000) 

and that for TLR3 as double-stranded viral RNA (dsRNA) indicating a role for TLR3 in 

antiviral recognition (Alexopoulou et al., 2001). TLRS is thought to be the receptor for 

Flagellin, a conserved protein found in bacterial flagella (Hayashi et al., 2001). The most 

recent putative TLR ligands are the antiviral compounds imiquimod and R848 which haves 

been reported to activate TLRs 7 and 8 (Hemmi et al., 2002; Jurk et al., 2002). It is evident 

from recent knowledge gained concerning what ligands TLRs respond to, that they are 

critical receptors in the innate immune response to bacterial and viral infection. Figure 1.4 

shows all TLRs whose ligands have been identified.
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Figure 1.4 Schematic diagram of activators of Toll Like Receptors.

TLRs respond to specific PAMPs. TLR4 requires CD 14 and MD-2 in order to respond to 

LPS. TLR2 can dimerise with with either TLRl or 6 in order to respond to a variety of 

activators. Not all known activators of these receptors are shown in this diagram. 

Abbreviations used: MALP-2, macrophage-activating lipopeptide-2 kDa; LTA, lipoteichoic 

acid, PGN; peptidoglycan, LPS; lipopolysaccaride binding to LBP; LPS-binding protein, 

TLR; Toll like receptor and TIR; Toll/IL-1 receptor domains.



1.2 TIR-domain containing adaptors

There is also an emerging family o f adaptors generally classified as another 

subgroup o f this family as they also contain TIR domains. The first of these to be identified 

was MyD88, which also has a death domain and has been implicated in signalling from 

ILIR, IL-18R and all TLRs with the probable exception o f TLR3. MyD88 was originally 

identified as a protein expressed during myeloid differentiation (Lord et al., 1990) and 

subsequently implicated in IL-1 signalling (Bums et al., 1998; Muzio et al., 1997; Wesche 

et al., 1997a). Cells from mice deficient in MyD88 do not respond to ligands for TLRs 

2,4,5,7 and 9 or IL-1 in terms o f induction o f the cytokines TNF or IL-12. Interestingly 

delayed activation o f NF-kB (Nuclear Factor-KB) and JNK (c-Jun-N-terminal kinase) is 

still observed in MyD88 deficient mice in response to LPS implying that there is an 

alternative, MyD88-independent route, to NF-kB and JNK activation from TLR-4. A 

shorter truncated form o f MyD88 (MyD88s) has also been identified which lacks the 

intermediate domain o f this protein. MyD88s can only be detected after continuous 

stimulation o f cells with bacterial products o f pro-inflammatory cytokines and acts to 

inhibit signalling (Janssens et al., 2002).

The next member of this family to be identified is termed Mai (MyD88 adaptor

like) or TIRAP (TIR domain containing adaptor) (Fitzgerald et al., 2001; Homg et al., 

2001). This was originally thought to be exclusively involved in TLR4 signalling although 

recent studies from knockout mice have shown that this is an adaptor for TLR2 and 4 

(Homg et al., 2002; Yamamoto et al., 2002a). The third member o f this family to be 

characterised named TRIF (TIR domain-containing adapter inducing IFN-beta) or TICAM- 

1 (TIR-containing adaptor molecule) (Oshiumi et al., 2003a; Yamamoto et al., 2002b) was 

originally thought to only be involved in PolyI:C signalling via TLR3 although recently the
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TICAM-1 knock-out mice have shown that it is involved in TLR3 and TLR4. 

TRIF/TICAM-1 is in fact responsible for the MyD88-independent signalling pathways and 

for the delayed activation o f NF-kB, JNK and IRF-3 (Interferon Regulatory Factor-3) 

observed via LPS (Yamamoto et al., 2003). A fourth adaptor designated TIRP (TIR-domain 

containing protein) has been implicated in IL-1 induced activation o f NF-kB characterising 

it as the only other adaptor to be implicated in IL-1 signalling (Bin et al., 2003). This same 

adaptor, however, was also identified by another group and shown to be involved in TLR-4 

signalling to NF-kB and IRF-3 (K.A.Fitzgerald, in press). Finally another putative adaptor 

was actually described in 2001 as sterile a  and HEAT-Armadillo motifs (SARM) and 

subsequently described as having a TIR domain (reviewed in (O'Neill et al., 2003)).

1.3 Ligands for IL-lR-like receptors

The interleukin-1 family o f cytokines now consists o f ten members. They all share 

sequence similarity and are all predicted to fold in a similar manner to form a P-trefoil fold. 

IL-1 a  and IL -ip  were first cloned in the mid 1980s and are both biologically active having 

identical properties in vitro (Auron et al., 1984). IL -ip  is expressed as a 34 kDa pro

protein, which undergoes proteolytic removal o f the pro-domains to generate a mature 

active cytokine, which is then secreted. The enzyme responsible for the processing o f IL -ip  

is the IL-1 converting enzyme (ICE) which as also known as caspase-1. While IL -ip  is 

only active following removal o f its prodomain, IL-1 a  is active in both its pro- and mature 

form. IL-1 a  is predominantly retained in the cytoplasm and is released following cell death. 

The pro-domain is then removed by extracellular proteases following release. In addition 

IL - la  may be post-translationally modified by the addition o f myristoyl groups to its pro

domain to generate a 21 kDa membrane-anchored protein that is biologically active in cell-

18



cell interactions (reviewed in (Dinarello, 1998)). The IL-1 receptor antagonist was the third 

member o f the IL-1 family to be identified and is structurally similar to IL-1 a  and IL -ip 

but incapable of inducing cellular responses.

Interleukin 18 (IL-18) is the only other member o f this family whose function has 

been described. Like IL-1, it is produced as a pro-form and cleaved to active IL-18 by 

caspase-1 as mentioned above. Primarily through its ability to drive IFN-y production, IL- 

18 is known to play an important role in development o f T cells and Thl cell function 

(reviewed in (Gracie et al., 2003)).

In addition to IL-1 family members (IL-1 a , IL -ip  and IL-IRA) and IL-18, the past 

few years have seen the description o f six novel proteins that belong to the IL-1 family. All 

o f the genes encoding members o f the IL-1 family, with the exception o f the IL-18 gene 

which maps to chromosome 1 Iq, map to a cluster on chromosome 2. These novel IL-1-like 

cytokines have been designated IL-1F5- IL-IFIO (Sims et al., 2001). Sequence prediction 

analyses have been used to predict which o f the known forms o f IL-1 are most closely 

related to the novel types o f IL-1. For example the high degree o f sequence similarity 

between IL-1F5 and IL-IRA was taken to suggest that IL-1F5 would act as an antagonist, a 

theory which was supported by a report showing that IL-1F5 acts to antagonise signalling 

via IL-lRrp2 (Debets et al., 2001) although a more detailed sequence analysis done in our 

laboratory has since shown that IL-1F5 lacks the key features that have been shown to 

determine IL -lR A ’s antagonistic activity (reviewed in (Dunn et al., 2001)). It remains a 

possibility that some o f the novel IL-1 homologues may prove to be ligands for the orphan 

receptor members o f the ILIR  family.

Although the function o f these cytokines and what receptors they bind to is 

unknown some indication o f a possible role for them in infection and immunity is
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emerging. Most of the novel IL-1 cytokines are expressed in monocytes, macrophages 

and/or dendritic cells. IL-1F5 and IL-1F9 are both strongly expressed on kerationocytes and 

are reported to be involved in signalling from the novel IL-1 receptor IL-lRrp2 although 

with divergent roles; IL-1F9 as an agonist and IL-1F5 as an antagonist (Debets et al., 

2001). ILlF7b has been reported to bind the IL-18R while IL-IFIO binds the soluble ILIR I 

(Lin et al., 2001). Specific functions for these proteins are currently under investigation. 

Figure 1.5 shows a schematic representation o f IL-1 family members.

1.4 Signalling via members of the ILIR/TLR superfamily: an overview

A lot o f work has been carried out to characterise the signalling pathways used by 

IL-1 to exert its effect on cells resulting in the upregulation o f target genes. This has led to 

the identification o f signalling cascades, which result in activation o f NF-kB and A P-1 

transcription factors and also the MAP kinase family. It has been shown that several o f the 

more recently identified members o f this family activate the same downstream targets and 

utilise a similar array o f messenger molecules to affect cellular function. In particular IL- 

18R and TLRs 2,4,5, and 9 have been shown to signal in an analogous fashion to ILIRI 

and that activation of these signalling pathways is dependant on the TIR domain.

A consensus sequence for the TIR domain has been identified which illustrates

three regions o f particular conservation termed boxes 1-3. These regions were originally

defined in an alignment comprising T1/ST2, ILIRI, ILlRAcP, TLR4 (rsc786) and MyDSS

(Mitcham et al., 1996). These regions are critical for signal transduction from receptors o f

this family as has been shown by the discovery o f a mutation in box-2 o f the TIR domain o f

TLR4 in LPS non-responsive mice (Poltorak et al., 1998). From the crystal structures o f the

TIR domains of TLRs 1 and 2, a structural basis for signal transduction via this domain has

been confirmed although differences between structures o f TIR domains were also
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Figure 1.5 IL-1 family members. Each member of the IL-1 family member is represented 

schematically with numbers to the right representing the length of each protein in terms of 

amino acids, and numbers in parentheses representing the length of the pro-form of the protein. 

The approximate positions of cleavage sites within the proteins is represented by the scissors 

symbol. The putative cleavage site of IL-1F7 has not been confirmed. Where splice variants 

occur, this is represented by alternatively shaded boxes with the residue number at which the 

sequence divergence occurs indicated.



highlighted (Xu et al., 2000). Interestingly, truncation mutants o f the TIR domain of the 

ILlRAcP show that the different boxes of the TIR domain may differentially regulate 

signals activated by these receptors (Radons et al., 2002). Recently, a conserved sequence 

segment o f certain transmembrane receptors such as IL-17R has been characterised termed 

a SEFIR domain. The SEFIR domain has been shown to possess similarity to boxes 1 and 2 

o f the TIR domain although there is no sequence similarity between the SEFIR domain and 

TIR box-3. These authors suggest a new STIR-domain superfamily, which includes all 

members with both TIR and SEFIR domains (Novatchkova et al., 2003). Figure 1.6 shows 

the conserved regions o f the TIR domain and highlights these conserved regions among 

certain family members.

Activation o f the transcription factor NF-kB in response to IL-1 and several of the 

TLR ligands has been extensively documented and the pathway characterising its release 

from the cytoplasm well characterised (reviewed in (Baeuerle, 1998)). A separate pathway 

regulating the transactivating potential of NF-kB via phosphorylation o f its p65 subunit has 

recently been described, adding another level o f complexity to the regulation of NF-kB 

dependant gene expression by pro-inflammatory stimuli such as IL-1 and TNF (reviewed in 

(Vermeulen et al., 2002)) In the case o f IL-1 this transcactivation has been shown to 

involved small G proteins (Jefferies and O'Neill, 2000). In addition to NF-kB activation, 

both IL-1, LPS, peptidoglycan and CpG-DNA activate all three mitogen activated protein 

kinases (MAPK) (p42/p44, p38, and JNK MAPK). These are key pathways involved in 

regulating gene expression in response to diverse stimuli such as mitogens, growth factors, 

LPS, ultraviolet light and cytokines. IL-1 has also been reported to be involved in 

activation o f several other signalling pathways such as those regulating phospholipase A2, 

phospholipase C, Protein kinase C and the STAT-3 transcription factor.
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Figure 1.6 Conserved box regions of the TIR domain. (A) Three regions of particular 

conservation within the TIR domain have been designated as Boxes 1-3 although regions 

outside these boxes also show homolgy. These regions have been shown to be critical in 

mediating signalling events. (B) shows a sequence alignment of the TIR domains of members 

of the ILIR subgroup and the adaptor MyD88, with conserved residues highlighted in red.



Ultimately, a consequence of activating any o f these pathways is to change the 

pattern o f gene expression. During infection and inflammation these ligands activate a vast 

array o f genes including cytokines such as IL-2, IL-6, IL-8, chemokines, acute phase 

proteins and adhesion molecules such as ICAM-1 and E-selectin all o f which contribute to 

the establishing the host response to infection and the inflamed phenotype (reviewed in 

(O'Neill, 2002)). Although the basic pathways for activation o f these downstream signals 

from the ligands o f the TLR/IL-IR superfamily are generally conserved, several differences 

in the pathways, particularly among TLR family members, have recently come to light. 

These seem to primarily occur at the level o f which receptors use which adaptor molecules. 

In the following sections, I will review the signalling pathways activated by the ILIR/TLR 

superfamily.

1.5 IL-1 signalling to NF-kB

1.5.1 NF-kB and its regulation by IkB

NF-kB is a transcription factor originally identified by its ability to bind the 

promoter o f the kappa light chain gene in B cells (Sen and Baltimore, 1986) but has since 

been shown to be present and functional in many other cell types. At present five 

mammalian members o f the NF-kB family have been identified, p65, c-Rel, RelB, 

p50/pl05 and p52/pl00. p65, c-Rel and RelB are all transcribed as transcriptionally active 

molecules from their genes, however p50 and p52 are made as larger precursor molecules 

that require proteolytic cleavage in order to become transcriptional regulators (reviewed in 

(May and Ghosh, 1998)). Each member o f this family contains a rel-homolgy domain 

(RHD), which acts as the dimerization and DNA binding domain, the nuclear localization 

signal and also is the binding site for the inhibitory molecule o f NF-kB, IkB (see figure
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1.7). Members o f the NF-kB family are able to form both hetero- and homodimers to 

produce the NF-kB complex, however the term NF-kB is generally used to describe 

p50/p65 homodimers, the predominant form o f NF-kB (Thanos and Maniatis, 1995). Most 

NF-kB dimers are transcriptionally active, however some, like p50 and p52 homodimers 

are thought to be transcriptionally inactive or repressive as they lack the transactivation 

domain required for transcriptional activity (Baeuerle and Henkel, 1994; Plaksin et al., 

1993).

NF-kB is retained in an inactive state in the cytosol via interaction with a family of 

inhibitory molecules calls Ik B s . Like NF-kB, the Ik B s are also members o f a multigene 

family containing seven known mammalian members comprising iKBa, IkBP, iKBy, IkBs, 

Bcl-3 and the precursor Rel-proteins p i 05 and p i 00 (figure 1.7). Each member has a 

multiple ankyrin repeat domain that mediates interaction with the RHD of NF-kB 

molecules. The best characterised o f the IkBs is iKBa, which is responsible for the 

transitory activation o f NF-kB in response to cytokines (Sun et al., 1993). iKBa becomes 

phosphorylated on Ser32 and Ser36 upon activation o f specific upstream kinases (Brown et 

al., 1995). The phosphorylated iKBa is then ubiquitinated at Lys21 and Lys22 which 

targets it for degradation by the 26S proteasome, thereby releasing NF-kB dimers from the 

cytoplasmic NF-kB-IkB complex and allowing them to translocate to the nucleus (Chen et 

al., 1995). iKBa is quickly resynthesized to allow inhibition o f the pathway (Krappmann 

and Scheidereit, 1997). IkBP is regulated in a similar manner although its re-synthesis is 

delayed, therefore leading to persistent activation in response to its degradation. Recent 

studies, however, have indicated that another level o f NF-kB regulation may occur by 

balancing continuous movement o f NF-kB complexes between nuclear and cytosolic
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compartments. Structural and biochemical analyses have shown that only one o f  the two 

NLSs (Nuclear Location Site) in an NF-kB dim er is m asked by IkB u  in an N F-kB-IkB 

complex, which allows the complex to shuttle to the nucleus. A t the same time, the nuclear 

export signal (NES) that is located at the amino-terminal o f  iK Ba functions to expel the 

N F-kB-IkB complex from the nucleus (reviewed in (Li and Verma, 2002)).

L5.2 T he IkB k inases

The m ajor kinases responsible for regulating IkB phosphorylation have been 

identified and described. A  high molecular weight protein complex called the signalosome 

was identified in TNF treated HeLa cells (Chen et al., 1996). Protein purification and 

m olecular cloning resulted in the identification o f  two proteins o f  85 and 87 kDa that 

demonstrated IkB kinase activity (Mercurio et al., 1997). M icrosequencing identified that 

active IKK is a complex consisting o f the initial formation o f  IK K a (IK K l) and IKKp 

(IKK2) as a heterodim er, followed by the addition o f  either a dim er or a trimer o f IKKy 

(also known as NEM O or IK K A Pl). This com plex is frequently referred to as the 

“signalosom e” . Two o f  these kinases, IK K a and IKKp are catalytic subunits with each 

having a kinase domain at their amino termini, a leucine zipper region by which they homo 

or hetero-dimerise and a helix-loop-helix m otif at their carboxyl terminus. IK K a and p 

knockout mice have aided the identification o f  the actual importance o f  these kinases in 

NF-kB activation. Knockout studies implicate IK K a in the activation o f  pathways required 

for differentiation and proliferation o f keratinocytes (Hu et al., 1999), however experiments 

on I k k d ^ ' cells indicate that this activity is independent o f  both the IKK complex and NF- 

kB itself (Hu et al., 2001). In addition, the use o f  kinase inactive knock-in mice show that 

IK K a activity is not required for normal responses to IL-1. Another report, however,
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indicates that IK Ka plays a role in B cell maturation and is important for processing o f the 

NF-kB2 (p i00) precursor (Senftleben et al., 2001). IKKp, conversely, is critical for 

activation o f NF-kB in response to cytokines (Li et al., 1999c). IKKp deficient mice are 

embryonic lethal as a result o f massive liver apoptosis, exhibiting an identical phenotype to 

p65 knockout mice (Beg et al., 1995; Tanaka et al., 1999).

IKKy acts as a regulatory subunit stabilising the interaction between the kinase 

domain o f the IKKs and their helix-loop-helix domain which is essential for kinase activity 

and phosphorylation o f IkB resulting in activation o f NF-kB. IKKy does not activate NF- 

kB in response to various stimuli including IL-1 and has no catalytic domain so its only 

known function to date is that o f a scaffold protein for the other IKKs (Karin, 1999). Figure 

1.8 shows a schematic representation o f IK Ka and P in a complex with IKKy.

Recently two homologues o f IKK-a and IKK-P have been described named IKK-i 

(Shimada et al., I999)(or IKK-s) and TBK-1 (TANK-binding kinase-1) (Tojima et al., 

2000) and activation o f either of these kinases results in activation o f NF-kB. These 

kinases, however, do not appear to act as IkB kinases but rather function further upstream 

in the signalling pathway (reviewed in (Peters and Maniatis, 2001)). Recently both o f these 

kinases have been identified as essential components of the IRF-3 signalling pathways and 

involved in mediating the host anti-viral response to infection (Fitzgerald et al., 2003; 

Sharma et al., 2003).

1.5.3. IKK kinase

The kinase responsible for the activation o f IKK is a continuing matter o f debate. 

The kinase NIK (NF-kB inducing kinase) was originally thought to activate the IKKs as the 

overexpression o f NIK resulted in activation o f IKK and NIK and IKKa were shown to
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interact using a yeast-two-hybrid screen (Regnier et al., 1997). The actual role o f NIK in 

this pathway is unclear, however, as NIK deficient cells indicate that NIK is not essential 

for NF-kB activation in response to IL-1 and TNF (Yin et al., 2001). Also, although NIK 

has been shown to bind to TRAF-6, an upstream protein on the pathway from IL-1 to NF- 

kB, it has also been shown to bind most TRAP proteins indiscriminately (Song et al., 

1997).

Another candidate for the IKK kinase is the TAKl/TAB complex. TGF(3 activated 

kinase-1 (TA Kl) is a kinase that was originally identified as a mediator o f transforming 

growth factor-p (TGF-P) signalling and is a member o f the mitogen activated protein 

kinase kinase kinase (MAP3K) family o f proteins (Yamaguchi et al., 1995). TAKl activity 

is dependant on the associated protein TAB-1 (TAK-1 binding protein-1) (Shibuya et al., 

1996). This complex has been shown to be activated in an IL-1 dependant manner, causing 

the activation o f TAKl kinase activity and association o f the complex with TRAF-6 

(Ninomiya-Tsuji et al., 1999). An adaptor molecule TAB2 (TAK-1 binding protein-2) was 

thought to mediate this association (Takaesu et al., 2000) although evidence from TAB2 

deficient mice indicates that TAB2 is not essential for IL-1 signalling (Sanjo et al., 2003). 

TAKl has been implicated in the activation and phosphorylation o f the IKK complex in a 

TRAF6 dependant manner. Uniquely the activation o f TRAF6 in this process has been 

shown to be an ubiquitin-mediated event, but is not dependant on protease activity (Wang 

et al., 2001). Figure 1.9 shows a schematic representation o f the activation pathway from 

IKK to NF-kB.
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NF-kB is shown as a p50/p65 heterodimer in this diagram.



1.5.4 From receptor to IKK

As described previously, binding o f IL-1 to its receptor allows recruitment o f the 

ILlRAcP, which leads to the formation o f a series of transitory multi-protein complexes 

intracellularly, resulting in the activation of IKKs and subsequently NF-kB. The initial 

event in this process involves recruitment o f the adaptor protein MyD88 to ILlR/ILlRAcP 

(Bums et al., 1998; Muzio et al., 1997; Wesche et al., 1997b). The importance o f MyD88 to 

IL-1 signalling has been highlighted in MyD88-deficient mice. These mice show impaired 

responses to IL-1 stimulation in terms o f thymocyte proliferation, production o f acute phase 

proteins and pro-inflammatory cytokines such as IL-6 and TN F-a (Adachi et al., 1998). 

MyD88 has been shown to interact with the IL-lRAcP in co-immunoprecipitation studies 

(Muzio et al., 1997). As stated in section 1.2, MyD88 contains both a TIR domain and a 

death domain (DD) (figure 1.10). The TIR domain has been shown to mediate homotypic 

protein-protein interactions (Bums et al., 1998). The DD o f MyD88 has been shown to 

interact with under-phosphorylated IL-1 receptor associated kinase (IRAK) (Wesche et al., 

1997b). The presence o f these two interaction domains, allows MyD88 to function as an 

adaptor linking protein on this pathway. MyD88 has also been shown to be involved in 

signalling from IL-18R, and TLRs 2, 4, 5, 7, 9 (reviewed in (Janssens and Beyaert, 2002)).

The IRAK family o f kinases are key mediators o f IL-1 signalling. The first member 

of this family to be identified was IRAK-1, which contains a DD (figure 1.10). IRAK is 

recmited to the IL-1 receptor complex upon IL-1 stimulation (Cao et al., 1996a). This 

process is thought to be mediated by a binding protein named Tollip. IRAK is kept in a 

complex with Tollip prior to IL-1 stimulation and recruitment o f the Tollip-IRAK complex 

to the receptor occurs through association o f Tollip with ILlRAcP (Bums et al., 2000). 

Interestingly, Tollip has been shown to have an inhibitory role in TLR2 and TLR4
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signalling (Zhang and Ghosh, 2002). MyD88 and IRAK associate via their death domains, 

which initiates the kinase activity o f IRAKI. The initial phosphorylation o f IRAK weakens 

its affinity for Tollip, making it more accessible for interaction with MyD88. Neither Tollip 

nor MyD88 are able to maintain interaction with hyperphosphorylated IRAK-1, thereby 

resulting in the release o f IRAK fi"om the receptor complex. Truncated forms o f IRAK have 

been shown to inhibit IL IR I and ILlRAcP-induced NF-kB activation in reporter gene 

assays (Muzio et al., 1997). Interestingly, the kinase activity o f IRAKI has been shown not 

to be essential for NF-kB activation, as kinase deficient mutants are still able to drive NF- 

kB (Li et al., 1999b). The requirement for IRAK in IL-1 signalling has been demonstrated 

using IRAK deficient mice, since embryonic fibroblasts from these mice fail to activate 

NF-kB in response to treatment with IL-1 but not TNF. Also these mice show attenuated 

but not eradicated production o f IL-6 and TN Fa in response to injection with IL-1 (3 

implying a level o f redundancy among IRAK family members (Thomas et al., 1999).

Other members o f the IRAK family include IRAK-2 (Muzio et al., 1997), IRAK-M 

(Wesche et al., 1999) and the recently identified IRAK-4 (Li et al., 2002). IRAK-2 lacks 

kinase activity and there is evidence that ILIRI may be able to directly recruit IRAK2 

(Muzio et al., 1997) while the ILlRAcP can interact with IRAKI. IRAK-M expression is 

primarily restricted to myeloid cells (Wesche et al., 1999) and may be involved in negative 

regulation o f signalling as overexpression of IRAK-M in HEK293 cells has been shown to 

prevent the formation o f the IRAK-l/TRAF-6 complex upon stimulation with IL-1 (3 and 

TLR ligands (Kobayashi et al., 2002). The identification o f IRAK-4 provided the link 

between the receptor complex and IRAK activation. IRAK-4 requires its kinase activity for 

signalling and for its interaction between MyD88 and TRAF-6. IRAK-4 interacts with 

IRAK-1 and TRAF6 in an IL-1 dependant manner and this interaction allows IRAK-4 to
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phosphorylate IRAK-1 (Li et al., 2002). IRAK-4 deficient mice are completely devoid of 

activation of NF-kB and cytokine production in response to IL-1 (Suzuki et al., 2002). The 

short form o f MyD88 (MyD88s) is able to inhibit IL-1 and TLR signalling, as it is unable 

to recruit IRAK-4 (Bums et al., 2003).

The role o f IRAK-1 is to recruit TNF receptor associated kinase 6 (TRAF6) (Cao et 

al., 1996b). TRAF6 has been shown to be required for activation o f both NF-kB and AP-1 

in response to IL-1 (Baud et al., 1999; Cao et al., 1996b). Since a dominant negative form 

o f TRAF6 inhibits the stimulation o f NF-kB by IRAK, this places TRAF6 downstream of 

IRAK on the signalling pathway from IL-1 (Muzio et al., 1998). The structure o f TRAF6 

consists o f an N-terminal RING finger and a zinc finger domain, followed by a coiled coil 

region and a well conserved C-terminal TRAF domain (Ishida et al., 1996) (figure 1.10). 

Chimeric proteins that allow controlled oligomerisation o f TRAF6 have shown that this is 

an important process in the activation o f both NF-kB and AP-1 (Baud et al., 1999). The 

importance o f TRAF6 in IL-1 signalling has also been shown through the use o f knockout 

cells, which are defective in NF-kB activation and JNK activity (Lomaga et al., 1999). A 

TRAF6 binding protein has also been identified which binds TRAF6 in a manner that is 

mutually exclusive to that o f IRAK-1, and does not involve signalling to NF-kB or JNK 

(Ling and Goeddel, 2000). The crystal structure o f TRAF6 alone and in a complex with 

peptides from the TNF receptor family members CD40 and RANK has allowed 

identification o f a TRAF6 binding m otif of sequence Pro-X-Glu-X-X- Ar/Ac 

(aromatic/acidic). This sequence is also present in IRAK-1, IRAK-2 and IRAK-M but not 

IRAK-4(Ye et al., 2002). The interaction o f TRAF6 with IRAK-1 through this m otif results 

in the translocation o f TRAF6 from the membrane to the cytosol where it then interacts 

with and activates the TAKl/TAB complex (Qian et al., 2001). TRAF6 must be
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ubiquitinated in order activate the TA K l/TA Bl complex (Wang et al., 2001). As 

mentioned previously this process may be mediated by the adaptor protein TAB2, which 

facilitates the interaction o f TRAF6 with the TAKl/TAB complex (Takaesu et al., 2000; 

Takaesu et al., 2001). The TAKl/TAB complex can then phosphorylate downstream targets 

such as the IKKs, finally culminating in NF-kB activation. Figure 1.11 shows formation o f 

the IL IR  complex, leading to recruitment of MyD88, IRAKs and TRAF6.

1.6 Activation of MAP kinases by IL-1

The mitogen activated protein kinases are the other major downstream target o f IL-1 

signalling. IL-1 has been shown to activate p38 MAP kinase and JNK (Derijard et al., 

1995; Raingeaud et al., 1995) and, in certain cell types p42/p44 MAP kinase (Bird et al., 

1991; Guy et al., 1991). The importance o f this signalling pathway is shown using 

knockout studies. p38a deficient mice are unable to produce IL-6 in response to IL-1 in 

MEF cells (Allen et al., 2000) and JNKl and JNK2 single knockouts have only partial 

responses to IL-1 in terms o f AP-1 activity and induction o f collagenase-3 expression (Han 

et al., 2001).

p42/p44 MAPK is activated by diverse stimuli such as mitogens, growth factors and 

IL-1. Activation o f p38 and JNK occurs in response to stress stimuli such as pro- 

inflammatory cytokines IL-1 and TNF, UV-irradiation and osmotic shock. They are all 

activated by dual phosphorylation on the tripeptide Thr-X-Tyr m otif by upstream kinases 

termed MAP kinase kinase (MKK). These kinases have very tightly defined specificities 

and their activation is highly regulated. The sequence surrounding the phosphorylation site 

o f p42/p44, p38 or JNK defines which MKK will recognise and phosphorylate it (Cano and 

Mahadevan, 1995). MKK4 and 7 are upstream o f JNK and target the TPY m otif o f JNK.
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FIGURE 1.11 Recruitment if IL-1 signalling molecules to the receptor complex

IL-1 binds ILIRI, causing recruitment of both ILlRAcP and MyD88. MyD88 interacts with the IL IR I/ 

ILlRAcP complex via the TIR domain. IL-1 also stimulates the release of IRAK-1 from Tollip. IRAK-1 

and MyD88 interact via their Death Domains. IRAK-2 is also recruited to the complex. IRAK-4 causes 

phosphorylation and activation o f IRAK-1 allowing IRAK-1 to bind TRAF-6. This series o f interactions 

ultimately results in activation of NF-kB.



MKK3 and 6 phosphorylate p38 MAP kinases at the TGY m otif and M KKl and 2 activate 

p42/p44 MAP kinase at the TEY motif (reviewed in (Dong et al., 2002)). A certain amount 

o f redundancy in these activation pathways is suggested by MKK knock out mice. MKK3 

deficient cells are still responsive to IL-1 in terms o f p38 activation but not in response to 

TNFa. In terms o f JNK activation it has been shown that MkkT^' cells are not responsive to 

IL-1 whereas in Mkk4~^' cells JNK activation is reduced but not abolished suggesting 

MKK7 to be essential for JNK activation in response to IL-1, whereas MKK4 is required 

for optimal activation (Toumier et al., 2001).

The proteins acting upstream of the MKKs are still somewhat unclear. MKKs are 

similarly regulated by upstream MAP kinase kinase kinases (MKKK). M EKKl 

(MAPK/ERK kinase kinase 1), which has been shown to be a potent activator o f JNK 

activity (Minden et al., 1994), is also able to interact with ECSIT (evolutionarily conserved 

signalling intermediate in Toll pathways), a protein that seems to interact specifically with 

TRAF6 and can activate AP-I as well as NF-kB (Kopp et al., 1999). However, knockout 

studies with MekkV^' cells call into question its role in NF-kB and JNK activation. The 

M ekkr^' cells indicate that requirement for MEKKl in IL-1-induced JNK activation seems 

to be cell type specific as it is required for IL-1 induced JNK activation in ES cells but not 

in macrophages. Furthermore these mice show that M EKKl is not required for NF-kB 

activation (Xia et al., 2000; Yujiri et al., 2000). TAKl is another upstream activator o f the 

MAP kinase pathway that is capable of activating JNK (Wang et al., 2001). The activation 

o f M KKl/2 is less clear, although activation o f p42/p44 by IL-I has been shown to be 

dependant on the focal adhesion complexes (FAC), which may direct the activation o f the 

MAP kinase pathway leading to p42/p44 (MacGillivray et al., 2000).
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IL-1 has also been shown to activate Raf, a known activator o f MKKl (Huwiler et 

al., 1996). Evidence has also been presented for the involvement o f small G proteins in the 

activation of MAP kinases in response to lL-1 (Zhang et al., 1995). Dominant negative 

Racl can inhibit IL-1-induced p38 and JNK activation and has also been shown to be 

involved in regulation o f IL-1 stimulated transactivation o f p65 through p38 and p42/p44 

(Jefferies and O'Neill, 2000). Also lethal toxin, which inactivates Ras, Rac and Rap by 

glucosylation, inhibits IL-1-induced p38 activation (Palsson et al., 2000). Ras has been 

shown to be involved in IL-1 induced p38 activation in a process that involves IRAK, 

IRAK-2, TRAF6 and TAKl (McDermott and O'Neill, 2002). Figure 1.12 depicts MAPK 

family activation by IL-1.

1.7 Divergence of NF-kB and MAPK pathways

The point at which IL-1-induced activation o f NF-kB and MAP kinases diverge is 

an ongoing matter for debate. The TAK/TAB complex represents a possible point of 

divergence. This complex has been shown to be activated by IL-1 in a time dependant 

manner and to specifically phosphorylate IKK (Wang et al., 2001). Previous studies have 

shown that TAKl mutants can inhibit JNK activation by ceramide (Shirakabe et al., 1997) 

and that TAKl is able to phosphorylate MKK6 and MKK3, both upstream activators o f p38 

(Wang et al., 2001). This evidence links TAKl to both signalling pathways.

Another report, however, suggests that IRAK may be the point o f divergence. Using 

overexpression o f IRAK mutants in IRAK deficient cells, this study showed that a deletion 

mutant o f the unclassified N-terminal proximal region o f IRAK was able to activate JNK 

but was impaired in its ability to activate NF-kB. This mutant was also unable to bind 

TRAF6 (Li et al., 2001). Finally, the third point o f bifurcation to be suggested is TRAF6.
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Figure 1.12 Schematic representation of IL-1 induced activation of MAP Kinases

All three MAP kinase pathways are activated in response to IL-1. When the cell is stimulated with 

IL-1, a small G protein becomes activated. The exact signalling pathway involved in this is not yet 

fully elucidated although many of the same upstream molecules as involved in NF-kB activation have 

been implicated. The small G protein in turn activates a MAPK kinase kinase (MAP3K). The MAP3K 

subsequently activates a pathway specific MAP2K which threonine and tyrosine phosphoiylates the 

MAPK. These can then activate a multitude of transcription factors and other kinases.



This report assessed the activation o f NF-kB and JNK by TLR4 and showed that a C- 

terminal deletion mutant o f TRAF6 was able to inhibit the activation o f NF-kB but not JNK 

(Muzio et al., 1998). This is in contrast to other evidence implying TRAF6 to be essential 

for JNK activation (Lomaga et al., 1999).

1.8 Conflicting evidence from experiments involving dominant negative mutants and 

knockout mice

Clearly, from the review of IL-1 signalling presented here, much work has been 

carried out to characterise the roles o f intermediate signalling components in the activation 

of downstream transcription factors such as AP-1 and NF-kB. In almost all cases, following 

identification o f  a novel component of the pathway, dominant negative mutants have been 

used to identify its role in activation of NF-kB and MAP kinases and also to position it on 

the pathway, relative to other known components. This method has led to a certain level of 

confusion as dominant negative data has often implicated certain proteins on ILIR/TLR 

signalling pathways and this role has not been confirmed by evidence from knock-out mice. 

A key example o f this issue is NIK (NF-kB inducing kinase). Dominant-negative forms of 

NIK clearly implicated it in NF-kB activation and furthermore, NIK was initially thought to 

be the much sought after IKK kinase. NIK knockout mice showed, however, absolutely 

normal NF-kB activation in response to IL-1 and TNF (Yin et al., 2001). In the case of the 

adaptor Mai, a dominant negative mutant form o f Mai blocked TLR4 signalling. The 

importance o f Mai in signalling from both TLR2 and TLR4 was subsequently shown in the 

Mal/TIRAP knockout mouse (Homg et al., 2002) (Yamamoto et al., 2002a). Evidently we 

are now more aware o f the problem of over-interpreting experiments performed solely 

using dominant negatives and hence there has been an increasing move towards the use of
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knockouts and in vivo characterisation o f putative members o f these signalHng pathways. 

Table 1.1 summarises the dominant negative and knockout evidence for certain o f the 

signalling components discussed in the previous sections.

1.9 Signalling by otlier members of the IL-IR/TLR superfamily 

1.9.1 IL-18 receptor signalling

The features o f IL-18 signalling via the IL-18 receptor so far described are very 

similar to those for IL-1 and differences between their respective components have not yet 

been identified. Like IL-1, activation o f cells by IL-18 leads to activation o f NF-kB 

(Matsumoto et al., 1997; Robinson et al., 1997). This process has been shown to be 

dependant on MyD88 using MyD88'^' cells, which show no activation o f NF-kB or AP-1 in 

response to IL-18 (Adachi et al., 1998; Thomassen et al., 1998). IRAK has also been shown 

to be phosphorylated in response to IL-18 (Robinson et al., 1997), and in IRAK null cells, 

IL-18 signalling in terms o f IFN-y induction, is attenuated but not eradicated, as is the case 

with IL-1 (Thomas et al., 1999). This suggests that other members o f the IRAK family can 

compensate for the loss o f IRAK. Activation o f JNK in response to IL-18 is however 

abolished in IRAK null cells, while NF-kB activation is only impaired (Kanakaraj et al., 

1999). This suggests that IRAK may be a point o f divergence for IL-18 signalling to NF-kB 

and JNK as has been suggested for IL-1 (Li et al., 2001). IL-18 has also been shown to 

induce the interaction o f IRAK with TRAF6 (Kojima et al., 1998). In addition, IL-18 can 

induce serine phosphorylation o f TAB 1, whilst a kinase dead mutant o f TAKl inhibits IL- 

18-mediated NF-kB activation, thereby implicating the TAK/TAB complex in IL-18 

signalling (Wald et al., 2001). Furthermore, it has been shown that mutations in NEMO 

associated with an X-linked immunodeficiency disease leads to impaired IL-18 signalling
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Signalling Component DN inhibits NF-kB? K /0 show defect?

MyD88 Yes Yes

IRAK-1 Yes Yes

IRAK-4 Yes Yes

TRAF6 Yes Yes

NIK Yes No

TAKl Yes Not Made

TAB2 Yes No

MEKKl Yes No

f
[

Table 1.1 Discrepancies between dominant negative and knockout evidence for 

some components of the IL-1 signalling pathway

This table highlights conflicting results obtained with domiant negative forms of certain 

members of the IL-1 signalling pathway to NF-kB and mice deficient in these components. 

Abbreviations used DN- dominant negative, K/0- knockout mouse



(Doffinger et al., 2001). However, despite having very similar signalling pathways, mutant 

cells that are unresponsive to IL-1 but are still capable o f responding to IL-18, suggest that 

there are IL-18 signalling components that are unique from those used by IL-1 (Wald et al., 

2001).

1.9.2 TLR signalling

Several o f the TLRs have been shown to activate both NF-kB and MAP kinases 

using the same intermediate signalling components as the ILIR  and IL18R (reviewed in 

(Dunne and O'Neill, 2003)). The diversity o f microbial molecular patterns activating 

specific TLRs contrasts with the uniformity o f the responses induced by these receptors. 

Subtle differences, however, are starting to emerge in signalling pathways activated by the 

different receptors. For example a different subset o f genes, including those encoding the 

antiviral cytokine interferon (IFN)-p and the chemokines IP 10 and RANTES are 

specifically induced by stimulation of TLR3 and TLR4 but not TLR2 or TLR9 (Doyle et 

al., 2002) (Kawai et al., 2001). This effect has been shown to be mediated by the activation 

o f IRF-3 via the adaptor molecule TRIF/TICAM-1 as activation o f these signals is 

completely abolished in TRIF knockout mice (Hoebe et al., 2003; Yamamoto et al., 2003). 

Another difference between signalling by these receptors is also specific to TLRs 3 and 4 as 

both NF-kB and AP-1 induction by Poly I:C and LPS is only delayed but not abolished in 

MyD88 deficient mice. TRIF knockout mice also show the same delayed activation in 

response to LPS although this is completely abolished in the double TRIF/MyD88 

knockout. Evidently the presence o f these adaptor molecules, including the two novel 

uncharacterised adaptors TIRP and SARM, in TLR signalling lends specificity to the 

signalling pathways activated and much work is ongoing in this area to further characterise
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these pathways. Figure 1.13 shows what is known to date about which adaptors are used by 

TLRs 2, 3 and 4 in order to activate IRF-3 and NF-kB.

1.9.3 T1/ST2 signalling

Given the importance o f the TIR domain in activating signalling pathways and the 

conservation o f the signalling pathways activated by these proteins, it seemed likely that all 

TIR domain containing proteins would be capable o f activating the same signals. In order 

to identify this with respect to T1/ST2 in the absence o f a known ligand, chimeras were 

made comprising the extracellular and transmembrane domain o f the IL -lR l and the 

intracellular domain o f T1/ST2. When transfected into C0S7 cells with an NF-KB-Iinked 

reporter gene, it was shown that this construct activated NF-kB in response to IL-1 

(Mitcham et al., 1996). A separate group made a similar construct and both activation of 

NF-kB and p38 MAP kinase was observed in the Jurkat cell line in response to IL-1 (Kumar 

et al., 1995). This is the only reported evidence o f T1/ST2 signal transduction, as in the 

absence of a cognate ligand for T1/ST2, it is difficult to characterise signalling pathways. It 

has however, recently been shown that the soluble form o f ST2 (sST2) is capable of 

binding to bone marrow derived macrophages (BMMs) and induces nuclear translocation 

o f NF-kB. (Sweet et al., 2001). Furthermore treatment o f BMMs with an sST2-Ig fusion 

inhibited production o f the LPS-induced pro-inflammatory cytokines IL-6, IL-12, and 

TNF-a.

Several attempts have been made to identify the ligand for T1/ST2. A putative 

ligand was identified from Balb/c 3T3 cells and HUVEC cells using receptor precipitation 

and receptor dot blot techniques. From media o f both cells types, two proteins of 18 and 32 

kDa were specifically precipitated using sST2Fc fusion protein. It is possible that the 32
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Figure 1.13 Summary of signals and adaptors used by TLR family members.

The adaptors used by TLRs 2, 3 and 4 are represented in this figure. TLR3 recruits the adaptor 

TRIF/TICAM-1 in order to activate NF-kB and IRF-3. TLR4 is able to recruit MyD88, Mai and 

TRIF and uses all three to activate NF-kB. Only TRIF/TICAM-1 is involved in TLR4 induced 

IRF-3 activation.TLR2, when heterodimerised with either TLRl or TLR6, recruits both Mai 

and MyD88 to activate NF-kB. TLR2 does not activate IRF-3.

Figure adaptedfrom O ’Neill et al 2003.



kDa protein is a precursor o f the 18 kDa protein, reminiscent o f IL-1. Signal transduction 

by this putative ligand was investigated, examining p38 MAP kinase and NF-kB activation. 

This putative ligand was able to activate p38 MAP kinase but not the IL-8 promoter, which 

is activated by NF-kB (Kumar et al., 1995).

In addition, another putative ligand was cloned by screening cell lines by flow 

cytometry for their ability to bind an Fc-fusion form o f T1/ST2. This fusion receptor was 

seen to bind to several cell types including B cell lines, the human hepatoma cell line 

HepG2 and a murine T lymphoma cell line. Interestingly it did not bind to Jurkat cells 

(human T cell line) or five other murine T cell lines. A cell surface protein on the human 

glioblastoma cell line A 172 was identified as binding to the fusion protein (Gayle et al., 

1996), which showed no sequence similarity to any o f the IL-1 species. This binding 

protein, however, was unable to activate an NF-kB reporter and an IL-8 promoter reporter 

construct. This lack o f biological activity suggests that it may not be a true ligand for 

T1/ST2.

1.10 Aims and Objectives

This study aimed to elucidate signalling pathways activated by T1/ST2. Two 

different approaches were used, namely overexpression o f full-length T1/ST2 (which, in 

the case o f ILIRI, can generate a signal in the absence o f ligand) and a cross-linking 

antibody to T1/ST2, which has been shown to induce IL-4 production as mentioned in 

section 1.1.1. The specific aims were as follows.

• To investigate NF-kB activation by full-length T1/ST2 and to compare its effect to 

an IL1R-T1/ST2 chimera. As a putative binding protein to T1/ST2 was able to
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activate p38 MAPK but not NF-kB, it seemed possible that T1/ST2 would not be 

involved in NF-kB activation.

• To further characterise the observed activation o f NF-kB by the IL-1R-T1/ST2 

chimera.

• To investigate other signalling pathways activated by T1/ST2, namely MAP kinases 

and AP-1.

• To investigate the possible role o f signal transduction pathways initiated by T1/ST2 

in T cell function.

• To investigate a possible inhibitory role for T1/ST2 in IL-1 and LPS induced NF- 

kB activation.

Identifying a ligand for T1/ST2 was also an initial aim o f this work. As attempts to 

achieve this proved unsuccessful, as has been the experience o f several other 

investigators, none o f the work done on this area has been included in this thesis. 

Despite the inherent difficulties in studying signal transduction by an orphan receptor, 

important insights into the function o f T1/ST2 have been obtained.
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Materials and Methods



Chapter 2. Materials and Methods 

2.1 Materials

Human IL -la  and TNFa were obtained from the National Institute for Biological 

Standards and Control (Hertfordshire, UK). LPS and Poly I:C were purchased from Sigma 

(Poole, Dorset, UK).

The NF-kB consensus probe was obtained from Promega (Madison, Wisconsin, USA) and 

is a 22 bp oligonucleotide shown below with the consensus NF-kB binding site underlined;

5’-AGT TGA GGG GAC TTT CCC AGG C-3’

The STAT-3 probe was obtained from Santa Cruz Biotechnology (Santa Cruz, California, 

USA) and has a 24 bp sequence shown below with the consensus STAT-3 binding site 

underlined;

5 ’-GATCCTTCTGGGAATTCGCTAGATC-3 ’ 

y-^ '̂^-ATP, 9.25 Ci/mmol was obtained from Amersham Life Sciences (Uppsala, Sweden) 

and T4 nucleotide kinase was obtained from Promega.

PhosphoPlus™ SAPK/JNK (Thr-183/Tyrl85) and p42/p44 MAP Kinase (Thr-202/Tyr204) 

antibody kits, phospho ATF-2 and the phospho-c-Jun (Ser63) II and c-Jun antibodies were 

obtained from New England Biolabs Ltd. (Hitchen, UK). The anti T1/ST2 mAb 3E10 was a 

kind gift from Dr. A. Colye (Millenium Pharmacauticals, MA, USA). The p-actin and anti 

FLAG M2 antibodies were obtained from Sigma (Poole, Dorset, UK). The iKBa antibody 

was a kind gift from Prof. R. Hay (University of St. Andrews, UK). The JNK inhibitor 

SP600125 was purchased from Calbiochem (CN Biosciences, Notts, UK). Anti IL-4-PE, 

anti IFN-y-FITC and anti CD4-tricolor were obtained from Caltag (Burlingame, CA, USA).
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Anti mouse IL-5 antibody, biotinylated-IL-5 antibody and murine IL-5 standard were 

obtained from Pharmingen (Becton Dickinson, San Diego, CA, USA). Rat IgG LA/NE was 

obtained from Pharmingen (Becton Dickinson, San Diego, CA, USA).

Maxi prep, endotoxin free plasmid purification kits and PCR clean-up kits were obtained 

from Promega (Madison, Wisconsin, USA).

The murine thymoma cell line EL4 and the human cervical carcinoma cell line HeLa were 

obtained from the European collection o f Animal cell Cultures (Salisbury, U.K.) The human 

embryonic kidney cell line 293 and 293 cells stably transfected with ILIR I were gifts from 

Tularik Inc, San Francisco, CA 94080. HEK293 cells stably transfected with TLR4 were a 

kind gift from Dr. Kate Fitzgerald (University o f Massachusetts, MA, USA). The murine 

mastocytoma cell line P815 was a kind gift from Dr. T. Kamradt (Deutches 

Rheumaforchungszentrum, Berlin, Germany). The ILlRAcP deficient cell line EL4 D6/76 

was a kind gift from Werner Falk (Universitat Regensburg, Germany). All cell culture 

materials, RPMI 1640, DMEM, penicillin, streptomycin, gentamycin, trypsin, L-Glutamine 

and foetal calf serum were obtained from Sigma (Poole, Dorset, UK). Gene Juice was 

purchased from Novagen.

All other reagents including DEAE-Dextran (for transfections) and glutathione-agarose 

beads (affinity purification o f GST-fusion proteins) were of molecular biology or Analr 

grade and purchased from Sigma (Poole, Dorset, UK).

2.2 Animals

Female Balb/c mice (6-8 weeks o f age) were obtained from Harlan (Bicester, Oxon, UK). 

Mice were maintained in individually ventilated pathogen free cages.
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2.3 Expression Vectors

The cloning of T1/ST2 into the expression vector pcDNAS.l has been described (Coyle et 

al., 1999). Using this as template, T1/ST2 was subcloned into pCMV-Flag (IB! Kodak, 

New Haven, CT, USA) using the following oligonuceotide primers 

Forward primer: 5’-GTCAGATCTCAGTAAATCGTCCT-3’

Reverse primer: 5’- CTGGTCGACTCAAAAGTGTTTCAG-3’.

The 585 bp intracellular TIR domain of T1/ST2 was cloned into pGEX-KG using the 

following oligonucleotide primers

Forward primer: 5’- GCGGATCCGACATAGCTAAACCT-3 ’

Reverse primer: 5’- GCCCAGAAGCAATAGAAGCTTCAG-3’

The components for the PathDetect^'^ CHOP, Elk-1 and c-Jun fraws'-reporting system (pFA- 

CHOP, pFA-Elk-1, pFA-c-Jun, pFc2-dbd, pFR-Luc, pFc-MEK3, pFC-MEKK and pFC- 

MEKl) were purchased from Stratagene (La Jolla, CA, USA). The plasmids encoding the 

ILIRI and ILlRAcP were gifts from Werner Falk (Universitat Regensburg, Germany). The 

pG13-5KB-luciferase plasmid was a kind gift from Dr. R Hofmeister (Universitat 

Regensburg, Germany). The AP-l-luciferase plasmid was obtained from Stratagene. The 

plasmids encoding MyD88 constructs were gifts from M. Muzio (Mario Negri Institute, 

Milan, Italy). IRAK-1 (wild type and dominant negative versions) were a kind gift from 

Emma-Louise Cooke (Glaxo-Welcome, Stevenage, UK). The chimeric IL1R-T1/ST2 

construct was a kind gift from Prof. J. Sims (Immunex. Corp., WA, USA). The plasmid 

encoding the intracellular TIR domain of ILIRI was a kind gift from Prof J. Sedor 

(Cleveland, Ohio, USA). The plasmid encoding IL-4 promoter luciferase was a kind gift 

from Prof K. Murphy (Washington University, Missouri, USA). The plasmid encoding IL-
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5 promoter luciferase was a gift from Dr. A. Ray (Yale, CT, USA). Plasmid encoding 

FLAG-tagged TICAM-1 was a kind gift from Prof S. Akira (Osaka University, Japan). The 

plasmid encoding CD4-TLR4 was a kind gift from Dr. R. Medzhitov (Yale, New Haven, 

CT, USA).

2.4 Cell Culture

HEK293 and EL4 cell lines were cultured in DMEM medium while the P815 and EL4 

D6/76 and HeLa cell lines were cultured in RPMI 1640 medium. All medium contained 

10% (v/v) fetal calf serum, 100 U/ml gentamicin and 2 mM L-glutamine. Cells were 

maintained at 37°C in a humidified atmosphere o f  5% CO2. For use in transfection assays, 

HEK293 were typically seeded at 2 x lO'* mP' in 96 well plates in 200|xl 24 hrs prior to 

transfection, whereas EL4 and EL4 D6/76 cells were seeded at 5 x 10  ̂ ml 16h prior to 

being used. P815 cells were seeded in 6 well plates at 2 x 10  ̂ m P’ for crosslinking and 

immunoblot analysis. For continuing cell culture, cells were seeded at 1 x 10  ̂ml”' and sub

cultured every 3-4 days. In all cases cell viability was determined using the dye Trypan 

blue, which is excluded from healthy cells but taken up by non-viable cells. Cells were 

counted using a haemcytometer and a bright light microscope.

2.5 Subcloning 

2.5.1 Polymerase Chain Reaction

For amplification o f  the entire coding region o f  T1/ST2, for subsequent subcloning into 

pCMV-FLAG, primers described in section 2.3 were used incorporating a B glll restriction 

site in the forward primer and a Sail restriction site in the reverse primer. For subcloning o f  

TIR-T1/ST2 into pGEX-KG, primers described in section 2.3 were used incorporating a

42



BamHI restriction site in the forward primer and a Hindlll restriction site in the reverse 

primer. PCR reactions were set up with IX buffer (10 mM Tris-HCL, 50 mM KCL pH 

8.3), 1.5 unit Taq polymerase, 200 |j,M o f each dNTP, 10 ng plasmid DNA, 400 nM of each 

primer and 1.5 mM MgCl2 . Two to three drops of mineral oil was added on top of each 

reaction mix. Amplification was carried out using the conditions given below:

94°C for 10 mins

30 cycles o f 94°C for 30 seconds 

57°C for 60 seconds 

72°C for 60 seconds 

Final extension 72°C for 10 minutes

2.5.2 Gel cleaning of PCR products

PCR products were resolved on 1% agarose gels in TAE (4.84 g/L Tris base, 1.142 ml/L 

glaciel acetic acid, 0.744 g/L EDTA pH 8.5) at 90 V for 30 minutes. The gel was stained 

with ethidum bromide and visualised under UV radiation. The products were then excised 

from the gel using sterile razor blades and placed in pre-weighed tubes. The tubes were 

reweighed and the weight of the slice calculated. Using this figure, 3 volumes of 3M Nal 

were added. The mixture was then incubated at room temperature for 10 minutes. The 

silica was pelleted by centrifugation at 1300 x g for 30 seconds and washed three times 

with 500 )xl wash buffer (20 mM Tris-HCl pH 7.5, 5 mM EDTA, 100 mM NaCl, 50% v/v 

ethanol). The pellet was then dried at room temperature for 15 min and DNA eluted in 20 

|al 10 mM Tris-HCl pH 8.5 or in H2 O.

2.5.3 Digestion of PCR Products and Plasmids
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Approximately 1 |ag DNA to be digested was incubated with 1 unit of the appropriate 

restriction enzyme and IX buffer as recommended by the manufacturers in a final volume 

of 20 |xl. If required BSA was also added to the mixture at a final concentration of 100 

|ig/ml. The reaction mix was then incubated at 37°C for 1 hour.

2.5.4 Spin Column cleaning of digested products

250 nl binding buffer was added to the digested products and mixed well before applying 

to a spin column filter. The filter was inserted into a 1.5 ml microfuge tube, which was 

spun at max speed for 30 seconds. The flowthrough was discarded and 250 ja.1 of wash 

buffer was applied again to the column. Another 100 p.1 of wash buffer was added and the 

column centrifuged at maximum speed for 1 minute and the flowthrough discarded. Finally 

50 |il o f elution buffer was added to the column and centrifuged at maximum speed for 1 

minute. The flowthrough containing the DNA was either used immediately or stored at - 

20°C until required.

2.5.5 Ligation reaction

PCR product and digested vector were run on an 0.8% agarose gel in order to quantify 

products prior to ligation reaction. Ligations were carried out at a ratio of 4:1 insert:vector. 

The ligation reaction contained DNA (0.1-1 |j M 5’ termini), IX T4 DNA ligase buffer (50 

mM Tris-HCl pH 7.5, 10 mM MgC12, 10 mM DTT, 1 mM ATP, 25 ^g/ml BSA) and 1 

(0.5 U/|o,l) T4 DNA Ligase (New England Biolabs, Hitchin, Herts, UK) in 20 |il final 

volume. The reaction was carried out at 16°C overnight.

2.5.6 Preparation of Competent Cells
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One colony o f the bacterial strain D H 5a grown from a glycerol stock was picked and 

transferred to 10 mis o f L-broth and cultured overnight with shaking at 37°C. 150 ĵ l o f this 

culture was transferred to 10 ml o f fresh L-broth and cultured for 2 hours or until it reached 

an absorbance o f 0.6 at 600nm. The cells were centrifuged at 10,000 rpm for 10 min at 4°C 

and resuspended in 5 ml o f autoclaved ice cold 50 mM CaCl2 . The cells were incubated on 

ice for 30 minutes before repeating the centrifugation and finally resuspended in 1 ml of 

CaCl2 . The cells were then incubated on ice for 1-1.5 hours, aliquoted and frozen in liquid 

N 2 and stored at -70°C.

2.5.7 Transformation of ligation reactions

Ligation reactions were incubated with 100 p.1 o f competent bacteria on ice for 10 minutes. 

The mixture was then plated out on pre-warmed LB-agar plates, allowed to air-dry and 

incubated at 37°C overnight. The resulting colonies from the transformation were streaked 

onto an agar plate with numbered grids and grown overnight at 37°C and thereafter stored 

at 4°C.

2.5.8 Mini-preparation of plasmid DNA

DNA from bacterial colonies was isolated using Wizard® Plus SV Minipreps DNA 

Purification System (Promega, Madison WI, USA). Briefly, bacterial cultures were grown 

in 5 ml LB medium. Bacteria were pelleted and resuspended in 250 fil Cell Resuspension 

Solution. Cells were incubated for 5 mins with the addition o f 250 .̂1 Cell Lysis Solution 

before addition o f 350 |j.l Neutralization Solution. The mixture was centrifuged at 13,000 x 

g for 10 minutes at room temperature. The cleared lysate was transferred to a spin column 

inserted into a 2 ml collection tube. The supernatant was centrifuged for 1 minute at room
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tem perature and then washed with 750 )o,l and then 250 |̂ 1 o f  Colum n wash solution. The 

DNA was eluted by addition o f  100 |̂ 1 N uclease Free H2O. Insertion o f  the PCR product 

into the vector was then confirmed by restriction digest.

2.6 Plasmid purification for transient transfection 

2.6.1 Plasmid transformation

Com petent cells were prepared as described in section 2.5.6 and 1 |j,g DNA plasm id DNA 

transform ed as in section 2.5.7

2.6.2 Plasmid puriflcation procedure

Plasmids were purified using Wizard® PureFection Plasm id DNA Purification System from 

Promega. Bacterial cultures were pelleted by centrifugation at 10,000 x g for 10 m inutes at 

4°C. Cells were resuspended in 6.25 ml resuspension buffer (50 mM  Tris-HCL pH 7.5, 10 

mM EDTA, 100 mg/ml RNAse A). 8.25 ml cell lysis buffer (0.2M NaOH, 1% (w/v) SDS) 

was then added and allowed to incubate for 5 m inutes at room tem perature. The reaction 

was then stopped by the addition o f  8.75 ml N eutralisation Buffer (1.32 M potassium 

acetate, pH 4.8) and m ixed thoroughly. Cellular debris was rem oved by  centrifugation at 

10,000 x g for 40 minutes. Supernatant was retained and endotoxin rem oved by addition o f 

2.5 ml Endotoxin Removal Resin. Plasmid D N A was then m ixed with 5 ml o f  5 M 

guanidine thiocyanate and purified using M agneSil™  param agnetic particles. In order to 

purify the DNA further it was washed with 5 ml 4/40 W ash Solution (4.2 M guanidine- 

HCL/40%  (v/v) isoproponal) and multiple tim es w ith 80% (v/v) ethanol. Plasm id DNA 

was then dissolved in 6 ml water and precipitated using 3 ml 7.5M sodium acetate and 22.5 

ml 95% ethanol. DNA was pelleted by centrifugation at 14,000 x g for 15 minutes, washed
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in 70%  ethanol and pelleted again by centrifugation at 14,000 x g for 5 m inutes before 

being dissolved in 500 |̂ 1 TE buffer pH 7.4. Plasm id DNA quality and concentration was 

determ ined on a 0.8% (w/v) agarose gel stained w ith ethidium brom ide and by obtaining 

the A 260 o f  the DNA.

2.7 Transient Transfection

2.7.1 Gene Juice Transfection

The Gene Juice transfection reagent from Novagen was used for transfection o f  HEK293 

cells and HeLa cells. For 96 a well plate transfection, cells were seeded at 2x10'* ml and 

grown overnight. Cells were transfected in triplicate with 220 ng DNA per transfection. In 

all cases the amount o f  DNA used per transfection was norm alised using the appropriate 

am ount o f  relevant empty vector control. 0.8 |il Gene Juice was m ixed with 9.2 |il serum 

free DM EM  per transfection and incubated at room tem perature for 5 minutes. 30 (0,1 o f  this 

m ixture was added to triplicate amounts o f  DNA and incubated for 15 m inutes at room 

tem perature. 10 (ol per well was then added to the cells, which were allowed to recover for 

16 hours at 37°C prior to stimulation. For 6 well plate transfection the total DNA used was 

1-2 |Lig, 8 |ol gene Juice and 92 |ol DNA. For transfection o f  100 mm plates, 4-8 (xg DNA 

was used in com bination with 35 )j,l Gene Juice and 315 (il serum free DMEM.

2.7.2 Transfection of ceils using DEAE-dextran

DEAE-dextran was used to transfect EL4 and EL4D6/76 cell. Cells were seeded at a 

density o f  2.5x10^ ml in 100 ml complete m edium  per transfection the day before to 

ensure that they were in log phase o f growth prior to transfection. A liquots o f  1.4x10^ cells 

were used per transfection and washed twice in phosphate buffered saline (1.45 M NaCl,
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39 mM NaH2P0 4 , 0.23 mM Na2HP0 4 , pH 7.5) prewarmed to 37°C. Plasmid DNA  

(concentrations and combinations o f  plasmids used in particular experiments are indicated 

in the results section) was made up to 600 )o,l with TBS (25 mM Tris, pH 7.4, 137 mM 

NaCl, 5 mM KCl, 0.7 mM CaCh, 0.5 mM MgCh) and 40 |4,g/ml chloroquine added. In all 

cases the amount o f  DNA used per transfection was normalised using the appropriate 

amount o f  relevant empty vector control. DEAE-Dextran was made up to 10 mg/ml 

concentration with H2O and filter sterilised. 30 |j.l o f  this mixture was added to 570 |li1 o f  

TBS per transfection. These were then mixed and used to resuspend 1 .4xl0’ cells. Cells 

were incubated at room temperature for 30 minutes on a roller. Cells were washed once 

with 10 ml complete medium containing 5 U/ml heparin followed by two washes with 

complete medium alone. Cells were resuspended and allowed to recover for 16-18 hours in 

complete medium supplemented with 20% PCS.

2.8 Luciferase gene reporter assay 

2.8.1 Preparation of Cellular Lysates

HEK293 cells were transfected" in 96 well plates as described in section 2.7.1. EL4 cells 

and derivatives were batch transfected as described in section 2.7.2 and equal numbers o f  

cells were aliquoted into 96 well plates 16 hours post-transfection prior to stimulation. 6 

hours post-stimulation medium was removed from cells and cells were washed with Ix 

PBS. The cells were lysed for 15 minutes at room temperature with 50 |j.l Ix Passive Lysis 

Buffer (Promega, Madison, Wisconsin, USA). Following centrifugation o f  plates for 10 

minutes (2000 x g) at room temperature, 50% o f  the supernatant was used to determine 

Firefly luciferase activity and an equivalent amount used for Renilla luciferase activity.
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2.8.2 Measurement of Luciferase Activity

Firefly luciferase activity was assayed by the addition of 40 |J.1 o f luciferase assay mix (20 

mM tricine, 1.07 mM (MgC0 3 )4Mg(0 H)2.5 H2 0 , 2.67 mM M gS04, 0.1 M EDTA, 33.3 

mM DTT, 270 mM coenzyme A, 470 mM luciferin, 530 mM ATP) to the sample and 

Renilla luciferase was read by the addition o f 40 |j.1 o f a 1:500 dilution of Coelentrazine 

(Innovation Centre, University o f Sussex, Palmer, Brighton, UK) in PBS. Luminescence 

was read using Mediators PHL luminometer. Firefly luminescence readings were corrected 

for Renilla activity and expressed as fold stimulation over unstimulated empty vector (EV) 

control.

2.9 Protein concentration determination

Protein determination was carried out by the method o f Bradford. Samples were diluted 

1:10 with Tris-HCl to give a final volume o f 20 fxl and 200 |j,l Bradford Reagent (0.01% 

(w/v) Coomassie Brilliant Blue G-250, 4.7% (v/v) ethanol, 8.5%) (v/v) orthophosphoric 

acid) was added to each. The reaction was allowed to develop for 5 minutes after which 

time the plates were read at OD570 using a Dynatech MR5000 plate reader. Protein 

concentrations were determined using a standard curve constructed using BSA 

concentrations in the range 0-20 |Jg/20 îl. A typical standard curve is shown in figure 2.1.

2.10 Western Blot Analysis

2.10.1. Preparation of whole cell lysates using MAPKinase Sample Buffer

Cells were seeded at a density o f 1x10^ m P ’. After appropriate stimulation or transfection, 

cells were washed with IX PBS and lysed in 250 fil MAPK sample buffer (62.5 mM Tris
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Figure 2.1 Bradford standard curve relating protein concentration to 

absorbance at 570nm.

Absorbance was measured five minutes after addition of Bradford reagant to 

concentrations of Bovine Serum Albumin (BSA) in the range 0.1-20 |J.g/ml.



pH 6.8, 2% (w/v) SDS, 50 mM DTT, 10% glycerol, 0.1% bromophenol blue). Samples 

were then sonicated for 10 seconds at 80% strength and boiled at 100°C for 5 minutes.

2.10.2 Preparation of cell extracts by radioimmune precipitation (RIPA) method

Cells were seeded as in 2.4. Reactions were terminated with the addition o f ice-cold PBS to 

the cells followed by centrifugation at 1500 x g for 5 minutes. Pellets were resuspended in 

1 ml PBS and transferred to eppendorfs. The samples were centrifuged at 12000 x g (5 

minutes, 4°C) and the pellets resuspended in 150-300 |J,1 o f RIPA buffer (PBS buffer 

containing 1% Nonidet P40, 0.5% (w/v) sodium deoxycholate and 0.1% SDS containing 10 

|xg/ml PMSF, 30 |il/ml aprotinin and 1 fj.l/ml sodium ortho vanadate). The cells were then 

disrupted by passage through a 21-guage needle (10 strokes) and incubated on ice for 30 

minutes with the addition o f a further 3 |xl PMSF (10 |j.g/ml). The samples were then 

centrifuged at 13000 x g for 20 minutes at 4°C. The supernatants (total cell lysate) were 

assayed for protein (see section 2.9) and aliquots containing equal amounts of protein were 

mixed with 5 |il SDS sample buffer (5 ml glycerol, 10 ml 10% SDS, 10 mg bromophenol 

blue, 6.25 ml IM Tris pH 6.25, 28.75 ml H2 O). 250 )il P-mercaptoethanol was added per 

ml o f sample buffer immediately prior to use. Samples were then boiled for 5 minutes.

2.10.3 SDS Polyacrylamide Gel Elecrophoresis (SDS-PAGE)

Samples were resolved on Sodium Dodecylsulphate (SDS) polyacrylamide gel using a 

constant current o f 25 mA per gel. Samples were first run through a stacking gel (1 ml 30% 

bisacrylamide mix, 0.75 ml 1 M Tris pH 6.8, 60 )o,l 10% ammonium persulphate and 6 |j,l 

TEMED made up to 6ml with H2 O) and then resolved according to size using 10-15% 

polyacrylamide gels (required volume o f 30% bisacrylamide mix, 3.75 ml 1.5 M Tris pH
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8.8, 150 1̂1 10% (w/v) ammonium persulphate, 6 |̂ 1 TEMED made up to 15 ml with H 20) 

Samples were then run with pre-stained protein markers (New England Biolabs) as 

molecular weight standards.

2.10.4 Transfer of proteins to membrane

The resolved proteins were transferred to either nitrocellulose or polyvinyidene diflouride 

(PVDF) using a wet transfer system with all components soaked beforehand in transfer 

buffer (25 mM Tris-HCl pH 8.0, 0.2 M glycine, 20% methanol). Briefly, the gel was placed 

on a layer o f filter paper on a sponge and overlaid with nitrocellulose paper. A second 

piece o f filter paper was placed on top followed by a second sponge. The entire assembly 

was placed in a cassette and an electric current of 150 mA was applied for 2 hours.

2,] 0.5 Antibody Blotting

Membranes were blocked to prevent non-specific binding by incubation in blocking buffer 

(5% (w/v) non-fat dried milk in 1% (v/v) Tris Buffered Saline (TBS)-Tween at 4°C 

overnight. The membrane was washed for 5 minutes in 1% (v/v) TBS-Tween three times. 

The membrane was then incubated for 1 hour at room temperature with the antibody of 

interest at 1:100 to 1:1000 dilutions depending on antibody. Next the membrane was 

washed three times and incubated with the appropriate secondary horseradish peroxidase 

linked antibody. Blots were developed by enhanced chemiluminescence (ECL) according 

to manufacturers instructions (Amersham).
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2.10.6 Coomassie Staining

Resolved gels were soaked in Coomassie blue stain (50%  (v/v) methanol, 10% (v/v) glacial 

acetic acid, 2.5 g/L Coomassie blue dye) for at least 1 hour and then washed several times 

with destain until clear bands appeared.

2.11 p38 MAPK IP-kinase assay.

HEK293 cells were transfected with FLAG-tagged p38 and other plasm ids and allowed to 

recover for 16 hours (details o f plasm id concentrations used are described in figure 4.11). 

Prior to harvesting, cells were treated with IL-1 (10 ng/ml) for 15 min. Cells were lysed 

with 500 |j,l IX  lysis Buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM  EDTA, 1 mM 

EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM N a3V0 4 , 1 |J.g/ml 

leupeptin) and FLAG-p38 was imm unoprecipitated with 2-5 |^g anti-Flag M2 antibody 

(Kodak). Beads were then washed three times with lysis buffer and then with kinase buffer 

(25 mM  Tris pH 7.5, 5 mM (3-Glycerolphosphate, 2 mM  DTT, 0.1 mM N a3V0 4 , 10 mM 

M gCb). Pellets were resuspended with 50 ^1 IX  kinase Buffer supplem ented with 200 |xM 

ATP and 2 |o,g ATF-2 fusion protein (Cell Signalling Technologies, MA, USA) and 

incubated for 30 m inutes at 30°C. The reaction was term inated by addition o f  25 |j,l 3X 

SDS sample buffer. Samples were boiled and then analysed by SDS-PAGE and western 

blotted for phosphorylated ATF-2 or FLAG-p38.

2.12 Electrophoretic Mobility Shift Assay (EMSA)

2.12.1 Preparation of Nuclear extracts

Cells (5x10^) were treated as described in the figure legends. Stim ulation was terminated 

by the addition o f  ice-cold PBS. All subsequent steps were perform ed using ice-cold
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buffers. Nuclear extracts were prepared as described by Osborn et al (Osborn et al., 1989). 

Cells were pelleted by centrifugation (12000 x g) and then resuspended in 1 ml hypotonic 

buffer (10 mM Hepes buffer pH 7.9 containing 1.5 mM MgCl2, 10 mm KCl, 0.5 mM DTT, 

0.5 mM PMSF). Samples were centrifuged for 10 minutes at 4°C (13000 x g) and then 

lysed by resuspending the resulting pellets in 20 |il hypotonic buffer containing 0.1% 

Nonidet P-40. Samples were incubated on ice for 10 minutes. The nuclei were pelleted by 

centrifugation at 13,000 x g for 10 minutes at 4°C. The nuclei were then resuspended in 20 

|j,l nuclear lysis buffer (20 mM Hepes buffer pH 7.9 containing 1.5 mM MgCh 420 mM 

NaCl, 0.2 mM EDTA, 25% (v/v) glycerol, 0.5 mM PMSF) and incubated on ice for 15 

minutes. Lysed nuclei were centrifuged (13,000 x g, 10 minutes, 4°C) and the supernatant 

removed to 40 |il storage buffer (10 mM Hepes buffer pH 7.9 containing 50 mM KCl, 

0.2mM EDTA, 20% (v/v) glycerol, 0.5 mM DTT, 0.5 mM PMSF) and protein content 

determined as previously described in section 2.9.

2.12.2 Electrophoretic analysis

Nuclear extracts were analysed for NF-kB activity by electrophoresis using the method o f  

Singh and Baltimore (Singh et al., 1986). 4 )j,g o f  nuclear extract protein was incubated in a

32final volume o f 25 1̂ at room temperature for 30 minutes with 10,000 cpm [ P]-labelled 

DNA probe in the presence o f  poly (dl.dC) as a non-specific competitor DNA in a binding 

buffer (40% (v/v) glycerol, 10 mM EDTA, 50 mM DTT, 100 mM Tris pH 7.5, 1 M NaCl, 

1 mg/ml BSA). The binding reaction was terminated by the addition o f  2 |̂ 1 gel loading 

buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 15% Ficoll in water). Protein- 

DNA complexes were separated by electrophoresis in 5% acrylamide gels for 2 hours at
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150 volts using 0.5X Tris Boric EDTA (TBE). Gels were then dried onto Whatmann paper 

and autoradiographed using Kodak X-mat diagnostic film.

2.13 Crosslinking of T1/ST2 by mAb 3E10

24 or 6 well plates (Greiner) were coated with 20 |ag/ml o f either mAb 3E10 (rat anti 

mouse T1/ST2) or Rat IgG (Sigma) and left overnight at 4°C. Wells are washed 3x with 

PBS and P815 cells were added for contact times indicated in the figure legends at 37°C. 

Control cells were stimulated with IL-1 (10 ng/ml) for 15 min. Cells were harvested and 

prepared for either immunoblot analysis or electrophorectic mobility shift assay.

2.14 GST-fusion proteins 

2.14.1 Purification of GST-fusion proteins

10 ml o f an overnight culture o f BL21 transformed with pGEX-KG, pGEX-TIR-Tl/ST2, 

pGEX-TIR-ILlRI was diluted into 500 ml LB and incubated at 37°C until the ODgoo 

reached approximately 0.6. Cultures were pelleted by centrifugation at 10,000 x g for 20 

minutes and the supernatant removed. Cells were then lysed in 30 ml o f ice-cold NETN 

lysis buffer (100 mM NaCl, 1 mM EDTA, 20 mM Tris-HCL pH 8.0, 0.5% (v/v) NP-40). 

20 |J.g/ml lysozyme was added and the lysate incubated on ice for 30 minutes. This was 

followed by sonication on ice with 5 second pulses followed by 5 second pauses to prevent 

over heating o f the preparation. The suspension was cleared o f insoluble material by 

centrifugation at 15,000 x g for 30 minutes. The lysate was then incubated with 0.5 ml o f a 

50% solution glutathione-agarose beads/PBS for 2 hours at 4°C. The beads were pelleted 

by centrifugation at 2000 x g for 5 minutes and washed 5 times with 25 ml washes of 

NETN. Finally the beads were resuspended in an equal volume o f PBS and a 10 |xl aliquot

54



removed, added to 20 |il 5X SDS sample buffer (125 mM  Tris-HCL pH 6.8, 10% glycerol, 

2%  (w/v) SDS, 0.0002%  (w/v) bromophenol blue, 1% (v/v) p-mercaptoethanol) and boiled 

for 5 minutes. The protein-containing supernatant was then analysed by SDS-PAGE and 

Coomassie staining for the expression o f  the fusion proteins.

2.14.2 Affinity Purification of complexes using GST-fusion proteins

Cells were treated as described in the figure legends and treatm ent o f  cells terminated by 

washing cells with ice-cold PBS. Cells were lysed on ice (15 m inutes) in 1 ml lysis buffer 

(10 mM CHAPS, 150 mM  NaCl, 2 mM EDTA, 10 mM N a3V 0 4 , 2 mg/ml aprotinin, 1 mM 

phenylm ethylsulphonylflouride). Lysates were cleared by centrifugation at 12,000 x g for 5 

m inutes at 4°C and the protein concentration o f  the supernatant determined by the method 

o f  Bradford. Lysates containing equal protein were incubated for 1 hour at 4°C with 

approxim ately 10 |ig  o f  each GST-fusion protein or 10 |j,g o f  GST alone precoupled to 

glutathione agarose beads. The bead pellet was washed three times in lysis buffer and 

finally resuspended in 25 ml SDS sample buffer. Proteins were separated by SDS-PAGE 

and following transfer o f  proteins to nitrocellulose m em branes, the precipitated complexes 

were analysed by w estern blotting.

2.15 IL-5 ELISA

2.15.1 Preparation of samples

P815 cells (2 x 105 m P ' ) were crosslinked on anti T1/ST2 mAb in 24 well plates for 72 

hours or stimulated as described in the figure legends. The cells were rem oved by pipetting, 

centrifuged at 3000 x g for 5 m inutes and the supernatants rem oved for IL-5 determination.
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2.15.2 IL-5 ELISA protocol

A 96 well plate was coated using monoclonal rat anti-mouse IL-5 antibody diluted to 1 

|o,g/ml in PBS. The plate was covered and incubated overnight at 4°C and then washed 

three times with PBS/0.5%  Tween-20. Plates were pounded dry on paper towels as a final 

step. The plate was blocked with 10% non-fat dried m ilk in PBS and incubated at room 

tem perature for 2 hours. The plate was washed twice and dried as before. IL-5 standards (in 

the range o f  0.01-2.5 ng/ml) and samples were added at 50 |j,l per well and incubated 

overnight at 4°C. Plates were then washed as before. Biotinylated rat anti-mouse IL-5 

m onoclonal antibody was diluted to 1 |ig/m l in PBS and 50 |o,l added to each well. The 

plate was incubated at room  tem perature for 45 m inutes and then washed three times as 

before. 100 ml o f  streptavidin conjugated to horse-radish peroxidase (1:200 diluted in PBS) 

was added to each well and incubated for 20 m inutes in the dark at room temperature. This 

was rem oved and plates were washed as before. 1 0 0  )il o f  freshly prepared substrate (0 . 1 1  

M sodium acetate pH 5.5, 167 |j.l tetram ethylbenzidin (TM B) ( 6  mg/ml in DMSO) 3% 

(v/v) hydrogen peroxidase) was added to each well and incubated for 2 0  minutes in the 

dark at room temperature. Addition o f  50 )al H 2 SO 4 was added in order to stop this 

reaction. The optical density o f  each well was read at OD 4 0 5 using a Dynatech M R5000 

plate reader. A standard curve was constructed relating IL-5 concentration to absorbance at 

405nm  and was used to determine IL-5 concentration. A typical standard curve is shown in 

figure 2 .2 .

2.16 Detection of Surface T1/ST2 by FACS analysis

For surface staining, an anti-T l/ST2 rat anti-m ouse monoclonal antibody 3E10 was used. 

For P815 cells biotinylated 3E10 (3 |ig/m l) was detected with streptavidin-PE (BD
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Figure 2.2 IL-5 standard curve relating IL-5 concentration to absorbance at 405nm

A standard curve was constructed as described in the methods section and was used 

to determine IL-5 concentrations of unknown samples. A representative standard curve is 

shown.



PharMingen, San Diego, CA). Staining o f 3E10 was blocked by preincubating the cells 

with a 100-fold excess o f unconjugated 3E10. Samples were analysed on a FACSCalibur 

(Becton Dickinson, Mountain View, CA, USA). Gates were set on viable cells according to 

forward and side scatter and exclusion of propidium iodide-binding particles (0.3 |J.g/ml). 

For detection o f T1/ST2 on naive CD4^ T cells, cells were incubated with anti-3E10 mAb 

(20 |ag/ml) for 45 minutes. Cells were then washed three times with FACS buffer (IX  PBS, 

0.05% NaAzide, 2% FCS) and subsequently incubated for 35 minutes with anti-rat FITC 

antibody. Again cells were washed as before and incubated with anti-CD4-tricolor for 35 

minutes. All incubations were carried out on ice in the dark. Samples were analysed on a 

FACSCalibur (Becton Dickinson, Mountain View, CA, USA). Gates were set on CD4^ 

cells.

2.17 Intracellular cytokine analysis on naive T cells 

2.17.1 Cell preparation and treatment

Spleens were aseptically removed from Balb/c mice aged 6-8 weeks o f age. Single cell 

suspensions were obtained by passing cells through 70-|o,m cell strainers (Falcon, Becton 

Dickinson labware, Lincoln Park, NJ, USA). The RBC were lysed in Tris-ammonium 

chloride solution. Cells were washed twice in RPMI 1640. Cells were stained with Trypan 

blue and viable cells were counted. Cells were adjusted to 5x10^ m P ' in RPMI 

supplemented with 10% FCS, 50 U/ml penicillin, 50 U/ml streptomycin and 2 mM 

glutamine. Cells were then treated as per the figure legends i.e. addition o f ConA (10 

|ig/ml), pretreated with SP600125, coated on anti-Tl/ST2 or control IgG or left untreated.
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2.17.2 Intracellular Cytokine Staining

Following treatment o f cells by crosslinking or with ConA for Ihour, Brefeldin A (10 

|xg/ml) was added for a further 4 hours o f incubation. Per well, 10  ̂ cells were then 

transferred to 96-well round bottom microtiter plates. Cells were blocked for 10 minutes in 

50% FCS in FACS buffer (IX  PBS, 0.05% NaAzide, 2% FCS). Cells were surface stained 

for 45 minutes with TRI-Color-conjugated anti-mouse CD4 and then fixed in fixation 

medium (Caltag, Burlingame, CA, USA). Permeabilization o f cells occurred in the 

presence of FITC-conjugated anti-mouse IFN-y and PE-conjugated anti-mouse IL-4. After 

washing, cells were analysed on a FACSCalibur (Becton Dickinson, Mountain View, CA). 

In all experiments unstained cells and cells stained separately with each flourochrome were 

included to optimise compensation settings. Lymphocytes were gated according to their 

forward and side scatter characteristics. The frequencies o f IL-4 and IFN-y-positive cells 

were determined. FLl (FITC) and FL2 (PE) quadrants were set on the signal for each 

cytokine in unstimulated cells.
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Chapter Three

Role of Full-length T1/ST2 and a chimeric fusion of 

the IL-1 receptor and T1/ST2 in NF-kB activation



Chapter 3 

3.1 Introduction

Upon stimulation o f cells with IL-1 a number o f signalling pathways are activated 

ultimately resulting in changes in gene expression. The signalling pathway for IL-1 has 

now been well characterised and several other members o f the family, spanning both arms 

o f the Toll/ILIR superfamily, such as the IL18R and TLRs 2, 4, 5 and 9 have been shown 

to share many o f the same signalling components with ILIRI (reviewed by (Akira et al., 

2001)). Several transcription factors downstream of these signalling pathways are activated 

by these receptors, one o f the strongest responses common to all ILIR/TLR ligands, being 

activation o f NF-kB.

Given the importance o f the TIR domain in activating signalling pathways and the 

conservation o f the signalling pathways activated by these proteins, it was initially 

hypothesized that all TIR domain containing proteins might be capable o f activating the 

same signals. In order to identify this with respect to T1/ST2, chimeras were made 

comprising the extracellular and transmembrane domain o f the IL -lR l and the intracellular 

domain o f T1/ST2. When transfected into COS7 cells in addition to an NF-kB reporter, it 

was shown that this construct could activate NF-kB in response to IL-1 (Mitcham et al., 

1996). A similar construct was made by a separate group and both activation o f NF-kB and 

p38 MAP kinase were observed in the Jurkat cell line in response to IL-1 (Kumar et al., 

1995). Prior to this study this was the only reported evidence o f T1/ST2 signal transduction 

as in the absence of a cognate ligand for T1/ST2 it was difficult to characterise signalling 

pathways. It has however, recently been shown that the soluble form o f ST2 (sST2) is 

capable o f binding to bone marrow derived macrophages (BMMs) and inducing nuclear 

translocation o f NF-kB (Sweet et al., 2001). Treatment o f BMMs with a sST2-Ig fusion
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inhibited production o f the LPS-induced pro-inflammatory cytokines IL-6, IL-12, and 

TNF-a.

The aim o f this investigation was to characterise signalling via T1/ST2. The initial 

investigation focussed on the potential role o f T1/ST2 in activation o f NF-kB as this 

transcription factor is a key mediator o f  cellular responses to Toll/ILIR ligands. 

Furthermore, the evidence stated above, suggested to us that T1/ST2 would be involved in 

signalling to NF-kB. In the absence of a known ligand for T1/ST2 this study will rely on 

two main techniques. Firstly I have attempted to drive activation o f NF-kB by 

overexpression o f T1/ST2 in EL4 and HEK293 cells in the presence o f an NF-kB luciferase 

reporter construct. Secondly I have used a cross-linking monoclonal antibody to mimic 

ligand activation on P815 cells. I have found that T1/ST2 is not able to activate NF-kB and 

furthermore the ability o f the chimeric IL1R-T1/ST2 chimera to activate NF-kB is 

dependant on ILlRAcP. T1/ST2, is however an active receptor as it is able to drive an AP- 

1 reporter.
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3.2 Results

3.2.1 Subcloning and expression of T1/ST2.

In order to express T1/ST2 in the cells to be used in this study, T1/ST2 was 

subcloned into the vector pCMVFlag and the sequence o f the construct was confirmed by 

sequence analysis. Following transfection o f increasing amounts o f Flag T1/ST2 into the 

human embryonic kidney cell line HEK293 cells (Figure 3.1) and the murine thymoma cell 

line EL4 (Figure 3.2) it is possible to detect T1/ST2 using an anti-flag antibody. In Figure

3.1 it can be seen that two bands are detected for T1/ST2 at between 70 to 80 kDa. The 

predicted molecular weight o f T1/ST2 is approximately 65kDa but T1/ST2 is heavily 

glycosylated, which probably accounts for the appearance o f two bands and the fact that it 

is detected higher than the predicted molecular weight. The detection o f glycosylated 

T1/ST2 was not as obvious in EL4 cells probably due to the much lower transfection 

efficiency o f these cells compared to HEK293 cells. The lower panel in Figure 3.2 shows 

the same samples immunoblotted using a p-actin antibody confirming equal protein 

loading.

3.2.2 Characterisation of activation of a NF-kB luciferase reporter construct by 

components of the IL-1 signalling pathway.

The first system used in this study to analyse signalling via T1/ST2 was to 

investigate the ability o f T1/ST2 to activate an NF-kB reporter system. To verify that this 

was a viable system to use to investigate signalling by receptors or intracellular signalling 

components, known activators o f NF-kB were transfected into EL4 cells along with an 

artificial NF-kB luciferase reporter construct. As can be seen in figure 3.3 both the type 1 

IL-1 receptor (ILIR) and its accessory protein (ILlRAcP) are able to drive this reporter. A
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Lanes

Figure 3.1 Detection of FLAG-tagged T1/ST2 in HEK 293 cells

HEK293 cells were seeded at 1 x 10^ cells/ml and grown for 24 hours. Cells were transfected 

with increasing concentrations o f  Flag-tagged T1/ST2 plasmid; lane 1- 1 |ug, Lane 2 - 2 . 5  |u,g, 

lane 3 -5.0 ^g, Lane 4 -10f4,g. In Lane 5, cells were transfected with 10 \ig empty vector. 24h 

post transfection cells were lysed using the RIPA method and normalised for equal protein. 

Samples were analysed on 12% polyacrylamide gel, transferred to nitrocellulose and then 

immunoblotted using an anti-flag antibody.



Lane 1 2  3 4

Flag-Tl/ST2

P-actin

Figure 3.2 Detection of FLAG-tagged T1/ST2 in EL4 cells

EL4 cells (7 x 10^) were transfected with increasing concentrations o f a plasmid 

encoding Flag-Tl/ST2 using DEAE Dextran. In Lane 1 cells were transfected with 10 

)o,g empty vector, Lane 2- 1 )j,g T1/ST2, lane 3- 5 |j.g T1/ST2, Lane 4- 10 |j,g T1/ST2. 

16h post transfection cells were lysed with Laemelh sample buffer, cell debris 

removed by centrifugation, then supernatants separated by 12% SDS-PAGE. Samples 

were transferred to nitrocellulose, then immunoblotted with either anti-Flag antibody 

or with (3-actin antibody to determine equal protein loading for each sample.
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Figure 3.3 Activation of an NF-kB reporter construct by IL-1 signalling components 

in EL4 cells

EL4 cells (7 x 10^) were transiently transfected with 5 |^g each of plasmids encoding ILIR, 

ILlRAcP or MyD88 and 5 fig NF-kB luciferase plasmid andl |o,g Thymidine kinase Renilla 

luciferase 16-18h. Extracts were prepared and measured for luciferase activity. Results are 

normalized for Renilla luciferase activity and represented as Fold Stimulation over the 

non-stimulated empty vector (EV) control. Results are expressed as mean ± standard deviation 

from three separate experiments, each carried out in triplicate.



combination o f  these two plasmids has an additive effect. A plasmid encoding MyD88 

activates NF-kB to a greater extent than either o f the two receptors.

3.2.3 T1/ST2 does not activate an NF-kB reporter construct

The effect o f T1/ST2 on the transcription factor NF-kB, using the system set up in 

3.2.2, was next determined. As shown in Figure 3.4 no activation o f an NF-kB luciferase 

reporter construct was observed upon overexpression o f T1/ST2 in EL4 cells over a range 

o f plasmid concentrations. This effect was not due to an inability o f these cells to respond 

to activators o f NF-kB since overexpression o f the IL-1 receptor (Figure 3.4a) and 

treatment o f the cells with exogenous IL-1 (Figure 3.4b) both activated NF-kB.

To ensure this lack o f effect was not cell specific two other cell types were tested. Figure 

3.5 shows a similar lack o f effect of NF-kB over a dose range in the human embryonic 

kidney cell line HEK293. These cells, however, show a low level o f activation o f NF-kB by 

the ILIR  alone or a 12 fold activation o f NF-kB in response to a combination o f the IL-1 

receptor and IL-1 receptor accessory protein. T1/ST2 was also unable to activate NF-kB in 

HeLa cells (Figure 3.6) whilst a combination o f the ILlR/RAcP was able to induce up to a 

15 fold activation o f NF-kB in this cell line.

3.2.4 T1/ST2 is expressed on the cell line P815

The above section indicates a lack o f effect o f T1/ST2 on NF-kB using 

overexpression and a reporter based assay in several cell types. In order to confirm this 

result with endogenous T1/ST2, it was first necessary to identify a cell line, which naturally 

expresses T1/ST2. T1/ST2, is found to be expressed on a variety o f cell types including 

Th2 cells and immature and mature mast cells (Moritz et al., 1998; Rossler et al., 1995).
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Figure 3.4 T1/ST2 does not activate NF-kB in EL4 cells

A. EL4 cells (7 x 10^) were transiently transfected with 5 |j,g plasmids encoding 

Flag-tagged T1/ST2 and ILIRI in addition to 5 |ag NF-kB luciferase plasmid and 1 |^g 

Thymidine kinase Renilla luciferase for 16-18h. The empty vector control plasmid was 

pCMV-Flag. B. Cells were transfected with Flag-tagged T1/ST2 at the stated 

concentrations or stimulated with IL-1 (10 ng/ml) in medium for 6h. Results are 

normalized for Renilla luciferase activity and represented as Fold Stimulation over the 

non-stimulated empty vector (EV) control. Results are expressed as mean ± standard 

deviation from three separate experiments, each carried out in triplicate.
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Figure 3.5 T1/ST2 does not activate NF-kB in HEK293 cells

HEK 293 cells (2 x 10"̂ ) were transiently transfected with 40 ng each o f plasmids 

encoding ILIR or Flag-tagged T1/ST2 (left hand panel) or 40 ng ILIRI and ILlRAcP 

and T1/ST2 at the stated doses (right hand panel). Cells were also transfected with 80 ng 

of NF-kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase for 16-18h. 

Results are normalized for Renilla luciferase activity and represented as Fold Stimulation 

over the non-stimulated empty vector (EV) control. Results are expressed as mean ± standard 

deviation from three separate experiments, each carried out in triplicate.
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Figure 3.6 T1/ST2 does not activate NF-kB in HeLa cells

HeLa cells (2 x 10“̂) were transiently transfected with 40 ng each of plasmids encoding 

IL IR I, ILlRAcP and Flag-tagged T1/ST2. Cells were also transfected with 80 ng of 

NF-kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase for 16-18h. 

Results are normalized for Renilla luciferase activity and represented as Fold Stimulation 

over the non-stimulated empty vector (EV) control. Results are expressed as mean ± 

standard deviation from three separate experiments, each carried out in triplicate.



The murine mastocytoma cell line P815 was confirmed, by FACS analysis, to express a 

high level o f T1/ST2. Figure 3.7 shows that 82.2% of the cells analysed stained positive 

using the anti T1/ST2 antibody 3E10. This staining was blocked using excess unlabelled 

3E10 indicating the specificity o f this staining.

3.2.5 IL-1 and TNF both activate NF-kB in P815 cells

Having identified that T1/ST2 was expressed on PS 15 cells it was also necessary to 

confirm that NF-kB is activated in these cells. In order to assess this, the cells were treated 

with both IL-1 and TNF. Figure 3.8a illustrates that when the cells are treated with both IL- 

1 and TNF at 10 ng/ml for the indicated times and assayed for NF-kB activation by 

electrophoretic mobility shift assay (EMSA), NF-kB is activated in a time dependant 

manner with maximal activation occurring at 30 minutes post-stimulation for IL-1. It can 

be seen that, for IL-1, this activation has decreased by 60 minutes post-stimulation which is 

consistent with the known pattern o f NF-kB activation in response to this ligand. Figure 

3.8b indicates the induction o f IkB degradation by IL-1 and TNF concurs with the NF-kB 

activation data, degradation being evident at 30 minutes post-stimulation and levels o f IkB 

increasing again at 60 minutes for IL-1. It should be noted that for both NF-kB activation 

and IkB degradation, the effect with TNF stimulation seemed to be more sustained as levels 

o f NF-kB activation, although not as high as for IL-1, did not decrease as rapidly. Similarly 

a lower level of IkB is detected in these cells at 60 minutes when stimulated with TNF.
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Figure 3.7 T1/ST2 is expressed on the murine mastocytoma ceil line P815

T1/ST2 was detected on P815 cells by flourescence-activated cell sorter analysis. Aliquots 

of cells were either unstained (1), blocked with excess unlabelled 3E10 (2), or stained with 

biotinylated 3E10 (3). The number given indicates the percentage o f T1/ST2^ cells detected,
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Figure 3.8 IL-1 and TNF both activate NF-kB in P815 cells

A. P815 cells were cultured in R P M I1640 at IxlO^/ml in 24 well plates. Cells were stimulated with 

the indicated concentrations of IL-1 and TNF for the times shown. Nuclear extracts were assayed for 

NF-kB activation by EMSA. NF-kB-DNA complexes are indicated. B. P815 cells were treated as 

above, cells were lysed with Laemelli sample buffer, cell debris removed by centrifugation, then 

supernatants separated by 12% SDS-PAGE. Samples were transferred to nitrocellulose, then 

immunoblotted with monoclonal iKB-a antibody. Only one band was detected at 37kDa.



3.2.6 Cross-Linking of P815 cells using the anti T1/ST2 antibody 3E10 does not 

activate NF-kB

To confirm the lack o f ability o f T1/ST2 to activate NF-kB, an anti T1/ST2 cross- 

linking monoclonal antibody on P815 cells was tested. This antibody has been shown to 

induce IL-4 and IL-5 production in Th2 cells (Meisel et al., 2001). Following crosslinking, 

no effect on NF-kB was observed above an iso-type matched control IgG, or above 

untreated cells, when measured using electrophoretic mobility shift assay (EMSA) (Figure 

3.9a), nor was any degradation o f IkB observed (Figure 3.9b). Incubation time o f the cells 

with anti-Tl/ST2 mAb was 3h (see Lane 3). Both earlier and later incubation times o f the 

cells with the antibody showed no responses. Treatment o f the cells with IL-1 for 15 

minutes activated NF-kB and caused IkB degradation (Lane 2).

3.2.7 IL-1 receptor-Tl/ST2 chimeras activate NF-kB via MyD88 and IRAK2

It has previously been reported that a chimera consisting of the extracellular domain 

o f the Type I ILl receptor and the intracellular domain o f T1/ST2 could activate both NF- 

kB (Mitcham et al., 1996) and p38 MAP kinase (Kumar et al., 1995) in C0S7 and Jurkat 

cells both by overexpression and in response to IL-1 treatment. Chimeric constructs have 

been regularly employed to investigate receptor signalling in the absence o f a cognate 

ligand. From this published data it was generally accepted that T1/ST2 was an activator o f 

NF-kB, which is in clear contrast to the results I had obtained with both overexpression o f 

T1/ST2 and with crosslinking o f endogenous T1/ST2. In order to determine the reason for 

these differing results, the effect of the chimeric construct was investigated in our systems. 

In Figure 3.10 it can be seen that overexpression of the chimera comprising the 

extracellular domain o f ILIRI and the intracellular domain o f T1/ST2 (hereafter designated
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A. Unstimulated IL-1 ST2mAb IgG

Lane

Figure 3.9 T1/ST2 does not activate NF-kB in P815 cells

A. P815 cells were resuspended in RPMI 1640 at IxlOVml in 24 well plates. Cells were 

stimulated with IL-1 (10 ng/ml, 15 mins) (lane 2) or added to plates coated with either anti 

T1/ST2 for 3h (lane 3) or isotype matched control antibody ( lane 4). Cells were harvested 

and nuclear extracts were assayed for NF-kB activation by EMSA. B. P815 cells were treated 

as above, cells were lysed with Laemelli sample buffer, cell debris removed by centrifugation, 

then supernatants separated by 12% SDS-PAGE. Samples were transferred to nitrocellulose, 

then immunoblotted with monoclonal iKBa antibody. Only one band was detected at 37kDa. 

Identical results were obtained in two furtherexperiments.
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Figure 3.10 An IL1R1-T1/ST2 chimeric construct activates NF-kB in EL4 and HEK293 

cells A. EL4 cells (7 x 10^) were transiently transfected with a plasmid encoding IL IR I- 

T1/ST2 chimera at the indicated doses or 2.5 |ag o f plasmids encoding T1/ST2, ILIR  and 

ILlRAcP. Cells were also transfected with 5 |j,g NF-kB luciferase plasmid and 1 |j,g 

Thymidine kinase Renilla luciferase for 16-18h. B. HEK293 cells (2 x 10“̂) were transiently 

transfected with plasmids encoding IL1R1-T1/ST2 chimera at the indicated doses or 40 ng 

each of plasmids encoding ILIR I and ILlRAcP. Cells were also transfected with 80 ng 

NF-kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase for 16-18h. For 

both A and B, extracts were prepared and measured for luciferase activity. Results are 

normalized for Renilla luciferase activity and represented as Fold Stimulation over the 

non-stimulated empty vector (EV) control. Results are expressed as mean ± standard deviation 

from three separate experiments, each carried out in triplicate.



ILlRextm-Tl/ST2cyto) was capable of activating NF-kB in both EL4 cells (A) and 

HEK293 cells (B). This effect is dose dependant in both cell types and the level o f fold 

activation o f the chimera, although not as high as a combination o f the ILlR/RAcP, is 

clear. As can be seen in figure 3.10a, there is no effect with full length T1/ST2 as was 

expected.

Having established that the chimera activates NF-kB, it was o f interest to determine 

the mechanism o f NF-kB activation. In figure 3.11 it can be seen that a dominant negative 

form o f MyD88 comprising the isolated TIR domain o f MyD88 was able to dose 

dependently inhibit the ability o f the chimera to activate NF-kB. Similarly dominant 

negative forms o f IRAK2 including a truncated form o f IRAK2 designated K-lRAK-2 

(Figure 3.12a) and the isolated death domain o f IRAK2 designated IRAK2DD (Figure 

3.12b) were able to inhibit signalling via the chimera. The results from these dominant 

negative experiments indicate that the ability if  the chimera to activate NF-kB occurs using 

similar intracellular signalling components as those used by IL-1.

3.2.8 The ability of the chimera ILlRextm-Tl/ST2cyto to activate NF-kB is dependant 

on the presence of the ILIR accessory protein

As the extracellular domain o f ILIR I is responsible for the recruitment o f the IL-1 

receptor accessory protein it was possible that the chimera was acting via recruitment o f 

ILlRAcP. To investigate this possibility, the chimera was transfected into the ILlRAcP 

deficient cell line EL4 D6/76. It is known that this cell line is unresponsive to IL-1 due to 

the absence o f ILlRAcP (Korherr et al., 1997) Figure 3.13 confirms this lack of 

responsiveness and also demonstrates that the responsiveness o f EL4 D6/76 cells to IL-1 

can be restored upon co-transfection o f ILlRAcP. The effect o f the chimera was
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Figure 3.11 NF-kB activation by IL1R1-T1/ST2 chimera is inhibited by a dominant 

negative form of MyD88

EL4 cells (7x 10^) were transiently transfected with 5 [xg o f plasmid encoding IL1R-T1/ST2 

chimera and increasing amounts o f plasmid encoding the isolated TIR domain o f MyD88. Each 

cell population was also transfected with 5 )o,g NF-kB reporter and 1 )j,g thymidine kinase Renilla 

luciferase. Results are normalized for Renilla luciferase activity and represented as Fold Stimulation 

over the non-stimulated empty vector (EV) control. Results are expressed as mean ± standard 

deviation from three separate experiments, each carried out in triplicate.
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Figure 3.12 NF-kB activation by IL1R1-T1/ST2 chimera is inhibited by dominant negative 

forms of IRAK2

EL4 cells (7x 10^) were transiently transfected with 5 |ig o f plasmid encoding IL1R-T1/ST2 

chimera and either (A) increasing amounts o f plasmid encoding a kinase dead form of IRAK2 

(K-IRAK-2) or (B) 2.5 |ig o f a plasmid encoding the isolated death domain o f IRAK2 

(IRAK2DD). Each cell population was also transfected with 5 |^g NF-kB reporter and 1 |j.g 

thymidine kinase Renilla luciferase. Results are normalized for Renilla luciferase activity and 

represented as Fold Stimulation over the non-stimulated empty vector (EV) control. Results are 

expressed as mean ± standard deviation from three separate experiments, each carried out in 

triplicate.
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Figure 3.13 EL4 D6/76 cells are unresponsive to IL-1 in the absence of ILlRAcP

EL4 D6/76 cells (7x 10^) were transiently transfected with 5 |j,g o f plasmid encoding ILlRAcP. 

Each cell population was also transfected with 5 (ig NF-kB reporter and 1 |^g thymidine kinase 

Renilla luciferase. 16-18h post transfection, cells were stimulated with IL-1 (10 ng/ml) for 6h. 

Extracts were prepared and measured for luciferase activity. Results are normalized for Renilla 

luciferase activity and represented as Fold Stimulation over the non-stimulated empty vector (EV) 

control. Results are expressed as mean ± standard deviation from three separate experiments, each 

carried out in triplicate.



subsequently tested in these cells. As shown in figure 3.14 overexpression o f ILlRextm- 

Tl/ST2cyto was unable to drive NF-kB in these cells as shown over a variety o f doses, 

although NF-kB was activated by ILlRAcP in these cells. When ILlRAcP was transfected 

into the cells, the chimera potentiated the response to ILlRAcP alone (Figure 3.15). This 

implies that the chimera recruits ILlRAcP for signalling to NF-kB. Conversely, figure 3.16 

shows that full length T1/ST2 has no effect on NF-kB in these cells and that co-transfection 

o f T1/ST2 and ILlRAcP does not, unlike cotransfection o f ILlRextm -Tl/ST2cyto and 

ILlRAcP, potentiate the level o f activation o f NF-kB by ILlRAcP alone. The activation o f 

ILlRAcP is, in fact slightly inhibited by co-transfection o f full length TI/ST2, an issue, 

which will be addressed later in this study. Taken together, these results imply that the 

ILlRextm-Tl/ST2cyto chimera activates NF-kB because it recruits ILlRAcP, which 

cannot be recruited by full-length T1/ST2.

3.2.9 A soluble form of T1/ST2 (sST2) does not activate an NF-kB reporter construct

In addition to the full length transmembrane form o f T1/ST2, alternative 3’ 

processing o f a primary transcript gives rise to an alternative form o f T1/ST2 termed 

soluble ST2 (sST2), which is a shorter secreted form (Tominaga, 1989; Werenskiold et al., 

1989). This form o f T1/ST2 was the initial form to be identified. It has been reported that 

this soluble form o f T1/ST2 is capable o f binding to bone marrow derived macrophages 

and activating NF-kB (Sweet et al., 2001). The effect o f sST2 on an NF-kB luciferase 

reporter was investigated in HEK293 cells. Figure 3.17 shows that a plasmid encoding 

sST2 was unable to activate this reporter in these cells. A combination o f the 

ILlR/ILlRA cP induces a 20 fold activation o f NF-kB in this assay.
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Figure 3.14 An IL1R1/T1/ST2 chimera is not able to activate NF-kB in EL4 D6/76 cells

EL4 D6/76 cells (7x 10^) were transiently transfected with the indicated amounts of plasmid 

encoding an IL1R1-T1/ST2 chimera or with 5 |j,g o f plasmid encoding ILlRAcP. Each cell 

population was also transfected with 5 )o.g NF-kB reporter and 1 |^g thymidine kinase Renilla 

luciferase. 16-18h post transfection cells were stimulated with IL-1 (10 ng/ml) for 6h. Extracts 

were prepared and measured for luciferase activity. Results are normalized for Renilla luciferase 

activity and represented as Fold Stimulation over the non-stimulated empty vector (EV) control. 

Results are expressed as mean ± standard deviation from three separate experiments, each carried 

out in triplicate .
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^ IL-lRextm-ST2Lcyto 
n -----------------------
!y»

T=oro

IL-IRACP 5̂ ig

Figure 3.15 Addition of the chimera IL1R-T1/ST2 potentiates the ability of ILlRAcP to 
activate NF-kB

EL4 D6/76 cells (7x 10^) were transiently transfected with the indicated amounts o f plasmid 

encoding an IL1R1-T1/ST2 chimera or with 5 |j.g o f plasmid encoding ILlRAcP. Each cell 

population was also transfected with 5 p,g NF-kB reporter and 1 jig thymidine kinase Renilla 

luciferase. Extracts were prepared and measured for luciferase activity. Results are normalized 

for Renilla luciferase activity and represented as Fold Stimulation over the non-stimulated empty 

vector (EV) control. Results are expressed as mean ± standard deviation fi-om three separate 

experiments, each carried out in triplicate .
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Figure 3.16 T1/ST2 does not potentiate ILlRAcP induced NF-kB activation

EL4 D6/76 cells (7x 10^) were transiently transfected with the indicated amounts o f plasmid 

encoding T1/ST2 or with 5 )j.g o f plasmid encoding ILlRAcP. Each cell population was also 

transfected with 5 |^g NF-kB reporter and 1 |j.g thymidine kinase Renilla luciferase. Extracts were 

prepared and measured for luciferase activity. Results are normalized for Renilla luciferase 

activity and represented as Fold Stimulation over the non-stimulated empty vector (EV) control. 

Results are expressed as mean ± standard deviation from three separate experiments, each carried 

out in triplicate
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Figure 3.17 A soluble form of T1/ST2 does not activate NF-kB in HEK293 cells

HEK 293 cells (2 x lO"*) were transiently transfected with 40 ng each of plasmids encoding 

IL IR I, ILlRAcP or soluble T1/ST2 at the stated doses. Cells were also transfected with 80 

ng of NF-kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase for 16-18h. 

Results are normaUzed for Renilla luciferase activity and represented as Fold Stimulation 

over the non-stimulated empty vector (EV) control. Results are expressed as mean ± 

standard deviation from three separate experiments, each carried out in triplicate.



3.2.10 T1/ST2 activates an AP-1 reporter.

Given the observed lack of effect of T1/ST2 on NF-kB activation as assayed by 

both overexpression and cross-linking of endogenous T1/ST2, it was necessary to examine 

the effect of T1/ST2 on alternative signals commonly activated by members of the 

TLR/ILIR superfamily. We investigated the ability of T1/ST2 to drive another 

transcription factor, Activator-Protein-1 (AP-1). It has been reported that IL-1, IL-18 and 

several of the known TLR ligands can activate AP-1 through their respective receptors. 

T1/ST2 was able to induce the AP-1 luciferase reporter construct in EL4 cells up to 4 fold 

(Figure 3.18) above control levels although the effect was not as strong as IL-1, which 

reached 7 fold.
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Figure 3.18 T1/ST2 activates AP-1 in EL4 cells

EL4 cells (7 x 10^) were transiently transfected with plasmids encoding Flag-tagged 

T1/ST2 at the stated doses and 5 p,g AP-1 luciferase plasmid along with 1 |o.g Thymidine 

kinase Renilla luciferase for 16-18h. Following incubation with lL-1 (10 ng/ml) in medium 

for 6h, extracts were prepared and measured for luciferase activity. Results are normalized 

for Renilla luciferase activity and represented as Fold Stimulation over the non-stimulated 

empty vector (EV) control. Results are expressed as mean ± standard deviation from 

three separate experiments, each carried out in triplicate.



3.3 Discussion

Members of the ILIR  superfamily are structurally related and are primarily 

categorized on the basis o f a conserved cytosolic region termed the TIR domain. It has 

previously been shown in the case of the IL IR I, IL18R and several o f the TLRs that the 

TIR domain is essential in mediating transcriptional activation via these receptors. Indeed, 

a naturally occurring single point mutation in the TIR domain o f murine TLR4 (pro712His, 

the Lps mutation) abolishes the host immune response to LPS (Poltorak et al., 1998) while 

the equivalent residue in TLR2, pro681His, disrupts signal transduction in response to 

stimulation by yeast and gram-positive bacteria (Underhill et al., 1999). Signalling 

pathways initiated by TIR domain containing receptors have been shown to have many 

elements in common from utilising many o f the same intracellular signalling components to 

activation o f the same signals. The signalling pathway for IL-1 and the IL-1 receptor was 

initially characterised and shown to activate NF-kB, AP-1, MAP kinases and STAT3 

(signal transducer and activator o f transcription 3). Subsequently, many members of the 

ILIR/Toll like receptor superfamily were shown to be capable o f activating NF-kB, AP-1 

and MAP kinases reviewed by (O'Neill and Dinarello, 2000). Prompted by the knowledge 

that TI/ST2 possesses a TIR domain o f high homology to all other TIR domains, it seemed 

likely that T1/ST2 would be able to activate the same signals as other members of this 

family. It had previously been shown that an IL1R-T1/ST2 chimera could activate NF-kB. 

This chapter clearly demonstrates in several cell types, using two separate approaches, that 

T1/ST2 is unable to activate NF-kB although T1/ST2 is shown to be a functional member 

of the TLR/ILIR superfamily as it is able to activate the transcription factor AP-I.

Given the ability o f the chimera to activate NF-kB, the lack o f effect o f T1/ST2 on 

this transcription factor was somewhat surprising. We proceeded to characterise the
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chimera in our systems, initially showing that both MyD88 and IRAK2 were involved in 

signalling to NF-kB by the chimera. Our subsequent data suggests that the ability of the 

chimeric receptor to activate NF-kB is dependant on ILlRAcP. It is known that upon 

binding IL l, ILIRI and ILlRAcP interact via their extracellular domains (Casadio et al., 

2001). Furthermore, analysis of signalling by the IL lR /ILlRA cP complex has shown 

ILlRAcP to interact with IRAK (Volpe et al., 1997) and also that box 3 o f the TIR domain 

o f ILlRAcP is critical for binding o f MyD88 to the complex and activation o f NF-kB 

(Radons et al., 2002). Therefore the signal transmitted via this chimera is likely to be due to 

interaction o f the IL -lR l extracellular portion of the chimera with the ILlRAcP. Our 

evidence for this is the lack o f effect o f the chimera on NF-kB in a strain o f EL4, which 

lacks ILlRAcP. Transfection o f the cells with a plasmid encoding ILlRAcP, however, 

renders the cells sensitive to the chimera. Co-transfection o f ILlRAcP and the chimera 

increases NF-kB activation above the activation observed by ILlRAcP, in a fashion 

analogous to cotransfection of the ILIRI and ILlRAcP. Conversely co-transfection of 

ILlRAcP and T1/ST2 does not potentiate the level o f NF-kB activation by ILlRAcP. It 

seems, therefore, that overexpression o f T1/ST2 or cross-linking o f T1/ST2 is unlikely to 

recruit ILlRAcP. Our findings are in agreement with those reported by Bom et al (Bom et 

al., 2000) who have shown that the ILlRAcP can act as an accessory protein for the 

ILlRextm -Tl/ST2cyto chimera following addition o f IL-1 in S49.1 cells.

It could be argued that the inability o f full length T1/ST2 to activate NF-kB is due 

to the requirement, by T1/ST2, o f an accessory protein-like molecule. It is possible that the 

cells tested here do not express the receptor accessory protein (as yet unknown) required by 

T1/ST2 for NF-kB activation. Altematively, the overexpression and antibody approach is 

unable to allow accessory protein recmitment. These possibilities seem unlikely however
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since T1/ST2 can clearly drive an AP-1 reporter in EL4 cells. In the case o f IL-1, it is 

known that activation of JNK and AP-1 requires ILlRAcP similar to NF-kB (Cullinan et 

al., 1998; Wesche et al., 1997b). If T1/ST2 utilises its own receptor accessory protein it 

must be present in these cells and can drive AP-1 but not NF-kB.

It is possible that this putative accessory protein might have already been identified 

and classed as one of the other orphan receptors o f the ILIR  family. Sims et al have 

attempted to classify ILIR  superfamily members into receptor-like or accessory protein- 

like based on chimera studies in a similar manner to the method used, also by this group, to 

study T1/ST2 signalling. Chimeras were made o f the intracellular domain o f IL18R, 

T1/ST2, ILlRrp2, ILlRAcP, ILlSRAcP, TIGGIR-1 and ILIRAPL fused to the 

extracellular domain of either ILIRI or ILlRAcP. These chimeras were co-transfected in 

every combination and NF-kB assayed as a read-out for activation. Only the two known 

accessory proteins (ILlRAcP and ILlSRAcP) were categorised as accessory proteins. In 

addition, two novel members o f the family, TIGGIR-1 and IL-IRAPL seem to fall into 

neither group and might therefore constitute a new subgroup o f the family. Intriguingly the 

chimeras for these do not activate NF-kB even when co-transfected with ILlRAcP. As we 

have shown that the ILlRAcP is essential for the T1/ST2 chimera to activate NF-kB it 

seems surprising that these chimeras do not also recruit ILlRAcP to signal. It is possible 

that differences in the way the chimeras are constructed do not allow interaction o f the 

ILIR  portion o f the chimera with ILlRAcP. It would be interesting to investigate whether 

the full length version of either of these can interact with T1/ST2.

The lack o f effect o f T1/ST2 on NF-kB suggests that not all TIR domain- 

containing receptors signal in a similar way. This has also been shown for TLRs, where 

TLR2 and TLR4 differ in the sets o f genes their ligands induce (Jones et al., 2001).
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Although both LPS and LAM were shown to be capable o f inducing comparable amounts 

o f  NF-kB and AP-1 binding activity, only LPS was able to induce IL ip  and nitric oxide 

secretion. It has also been shown that these receptors can differentially activate dendritic 

cells to favour either Thl or Th2 development (Re and Strominger, 2001). A TLR4 agonist 

was shown to specifically promote induction o f the Thl cytokine IL-12p70 whereas a 

TLR2 ligand resulted in preferential induction o f an IL-12 p40 inhibitory homodimer, 

producing conditions predicted to favour Th2 development. It has also been shown that 

TLRs 3, 4, 7 and 8 are the only Toll-like receptors to be capable o f activating the 

transcription factor IFN regulatory factor 3 (IRF-3) (Toshchakov et al., 2002) (Doyle et al., 

2002). IRF-3 regulates Interferon-(3 (IFN-P) production and a range o f other genes, which 

are IFN-p dependant. Interestingly, in the case o f TLR4 this process still occurs in the 

absence o f MyD88 (Kawai et al., 2001). Our data therefore concur with the concept that 

TIR domain containing receptors, although capable o f activating similar signals, may 

activate (or fail to activate) other signals. The basis for this difference may lie in each TIR 

domain, which although similar in amino acid sequence, are not identical. In fact, although 

the amino-acid sequence identity o f the TIR domains o f TLRl and TLR2 is 50%, there are 

conformational differences between the two structures (Xu et al., 2000). I have attempted to 

model the TIR domain o f T1/ST2 on the known structures o f TLRI and TLR2. Using the 

Swiss-Model programme, it was only possible to model the structure o f T1/ST2 onto that of 

TLRl and not to that of TLR2. Figure 3.19 shows, using a space filling model, that the 

programme predicts that the TIR domain o f T1/ST2 is more similar to that o f  TLRl that to 

that of TLR2 in both charge distribution and location o f critical residues. Similarly to 

T1/ST2, TLRl unlike TLR2, is not capable o f activating NF-kB except when 

heterodimerized with TLR2 (Ozinsky et al., 2000b). It is therefore likely that the structure
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Figure 3.19 Modelling the TIR domain of T1/ST2

The TIR domain of T1/ST2 was modelled onto the known structures of TLRl using Swiss- 

Model. Figure A shows a ribbon model of TIR T1/ST2. Space filling models of T1/ST2,

TLRl and TLR2 are shown in figures B-D respectively. These models are orientated identically. 

The conserved proline is highlighted in purple, basic residues in blue and acidic residues in red.



of the TIR domains o f these receptors is crucial for the specificity o f the signal transduction 

process. A fuller understanding o f the signals activated by TIR domains will await further 

structural determination.

It is becoming clear with the identification o f several more adaptor proteins that 

differential recruitment of adaptors to receptors may confer receptor specificity for 

functional effects. Analysis o f MyD88 mutant mice pointed to the existence o f a MyD88 

independent pathway downstream of TLR3 and TLR4 as a delayed activation o f NF-kB 

and IRF-3 is observed in these mice (Kawai et al., 2001). It was initially thought that the 

recently identified adaptor termed Mai (MyD88 adaptor like) or TIRAP (Fitzgerald et al., 

2001; Homg et al., 2001) would prove to be responsible for this delayed activation but 

recent evidence from the TIRAP knockout mice (Homg et al., 2002; Yamamoto et al., 

2002a) shows TIRAP/MAL to be essential for MyD88-dependant TLR2 and TLR4 signal 

pathways but not for MyD88 independent pathways. The novel adaptor Toll-Interleukin-1 

receptor domain (TIR)-containing adaptor molecule (TICAM-1) (Oshiumi et al., 2003a) 

also named TIR domain-containing adapter inducing IFN-beta (TRIF) (Yamamoto et al., 

2002b) has been shown to interact with the TIR domain o f TLR-3 and be involved in TLR- 

3 mediated IFN-P production. TICAM-1 also activates NF-kB and has recently been shown 

to be involved in IRF-3 activation via TLR4 (Hoebe et al., 2003; Yamamoto et al., 2003). 

Most recently a fourth adaptor has been identified named TIRP (TIR-containing protein), 

which is shown to interact with the ILIR  and IRAKs and to be involved in IL-1 induced 

NF-kB activation (Bin et al., 2003). From these recent findings it appears that the 

mechanisms o f signal transduction via receptor members o f this family are not as similar as 

was originally thought. The fact therefore that T1/ST2, whilst being able to activate AP-1 

cannot activate NF-kB is not as surprising as it initially seemed and may possibly be due
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not only to a structural difference in its TIR domain but also to the downstream adaptors 

that it recruits. However, none o f the more recently identified adaptors are candidates for 

this as they are all able to activate NF-kB when overexpressed, although TRIP only weakly 

activates NF-kB as its main target would appear to be IRF-3.

There is evidence from mutant cells lacking IRAK to suggest that activation o f NF- 

kB  and JNK diverge either at IRAK or at a point nearer to the receptor (Li et al., 2001). 

These mutant cells have been used as a model system to study the function o f IRAK in IL-1 

signalling as only exogenous expression o f IRAK restores IL-1 dependant JNK and NF-kB 

activation in these cells. These cells were transfected with truncated forms o f IRAK and 

then the ability o f the cells to respond to IL-1 tested. These experiments showed that both 

the N-terminal death domain and C-terminal region o f IRAK were required for NF-kB and 

JNK activation, whereas the N-proximal undetermined domain o f IRAK was required for 

NF-kB but not JNK activation. Moreover, phosphorylation o f IRAK was required for NF- 

kB activation but IL-I was able to induce JNK without IRAK phosphorylation. The 

TAK/TAB complex also represents a possible point o f divergence o f these two pathways. 

This complex has been shown to be activated by IL-1 in a time dependant manner and to 

specifically phosphorylate IKKp in a stimulus dependant manner and also able to 

phosphorylate MKK3 and MKK6, both upstream activators o f p38 (Wang et al., 2001). 

TAKl mutants have also been shown to inhibit the activation of JNK by ceramide 

(Shirakabe et al., 1997). With respect to T1/ST2 this might suggest that, via a mechanism 

of differential recruitment o f upstream adaptors, T1/ST2 is able to activate one arm o f this 

pathway (AP-1) but not the other (NF-kB). An alternative suggestion is that activation of 

AP-1 occurs via a separate pathway not involving the classical intermediates on the NF-kB 

pathway.
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Given the reported role o f T1/ST2 in Th2 effector function, the lack o f effect of 

T1/ST2 on NF-kB is consistent with evidence from transgenic mice whose NF-kB/RcI 

signalling pathway is inhibited in T cells (Aronica et al., 1999). NF-kB induction was 

specifically inhibited in T cells by a mutated form o f iKBa. These mice exhibited impaired 

Thl responses but normal Th2 responses indicative o f the lack o f a role for NF-kB in Th2 

function. It has also been reported, however, that Gata-3, a Th2 specific transcription factor 

expression essential for IL-5 production, is dependant on NF-kB (Das et al., 2001). The 

precise role o f NF-kB in Thl and/or Th2 cell regulation is therefore, yet to be clarified.

Intriguingly, soluble ST2 has recently been shown to be capable o f activating NF- 

kB in bone marrow derived macrophages (Sweet et al., 2001). Prior to the identification o f 

signalling by sST2, it had been thought that sST2 would function in an analogous fashion 

to the soluble ILIRII i.e. to sequester the ligand for the receptor. The basis for this effect is 

not clear, but suggests that soluble ST2 may have cytokine-like effects and in light o f our 

results, have divergent effects to T1/ST2. I have not, however, been able to confirm this 

result, as soluble ST2 did not activate an NF-kB reporter when transfected into HEK293 

cells.

Results presented in this chapter show that T1/ST2 whilst not being an activator of 

NF-kB is an active signalling receptor capable o f activating an AP-1 reporter construct. 

This activation will be further explored in the next chapter.
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Chapter Four

Activation of MAP kinases by T1/ST2 and the role of 

Tl/ST2-indnced JNK activation in IL-4 production.



Chapter 4 

4.1 Introduction

In the previous chapter, the lack o f ability o f T1/ST2 to activate the pro- 

inflammatory transcription factor NF-kB activation was described. It was shown, however, 

that T1/ST2 is an active signalling receptor as it was able to activate an AP-1 reporter 

construct. As the commonest form of AP-1 is comprised o f a dimer of c-Jun and c-fos and 

as c-Jun is regulated by phosphorylation by the upstream MAP kinase JNK, this indicated 

that T1/ST2 might be able to activate MAP kinases.

All members o f the ILIR/TLR signalling family which have so far been shown to 

be active signalling receptors are able to activate at least two pathways, NF-kB and MAP 

kinases, while two members o f the TLR arm o f this family are also able to activate another 

transcription factor, IRF-3. There are, however, identifiable differences in the ability of 

these receptors to activate downstream signalling pathways. TLR3, for example, is known 

to recruit the adaptor TICAM-1 and to be a strong activator o f IRF-3 while only poorly 

activating NF-kB (Oshiumi et al., 2003a) while all other family members are potent NF-kB 

activators. One reason for these differences might be recruitment o f different adaptor 

molecules. That T1/ST2 would activate MAP kinases whilst being unable to activate NF- 

kB was therefore o f interest in terms o f signalling mechanisms.

In this chapter, I show that T1/ST2 activates c-Jun via activation o f JNK and is also 

able to activate p42/44 and p38 MAP kinases. This concurs with evidence from Kumar et 

al (Kumar et al., 1995) on an unidentified T1/ST2 ligand, which activated p38 MAP kinase 

but not NF-kB. I also show that T1/ST2 is involved in cytokine production as crosslinking 

o f T1/ST2 on naive CD4+ T cells causes upregulation o f IL-4. Data presented here also 

provides functional relevance for the observed activation o f JNK via T1/ST2 since the
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selective induction o f IL-4 in these cells was blocked by the specific JNK inhibitor 

SP600125.
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4.2 Results:

4.2.1 T1/ST2 causes an increase in the phosphorylation of c-Jun

HEK293 cells were transfected with increasing doses o f the plasmid encoding 

T1/ST2 and subsequently lysates prepared from the cells were blotted using an anti- 

phospho c-Jun antibody. In figure 4.1 it can be seen in lanes 2 and 3 that TNF and PMA 

both cause phosphorylation o f c-Jun. Lane 4 contains cells transfected with empty vector, 

which on its own appears to increase the level o f phosphorylated c-Jun above untransfected 

control levels. Lanes 5-7 show the effect o f increasing doses o f T1/ST2 encoding plasmid. 

Increased phosphorylation o f c-Jun over empty vector was observed at 5|^g o f plasmid 

transfected. Phospho-c-Jun was detected as a triplicate. The lower panel shows the same 

samples immunoblotted for total c-Jun. No difference is seen with these samples indicating 

equal protein loading and also showing that the change in the amount of phosphorylated c- 

Jun is not due to a change in the total amount o f c-Jun present in the cells.

In order to verify this result with cells endogenously expressing T1/ST2, P815 cells 

were crosslinked using the anti T1/ST2 monoclonal antibody 3E10. Figure 4.2 shows that 

an increase in phospho c-Jun can be detected at contact times o f the anti-Tl/ST2 antibody 

of 1 and 3h (lanes 2 and 4) over both untreated cells (lanel) and cells crosslinked with a 

control rat IgG (lanes 3 and 5). Activation o f c-Jun decreases at 6h (lane 6). The lower 

panel shows the same samples immunoblotted for total c-Jun indicating equal protein 

loading.

4.2.2 The MAP kinase c-Jun-N-terminal kinase (JNK) is responsible for T1/ST2 

induced activation of AP-l/c-Jun

As JNK is a well characterized upstream activator o f the AP-1 transcription factor

complex and other TIR domain containing receptors are known to activate MAP kinases, c-
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Figure 4.1 Transfected T1/ST2 causes phosphorylation of c-Jun in HEK293 cells

HEK293 cells were seeded at Ix 10  ̂cells /ml and grown for 24 hours. Cells were transfected 

with either 5 ^g of empty vector or with the indicated amounts o f Flag-tagged T1/ST2 plasmid. 

For samples in lanes 1-3, cells were either unstimulated or stimulated with 10 ng/ml TNF or 

100 ng/ml PMA for 30 minutes. 16-18h post transfection, cells were harvested and were lysed 

with Laemelli sample buffer, cell debris removed by centrifugation, then supernatants separated 

by 10% SDS-PAGE. Samples were transferred to nitrocellulose and assayed for phospho-c-Jun 

by immunoblotting of lysates. The upper panel shows phosphorylated c-Jun, while the lower 

panel shows total c-Jun, indicating equal loading o f samples. Identical results were obtained in 

two further experiments.



Figure 4.2 Crosslinking of T1/ST2 in P815 cells causes phosphorylation of c-Jun

P815 cells (2 X 10^) were added to 6 well plates either untreated (lane 1) or coated with 

anti T1/ST2 (lanes 2, 4, 6) or iso type-matched control antibody (lanes 3, 5, 7) for the 

incubation times shown. Cells were harvested and lysed with Laemelli sample buffer, 

cell debris removed by centrifugation, then supernatants separated by 10% SDS-PAGE.

Samples were transferred to nitrocellulose and assayed for phospho-c-Jun by immunoblotting 

of lysates. The upper panel shows phosphorylated c-Jun, while the lower panel shows total c-Jun, 

indicating equal loading o f samples. Identical results were obtained in two further experiments.



Jun-N-terminal kinase (JNK) was a good candidate for involvement in T1/ST2 induced 

activation o f AP-1. To assess the potential role of JNK in downstream signalling from 

T1/ST2, a reporter assay using a /ra«5-reporter system o f a c-Jun-GAL4 construct and GAL 

luciferase, which serves as a readout for JNK activation, was used. In a similar manner to 

the NF-kB system, this system was initially characterised for its ability to respond to 

members o f the IL-1 signalling pathway. IL-1, ILIR I and the ILlRAcP can all drive this 

system. Figure 4.3a shows that a combination o f the ILlR/RAcP can drive 10 fold 

activation o f JNK in HEK293 cells. Overexpression of a plasmid encoding T1/ST2 can 

dose-dependently activate JNK in these cells, causing an 8 fold stimulation o f JNK at the 

top dose o f 50 ng o f T1/ST2 transfected (figure 4.3a). Figure 4.3b shows that 2 |.ig of 

T1/ST2 encoding plasmid caused a 6 fold increase in JNK activation in EL4 cells. The 

extent of stimulation was seen to vary from 5 to 50 fold over six experiments with the level 

o f activation o f JNK being consistently higher in HEK293 cells probably due to the higher 

level of transfection efficiency o f these cells compared to EL4 cells.

The specificity o f this signal is illustrated in figure 4.4 as this effect is inhibited by 

co-transfection o f JNK Inhibitory Protein (JIP-1) in HEK293 cells. In this experiment a 50 

fold activation o f JNK was observed with T1/ST2, which was reduced to a 5 fold 

stimulation by co-transfection o f 50 ng o f plasmid encoding JIP. When JIP was transfected 

alone, it had no effect on the level o f JNK activation.

To investigate the pathway involved in signalling from T1/ST2 to JNK, two 

dominant negative forms o f MyD88 were co-transfected with T1/ST2 in this assay. As 

shown in figure 4.5, JNK activation by T1/ST2 was inhibited by co-transfection o f 10 ng of 

both the isolated TIR domain and the isolated death domain (DDMyD88) o f MyD88, 

implying that MyD88 is essential for JNK activation.
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Figure 4.3 T1/ST2 activates JNK in a /ra«s-reporter assay

HEK 293 cells (2 x 10") (A) or EL4 (7 x 10^) (B) w^ere transfected with the components of 

GAL4-c-Jun ('-223) system. For HEK293 cells, 2 ng o f c-Jun-Gal4 ?ra«5-activator plasmid 

was used with 80 ng o f Gal4-Luciferase. For EL4 cells 1.25 |^g o f c-Jun-Gal4 

/ra«5-activator plasmid was used with 5 |ig o f Gal4-Luciferase. 20 ng each o f plasmid 

encoding ILIR  and IL-lRAcP were used to validate the assay in HEK293 cells. Cells were 

also transfected with the indicated amounts of plasmid encoding Flag-tagged T1/ST2. 40 ng 

(HEK293) or 5 |^g (EL4) Renilla luciferase was also transfected. Results are normalized for 

Renilla luciferase activity and represented as Fold Stimulation over the non-stimulated empty 

vector (EV) control. Results are expressed as mean ± standard deviation from three separate 

experiments, each carried out in triplicate.
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Figure 4.4 T1/ST2 induced activation of JNK is inhibited by JIP

HEK 293 cells (2 x 10"*) were transfected with 2 ng of c-Jun-Gal4 ?ra«5-activator plasmid, 

80 ng of GAL4-Luciferase and 40 ng Renilla luciferase. Cells were also transfected with 

50 ng of plasmid encoding Flag-tagged T1/ST2 and JNK inhibitory protein (JIP-1) at the 

indicated amounts. Extracts were prepared and measured for luciferase activity. Results are 

normalized for Renilla luciferase activity and represented as Fold Stimulation over the non

stimulated empty vector (EV) control. Results are expressed as mean ± standard deviation 

from three separate experiments, each carried out in triplicate.
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Figure 4.5 JNK activation via T1/ST2 is inhibited by two dominant negative forms 

of MyD88

HEK 293 cells (2 x 10"*) were transfected with 2 ng o f c-Jun-Gal4 /ranj'-activator plasmid, 

80 ng of GAL4-Luciferase and 40 ng Renilla luciferase. Cells were also transfected with 

50 ng of plasmid encoding Flag-tagged T1/ST2 or 10 ng each o f plasmids encoding the 

isolated TIR domain or the isolated Death Domain of MyD88. Extracts were prepared and 

measured for luciferase activity. Results are normalized for Renilla luciferase activity and 

represented as Fold Stimulation over the non-stimulated empty vector (EV) control. Results 

are expressed as mean ± standard deviation from three separate experiments, each carried 

out in triphcate.



The activation o f JNK was confirmed using the anti-Tl/ST2 crosslinking 

monoclonal antibody on P815 cells (figure 4.6). An increase in phosphorylation o f JNK 

following crosslinking for 3h (lane 3) is clearly observable over both unstimulated cells 

(lane 1) and a control rat IgG (lane 4). IL-1 also caused phosphorylation o f JNK (lane 2). 

The lower panel shows the same samples immunoblotted for total JNK. No difference is 

seen with these samples indicating equal protein loading and also showing that the change 

in the amount o f phosphorylated JNK is not due to a change in the total amount o f JNK 

present in the cells. Other contact times with the antibody were investigated and showed a 

similar pattern o f activation to that seen with phospho-c-Jun, activation being maximal at 

3h as shown, and decreasing at later time points. The specificity o f this activation o f JNK is 

shown in figure 4.7 as phosphorylation o f c-Jun, as observed by crosslinking o f T1/ST2, 

was inhibited by the specific JNK inhibitor SP600125 (compare lanes 5 and 6). SP600125 

was also able to inhibit IL-1 induced phosphorylation o f c-Jun in this assay (compare lanes 

3 and 4). The lower panel shows the same samples immunoblotted for total c-Jun indicating 

equal protein loading.

4.2.3 T1/ST2 causes activation of p42/p44 and p38 MAP kinases

As T1/ST2 is obviously involved in signalling to JNK, its ability to activate the

other MAP kinases was next investigated. The role o f T1/ST2 in p42/p44 activation was

assayed using an Elk-1-Gal4 construct and Gal-luciferase, which serves as a readout for

p42/p44 activation. As shown in figure 4.8, overexpresssion o f plasmid encoding T1/ST2 in

HEK293 cells (left hand panel) or EL4 cells (right hand panel) activated p42/p44. 20 or 50

ng o f a plasmid encoding T1/ST2 was required for this effect in HEK293 cells while 2.5 |o.g

o f plasmid was required for EL4 cells. 20 ng each o f ILIRI and ILlRAcP were able to

activate p42/p44 in HEK293 cells (left hand panel). Figure 4.9 shows that cross-linking of
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Figure 4.6 Crosslinking of T1/ST2 activates JNK in P815 cells

P815 cells (2 X 10^) were added to 6 well plates either untreated (lane 1) or coated with anti 

T1/ST2 (lane 3) or isotype-matched control antibody (lane 4) for 3h or were treated with IL-1 

(lOng/ml) for 15 mins (lane 2). Cells were harvested and lysed with Laemelli sample buffer, 

cell debris removed by centrifugation, then supernatants separated by 10% SDS-PAGE. Samples 

were transferred to nitrocellulose and assayed for phospho-JNK by immunoblotting of lysates. 

The upper panel shows phosphorylated JNK, while the lower panel shows total JNK, indicating 

equal loading o f samples. Identical results were obtained in two further experiments.
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Figure 4.7 Phosphorylation of c-Jun is inhibited by the JNK inhibitor SP600125

P815 cells (2 X 10^) were added to 6 well plates either untreated (lanes 1-4) or coated 

with anti T1/ST2 (lanes 5 and 6) or iso type-matched control antibody (lanes 7 and 8) 

for 3h. Lanes 3 and 4 show cells treated with IL-1 (10 ng/ml) for 15 mins. For inhibition 

o f JNK, cells were pretreated with SP600125 at 25 for Ih prior to the addition o f the 

cells to the plate bound antibody or treatment with IL-1 as shown. Cells were harvested 

and lysed with Laemelli sample buffer, cell debris removed by centrifugation, then supernatants 

separated by 10% SDS-PAGE. Samples were transferred to nitrocellulose and assayed for 

phospho-c-Jun by immunoblotting o f lysates. The upper panel shows phosphorylated c-Jun, 

while the lower panel shows total c-Jun, indicating equal loading of samples. Identical results 

were obtained in two fiarther experiments.



o 8
HEK293

IL1R7
RAcP

EL4

T1/ST2 Con 2-5ng
T1/ST2

Figure 4.8 T1/ST2 activates p42/p44 MAP kinase in an Elk-1 ?ra/is-reporter assay

HEK 293 cells (2 x 10“̂) or EL4 (7 x 10^) were transfected with the components of

system. For HEK293 cells 10 ng of Elk-1-Gal4 /ra«5-activator plasmid 

was used with 80 ng of GAL4-Luciferase. For EL4 cells 1.25 |j.g o f Elk-1-Gal4 

?ra«^-activator plasmid was used with 5|^g o f GAL4-Luciferase. 20 ng each of plasmid 

encoding ILlReceptor and IL-lRAcP were used to validate the assay in HEK293 cells. Cells 

were also transfected with the indicated amounts o f plasmid encoding Flag-tagged T1/ST2.

40 ng Renilla luciferase (HEK293) or 5 |o.g (EL4) was also transfected. Results are normalized 

for Renilla luciferase activity and represented as Fold Stimulation over the non-stimulated empty 

vector (EV) control. Results are expressed as mean ± standard deviation from three separate 

experiments, each carried out in triplicate.



P815 cells at contact times o f 1 and 3 h with the anti-Tl/ST2 antibody also activated 

p42/p44 MAP kinase as indicated by an increased phosphorylation when compared to 

unstimulated cells or cells plated on control IgG (compares lane 3 and 4 and lanes 5 and 6). 

Similar to the pattem o f T1/ST2 induced activation o f c-Jun and JNK, the ability o f T1/ST2 

crosslinking to phosphorylate p42/p44 decreased at 6h (lane 7).

The effect o f T1/ST2 on p38 MAP kinase was also measured. The first assay used 

was an overexpression system using plasmids encoding CH0P-Gal4 and Gal-luciferase, 

which serve as a readout for p38 activation. As can be seen in figure 4.10 overexpresssion 

of T1/ST2 in HEK293 cells (left hand panel) or EL4 cells (right hand panel) activated p38. 

20 or 50 ng o f a plasmid encoding T1/ST2 was required for this effect in HEK293 cells 

while 2.5 |^g of plasmid was required for EL4 cells. 20 ng each o f ILIRI and ILlRAcP 

were able to activate p38 in HEK293 cells (left hand panel).

I subsequently attempted to confirm this effect using the P 815/crosslinking system. 

The basal level o f p38 in these cells was too high however, to observe any further increase 

even with such stimuli as IL-1 and PMA (not shown). An alternative assay for p38 was 

therefore employed, involving immunoprecipitation o f a FLAG-tagged p38 construct from 

T1/ST2 transfected cells, the immunoprecipitate being assayed for its ability to 

phosphorylate ATF-2. Phosphorylation of ATF-2 was measured by immunoblotting 

samples using a phospho-ATF-2 antibody. Figure 4.11 shows that phosphorylation o f ATF- 

2 was enhanced in anti-FLAG immunoprecipitates from cells transfected with T1/ST2 and 

FLAG-p38, when compared with anti-FLAG immunoprecipitates fi-om cells transfected 

with FLAG-p38 alone (compare lane 4 to lane 1). Lane 2 acts as a specificity control as 

there is no substrate (ATF-2 fusion) in the assay and lane 3 shows that IL-1, a known 

activator of p38 is able to induce ATF-2 phosphorylation in this assay. The level o f p38 in

all samples is equivalent, as shown in the lower panel.
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Figure 4.9 Crosslinking of T1/ST2 on P815 cells causes phosphorylation of p42/p44 

MAP kinase

P815 cells (2 X 10^) were added to 6 well plates either untreated (lane 1) or coated with anti 

T1/ST2 ( lanes 3, 5, 7) or isotype-matched control antibody (lanes 4, 6, 8) for the incubation times 

shown. Cells were also treated with 10 ng/ml IL-1 for 15 mins (lane2). Cells were harvested and 

lysed with Laemelli sample buffer, cell debris removed by centrifugation, then supernatants 

separated by 10% SDS-PAGE. Samples were transferred to nitrocellulose, and then assayed for 

phospho p42/p44 by immunoblotting o f lysates. The upper panel shows phosphorylated p42/p44, 

while the lower panel shows P-actin, indicating equal loading o f samples. Identical results 

were obtained in two further experiments.
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Figure 4.10. T1/ST2 activates p38 MAP kinase in a CHOP rmns-reporter assay

HEK 293 cells (2 x 10'*) or EL4 (7 x 10^) were transfected with the components o f  

GAL4-CH0P ('-101) system. For HEK293 cells 1 ng o f CH0P-Gal4 /ra«5-activator plasmid 

was used with 80 ng o f GAL4-Luciferase. For EL4 cells 1.25 |o,g o f  CH0P-Gal4 

ira«5-activator plasmid was used with 5 |o,g o f  GAL4-Luciferase. 20 ng each o f  plasmid 

encoding ILlReceptor and IL-lRAcP were used to validate the assay in HEK293 cells. Cells 

were also transfected with the indicated amounts o f  plasmid encoding Flag-tagged T1/ST2.

40 ng Renilla luciferase (HEK293) or 5 |o,g (EL4) was also transfected. Results are normalized 

for Renilla luciferase activity and represented as Fold Stimulation over the non-stimulated 

empty vector (EV) control. Results are expressed as mean ± standard deviation from three 

separate experiments, each carried out in triplicate.
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Figure 4.11. T1/ST2 activates p38 MAP kinase as assayed by an ATF-2 kinase assay

HEK293 cells (IxlOVml) were transfected with 4 |^g Flag-p38 and 4 |ig T1/ST2 (lane 4). 

16-18h post transfection cells were harvested and the kinase assay performed as described in 

section 2.11. For the sample in lane 3, cells were treated with IL-1 (10 ng/ml) for 15 minutes 

prior to harvesting. Samples were assayed for phosphorylated ATF-2 or FLAG-tagged p38 by 

immunoblotting. Identical results were obtained in an additional experiment.



4.2.4 T1/ST2 activates the transcription factor STAT-3

STAT-3 is a member o f the JAK/STAT family o f transcription factors and it is 

activated by such diverse stimuli as the family of IL-6 type cytokines, growth factors, 

oncogenes and IFNs. There is evidence that IL -ip  can activate a short form o f STAT-3 

(Morton et al., 1999) and that STAT-3 is involved in LPS-induced IL-10 production 

(Benkhart et al., 2000). Furthermore, there is evidence linking MAP kinases to a role in 

STAT-3 regulation (Decker and Kovarik, 2000).

Given the similarity between known activation patterns o f STAT-3 and the 

activation o f MAP kinases that we had observed by T1/ST2, it was o f interest to examine 

whether T1/ST2 could activate STAT-3. This was performed using the P 815/crosslinking 

method o f T1/ST2 activation, followed by analysis by electrophoretic mobility shift assay. 

Figure 4.12a shows that crosslinking o f T1/ST2 causes an induction o f STAT-3 at 4h of 

contact time with the antibody over both unstimulated cells and a rat control IgG. LPS 

treatment o f the cells for 4h causes activation o f STAT-3. The STAT-3 complex was 

further analysed using the STAT-3 antibody C20 (figure 4.12b). Incubation o f the nuclear 

extracts with this antibody prior to the EMSA being performed, results in a marked 

disappearance o f the T1/ST2 induced STAT-3 complex, confirming the presence o f STAT- 

3 in the DNA complex.

4.2.5 Analysis of the effect of T1/ST2 on cytokine production

The ability o f T1/ST2 to activate a variety o f signals had now been confirmed so it 

was possible to explore the potential further downstream effects o f T1/ST2. The main focus 

of this part o f the study was on the Th2 cytokines IL-4 and IL-5. T1/ST2 has been
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Figure 4.12. T1/ST2 activates STAT-3

(A). P815 cells (2 x 10 )̂ were added to 6 well plates coated with either anti T1/ST2 or isotype 

matched control antibody for the indicated times or cells were stimulated with LPS (1 |^g/ml) 

for 4h. Cells were harvested and nuclear extracts were prepared and equal amounts of protein 

assayed for STAT-3 activation by EMSA. STAT-3-DNA complexes are shown with an arrow.

(B). Cells were treated as above and 4 |j,g of nuclear extract was pre-incubated with 1 )j,l of 

STAT-3 antibody C-20 on ice for 30 minutes prior to the EMSA being performed.

Both results are representative of three different experiments.



implicated in Th2 cell function and crosslinking o f Th2 cells has been shown to increase 

IL-4 and IL-5 production in these cells (Meisel et al., 2001).

4.2.5.1 Effect of T1/ST2 on IL-4 and IL-5 promoter luciferase construct

The initial focus o f investigation concerned the effect o f overexpression o f T1/ST2 

on luciferase constructs comprising the IL-4 and IL-5 promoters. Figure 4.13a shows that a 

6h stimulation o f EL4 cells with dibutryl camp (Bt2cAMP) and PMA causes an 8 fold 

increase in transcriptional activity o f a construct containing 545 bp o f the IL-5 promoter. 

Increasing doses o f a plasmid encoding T1/ST2 was also able to activate this construct in a 

dose dependant manner, a 13 fold effect being observed at 5|ig o f plasmid transfected. 

T1/ST2 caused a marginal (1.5 fold) increase in the activity o f an 800 bp construct of the 

IL-4 promoter (figure 4.13b). This figure shows, however, that even known activators of 

this construct, PMA and lonomycin, together only resulted in a two fold stimulation o f this 

promoter.

4.2.5.2 Cross-Linking of T1/ST2 on P815 cells does not induce IL-5.

As a stronger induction o f IL-5 had been observed compared to IL-4 using the 

luciferase assay approach, I proceeded to investigate whether T1/ST2 crosslinking was able 

to induce IL-5 in P815 cells. Figure 4.14a shows that a combination o f dibutryl cAMP 

(Bt2cAMP) and PMA induces approximately 1600 pg/ml o f IL-5 as measured by ELISA in 

these cells. T1/ST2 crosslinking, however, does not induce any measurable increase in IL-5 

over background unstimulated levels even at the top dose o f T1/ST2 antibody (20 jag/ml). It 

seemed possible that some form o f co-stimulation was required to allow T1/ST2 to induce 

IL-5 in these cells. In order to investigate this, a dose of IM Bt2cAMP was combined with
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Figure 4.13 T1/ST2 drives IL-4 and IL-5 luciferase promoter constructs

EL4 cells (7 x 10^) were transiently transfected with plasmids encoding Flag-tagged T1/ST2 

at the indicated amounts and 5 |jg IL-5 promoter luciferase plasmid (A) or 5 |j,g IL-4 promoter 

luciferase plasmid (B) along with 1 |o.g Thymidine kinase Renilla luciferase. Following 

stimulation with (A) Bt2cAMP (1 mM) and PMA (50 ng/ml) or (B) lonomycin (1 |j,M) 

and PMA (50 ng/ml) for 6h, extracts were prepared and measured for luciferase activity. 

Results are normalized for Renilla luciferase activity and represented as Fold Stimulation 

over the non-stimulated empty vector (EV) control. Results are expressed as mean ± 

standard deviation from three separate experiments, each carried out in triplicate.
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Figure 4.14 Crosslinking of T1/ST2 on P815 cells does not drive IL-5

(A) P815 cells (2 x 10^) were added to 6 well plates coated with the indicated doses o f 

anti T1/ST2 for 72h or cells were stimulted with Bt2 cAMP (1 mM) and PMA (50 ng/ml).

(B). Cells were crosslinked in the presence o f Bt2 cAMP (1 mM) for 72h. Cell 

supernatants were removed and assayed for IL-5 by ELISA. IL-5 concentrations are 

calculated by comparison to a standard curve o f  IL-5 concentrations and plotted as 

pg/ml. Results are mean ± standard deviation from three separate experiments. An 

identical result was obtained in a further experiment.



cells crosslinked with increasing doses of T1/ST2 antibody. Figure 4.14b shows that no co

stimulatory effect was observed in this experiment as the increasing doses o f T1/ST2 

showed no increase in IL-5 production over Bt2cAMP alone (approx. 600 pg/ml IL-5). It 

was concluded that this method was not viable to study the effect o f endogenous T1/ST2 on 

cytokine production.

4.2.S.3 T1/ST2 crosslinking induces IL-4 but not IFN-y on naive CD4^ T cells.

As the previous report o f T1/ST2 crosslinking causing cytokine induction had been 

studied using primary Th2 cells rather than cell lines, we subsequently switched to primary 

cells to further characterise T1/ST2 involvement in cytokine production. Although it is 

known that T1/ST2 is expressed on Th2 and not Thl cells, the published evidence for 

T1/ST2 expression on naive T cells was unclear. Several reports showed no detection o f 

T1/ST2 on these cells, while another showed a low level o f expression (Lohning et al., 

1998). Using surface staining o f CD4^ naive T cells from Balb/c mice with the anti T1/ST2 

antibody 3E10 followed by FACS analysis, we were able to consistently detect a low (3- 

4%) level o f expression of T1/ST2 as shown in figure 4.15.

The ability o f these cells to produce cytokines was then measured using intracellular 

cytokine staining and analysis by FACS. Cells stimulated with 10 fig/ml o f Concanalvulin 

A were able to produce both IL-4 and IFN-y (F igure 4.16). Parameters were set using 

unstimulated cells. The cytokine induction pattern o f naive T cells was then investigated 

following 4 hours o f crosslinking with the anti T1/ST2 antibody. Figure 4.17 shows that 

T1/ST2 crosslinking results in an increase in IL-4 production (10.64%) but no significant 

increase in IFN-y (3.43%) production when compared to cells crosslinked with a control rat 

IgG (1.44% IL-4; 2.72% IFN-y). Parameters were set using unstimulated cells.
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Figure 4.15. NaVve CH4t* T cells express a low level of T1/ST2

Splenocytes from naive BALB/c mice were isolated as described in section 2.17.1. Cells 

(5 X 10  ̂per ml) were incubated with anti T1/ST2 antibody (20 ^g/ml) on ice for 45 minutes. 

Cells were washed and incubated with 100 1̂ anti-rat-FlTC conjugated antibody for 30 minutes. 

Following washing, cells were surface-stained with Tricolour-conjugated anti-CD4 mAb. Cells 

were gated on CD4-positive cells and the frequency of T1/ST2 positive cells determined.
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Figure 4.16. Na'ive €04^  ̂T cells produce both IL-4 and IFN-y when stimulated with 

Concanavalin A

Splenocytes from naifve BALB/c mice were isolated as described in section 2.17.1. Cells were 

cultured in medium alone or with Con A (10 ^ig/ml) for 5 h. Brefeldin A (5 ^g/ml) was added 

after 2 h. Intracellular IFN-y and lL-4 stained CD4^ cells were detected. All quadrants were set 

with appropriate isotype control antibodies. Values < 1 % were considered background staining. 

Similar levels of cytokine stained cells were obtained in two separate experiments.
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Figure 4.17 Crosslinking of T1/ST2 on Naive CD4'̂  T cells drives production of IL-4 

but not IFN-y

Splenocytes from naive BALB/c mice were isolated as described in section 2.17.1.

1ml aliquots containing 1x10^ cells per ml were added to 24-well plates coated with anti- 

T1/ST2 mAb 3E10 or control IgG for Ih. Brefeldin A was then added to each well for 4h. 

Intracellular IFN-y and IL-4 stained CD4'  ̂cells were detected. All quadrants were set with 

appropriate isotype control antibodies. Values < 1 % were considered background staining. 

Similar levels of cytokine stained cells were obtained in two separate experiments.



4.2.6 Induction of IL-4 by T1/ST2 crosslinking is mediated by JNK

Using four separate assays (transfection based assays for JNK and AP-1 and 

phosphorylation o f JNK and c-Jun), we had demonstrated that JNK is a key effector in 

T1/ST2 signalling. We therefore tested the functional significance o f JNK activation by 

T1/ST2. Given that T1/ST2 crosslinking drives IL-4 production, we investigated the 

possibility that JNK was involved in this activation. Similar to data presented in figure 

4.17, Table 4.1 shows that crosslinking o f T1/ST2 induced IL-4 and not IFN-y production. 

The increase in IL-4 producing cells elicited by T1/ST2 crosslinking was almost abolished 

when cells were pretreated with the JNK inhibitor SP600125. Reduced IL-4 production in 

cells treated with SP600125 was not due to cell cytotoxicity, as negligible cell death (as 

assessed by trypan blue exclusion) was seen in all groups. T1/ST2 crosslinking o f naive 

spleen cells therefore selectively up-regulates a Th2, but not a T h l, response via a JNK- 

mediated pathway.
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Treatment o f cells
% IL-4
producing cells

% IFN-y 
producing cells

Anti T1/ST2 9.34 1.07

A ntiT l/ST2 + SP600125 1.58 1.29

IgG 0.75 1.17

IgG + SP600125 0.9 1.30

Table 4.1 T1/ST2 induced IL-4 production is inhibited by the JNK inhibitor SP600125

Splenocytes from naive BALB/c mice were isolated as described in section 2.17.1 and 

incubated in medium alone or medium containing the JNK inhibitor SP600125 (25 |j,M) for 

Ih at 37°C. 1ml aliquots containing 1x10^ cells per ml were added to 24-well plates coated 

with anti-Tl/ST2 mAb 3E10 or control IgG for Ih. Brefeldin A was then added to each well for 

4h. Intracellular IFN-y and IL-4 stained CD4^ cells were detected. Data are presented as the 

mean percentage of cells that had detectable IL-4 or IFN-y. Values are representative o f data 

obtained in four separate experiments.



4.3 Discussion

As we had previously shown that T1/ST2 was not able to activate NF-kB but was 

involved in AP-1 activation, I proceeded to further characterise this activation and to 

investigate the role o f T1/ST2 in MAP kinase activation. All TIR domain containing 

receptors so far studied and shown to be active signalling receptors are able to activate both 

NF-kB and mitogen activated protein kinases (MAP kinases). All three MAP kinases, p38, 

ERK l/2 and JNK, are activated by IL-1, IL-18 and several TLRs, although to different 

extents in different cell types. We show here that T1/ST2 induced AP-1 activation occurs 

through activation of JNK and phosphorylation o f c-Jun and furthermore that T1/ST2 

activates both the other MAP kinases, p38 and p42/p44.

The techniques used in this chapter are, in many respects similar to those used in the 

first chapter i.e. luciferase assays and use o f  an activating crosslinking monoclonal 

antibody to T1/ST2. I have used /ra«5-reporter assays for measuring MAP kinase 

activation. These assays have been shown, by us and others, to be driven by receptor 

members o f the TLR/ILIR family, and are, therefore, a valid method for investigation of 

receptor activation of these pathways. The anti-Tl/ST2 antibody used in this study was 

used previously for crosslinking o f T1/ST2 on Th2 cells and it was shown that crosslinking 

o f T1/ST2 induced production o f Th2-type cytokines IL-4 and IL-5 (Meisel et al., 2001). 

For this reason, we have used this antibody to study the effect o f crosslinking o f T1/ST2 on 

signal transduction in the murine mast cell line P815 and also studied the effect of 

crosslinking o f T1/ST2 on cytokine production in naive CD4^ T cells.

Given the suggested role for T1/ST2 in Th2 cell function, the observed activation of 

MAP kinases is somewhat surprising, as MAP kinases are more commonly associated with 

Thl rather than Th2 cell function. Both JNK and p38 MAP kinase signalling pathways play
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a role in thymic development and Thl/Th2 differentiation (Rincon et al., 2000). p38 and 

JNK2 are also required for IFNy production by CD4^ Thl cells (Rincon et al., 1998; Yang 

et al., 1998). Evidence from MKK3 knockout mice shows a marked decrease in lL-12 

production from macrophages with the level o f lL-12 p40 being barely detectable (Lu et al., 

1999). In vitro studies have demonstrated that MKK3 activates the IL-12 promoter 

primarily through the p38 isoform, p38a. Thus, by regulating production o f the major Thl 

polarizing factor IL-12, p38 plays an important role in regulation o f Thl immune 

responses. JNKl has also been implicated in the Thl response as production o f Th2 

cytokines lL-4, IL-5 and IL-10 was increased in JNK2 deficient cells suggesting JNK to be 

a negative regulator o f Th2 type cytokines (Dong et al., 1998).

There are several lines o f evidence, however, that indicate that the role o f MAP 

kinases in T cells function is not as simple as this. Approximately equivalent amounts o f 

protein o f all MAP kinases are found in both T cell subsets. A role for JunB in the 

regulation o f lL-4 expression has been identified. JunB, but not the other Jun family 

members, is selectively induced in Th2 but not Thl cells during differentiation. JunB 

synergises with the Th2-specific transcription factor c-M af to activate IL-4. The control of 

IL-4 expression by JunB is mediated by phosphorylation o f JunB at Thrl02 and-104 by 

JNK (Li et al., 1999a). With respect to a role for p38 in Th2 cells, it has been shown that 

cAMP, which promotes production of IL-5, can induce phosphorylation o f p38 in Th2 cells 

(Chen et al., 2000). A separate report, which used the p38 inhibitor SB203580, 

demonstrated that p38 was involved in IL-5 synthesis in response to a variety o f stimuli in 

T cells (Mori et al., 1999). Finally the p42/p44 pathway has been shown to have a definite 

role in Th2 cells, as it is required for IL-4-receptor function (e.g. STAT6 phosphorylation) 

(Yamashita et al., 1999).
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T1/ST2 is also expressed on mast cells. Mast cells are central effector and 

regulatory cells in Th2-dominated immune responses. Mast cell activation results in the 

release o f inflammatory mediators such as histamine and TN F-a and also Th2 associated 

cytokines such as IL-5, IL-13 and IL-10 (Bradding, 1996). Recent evidence has indicated 

that MAP kinases play an important role in mast cell function. Stimulation o f mast cells by 

FceRI ligation activates MAPK pathways. LPS activates NF-kB, ERKl/2, JNK and p38 in 

mast cells through TLR4 (Supajatura et al., 2001) and LPS-induced Th2 cytokine 

production in mast cells has been shown to be regulated by JNK and p38 pathways. 

(Masuda et al., 2002). It seems likely therefore, that MAP kinase induction by T1/ST2 may 

play a role in the regulation o f mast cells.

We proceeded to investigate a possible link between T1/ST2 signalling and 

cytokine production. It had already been shown that crosslinking o f T1/ST2 on Th2 cells 

causes production o f Th2 cytokines IL-4 and IL-5 (Meisel et al., 2001). We found that 

T1/ST2 was able to activate promoter luciferase constructs of the IL-4 and IL-5 genes 

although the induction o f the IL-5 promoter was much stronger. The IL-5 promoter 

contains sites for multiple transcription factors including NF-AT, CLE-1, CLEO (a 

composite o f AP-1 and Elf-1) and a Gata-3 site. Although we were unable to confirm 

induction o f IL-5 by crosslinking o f T1/ST2 in P815 cells, it seems likely that activation of 

the promoter by T1/ST2 would occur through JNK and the CLEO (AP-1) site. The Gata-3 

site is less likely to be involved in this activation as it has recently been reported that Gata- 

3, a Th2 specific transcription factor, is dependant upon NF-kB (Das et al., 2001).

As P815 cells did not facilitate analysis o f the role o f T1/ST2 in cytokine 

production, we subsequently tested naive T cells isolated from the spleens of Balb/c mice. 

We have shown here that cross-linking of T1/ST2 allows selective induction o f Th2 (IL-4)
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but not Thl (IFN-y) type cytokines in these cells. This result implies that T1/ST2 may drive 

a Th2 polarising signal in T cells. The IL-4 promoter also contains several transcription 

factor binding sites including a composite o f AP-l/NF-AT (Wenner et al., 1997). We 

demonstrated that this response requires JNK, presumably acting through the AP-1 site of 

the IL-4 promoter, since it was blocked by the specific JNK inhibitor SP600125. 

Interestingly, it has recently been shown that ligation o f H 4/IC0S, a co-stimulatory 

molecule related to CD28, causes induction o f IL-4 and IL-10 and also activates MAP 

kinases, in a Th2 cell clone. Using inhibitors o f ERX and JNK, it was shown that IL-4 and 

IL-10 secretion could be partially inhibited (Feito et al., 2003). This data indicates that 

there are several T cell associated receptors, which induce activation o f cytokines in a MAP 

kinase dependent manner. Activation o f JNK and probably the other MAP kinases that we 

have studied, is therefore, likely to be important for the role played by T1/ST2 in T cell 

function.

It was also observed that T1/ST2 could activate another transcription factor STAT-3 

via crosslinking o f T1/ST2 on P815 cells followed by EMSA. It is known that NF-kB can 

also bind to the STAT-3 oligonuclotide (Zhang and Fuller, 1997). This however, was not a 

consideration for the experiments performed here as we have already shown that T1/ST2 

does not cause activation o f NF-kB in this assay. STAT-3 is dually phosphorylated on 

tyrosine and serine residues. Phosphorylation on Y705 is required for STATS dimerization, 

nuclear translocation and DNA binding. Phosphorylation on S727 is somewhat 

controversial with some lines o f evidence pointing towards a positive role through 

enhanced recruitment o f  transcription factors and others to a negative role for this 

phosphorylation. Depending on the activation signal, serine phosphorylation can occur via 

several kinases including ERK l/2, p38, JNK and H-7 sensitive kinase (Decker and
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Kovarik, 2000). As STAT-3 is a key transcription factor in the regulation o f the 

immunosuppressive cytokine IL-10, we carried out similar experiments to those done with 

IL-4 and IL-5 promoters, in which we investigated the ability o f T1/ST2 to drive an IL-10 

promoter reporter construct. These results were inconclusive however, as no activation of 

these constructs was observed, even with LPS, which reportedly drives this construct 

(Benkhart et al., 2000). The reported activation o f this construct by LPS was carried out in 

the human B cell line RPMI 8226, whereas we investigated activation in HEK293 cells 

stably transfected with TLR4. It seems likely that this cell line did not facilitate study of 

this promoter construct. As T1/ST2 is also found to be expressed on T regulatory cells 

(McGuirk et al., 2002) and the major cytokine produced by these cells is IL-10, it is 

tempting to hypothesize that the role for T1/ST2 on these cells could be involved in the 

induction o f IL-10 though STAT-3.

Evidently a key issue raised by evidence presented here concerns the mechanism of 

recruitment o f downstream signalling components by T1/ST2 to allow activation o f MAP 

kinases but not NF-kB. MyD88 is involved in T1/ST2 induced activation o f JNK as two 

dominant negative forms o f MyD88, one comprising the TIR domain and the other the 

death domain o f MyD88, were both able to inhibit .INK activation. This is interesting as 

MyD88 is clearly required for all other members o f this family to activate both JNK and 

NF-kB. As discussed in detail in section 3.3 there is evidence indicating that the activation 

o f JNK and NF-kB diverge at IRAK (Li et al., 2001) although another report suggests that 

TAKl may activate both pathways and therefore this may be the point o f divergence (Wang 

et al., 2001). I attempted to investigate the effect o f dominant negative forms o f IRAK on 

JNK activation by T1/ST2. Results from these assays were, however, inconclusive so it is 

still not known whether T1/ST2 activates IRAK or not. Our evidence would suggest that
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although T1/ST2 recruits MyD88 in order to activate MAPK pathways, somehow the 

manner o f this recruitment does not facilitate NF-kB activation. It is possible that this 

occurs due to the manner o f interaction between the TIR domains o f MyD88 and T1/ST2 

and this alters further downstream interactions resulting in activation o f only the MAP 

kinase pathway.

The ability o f T1/ST2 to activate MAP kinases but not NF-kB is in keeping with 

evidence from Kumar et al (Kumar et al., 1995) where he describes a partially purified 

ligand for T1/ST2 isolated from Balb/c 3T3 and HUVEC cells using receptor precipitation 

and dot blot techniques. In both cell media two proteins o f 18 and 32 kDa were precipitated 

using a soluble ST2Fc fusion protein. It is possible that the 32 kDa protein is a precursor o f 

the 18 kDa protein, reminiscent of IL-1. Signal transduction by this putative ligand was 

investigated, examining p38 MAP kinase and NF-kB. This protein was able to activate p38 

but not the IL-8 promoter, which is activated by NF-kB.

In conclusion, we have shown that T1/ST2, a TIR domain containing receptor, 

appears to selectively activate MAP kinases without affecting NF-kB, consistent with a role 

for T1/ST2 in Th2 cell function. The ligand for T1/ST2, which may possibly have been 

identified by Kumar et al, would be strongly predicted to target the same signals.
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Chapter Five

T1/ST2 inhibits IL-1 and LPS but not Poly I:C- 

induced NF-kB activation



Chapter 5 

5.1 Introduction

As I had identified that T1/ST2 was unable to activate NF-kB, I speculated on 

whether it may play a role in the regulation o f IL-1 and TLR induced NF-kB activation. 

Via its activation o f NF-kB, IL-1 is known to upregulate the expression o f many genes 

important in the initiation and development o f the inflammatory state and other immune 

processes. As such IL-1 is critical for maintaining the health o f the organism. However the 

potency o f this cytokine is such that any imbalance in its function can lead to the 

development of disease states. Indeed, IL-1 has been implicated in the development of 

many diseases including rheumatoid arthritis, inflammatory bowel disease, coeliac disease, 

septic shock, Alzheimer’s disease and Parkinson’s disease. Many o f these diseases may 

arise through a lack o f regulation of IL-1 signalling. The immune response needs to 

constantly strike a balance between activation and inhibition to avoid detrimental 

inflammatory responses. As our increasing knowledge of Toll-like receptors and their role 

in innate immunity has identified that TLR signalling causes activation o f many o f the 

same genes as IL-1, the same issue o f regulation of signalling applies to TLRs.

The mechanism o f positive regulation o f cytokine signalling pathways has been 

well investigated, whereas our knowledge o f negative regulation is relatively sparse 

although several mechanisms of inhibiting both IL-1 and TLR signalling have been 

identified at all levels o f the pathway; cytokine, receptor and signalling intermediates. The 

ILlRa is capable of binding the IL-IRI with near equal affinity as both IL-1 a  and IL-1 p. 

As such this molecule is a true antagonist, which acts to competitively block IL-I from 

binding to its receptor (Dripps et al., 1991). The type II IL-1 receptor (ILIRII) also acts as a 

negative regulator o f IL-1 signalling and is termed a ‘decoy receptor’ as it has an
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extracellular domain highly similar to that o f ILIRI and binds IL-1 but is not capable o f 

signalling as it possesses a truncated extracellular tail that lacks a TIR domain (Sims et al., 

1993). A soluble form of the ILlRAcP, which arises from alternative splicing o f the 

ILlRAcP gene has recently been shown to increase the binding affinity o f IL-1 a  and P for 

ILIRII by nearly 100 fold, whilst not affecting the low binding affinity o f IL lra (Smith et 

al., 2003). This evidence suggests that this soluble receptor contributes to the negative 

regulation o f IL-1. O f the intermediate signalling molecules, a splice variant o f MyD88, 

termed MyD88s, has been identified which acts to inhibit signalling from IL-1 and LPS but 

not TNF (Janssens et al., 2002). This variant o f MyD88 clearly has a regulatory role as it 

can only be detected after continuous stimulation o f cells with pro-inflammatory cytokines 

or bacterial products. Tollip, which binds IRAKI prior to the association o f IRAK with the 

receptor complex, has been implicated in the negative regulation o f TLR signalling (Zhang 

and Ghosh, 2002). Another class o f proteins exist to regulate signalling by Janus kinases 

(JAKs) and STATs. These are termed SOCS (suppressor of cytokine signalling) proteins 

and are a family o f intracellular proteins that attenuate signalling by blocking JAK tyrosine 

kinase activity or by blocking STAT activation. SOCS proteins contain a central SH2 

domain and a C-terminal SOCS box that may target signalling intermediates to the 

proteasome for degradation. Altered SOCS expression has been associated with 

inflammatory states in humans and evidence from SOCS knockout mice has shown that 

these are key proteins in the regulation o f certain cytokines (reviewed in (Alexander, 

2002)). SOCSl is rapidly induced by LPS and negatively regulates LPS signalling. 

Overexpression of SOCSl inhibits LPS-induced NF-kB activation and LPS-induced 

phosphorylation o f IkB and p38 MAP kinase was shown to be increased in SOCSl 

deficient macrophages (Kinjyo et al., 2002). It is clear, from what is already known, that
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negative regulation o f cytokine signalling is a key mechanism for dampening-down the 

immune response.

This chapter demonstrates that a novel level o f regulation o f IL-1 and LPS 

signalling occurs via T1/ST2. Overexpression and crosslinking o f T1/ST2 acts to inhibit 

both IL-1 and LPS-induced NF-kB activation. Interestingly this effect is not observed with 

Poly I:C-induced NF-kB activation. Overexpression o f T1/ST2 also inhibits NF-kB 

activation from the TIR-domain containing adaptors MyD88 and Mai. I have also observed 

that a GST-tagged form o f the TIR domain of T1/ST2 interacts with these adaptors, 

suggesting that a potential mechanism o f inhibition o f IL-1 and LPS may occur through 

sequestration o f these intermediate signalling components. This novel role o f T1/ST2 may 

shed light on the actual role o f T1/ST2 on T cell regulation. As we have shown that T1/ST2 

activates MAP kinases and drives IL-4 production it is clear that it does have a positive role 

in Th2 cell function. However, through its inhibitory effect on IL-1 and LPS, T1/ST2 may 

act to negatively regulate Thl function and control the Thl cell response and in this manner 

also promote a Th2 response to infection.
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5.2 Results

5.2.1 T1/ST2 inhibits IL-1 induced NF-kB activation

During the course o f the experiments performed in the previous two chapters, it was 

noted that, following transfection of T1/ST2, cells were rendered less responsive to IL-1. 

As it had been established that T1/ST2 did not activate NF-kB, I investigated the effect of 

T1/ST2 on IL-1 induced NF-kB activation. Figure 5.1a shows that IL-1 causes an eleven 

fold increase in NF-kB activation in HEK293 cells stably transfected with ILIRI 

(HEK293R1), and that this level o f activation is decreased in a dose dependent manner by 

transfection o f increasing amounts o f plasmid encoding T1/ST2. At the top dose of 100 ng 

o f T1/ST2, NF-kB activation is decreased by 70%. A similar inhibitory effect with T1/ST2 

is seen in EL4 cells (figure 5.1b) indicating that this effect is not cell type specific.

I subsequently studied the effect o f T1/ST2 on NF-kB induction by the IL-1 

receptor accessory protein. Transfection o f plasmid encoding ILlRAcP causes NF-kB 

activation without the addition o f exogenous IL-1. Figure 5.2a shows that co-transfection of 

both T1/ST2 and ILlRAcP in HEK 293R1 cells results in a reduction o f the level o f NF-kB 

activation from 20 to 10 fold compared to ILlRAcP alone. The same approximate 

percentage inhibition was observed when these receptors were co-transfected in EL4 cells 

as shown in figure 5.2b. In both cell types T1/ST2 itself does not activate NF-kB as shown 

previously.

It was possible to confirm the inhibitory effect o f T1/ST2 on IL-1 activation of NF- 

kB using the crosslinking assay on P815 cells. IL-1 stimulation o f P815 cells for 15 

minutes causes an increase in NF-kB activation, which can be detected by EMSA (compare 

lanes 1 and 2, figure 5.3). Following overnight crosslinking o f T1/ST2 on these cells using 

an anti-Tl/ST2 antibody, the ability o f IL-1 to activate NF-kB is decreased compared to
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Figure 5.1 Overexpression of T1/ST2 inhibits IL-1 induced NF-kB activation

A. HEK 293 cells (2 x lO"*) stably transfected with ILIR I were transfected with 80 ng of 

NF-kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase and the indicated 

amounts of plasmid encoding T1/ST2 for 16-18h. B. EL4 (7 x 10^) were transfected with 

5 |j,g NF-kB luciferase plasmid and 1 |^g Thymidine kinase Renilla luciferase and the 

indicated amounts of plasmid encoding T1/ST2 for 16-18h. Cells were stimulated with 10 

ng/ml IL-1 for 6h. Extracts were prepared and measured for luciferase activity. Results are 

normalized for Renilla luciferase activity and represented as Fold Stimulation over the 

non-stimulated empty vector (EV) control. Results are expressed as mean ± standard

deviation from three separate experiments, each carried out in triplicate.
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Figure 5.2 Overexpression of T1/ST2 inhibits ILlRAcP induced NF-kB activation

A. HEK 293 cells (2 x 10'') stably transfected with ILIRI were transfected with 80 ng of NF- 

kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase and 40 ng o f plasimds 

encoding T1/ST2 or ILlRAcP for 16-18h. B. EL4 (7 x 10^) were transfected with 5 )u,g NF-kB 

luciferase plasmid and 1 )^g Thymidine kinase Renilla luciferase and 5 \i% o f plasimds 

encoding T1/ST2 or ILlRAcP for 16-18h. Extracts were prepared and measured for luciferase 

activity. Results are normalized for Renilla luciferase activity and represented as Fold 

Stimulation over the non-stimulated empty vector (EV) control. Results are expressed as mean

± standard deviation from three separate experiments, each carried out in triplicate.
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Figure 5.3 Crosslinking of T1/ST2 inhibits IL-1 induced NF-kB activation

P815 cells (0.5 x 10^ ml) were added to 24 well plates either untreated ( lanes 1 and 2), 

coated with 20 |^g/ml anti T1/ST2 antibody or 20 ^g/ml isotype matched control IgG for 

16-18h. Subsequently, lanes 2, 4 and 6 were stimulated with 20 ng/ml IL-1 for 15 minutes 

Cells were harvested and nuclear extracts were assayed for NF-kB activation by EMSA. 

NF-kB-DNA complexes are shown with an arrow.



both untreated cells stimulated with IL-1 and IL-1 treated cells which were crosslinked with 

control IgG overnight (compare lane 4 to lanes 2 and 6). This effect was not observed at 

earlier times o f crosslinking (i.e. 3-9h). Crosslinking o f T1/ST2 was also regularly seen to 

cause a decrease in the basal level of NF-kB detected in these cells (compare lanes 1 and 

3).

5.2.2 T1/ST2 inhibits LPS induced NF-kB activation.

I next investigated the effect of T1/ST2 on NF-kB activation by the TLR4 ligand, 

LPS. Initially, the overexpression method was used and the cells chosen for this were 

HEK293 cells stably transfected with TLR4. Figure 5.4 shows that treatment o f these cells 

with LPS for 6h results in a 12 fold increase in NF-kB activation over unstimulated 

samples. Transfection o f plasmid encoding T1/ST2 for 16h prior to LPS stimulation, 

resulted in an over 50% decrease in the level o f NF-kB activation.

In a similar manner to experiments performed in 5.2.1 on ILlRAcP, we next 

ascertained whether this inhibition could also be observed at the level o f the receptor. For 

this a fusion protein comprising the extracellular domain o f CD4 fused to the intracellular 

domain of TLR4 was used. This CD4TLR4 construct can constitutively activate NF-kB 

when transfected due to dimerisation o f the extracellular CD4 portions. Figure 5.5 shows 

that 50 ng o f plasmid encoding CD4TLR4 causes a 5.5 fold activation of NF-kB in 

HEK293R1 cells and this level o f activation is reduced by just over 50% by co-transfection 

o f 40 ng ofT l/ST 2.

This effect was also observed in P815 cells using the crosslinking approach. LPS 

treatment o f these cells for 30 minutes results in activation o f NF-kB as measured by 

EMSA (figure 5.6). Following overnight crosslinking o f  T1/ST2 on these cells using an
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Figure 5.4 Overexpression of T1/ST2 inhibits LPS induced NF-kB activation

HEK 293 cells (2 x 10'') stably transfected with TLR4 were transfected with 80 ng of 

NF-kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase and the 

indicated amounts o f plasmid encoding T1/ST2 for 16-18h. Cells were stimulated with 

1 ^ig/ml LPS for 6h. Extracts were prepared and measured for luciferase activity. 

Results are normalized for Renilla luciferase activity and represented as Fold 

Stimulation over the non-stimulated empty vector (EV) control. Results are expressed 

as mean ± standard deviation from three separate experiments, each carried out in 

triplicate.
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Figure 5.5 Overexpression of T1/ST2 inhibits CD4-TLR4 induced NF-kB activation

HEK 293 cells (2 x 10"̂ ) stably transfected with ILIR I were transfected with 80 ng o f NF-kB 

luciferase plasmid and 40 ng thymidine kinase Renilla luciferase. They were also transfected 

with either empty vector or 50 ng plasmid encoding CD4TLR4 either by itself or in 

combination with the indicated doses of plasmid encoding FLAG-tagged T1/ST2 for 16-18h. 

Extracts were prepared and measured for luciferase activity. Results are normalized for 

Renilla luciferase activity and represented as Fold Stimulation over the non-stimulated empty 

vector (EV) control. Results are expressed as mean ± standard deviation from three separate 

experiments, each carried out in triplicate.



anti-Tl/ST2 antibody, the ability o f LPS to activate NF-kB in decreased compared to both 

untreated cells stimulated with LPS and LPS treated cells which were crosslinked with 

control IgG overnight (compare lane 4 to lanes 2 and 6). This effect was not observed at 

earlier times o f crosslinking (i.e. 3-9 h). Unlike the result shown in figure 5.3, a decrease in 

the basal level o f NF-kB following T1/ST2 crosslinking was not observed in this particular 

experiment.

5.2.3 T1/ST2 does not inhibit Poly I:C induced NF-kB or ISRE activation

I subsequently chose to study whether T1/ST2 was able to inhibit the TLR3 ligand 

Poly I:C. In the absence o f the addition o f exogenous TLR3, HEK 293R1 cells were unable 

to activate NF-kB in response to Poly I:C (figure 5.7). Transfection o f 0.5 ng o f a plasmid 

encoding TLR3 was sufficient to render these cells responsive to Poly I:C, resulting in a 3 

fold increase in NF-kB activation. Co-transfection of T1/ST2 did not result in any 

inhibition o f this level o f stimulation of NF-kB even at the highest dose of 100 ng of 

plasmid encoding T1/ST2.

As the level of activation o f NF-kB by Poly I:C observed in figure 5.7 was quite 

low, I wished to confirm this lack o f inhibition o f Poly I:C by investigating an alternative 

readout for Poly I:C. The primary target for Poly I:C via TLR3 is IRF-3 and as a readout 

for this, an Interferon Stimulated Response Element (ISRE) luciferase construct was used. 

Figure 5.8 shows that in the absence o f addition o f exogenous TLR3 a low level (3-4 fold) 

o f activation o f ISRE can be seen when these cells are stimulated with Poly I:C. This level 

o f activation is increased to approximately 15 fold when 0.5 ng o f plasmid encoding TLR3 

is transfected into the cells. Under neither o f  these conditions, does the transfection of
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Figure 5.6 Crosslinking of T1/ST2 inhibits LPS induced NF-kB activation

P815 cells (0.5 x lOVml) were added to 24 well plates either untreated ( lanes 1 and 2), 

coated with 20 f^g/ml anti T1/ST2 antibody or 20 )J.g/ml isotype matched control IgG for 

16-18h. Subsequently, lanes 2, 4 and 6 were stimulated with 1 |ig/ml LPS for 30 minutes 

Cells were harvested and nuclear extracts were assayed for NF-kB activation by EMSA. 

NF-kB-DNA complexes are shown with an arrow.
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Figure 5.7 Overexpression of T1/ST2 does not inhibit Poly I:C induced NF-kB 
activation

HEK 293 cells (2 x IQ'*) stably transfected with ILIRI were transfected with 80 ng of NF- 

kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase. The cells were also 

transfected with either empty vector or 0.5 ng plasmid encoding TLR3 either by itself or 

in combination with the indicated doses o f plasmid encoding FLAG-tagged T1/ST2 for 

16-18h. Cells were stimulated with 5 )4,g/ml Poly I:C for 6h. Extracts were prepared and 

measured for luciferase activity. Results are normalized for Renilla luciferase activity and 

represented as Fold Stimulation over the non-stimulated empty vector (EV) control. 

Results are expressed as mean ± standard deviation from three separate experiments, each 

carried out in triplicate.
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Figure 5.8 Overexpression of T1/ST2 does not inhibit Poly I:C induced ISRE 
activation

HEK 293 cells (2 x 10"*) stably transfected with ILIRI were transfected with 70 ng of 

ISRE luciferase plasmid and 20 ng thymidine kinase Renilla luciferase. The cells were 

also transfected with either empty vector or the indicated doses o f plasmid encoding 

FLAG-tagged T1/ST2 either by itself or in combination with 0.5 ng plasmid encoding 

TLR3 for 16-18h. Cells were stimulated with 5 |ig/ml Poly I:C for 6h. Extracts were 

prepared and measured for luciferase activity. Results are normalized for Renilla 

luciferase activity and represented as Fold Stimulation over the non-stimulated empty 

vector (EV) control. Results are expressed as mean ± standard deviation from three 

separate experiments, each carried out in triplicate.



plasmid encoding T1/ST2 result in an inhibition o f Poly I:C-induced ISRE, even at the top 

dose o f 100 ng.

Figure 5.9 shows that no inhibition o f NF-kB by Poly I:C was seen using the 

crosslinking assay. P815 cells showed NF-kB activation in response to Poly I:C as assayed 

by EMSA and this level o f activation was not decreased following overnight crosslinking 

o f T1/ST2 compared to non-crosslinked cells stimulated with Poly I:C for 30 minutes or 

cells stimulated with Poly I:C following overnight crosslinking with control IgG (compare 

lanes 2, 4 and 6).

5.2.4. T1/ST2 slightly inhibits TNF induced NF-kB activation.

I also investigated the effect of T1/ST2 on TNF-induced NF-kB activation. I 

predicted that T1/ST2 overexpression would not have any effect on TNF induced NF-kB 

activation due to the differences between the IL1R7TLR and the TNFR signalling pathways 

to NF-kB. Surprisingly, a slight decrease in TNF induced NF-kB activation was observed 

when T1/ST2 was transfected into cells prior to TNF stimulation (figure 5.10). This was 

also seen to be a dose dependant effect. The level o f  inhibition was not however as great as 

observed with IL-1 or LPS, being generally a 33% inhibition o f TNF activation, (figure 

5.10 shows a reduction from 15 to 10 fold activation ofNF-KB).

5.2.5 T1/ST2 inhibits IL-1 induced IkB u  degradation and increases the level if iK B a in 

cells.

In order to gain a further insight into the inhibitory effects o f T1/ST2 on IL-1 

induced NF-kB activation, the next experiments performed focussed on whether T1/ST2 

had an effect on the inhibitory molecule iKBa. Figure 5.11 shows that the treatment of
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Figure 5.9 Crosslinking of T1/ST2 does not inhibit Poly I:C induced NF-kB activation

P815 cells (0.5 x 10  ̂ml) were added to 24 well plates either untreated ( lanes 1 and 2), 

coated with 20 )o.g/ml anti T1/ST2 antibody or 20 |J.g/ml isotype matched control IgG for 

16-18h. Subsequently, lanes 2, 4 and 6 were stimulated with 5 (a.g/ml Poly I;C for 30 minutes. 

Cells were harvested and nuclear extracts were assayed for NF-kB activation by EMSA. 

NF-kB-DNA complexes are shown with an arrow.
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Figure 5.10 Overexpression of T1/ST2 has a slight inhibitory effect on TNF 

induced NF-kB activation

HEK 293 cells (2 x 10'*) stably transfected with IL IR I were transfected with 80 ng of 

NF-kB luciferase plasmid and 40 ng thymidine kinase Renilla luciferase and with the 

indicated doses of plasmid encoding FLAG-tagged T1/ST2 for 16-18h. Cells were 

stimulated with 10 ng/ml TNF for 6h. Extracts were prepared and measured for 

luciferase activity. Results are normalized for Renilla luciferase activity and 

represented as Fold Stimulation over the non-stimulated empty vector (EV) control. 

Results are expressed as mean ± standard deviation from three separate experiments, 

each carried out in triplicate.



HEK 293R1 cells with IL-1 for 15 minutes causes iKBa degradation in empty vector (EV) 

transfected cells (compare lanes 1 and 5). Transfection o f T1/ST2 results in less IkB «  being 

degraded compared to EV transfected cells, following IL-1 stimulation. This effect was 

dose dependant (see lanes 6, 7 and 8). The reduction in the observed level o f NF-kB 

activation following IL-1 stimulation seen in section 5.2.1 therefore correlates with a 

reduction in iKBa degradation. The lower panel shows the same samples immunoblotted 

for P-actin. No change is detected in the level o f P-actin indicating that the variation in the 

levels o f iKBa was not due to varying amounts o f protein in each sample.

In the result shown in figure 5.11 (left hand panel) it appeared that transfection o f 

T1/ST2 was causing an increase in the basal level o f iKBa present in the cells. This result is 

illustrated more clearly in figure 5.12a where it can be seen that transfection of a large dose 

range o f plasmid encoding T1/ST2 from 0.25-3 p-g, results in an increase in the amount of 

iKBa detected in these cells. This result was confirmed by crosslinking o f T1/ST2 on P815 

cells overnight, with the amount of anti-Tl/ST2 mAb coated onto plates being varied. This 

experiment also showed an increase in the basal level of iKBa in cells following T1/ST2 

crosslinking compared to non-crosslinked cells. The greatest amount o f iKBa is detected in 

cells crosslinked with the top dose (20 pg/ml) o f anti T1/ST2 (figure 5.12b). The lower 

panels o f both A and B show the same samples immunoblotted for p-actin. No change is 

detected in the level o f P-actin indicating that the variation in the levels o f iKBa was not 

due to varying amounts o f protein in each sample.
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Figure 5.11 Overexpression of T1/ST2 inhibits IL-1 induced IkB degradation

HEK293 cells (1 x lOVml) were plated on 10cm dishes and allowed to grow overnight. When 

approx 80% confluent, cells were transfected with either empty vector or the indicated amounts 

o f plasmid encoding FLAG-tagged T1/ST2 for 16-18h and 2 |jg o f a c-tag form of IkB«. Cells 

were subsequently stimulated with 10 ng/ml IL-1 for 15 minutes. Cells were harvested and 

lysed with Laemelli sample buffer, cell debris removed by centrifugation, then supernatants 

separated by 12% SDS-PAGE. Samples were transferred to nitrocellulose and then assayed for 

iKBa by immunoblotting of lysates. The upper panel shows IxBa, while the lower panel shows 

the same samples immunoblotted for p-actin, indicating equal loading o f samples. Identical 

results were obtained in two further experiments.
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Figure 5.12 Both overexpression and crosslinking of T1/ST2 increase the basal level 

of IkBu

(A) HEK293 cells (1 x lOVml) were plated on 10cm dishes and allowed to grow overnight.

When approx 80% confluent, cells were transfected with either empty vector or the indicated 

amounts of plasmid encoding FLAG-tagged T1/ST2 for 16-18h. (B) PS 15 cells (1 x lOVml) 

were added to 6 well plates, either untreated or coated with the indicated concentrations of anti 

T1/ST2. Cells were harvested and lysed with Laemelli sample buffer, cell debris removed by 

centrifugation, then supernatants separated by 12% SDS-PAGE. Samples were transferred to 

nitrocellulose, and then assayed for iKBa by immunoblotting of lysates. The upper panel of both 

A and B shows iKBa, while the lower panel shows the same samples immunoblotted for p-actin, 

indicating equal loading of samples. Identical results were obtained in two further experiments.



5.2.6 T1/ST2 inhibits MyD88 and Mai but not TICAM-1 or IRAK induced-NF-KB 

activation

As a final step to elucidating how T1/ST2 interferes with IL-1 and LPS induced NF- 

kB activation, I next examined the effect o f T1/ST2 overexpression on downstream 

signalling components o f the TIR receptor signalling pathways. Many members of this 

pathway are also able to activate NF-kB following transfection. Figure 5.13a shows that 

overexpression o f MyD88, the common adaptor for all receptor members o f this family, 

causes an approximate 20 fold level of NF-kB activation in HEK 293R1 cells. Co

transfection o f T1/ST2, however, inhibits this level of activation in a dose dependant 

manner. A similar effect was seen following overexpression o f the TIR domain-containing 

adaptor Mai, which is involved in signalling from TLR4 and TLR2. Overexpression o f Mai 

was able to drive a 15 fold activation o f NF-kB in 293R1 cells, which was reduced to a 5 

fold level by transfection o f 50 ng o f plasmid encoding T1/ST2 (figure 5.13b).

I next examined whether T1/ST2 had any effect on NF-kB activation by the TLR3 

adaptor TICAM-1. TICAM-1 was also able to cause a low level o f NF-kB activation, when 

overexpressed in 293R1 cells. Co-transfection o f plasmid encoding T1/ST2 did not have 

any inhibitory effect on this level o f activation at any dose o f T1/ST2 transfected (figure 

5.14a). This result correlates with previous evidence shown in section 5.2.3 indicting that 

Poly I:C and TLR3 signalling cannot be inhibited by T1/ST2. Figure 5.14b shows that 

T1/ST2 does not have any inhibitory effect on IRAK induced activation either. 

Overexpression of IRAK induces a 5 fold activation of NF-kB. This level is not altered 

following co-transfection o f 3 separate amounts o f T1/ST2.
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Figure 5.13 Overexpression of T1/ST2 inhibits both Mai and MyD88 induced NF-kB 

activation

HEK 293 cells (2 x 10'*) stably transfected with ILIR I were transfected with 80 ng o f NF-kB 

luciferase plasmid and 40 ng thymidine kinase Renilla luciferase. The cells were also 

transfected with either empty vector or (A) 50 ng plasmid encoding MyDSS or (B) 50 ng 

plasmid encoding Mai either by themselves or in combination with the indicated doses of 

plasmid encoding FLAG-tagged T1/ST2 for 16-18h. Extracts were prepared and measured for 

luciferase activity. Results are normalized for Renilla luciferase activity and represented as 

Fold Stimulation over the non-stimulated empty vector (EV) control. Results are expressed as

mean ± standard deviation from three separate experiments, each carried out in triplicate.
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Figure 5.14 Overexpression of T1/ST2 does not inhibit either TICAM-1 or IRAK induced 

NF-kB activation

HEK 293 cells (2 x 10'*) stably transfected with ILIRI were transfected with 80 ng of NF-kB 

luciferase plasmid and 40 ng thymidine kinase Renilla luciferase. They were also transfected 

with either empty vector or (A) 50 ng plasmid encoding TICAM-1 or (B) 50 ng plasmid 

encoding IRAK either by themselves or in combination with the indicated doses o f plasmid 

encoding FLAG-tagged T1/ST2 for 16-18h. Extracts were prepared and measured for luciferase 

activity. Results are normalized for Renilla luciferase activity and represented as Fold 

Stimulation over the non-stimulated empty vector (EV) control. Results are expressed as mean 

± standard deviation from three separate experiments, each carried out in triplicate.



5.2.7 A GST fusion of the TIR domain of T1/ST2 is able to pulldown MyD88 and Mai 

but not TICAM-1 or IRAK

As I had now shown a level o f specificity in the inhibitory effect o f T1/ST2 on 

downstream signalling molecules, potential interactions between T1/ST2 and these 

components o f the signalling pathway were examined. To facilitate this, I made a fusion 

construct o f GST and the intracellular domain o f T1/ST2. This 585 bp portion o f T1/ST2 

was cloned into the pGEX-KG vector between the Hindlll and BamHl restriction sites. 

Once cloned and the sequence o f the construct confirmed by sequence analysis, the 

construct was expressed in the E.coli strain BL21. Figure 5.15a shows induction o f GST- 

TIR T1/ST2 in these cells following 2-4h treatment with IPTG. As there was no difference 

in the level o f induction o f the fusion between 2-4h, all subsequent purifications were 

performed following 2h IPTG treatment. Figure 5.15b illustrates the level o f purification 

obtained with this construct following lysis o f the bacterial cells and incubation o f the 

lysates with glutathione-agarose beads. Once purified, the GST-TIR T1/ST2 protein was 

used to perform GST pulldown assays. GST and GST-TIR ILIR  were purified in a similar 

manner (not shown)

In order to perform the pulldown assays, the various signalling components to be

assayed for interaction with T1/ST2, were transfected into the HEK 293R1 cell line. Figure

5.16a shows cells transfected with an AUl-tagged form o f MyD88 and the pulldown

performed with GST alone, GST-TIR T1/ST2 or GST-TIR ILIR. Very little background

interaction was observed with GST alone (lane 1). Both GST-TIR T1/ST2 and GST-TIR

ILIR were able to interact with and pulldown MyD88 (lanes 2 and 3). Figure 5.16b shows

a similar assay with transfection o f HA-tagged Mai. No interaction is seen with GST alone.

A band at the correct size for Mai was detected following incubation o f the cell lysates with

GST-TIR T1/ST2, indicating that TI/ST2 was able to interact with Mai in this assay (lane
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Figure 5.15 Puriilcation of a GST-TIR T1/ST2 construct

(A) The TIR-T1/ST2 expression plasmid was transformed into E.coli strain BL21, grown to 

an ODgoo o f 0.6 and induced with 70 iiM IPTG for the indicated times. 1ml o f cells was removed, 

pelleted and lysed in 25 |j,l SDS sample buffer. (B) 0.5L BL21 cells transformed with TIR-T1/ST2 

were grown as above, induced with 70 |xM IPTG for 2h. Cells were pelleted and lysed with NETN 

buffer and centrifuged at 16,000 x g for 20 minutes. The supernatant was incubated with 1ml 

glutathione-agarose beads at 4°C for 2h. The beads were washed x5 with PBS and a 10 fj,l sample 

removed and added to 30 |j.l SDS sample buffer. For both A and B, samples were then boiled and 

analysed for protein content on a 10% SDS-PAGE gel and stained with Coomassie blue.
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Figure 5.16 A construct comprising the TIR domain of T1/ST2 fused to GST interacts 

with MyD88 and Mai but not IRAK or TICAM-1

HEK293 cells (1 x 10  ̂ml) were plated on 10cm dishes and allowed to grow overnight. 

When approx 80% confluent, cells were transfected with 4 )̂ g plasmid encoding A. AUl- 

tagged MyD88, B. HA-tagged Mai, C. IRAK and D. TICAM-1 for 16-18h. In each case 

cells were lysed in CHAPS lysis buffer and centrifuged to remove cell debris. 25|o,l of 

supernatant was removed and added to 30 |̂ 1 SDS sample buffer. The remaining supematent 

was incubated with equivalent amounts of either purified GST (lane I), GST-TIR T1/ST2 

(lane 2) or GST-TIR ILIR (lane 3) attatched to glutathione-agarose beads for 2h at 4°C.

The beads were isolated by centrifugation, washed x3 with lysis buffer and added to 50 |il 

SDS sample buffer. Samples were then analysed by separation on 12% SDS-PAGE, 

transferred to nitrocellulose and immunoblotted using the relevant antibody. Lane 4 in each 

gel shows the cell lysate sample removed prior to incubation with the GST fusions. Identical 

results were obtained in 2 further experiments.



2). No band was detected following a pulldown with GST-TIR ILIR. Neither GST-TIR 

T1/ST2 nor GST-TIR ILIR  was able to pulldown either IRAK (figure 5.16c) or TICAM-1 

(figure 5.16d). Lane 4 in each figure (A-D) shows cell lysates removed prior to the 

pulldown being performed and immunoblotted with the relevant antibody, indicating that 

these plasmids are expressed. Figure 5.17 shows a reverse pulldown confirming the 

interaction between Mai and T1/ST2. In this experiment a plasmid encoding FLAG-tagged 

T1/ST2 was transfected into HEK 293R1 cells and the pulldown performed with GST alone 

(lane 1) or GST-Mal (lane 2). Lane 3 shows cell lysates immunoblotted for the presence o f 

T1/ST2. The band detected in lane 2 following pulldown with GST-mal correlates with the 

lower (non-glycosylated) form of T1/ST2 seen in lane 3. No background interaction was 

observed with GST alone. These results suggest a potential mechanism for the inhibition of 

IL-1 and LPS induced NF-kB via T1/ST2. T1/ST2 may sequester the downstream 

signalling molecules MyD88 and Mai from ILIR  and TLR4 and in this way limit their 

availability to participate in signalling from IL-1 and LPS.
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Figure 5.17 A GST-Mal fusion interacts with overexpressed FLAG-tagged T1/ST2

HEK293 cells (1 x 10^/ml) were plated on 10cm dishes and allowed to grow overnight. 

When approx 80% confluent, cells were transfected with 4 |o.g plasmid encoding FLAG- 

tagged T1/ST2. Cells were lysed in CHAPS lysis buffer and centrifuged to remove cell 

debris. 25 |j.1 of supernatant was removed and added to 30 |j.l SDS sample buffer. The 

remaining supematent was incubated with equivalent amounts o f either purified GST 

(lane 1) or GST-Mal (lane 2). attatched to glutathione-agarose beads for 2h at 4°C.

The beads were isolated by centrifugation, washed x3 with lysis buffer and added to 

50 |al SDS sample buffer. Samples were then analysed by separation on 12% SDS-PAGE, 

transferred to nitrocellulose and immunoblotted using anti-FLAG antibody. Lane 3 

shows the cell lysate sample removed prior to incubation with the GST fusions. Identical 

results were obtained in 2 further experiments.



5.3 Discussion

In this chapter I have shown a role for T1/ST2 as an inhibitory molecule, involved 

in the downregulation o f signalling to NF-kB from both IL-1 and LPS. This result was 

initially found serendipitously by overexpression o f T1/ST2 being seen to inhibit N F-kB 

activation by IL-1. This result was pursued and the inhibitory effect o f overexpression of 

T1/ST2 shown to extend to both IL-1 and LPS and their receptors. These results were 

confirmed by crosslinking o f T1/ST2. Interestingly neither overexpression nor crosslinking 

o f T1/ST2 was able to inhibit Poly I:C induced NF-kB activation. I was also able to show a 

level o f specificity o f inhibition o f NF-kB by T1/ST2 at the level o f the TIR domain 

containing adaptors as T1/ST2 inhibited MyD88 and Mal-induced NF-kB activation but not 

TICAM-1. Correspondingly an interaction was observed between T1/ST2 and both MyD88 

and Mai but not with TICAM-1.

These results have potentially revealed the importance o f T1/ST2 with respect to the 

role o f T1/ST2 in the cells it is expressed on. Following the identification o f T1/ST2 as a 

stable Th2 (not T h l) cell marker (Lohning et al., 1998; Xu et al., 1998), Coyle et al showed 

a role for T1/ST2 in Th2 cell function using a blocking anti-Tl/ST2 monoclonal antibody 

and a Tl/ST2-Ig fusion protein. Administration o f anti-TI/ST2 mAb was shown to inhibit 

allergen-induced lung eosinophilic inflammation, IL-5 production and the induction of 

OVA-specific IgE. This report subsequently showed, using a murine adoptive transfer 

model, that inhibition o f T1/ST2 in OVA-exposed Th2 recipient mice with either anti- 

TI/ST2 or Tl/ST2-Ig fusion, inhibited the secretion o f IL-4, IL-5, IL-6 and IL-13 by 

greater than 90%. IL-10 secretion was shown to be independent o f T1/ST2. This report 

shows that TI/ST2 does not affect Thl responses as levels o f IFN-y were not affected by
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anti-Tl/ST2. This group concluded that their results indicate a critical role for T1/ST2 in 

both cellular and humoral allergic inflammation in mice (Coyle et al., 1999).

Subsequent to this report, three separate groups reported on T1/ST2 knock out mice, 

two o f which reported no identifiable role for T1/ST2 in Th2 responses. The first o f these 

reports by Hoshino et al illustrated, using in vitro differentiation assays, that CD4^ T cells 

from both wild type and Tl/ST2-deficient mice differentiated into Th2 cells in response to 

IL-4 and produced equivalent amounts o f cytokines. T1/ST2'^‘ mice showed normal Th2 

responses following infection with the helminthic parasite Nipposstrongylus brasiliensis. 

These mice also exhibited normal eosinophil recruitment and normal levels o f IgE and IgGi 

production in a mouse model o f allergic airway inflammation (Hoshino et al., 1999a). Both 

T1/ST2'^‘ mice and a Tl/ST2-Fc transgenic mouse reported by Senn at al were also able to 

clear infection o f Nipposstrongylus brasiliensis with normal kinetics. These T1/ST2'^' mice 

showed normal eosinophil recruitment to the lung although this was consistently decreased 

in the Tl/ST2-Ig transgenic mice. This report does show, however, that the number of IL- 

5^ CD4 T cells was slightly decreased in both mice compared to wild type (Senn et al., 

2000). The third group to describe a T1/ST2‘̂ ' mouse used the primary pulmonary 

granuloma model o f infection induced by Schistosome mansoni eggs. In their assays they 

showed that although T1/ST2 did not appear to play a role in the generation o f Th2 

cytokines in naive animals, the onset o f primary lung granuloma formation was severely 

inhibited in T1/ST2 deficient mice and there was a marked reduction in recruitment o f lung 

tissue eosinophilia in T1/ST2'^' mice after primary granuloma formation (Townsend et al., 

2000). This data supports that o f Coyle et al. This group attribute the differences between 

their results and the other two previous reports to the use o f short-term antigen challenge, 

route of administration and antigen specific restimulation.
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As induction o f NF-kB by IL-1 and LPS plays a key role in Thl cell function it 

seems possible, given data presented in this chapter, that the role o f T1/ST2 is not only to 

directly promote a Th2 response but, via its inhibitory role, to skew the immune response 

away from a Thl type response. This hypothesis may potentially explain the lack o f effect 

observed in the T1/ST2 knockout mice as this possibility was not explored by these 

investigators and would not be seen following infection with the Th2 models o f infection 

they used. Several further lines of evidence point to this possibility. A recent report 

describes the effect of interfering with T1/ST2 signalling during Leishmania major 

infection. Infection with non-healing L.major in susceptible Balb/c mice has been ascribed 

to a polarized Th2 response. In this study Kropf et al have used an anti-Tl/ST2 mAb and 

an anti-Tl/ST2-Ig fusion to block interaction between T1/ST2 and its putative ligand. They 

show that interfering with T1/ST2 signalling has no effect on lesion development or 

parasite replication and did not downregulate the production o f antigen-specific Th2 

cytokines. They observed, however, that these mice showed increased IFN-y production 

following injection o f both anti-Tl/ST2 mAb and anti-Tl/ST2-Ig fusion and also an 

increased capacity to respond to IL-12 as mice treated with anti-Tl/ST2 mAb showed 

increased IFN-y production in response to IL-12 than control groups. IL-12 is crucial for 

the induction o f Thl responses as well as for their maintenance during infection. These 

results indicate that CD4^ T1/ST2^ T cells might downregulate the Thl response during the 

course of a nonhealing L.Major infection (Kropf et al., 2003).

Evidently, for T1/ST2 to have an inhibitory effect on IL-1 and LPS, this inhibition 

has to occur on cells, which not only express T1/ST2, but are also responsive to these 

signals. One possibility for this is mast cells, which express a high level o f T1/ST2. As well 

as their role in promoting Th2 cells responses, mast cells have been shown to play a central
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role in the protection o f mice against lethal enterobacterial infections through the 

adherence-induced release o f various proinflammatory mediators including tumour necrosis 

factor-a. (Malaviya et al., 1996). Although neither LPS nor peptitoglycan have been shown 

to induce mast-cell degranulation, treatment with both LPS and PG causes a release of 

TN F-a and enhanced expression of pro-matrix metalloproteinase 9 (pro-MMP-9) from 

bone marrow-derived cultured mast cells (BMCMCs) (Ikeda and Funaba, 2003) suggesting 

that mast cells can respond to these TLR ligands. Mast cells are also responsive to IL-1. 

Mast cells have already been implicated in local inhibition o f IL-1-dependent effects on 

inflammation in the lung, as secretion o f IL-1 receptor antagonist by mast cells is 

upregulated following mast cell activation with IgE (Hagaman et al., 2001). The fact that 

mast cells constitutively express mRNA for IL lR a suggests that these cells play a role in 

anti-inflammatory responses as well as being able to produce pro-inflammatory mediators. 

T1/ST2 may possibly, therefore, act to regulate LPS and IL-1 signalling on these cells, 

potentially promoting mast cells towards their role in mediating Th2 cell responses. A 

similar effect may occur on macrophages. T1/ST2 has been shown to be expressed on 

macrophages (Bergers et al., 1994). When effector Thl cells are stimulated by antigen, Thl 

cells secrete cytokines, notably IFN-y, and express CD40L. IFN-y is the major macrophage 

activating cytokine and through ligation o f CD40 on macrophages with CD40L on Thl 

cells, a variety o f signalling pathways are activated in macrophages to promote cytokine 

production which participate in macrophage responses. One o f the major cytokines 

produced by macrophages is IL-12, which plays a key role in Thl differentiation thereby 

ensuring continuation o f this response. As discussed in previous chapters, mammalian 

TLRs are expressed on macrophages and dendritic cells and mediate the signal for cytokine 

release or upregulation o f costimulatory molecules. LPS, via TLR4 and NF-kB activation
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will cause secretion o f IL-12 and IFN-y from macrophages, both key cytokines in a Thl- 

type response. As T1/ST2 inhibits TLR4 signalling this may modulate the macrophage 

response, acting to downregulate it and thereby possibly inhibiting a Thl response. Figure 

5.18 shows a schematic overview o f possible mechanisms by which T1/ST2 may act to 

regulate Thl cell activation.

It has also been shown that binding o f soluble ST2 to bone marrow derived 

macrophages resulted in a downregulation in TLR4 expression (Sweet et al., 2001) and this 

binding was enhanced in the presence o f LPS. Binding o f soluble ST2 to macrophages was 

accompanied by immediate down-regulation of proinflammatory cytokines, including IL-6, 

IL-12, TN F-a and IFN-y. Signalling through TLR4 can affect IL-12 expression by specific 

remodelling o f nucleosomes in the IL-12p40 promoter region. This group have further 

analysed this effect by investigating responses to LPS and IL-1 in macrophages and 

dendritic cells from T1/ST2 deficient mice. They show that the absence o f T1/ST2 causes 

cells from these mice to be hyperresponsive to LPS, BLP (TLR2 ligand), IL-1 and IL-18 in 

producing proinflammatory cytokines including IL-6, IL-12 and TNFa. They also show, in 

vivo, that T1/ST2 knockout mice are more susceptible to LPS-induced septic shock and 

produce higher Thl and Th2 responses when infected with Leishmania major when 

compared to wild type (F.Y.Liew, personal communication). The data from this group 

correlates very well with the ability, presented in this chapter, o f T1/ST2 to inhibit NF-kB 

activation from IL-I and LPS and encourages the theory that T1/ST2 may have a key 

regulatory role in the inflammatory response, by acting to control the Thl response to 

inflammation and infection.

Interestingly, I have also shown that T1/ST2 seems have an inhibitory effect on 

TNF-induced NF-kB activation. This was a surprising result as the TNFR signalling
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Figure 5.18 Possible mechanisms of Thl inhibition via T1/ST2 signalling

(A) T1/ST2 causes induction of IL-4 from Th2 cells and this may inhibit Thl cell activation.

(B) T1/ST2 is expressed on mast cells and macrophages, which also express TLR4. T1/ST2 

inhibits TLR4-induced NF-kB activation, possibly by sequestration of Mai and MyD88. 

Inhibition of NF-kB results in less IL-12 and IFN-y production from these cells and 

subsequently less Thl cell activation.



pathway is extremely distinct from the ILIR/TLR signalling pathway. It is possible that this 

result indicates that there is more in common between the two pathways and more cross

talk between them, than is currently known. The ability o f T1/ST2 to inhibit TNF-induced 

NF-kB activation is unlikely to be an artefact induced by overexpressing T1/ST2, as this 

effect was not observed with Poly I:C-induced NF-kB or ISRE activation. Indeed, the fact 

that T1/ST2 does not inhibit Poly I:C indicates that the inhibitory effect o f T1/ST2 is 

specific for some signals and not others. It is possible that whatever mechanism T1/ST2 

uses to inhibit IL-1 and LPS extends to the TNF signalling pathway. One possibility for this 

is the increase in iKBa expression observed in both HEK293 cells and in P815 cells 

following overexpression o f T1/ST2 and crosslinking o f T1/ST2 respectively in these cell 

types. As IkBu acts to keep NF-kB in an inactive state in the cytosol, an increase in the 

amount o f iKBa present in the cells would result in less NF-kB being activated upon 

stimulation of cells. Why induction o f iKBa would not block TLR3 signalling to NF-kB is, 

however, unclear. Since TLR3 is a weaker activator o f NF-kB than TLR4 or ILIRI, this 

mechanism o f inhibition may not apply to TLR3.

This chapter also highlights an issue raised by the previous two chapters, namely 

that TIR domain containing receptors do not all signal in the same fashion. In the 

experimental systems used here T1/ST2 is evidently able to activate MAP kinases and not 

NF-kB as shown previously and the novel inhibitory function o f T1/ST2 presented here 

adds a new level o f complexity to the possible signalling mechanisms utilised by T1/ST2. 

As I have shown that T1/ST2 can interact with both MyD88 and Mai using the GST 

pulldown method, it is possible that T1/ST2 may act to sequester these intermediate 

signalling molecules and in this way, inhibit signalling by IL-1 and LPS. Evidence 

presented in chapter 4, has implicated MyDSB in T1/ST2 induced JNK activation. It is a
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possibility, therefore, that whilst sequestering MyD88 from ILIRI and TLR4 to inhibit NF- 

kB activation, T1/ST2 may still utilise this adaptor molecule to activate MAP kinases, 

although how this may occur is not at all clear. As Mai has only been implicated in 

signalling from TLR4 and TLR2 and is a poor activator of MAP kinases, it seems likely 

that the strong interaction observed between T1/ST2 and Mai is related solely in the 

inhibitory role o f T1/ST2 on TLR4.

In chapters 3 and 4, I have discussed the possibility that some event, possibly 

occurring at the level o f IRAK, as this is one o f the suggested points o f divergence between 

NF-kB and JNK activation (Li et al., 2001), may allow activation o f JNK but not NF-kB. 

Here, using GST-pulldowns, I have been unable to observe any interaction between TI/ST2 

and IRAK. It is worth noting, however, that I was also unable to observe an interaction 

between a TIR-ILl receptor GST fusion and IRAK. When IRAK is overexpressed in the 

cells used in this study, it becomes hyperphosphorylated and this event may effect 

subsequent interactions. Overexpression o f T1/ST2 does not inhibit IRAK-induced NF-kB 

activation, which suggests that the downstream inhibitory effect o f T1/ST2 does not extend 

to this level o f the pathway. As we are still unclear as to the intracellular signalling 

components utilised by T1/ST2 to activate JNK, it is difficult to know by what mechanism 

these divergent roles for T1/ST2 occur.

In conclusion, I have shown that T1/ST2 is able to specifically inhibit NF-kB 

activation induced by IL-1 and LPS. This inhibitory role o f T1/ST2 suggests a novel 

regulatory function for T1/ST2 in inflammation and immunity, as this inhibition would 

diminish a Thl response. It is worth noting, however, that in the absence o f a cognate 

ligand for T1/ST2, all experiments done here have relied on overexpression and 

crosslinking o f T1/ST2 to induce activation o f T1/ST2. The area o f inhibition o f signalling
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pathways is extremely complex and so the interpretation o f results presented here may need 

to be somewhat limited by the approaches we have, from necessity, used. Identification o f a 

ligand for T1/ST2 would aid the furthering o f our understanding o f the inhibitory role o f 

T1/ST2. Further characterization of this inhibitory effect and also o f interactions between 

T1/ST2 and downstream signalling molecules are also necessary to fully understand how 

this inhibition occurs.
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Chapter 6

Final Discussion and Future Perspectives

IL-1 signalling is an area that has been studied in great detail since IL-1 was first 

identified as an important mediator o f inflammation. The identification o f the TIR domain 

and the ILIR/TLR superfamily has shown that many o f these TIR-domain containing 

receptors utilise the same signalling components to activate downstream targets and 

transcription factors. Several receptor members o f this family have been identified whose 

signalling pathways have not been characterised, as their ligands are not known. This study 

has focussed on the characterisation o f signalling pathways activated by the ILIR/TLR 

homologue T1/ST2. In lieu o f a cognate ligand for T1/ST2 this study has used 

overexpression and crosslinking o f T1/ST2 to artificially activate T1/ST2 and thereby 

investigate T1/ST2 signal transduction.

Our initial investigations concerned the ability o f T1/ST2 to activate NF-kB as NF- 

kB is such a potent signal activated by members o f this family. We initially demonstrated 

that T1/ST2 is unable to activate NF-kB. A s this was an unexpected result we subsequently 

extended our investigations to study the effect o f T1/ST2 on MAP kinases. T1/ST2 is able 

to activate MAP kinases and furthermore its ability to drive IL-4 production in T cells is 

dependent on the activation o f JNK. These results identify T1/ST2 as the only active 

member o f this family not to be able to activate NF-kB, at least when it is a homodimer. 

Whilst other novel ILl receptors such as IL-IRAPL and TIGIRR-1 have also been shown 

not to activate NF-kB even as chimeric constructs o f the intracellular domains o f these 

proteins fused to the extracellular domain o f  IL IR I (Bom et al., 2000), no evidence has 

been presented to date o f these receptors activating any signalling pathways.
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This evidence has provided a new insight into ILIR/TLR signalling. Although 

subtle differences have begun to emerge among signalling pathways activated by these 

receptors, particularly among the TLRs, these seem to mostly concern different cytokines 

and chemokines produced by cells in response to different ligands (Re and Strominger, 

2001) (Jones et al., 2001). The ability o f T1/ST2 to activate MAP kinases but not NF-kB 

shows that these two pathways can be separated and the TIR domain can selectively 

activate one pathway and not the other. How the TIR domain achieves this is an area not 

fully explored in this work. Experiments performed using dominant negative MyD88 have 

implicated this adaptor in the signalling pathway from MyD88 to JNK. MyD88 is however, 

also a key adaptor in the pathway from all TIR-domain containing receptors to NF-kB. 

There are no clear differences between the TIR domains o f T1/ST2 and the other receptors 

which might indicate selective recruitment o f certain downstream signalling molecules and 

not others in order to cause MAP kinase activation and not NF-kB. Nor does the TIR 

domain o f T1/ST2 possess the tyrosine residue present in TLR2, which allows 

phosphorylation o f the receptor and recruitment o f Rac-1 and PI-3 kinase, another potential 

route to MAP kinase activation (Arbibe et al., 2000). Indeed, we were unable to model the 

TIR domain o f T1/ST2 onto the known TIR domain o f TLR2, as they are too dissimilar. 

The identification, presented in this study, o f an alternative function for T1/ST2 as an 

inhibitory molecule involved in down-regulation of LPS and IL-1 signalling has added a 

further level o f complexity to the possible mechanisms o f signal transduction pathways 

initiated by T1/ST2. Based on results presented in this study, one possibility for how this 

inhibition occurs is via sequestration o f the downstream signalling components, Mai and 

MyD88. If this were the case, then MyD88 would appear to be recruited to T1/ST2 for two 

purposes.
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The recent identification, however, o f differential signalling by MyD88s presents 

another possibility for signalling via T1/ST2. MyD88s has been shown to inhibit ILIR/TLR 

induced NF-kB activation (Bums et al., 2003). It does not, however, inhibit AP-1 activation 

by IL IR  and TLR4, thereby indicating that NF-kB and JNK activation can diverge at the 

level o f MyD88 (Janssens et al., 2003). It seems possible that T1/ST2 may recruit MyD88s 

to facilitate AP-1 activation, whilst the interaction o f T1/ST2 and MyDSS, that we have 

observed, only occurs in order to inhibit IL-1 and LPS induced NF-kB activation. These 

results clearly raise many issues which need to be addressed to further our understanding of 

how the TIR domain signals. A more detailed analysis o f recruitment o f signalling 

molecules to T1/ST2 following activation of T1/ST2 and stimulation o f cells with IL-1 and 

LPS is required to more fully understand how T1/ST2 achieves these two functions i.e. 

activation o f MAP kinases and inhibition o f other ILIR/TLR ligand induced NF-kB 

activation. Figure 6.1 provides a schematic summary o f signal transduction by T1/ST2.

The ability o f T1/ST2 to inhibit IL-1 and LPS signalling is extremely interesting. It 

indicates a new level o f regulation and control o f these signalling pathways. As discussed 

in chapter 5, organisms have developed many mechanisms for controlling signal 

transduction pathways initiated by ligands o f these receptors. These include various 

adaptations o f signalling components whose function is to inhibit ILIR/TLR signalling 

pathway. It is clear that there has been an evolutionary pressure towards control o f these 

potentially harmful pathways as a lack o f regulation may result in the development o f 

disease states. The fact that the TIR domain is evolutionarily conserved across mammals, 

insects, plants and recently a prototype identified in fish (Oshiumi et al., 2003b), indicates 

its importance and with such importance comes a requirement for regulation. Our 

identification o f T1/ST2 as an inhibitory receptor represents another mechanism o f
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Figure 6.1 Summary of signal transduction by T1/ST2.

T1/ST2 is able to activate p38, p42/p44 MAP kinases and JNK. JNK activation by T1/ST2 

may be dependant on MyD88. JNK activation results in activation of c-Jun and AP-1 and 

is involved in driving IL-4 production in n^ve T cells. T1/ST2 is also able to inhibit IL-1 

and LPS-induced NF-kB activation, possibly by sequestration of the adaptor molecules Mai 

and MyDSS.



regulation. There is recent evidence that SIGIRR, a hitherto uncharacterised member o f the 

ILIR  subgroup, which possesses one Ig domain extracellularly, can also inhibit IL-1 

signalling in a very similar manner to our discoveries with T1/ST2 (Wald et al., 2003). As 

several variant forms o f T1/ST2 have been identified, including ST2V which lacks one Ig 

domain, it is possible that these forms o f T1/ST2 may act to inhibit different signals, or 

possibly that they all can exert inhibitory effects but in different cell types. By investigating 

whether both soluble ST2 and ST2V can effect signalling in a similar manner to T1/ST2, it 

may be possible to identify whether it is the TIR domain o f T1/ST2 or the extracellular 

domains, which control this effect and this will aid identification o f how this process 

occurs. The fact that both T1/ST2 and SIGIRR can inhibit signalling pathways indicates 

that ILlR/TLRs have not only evolved to have a positive role in regulation of mammalian 

inflammation and immunity but also a negative role which may prove to be equally 

conserved across species.

Interestingly no ligand has yet been identified for T1/ST2. Much work, by several

groups has been performed to attempt to identify this ligand. The most likely candidate

ligand so far presented, is an unpurified protein identified by Kumar et al, precipitated from

both Balb/c 3T3 and HUVEC cells using a sST2Fc fusion protein (Kumar et al., 1995). The

sST2Fc was found to bind to both an 18 kDa and a 32 kDa protein. Pro-IL-1 and cleaved

IL-1 have very similar molecular weights to these unidentified proteins, so it seemed

possible that this protein may be one o f the novel IL-1 homologues. Work not presented in

this study concerns my attempts to identify the ligand for T1/ST2. Primarily this focussed

on repeating work done by Kumar et al to further identify and characterise the T1/ST2

binding protein. Using the same cells and a sST2Fc protein I was, however, unable to

identify any specific protein that did not also bind to either IgG or to another Fc-tagged

protein. I subsequently investigated such IL-1 homologues as were available to me and
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observed that neither IL-1F5 nor IL-1F9 bind to T1/ST2, nor is any activation o f JNK 

observed when cells are transfected with T1/ST2 and treated with these cytokines. It is 

worth noting however, that if the protein purified by Kumar et al is an IL-1 homologue, 

only IL1F7 has been identified to possibly possess a pro-domain. As a result all work 

presented in this study has relied on overexpression and crosslinking of T1/ST2 to induce 

activation. Whilst I am confident in the results presented here, due to the presence o f all 

relevant controls, these are evidently not ideal systems to use to investigate receptor 

signalling and I feel this must be considered when interpreting results. If a ligand for 

T1/ST2 is identified, then the effects observed here can be confirmed. It is surprising, 

however, that the two members o f this family to be shown to have inhibitory functions, 

T1/ST2 and SIGIRR, do not have identified ligands. Whilst it is impossible to say, at this 

stage, that no ligands exist for these receptors, it is a possibility that these receptors may 

exert their inhibitory effects in the absence o f a ligand. Equally possible, however, is that 

ligands for these receptors will be identified and found to generate a negative signal.

Given the expression pattern o f T1/ST2 on Th2 and not on Thl cells, it had been

assumed that T1/ST2 would play a similarly important role in Th2 cell regulation to that

played by the IL-18 receptor on Thl cells. This theory was not fully supported by evidence

from T1/ST2 knockout mice, which responded normally to infection with the parasite

Niposstrongylus brasiliensis. Our evidence of signalling by T1/ST2 on naive T cells

indicates that T1/ST2 does play a positive role in T cells. The inhibitory function o f T1/ST2

may, however, prove to be more important in the control o f T cell regulation as this role of

T1/ST2 would act to downregulate a Thl response. It may be that T1/ST2 is expressed on

Th2 cells in order to ensure continued regulation and the maintenance o f a balance between

Thl and Th2-driven responses. Our evidence, and the evidence referred to in chapter 5

concerning in vivo studies on T1/ST2 knock out mice, regarding the inhibitory function of
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T1/ST2, indicate that this receptor is critical in regulation o f the inflammatory response and 

response to infections such as L. major. As such, T1/ST2 may be worth investigating as a 

potential target for therapeutic intervention for some Thl driven diseases or for conditions 

induced by a lack o f regulation o f interleukin-1, similar to IL-lRa.

In conclusion, this work firmly establishes T1/ST2 as a member o f the ILIR/TLR 

superfamily, which is capable both o f activating certain signalling pathways and inhibiting 

NF-kB activation by other ILIR/TLR ligands. Further characterisation o f how these 

divergent effects are achieved by T1/ST2 will provide valuable insights into our knowledge 

o f signalling by these receptors and this may lead to possible novel strategies for managing 

inflammatory diseases.
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T1/ST2 is a member of the interleukin (IL)-l receptor 
superfamily, possessing three immunoglobulin domains 
extracellularly and a Toll/ILIR (TIR) domain intracellu- 
larly. The ligand for T1/ST2 is not known. T1/ST2 is 
expressed on Type 2 T helper (Th2) cells, and its role 
appears to be in the regulation of Th2 cell function. 
Here, we have investigated T1/ST2 signal transduction, 
using either transient overexpression of T1/ST2 or a 
cross-linking monoclonal antibody to activate cells. We 
demonstrate that T1/ST2 does not activate the transcrip
tion factor NF-kB when overexpressed in murine thy
moma EL4 cells, or in the mast cell line P815 treated 
with the anti-Tl/ST2 antibody. However, a chimera com
prising the extracellular domain of the type  1 IL-1 re
ceptor and the intracellular domain of T1/ST2 activates 
NF-kB both by overexpression and in response to IL-1. 
This artificial activation requires the ILlRAcP re
cruited via the extracellular portion (DjlRl) of the chi
mera. T1/ST2 is, however, able to activate the transcrip
tion factor activator protein-1 (AP-1), increase 
phosphorylation of c-Jun, and activate the MAP kinases 
c-Jun N-terminal kinase (JNK), p42/p44 and p38. Anti- 
T1/ST2 also induces the selective expression of IL-4 but 
not IFN-y in naive T cells. Importantly, this effect is 
blocked by prior treatment with the JNK inhibitor 
SP600125 conHrming that JNK as a key effector in T l/ 
ST2 signaling. The lack of effect on N F -kB  when T1/ST2 
is homodimerized identifies T1/ST2 as the first member 
of the IL-1 receptor superfamily so far studied that is 
apparently unable to activate N F-kB, consistent with 
evidence indicating the lack of a role for N F -kB in Th2 
cell function.

T1/ST2 was originally identified in murine fibroblasts as a 
late response gene induced by either serum or by overexpres
sion of the v-mos or Ha-ras oncogenes (1, 2). By alternative 3' 
processing of a primary transcript the T1/ST2 gene encodes two 
mRNAs: an abundant short secreted glycoprotein (sST2) and a 
rare longer transmembrane form (termed T1/ST2) (3-5). T l/ 
ST2 has been shown to be expressed on mast cells (6) and on
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Board, Ireland, and Enterprise Ireland. The costs of publication of this
article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked “advertisement” in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact.
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H Current address: Div. of Infectious Diseases and Immunology, Uni
versity of Massachusetts Medical School, Worcester, MA 01655.

Th2 cells but not on Thl cells (7,8). In addition to being a stable 
cell marker on Th2 cells, T1/ST2 has been shown to be impor
tant in Th2 effector function since treatment of mice with a 
monoclonal antibody against T1/ST2 inhibited allergic airway 
inflammation in response to both allergen provocation and 
viral antigen (9, 10). Studies on Tl/ST2-deficient mice, how
ever, have yielded conflicting evidence as to the functional role 
ofTl/ST2 (11-13).

T1/ST2 is a member of the Toll/IL'-l receptor superfamily, 
which shows ~29% homology to the Type 1 IL-1 receptor 
(ILIRI) (3). The superfamily CEin be broadly divided into two 
subfamilies. All have a homologous Toll/IL-1 receptor (TIR) 
domain in their cytosolic portions, responsible for signal trans
duction. The two subfamilies dififer extracellularly, with the 
ILIR subgroup having immunoglobulin domains and the Toll
like receptor subgroup having leucine-rich repeats. T1/ST2 be
longs to the ILIR subgroup (14). The gene for T1/ST2 is tightly 
linked to the genes encoding other receptors in the ILIR sub
group on both mouse (3) and human chromosomes (15). How
ever, T1/ST2 does not bind IL-la, IL-1/3 or the IL-1 receptor 
antagonist (16). As yet there is no functional ligand identified 
for T1/ST2, although two binding proteins have been identified 
(17, 18).

The signaling pathway for the IL-1 receptor has now been 
well characterized, and several other members of the family 
such as the IL18R and TLR2, -4, -5, and -9 share many of the 
intracellular signaling components with ILIRI (19). Upon li
gand binding both ILIRI and IL18R require recruitment of 
their respective accessory proteins to signal (20, 21). The adap
tor protein MyD88, which also possesses a TIR domain, is then 
recruited to the active complex and interacts with the receptors 
through homotypic TIR domain interactions. The ILlR-associ- 
ated kinases IRAK, IRAK2 and the recently identified IRAK4 
(22, 23) are then recruited to the complex IRAK and IRAK2 
have been shown to interact with tumor necrosis factor recep
tor-associated factor-6 (TRAF-6) (24). TRAF-6, in a presas- 
sembled complex with TAK-1 binding protein (TAB)-2, can 
then cause activation of the transcription factor NF-kB through 
the kinase TAK-1 and the IkB kinase complex (25). In addition 
it has been shown that these receptors can cause activation of 
p42/p44 and p38 MAP kinases and c-Jun N-terminal kinase 
(JNK). Activation of these kinases also occurs through MyD88

'  The abbreviations used are: IL, interleukin; MAP, mitogen acti
vated protein; JNK, c-Jun N-terminal kinase; SAPK, stress-activated 
protein kinase; AP, activator protein; ILIRI, type I interleukin 1 recep
tor; ILlRAcP, interleukin 1 receptor accessory protein; MAPK, mitogen 
activated protein kinase; mAb, monoclonal antibodies; EV, empty vec
tor; PE, phycoerythrin; TLR, Troll-like receptor.

This paper is available on line a t h ttp ://w w w .jbc.o rg 49205
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and IRAK, and recently a role for the low molecular weight G 
protein Ras in p38 activation has been demonstrated (26).

Little is known about how T1/ST2 signals. It was demon
strated that treatment of cells expressing a chimeric receptor 
comprising the extracellular domain of ILIRI and the intracel
lular domain of T1/ST2 with IL-1 activated NF-kB (27) and p38 
MAP kinase (17), implying that T1/ST2 might signal in a sim
ilar way to ILIRI. The ability of the T1/ST2 chimera to activate 
NF-kB is somewhat inconsistent w ith data indicating that 
NF-kB activation is more associated with T h l tjrpe responses. 
Furthermore, the putative unpurified ligand for T1/ST2 de
scribed by Kumar et al. (17) was unable to activate NF-kB but 
was shown to activate p38 MAP kinase. Here we have exam
ined T1/ST2 signal transduction in  detail, using either overex
pression of T1/ST2 or an anti-Tl/ST2 cross-linking antibody. 
We have found that T1/ST2 can activate JNK, p38, p42/p44 
MAP kinase, and the transcription factor activator protein-1 
(AP-1). Interestingly we can find no evidence for NF-kB acti
vation and demonstrate that the effect of the IL1R1-T1/ST2 
chimera on NF-kB occurs via the IL-1 receptor accessory pro
tein (ILlRAcP). Finally, we have found that anti-Tl/ST2 in
duces IL-4 production fi'om naive T cells, and importantly that 
the specific JNK inhibitor SP600125 blocks this effect. Our 
study is therefore the first to characterize T1/ST2 signaling and 
demonstrates that T1/ST2 is a TIR domain-containing recep
tor, which cannot activate NF-kB when homodimerized, con
sistent with its role in promoting Th2 responses.

EXPERIMENTAL PROCEDURES
Animals—Female Balb/c mice (6 -8  weeks of age) were obtained from 

Harlan (Bicester, Oxon, UK). Mice were maintained in individually 
ventilated pathogen free cages.

Materials—Human embryonic kidney 293 and EL4 murine thymoma 
cells were obtained from the European Collection of Animal Cell Cul
tures (Salisbury, UK). Cell culture media and serum were obtained 
from Invitrogen. The murine mastocytoma cell line P815 was a gift 
from Dr. T. Kamradt (Deutches Rheumaforchungszentrum, Berlin, 
Germany). The ILlRAcP-deficient cell line EL4 D6/76 was a kind gift 
from Prof W emer Falk (Universitat Regensburg, Regensburg, Germa
ny). Human recombinant IL -la was a gift from the NCI, National 
Institutes of Health, Biological Resources Branch (Rockville, MD). The 
22-bp oligonucleotide, 5'-AGT TGA GGG GAC TTT CCC AGG C-3', 
containing the NF-kB consensus sequence {underlined), and the T4 
polynucleotide kinase were obtained from Promega (Madison, WI). 
PhosphoPlus™ SAPK/JNK (Thr-183/Tyr-185) and p42/p44 MAP kinase 
(Thr-202/Tyr-204) antibody kits and the phospho-c-Jun (Ser-63) II and 
c-Jun antibodies were obtained from New England Biolabs, Ltd. 
(Hitchen, UK). The monoclonal anti-Tl/ST2 tmtibody 3E10 has been 
described previously (9). The anti-FLAG M2 antibody was obtained 
from Sigma. The IkB antibody was a kind gift from Prof R. Hay 
(University of St. Andrews, St. Andrews, UK). The JNK inhibitor 
SP600125 was purchased from Calbiochem (CN Biosciences, Notts, 
UK).

Expression Vectors—The cloning of T1/ST2 into the expression vector 
pCDNAS.l has already been described (9). Using this as template, 
T1/ST2 was subcloned into pCMV-Flag (IB I Kodak, New Haven, CT) 
using oligonucleotide primers of sequence 5'-GTCAGATCTCAGTA- 
AATCGTCCT-3, 5'CTGGTCGACTCAAAAGTGTTTCAG-3'. The com
ponents for the PathDetect™  CHOP, Elk-1, and c-Jun irans-reporting 
system (pFA-CHOP, pFA-Elk-1, pFA-c-Jun, pFc2-dbd, pFR-Luc, pFc- 
MEK3, pFC-MEKK, and pFC-MEKl) were purchased from Stratagene 
(La Jolla, CA). The plasmids encoding the IL IR I and ILlRAcP were 
gifts from W emer Falk (Universitat Regensburg). The p G 13-5kB-1uc 
plasmid was a kind gift from Dr. R Hofmeister {Universitat Regens
burg). The AP-l-luciferase plasmid was obtained from Stratagene 
(La Jolla, CA). The plasmids encoding MyD88 constructs were gifts 
from M. Muzio (Mario Negri Institute, Milan, Italy). The chimeric 
IL1R-T1/ST2 construct was a kind gift from Prof J. Sims (Immunex 
Corp., Seattle, WA).

Cell Culture—HEK293 and EL4 cell lines were cultured in Dulbec- 
co’s modified Eagle’s medium while the P815 and EL4 D6/76 cell lines 
were cultured in RPMI 1640 medium. All medium contained 10% (v/v) 
fetal calf serum, 100 units/ml gentamicin, and 2 mM L-glutamine. Cells

were maintained a t 37 °C in a humidified atmosphere of 5% COj For 
use in transfection assays, HEK293 were typically seeded at 2 X 10'* 
ml“' in 96-well plates 24 h prior to transfection, whereas EL4 and EL4 
D6/76 cells were seeded at 5 X 10® ml ‘ 16 h prior to being used. P815 
cells were seeded in 6-well plates at 2 x 10® ml“  ̂for cross-linking and 
immunoblot analysis.

Transient Transfection and Reporter Gene Assays—EL4 and 
EL4D6/76 cells were transfected with plasmids as indicated in the 
figure legends in a final volume of 0.6 ml using DEAE-dextran. Follow
ing 16-18 h of recovery, cells were seeded at a density of 10® ml"' viable 
cells (as determined by trypan blue exclusion) prior to stimulation. 
HEK293 cells were transfected with plasmid concentrations as indi
cated in the figure legends with FuGENE 6 (Roche Molecular Biochemi
cals) according to manufacturer’s recommendations. Transfection effi
ciency was normalized in all experiments by transfection of cells with a 
plasmid encoding 40 ng of Renilla luciferase. In all cases the amount of 
DNA transfected was kept constant by the addition of various amounts 
of the appropriate empty vector plasmid. Cells were either left un
treated or stimulated with IL-1 (10 ng/ml) for 6 h as indicated following 
a period of recovery (16-18 h). To assay firefly and Renilla luciferase 
activity, cells were lysed using passive lysis buffer (Promega, South
hampton, UK), and luciferase activity was determined by standard 
protocols.

Detection o f Surface T1/ST2 by Flow Cytometry—For surface stain
ing, an anti-Tl/ST2 ra t anti-mouse monoclonal antibody 3E10 was 
used. For P815 cells biotinylated 3E10 was detected with streptavi- 
din-PE (BD PharMingen, San Diego, CA). Staining of 3E10 was blocked 
by preincubating the cells with a 100-fold excess of unconjugated 3E10. 
Gates were set on viable cells according to forward and side scatter and 
exclusion of propidium iodide (0.3 ^ig/ml) Samples were analyzed on a 
FACSCalibur using CellQuest software (Becton Dickinson, Mountain 
View, CA).

Cross-linking o fT l/S T 2 —6-well plates were coated with 20 ixg/m\ of 
either mAb 3E10 (rat anti-mouse T1/ST2) or ra t IgG (PharMingen) for 
16 h at 4 “C. Wells were washed three times with phosphate-buffered 
saline and 2 ml ofP815 cells were added at a density of 2 X 10® m l" ' for 
3 h at 37 °C. Control cells were stimulated with IL-1 (10 ng/ml) for 15 
min. Cells were harvested samples prepared for either immunoblot 
analysis or electrophoretic mobility shift assay. For cross-linking stud
ies on naive spleen cells 24-well plates were coated with 3E10 or control 
IgG under the same conditions prior to the addition of cells at a density 
of 1 X 10® ml"*.

Immurwblot Analysis—Treatm ent of cells was terminated by the 
addition of 1.5 ml of ice-cold phosphate buffered saline. Total cell lysate 
from each sample was extracted in ice-cold radioimmune precipitation 
buffer, RIPA: (phosphate-buffered saline buffer containing 1% Nonidet 
P40, 0.5% w/v sodium deoxycholate, 0.1% SDS, 10 /ig/ml phenylmeth- 
ylsulfonyl fluoride, 30 /xl/ml aprotinin, and 10 /i,l/ml sodium orthovana
date). Protein estimations of cell extracts were determined by the dye 
binding assay of Bradford. Equal amounts of protein (4 -8  fig) were 
subjected to 10% SDS-PAGE and Western blotting according to the 
method of Laemmli (28). The antibodies recognizing FLAG, phospho- 
rylated p42/p44, JNK, c-Jun, and ATF-2 were used at a dilution of 
1:1000 in 1% fat-free milk in Tris-buffered saline/0.1% Tween. The I kB  
antibody was used at a dilution of 1:50 in 5% fat-free milk.

p38-MAPK Immunoprecipitation-Kinase Assay—HEK293 cells were 
transfected with FLAG-tagged p38 and other plasmids as described in 
the figure legend and allowed to recover for 16 h. Prior to harvesting 
cells were treated with IL-1 (10 ng/ml) for 15 min. Cells were lysed with 
500 ):il of I x  lysis buffer (20 mM "Tris, pH 7.5,150 mM NaCl, 1 mM EDTA, 
1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM 
NagVO^, 1 ^ig/ml leupeptin), and FLAG-p38 was immunoprecipitated 
with 2-5 /ig of anti-FLAG M2 antibody (Kodak). Beads were then 
washed three times with lysis buffer and then with kinase buffer (25 
mM Tris, pH 7.5, 5 mM /3-glycerolphosphate, 2 mM dithiothreitol, 0.1 mM 
Na^VO^, 10 mM MgClj). Pellets were resuspended with 50 (il of Ix  
kinase buffer supplemented with 200 iiM ATP and 2 îg of ATF-2 fusion 
protein (Cell Signaling Technologies, Beverly, MA) and incubated for 30 
min a t 30 °C. 'The reaction was terminated by addition of 25 t̂l of 3x 
SDS sample buffer. Samples were boiled and then analyzed by SDS- 
PAGE and Western blotted for phosphorylated ATF-2 or FLAG-p38.

Nuclear Extract Preparation and Electrophoretic Mobility Shift A s
say—Nuclear extracts were prepared from P815 cells following cross- 
linking as described previously (29). P815 cells were collected by cen
trifugation before preparation of nuclear extracts as above. Nuclear 
extracts were assessed for NF-kB binding activity as described previ
ously (30).

Intracellular Cytokine Analysis—Intracellular detection of IL-4 and
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IFN-y in CD4* T cells was performed essentially as described (31). All 
intracellular antibodies and reagents were from Caltag (Burlingame, 
CA). Cells from the spleens of naive Balb/c mice were either left in 
medium for 1 h or were pretreated with the JN K inhibitor SP600125 for 
1 h. Cells were then added to plates precoated with 20 ;ig/ml 3E10 mAb 
or isotype-matched control ra t IgG for 5 h. After 1 h of incubation 10 
/xg/ml of Brefeldin A (Sigma) was added. Cells were washed and sur- 
face-stained with Tricolor-conjugated anti-CD4 mAb. Cells were perme- 
abilized and intracellular cytokines detected with PE-conjugated anti- 
IL-4 or fluorescein isothiocyanate-conjugated anti-IFN-7. Lymphocytes 
were gated on CD4-positive cells, and quadrants set using PE- or 
fluorescein isothiocyanate-conjugated isotype control mAbs. The fre
quencies of IL-4- or IFN-y-positive cells were determined, and data are 
presented as the mean percentages of IL-4- or IFN-y-stained CD4-I- 
cells.

RESULTS

T1/ST2 Does Not Activate the Transcription Factor NF-kB  
but Can Activate AP-1—We first investigated the effect of T l/ 
ST2 on the transcription factor NF-kB. As shown in Fig. lA we 
were unable to observe any activation of an NF-kB luciferase 
reporter construct upon overexpression of T1/ST2 in EL4 cells 
over a range of plasmid concentrations. This lack of effect was 
not due to an inability of these cells to respond to activators of 
NF-kB since overexpression of the ILIR I (Fig. lA , left panel) 
and treatm ent with IL-1 (Fig. LA, right panel) both activated 
NF-kB. To ensure tha t this lack of effect was not cell-specific, 
several other cell lines were tested including HEK293 cells and 
HeLa cells. Similarly, no activation of NF-kB by T1/ST2 was 
observed in any of the cell lines tested (not shown).

To confirm this result we employed a different approach 
involving an anti T1/ST2 cross-linking monoclonal antibody on 
P815 cells. These cells express TiyST2 as shown by fluores- 
cence-activated cell sorter analysis (Fig. IB), and this antibody 
has been shown to induce IL-4 and IL-5 production (32). Fol
lowing cross-linking, no effect on N F-kB  was observed above an 
isotope-matched control IgG when measured using electro
phoretic mobility shift assay, nor was any degradation of IkB 
observed (Fig. 1C). Incubation time of the cells with anti-TV 
ST2 mAb was 3 h (Fig. 1C, lane 3). Earlier incubation times of 
the cells with antibody showed no responses (not shown). 
Treatment of the cells with IL-1 for 15 min activated NF-kB 
and caused IkB degradation (Fig. 1C, lane 2).

We next investigated the ability of T1/ST2 to activate an
other transcription factor, AP-1. It has been reported that IL-1, 
IL-18, and several of the known TLR ligands can also activate 
AP-1 through their respective receptors (33). T1/ST2 was able 
to induce an AP-1 luciferase reporter construct in EL4 cells up 
to 4-fold above control levels (Fig. ID). Treatment of the cells 
w ith IL-1 also activated AP-1. In addition cross-linking of P815 
cells with anti-Tl/ST2 antibody caused phosphorylation of c- 
Jun  at contact times of 1 and 3 h (Fig. IE, lanes 2 and 4). These 
results implied that T1/ST2 is able to activate AP-1 but not 
NF-kB.

An IL IR I-T l/S T 2  Chimera Activates NF-kB  via Recruit
ment o f the ILlRAcP—It has previously been reported that a 
chimera consisting of the extracellular portion of the ILIRI 
and the intracellular portion of T1/ST2 could activate both 
NF-kB (27) and p38 MAP kinase (17) in C0S7 and Ju rka t cells 
both by overexpression and in response to IL-1 treatment. As 
this was in  contrast to our results observed with overexpres
sion of full-length T1/ST2, we investigated the effect of the 
chimera in our system. In Fig. 2A it can be seen that overex- 
pression of a chimera, comprising the IL IR I extracellular and 
transmembrane regions and the cytosolic domain from T1/ST2 
(ILlR^,(„-Tl/ST2^yt„), was capable of activating NF-kB in EL4 
cells. This effect was seen by overexpression of the plasmid 
(Fig. 2A) and was promoted following IL-1 treatm ent (not 
shown). The effect of the chimera on NF-kB activation was
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Fig. 1, T1/ST2 d o es  n o t a c t iv a te  N F -kB  b u t d o es  a c t iv a te  AP-1.
EL4 cells (7 x 10®) were transiently transfected with plasmids encoding 
FLA(j-tagged T1/ST2 or ILIRI as indicated and (A) 5 NF-kB lucif
erase plasmid or (D) 5 ij.g AP-1 luciferase plasmid, both along with 1 jig 
of thymidine kinase Renilla luciferase for 16-18 h. The empty vector 
(EV) control plasmid was pCMV-Flag. IL-1 effects were measured after 
6 h of incubation with 10 ng/ml IL-1. Extracts were prepared and 
measured for luciferase activity. Results are normalized for Renilla 
luciferase activity and represented as fold stimulation over the non
stimulated EV control. Riesults are expressed as mean ± S.D. from 
three separate experiments, each carried out in triplicate. B, T1/ST2 
was detected on P815 cells by fluorescence-activated cell sorter analy
sis. Aliquots of cells were either unstained {!.), blocked with excess 
unlabelled anti-Tl/ST2 antibody 3E10 (2.), or stained with biotinylated 
3E10 (3.). 82.2% of cells were T1/ST2". C, P815 cells (2 x 10® per ml) 
were added to 6-well plates and treated with IL-1 (10 ng/ml, 15 min) 
(lane 2) or added to plates coated with either anti T1/ST2 for 3 h (lane 
3) or isotype-matched control antibody (lane 4). Cells were harvested 
and assayed for NF-kB by electrophoretic mobility shift assay (upper 
panel) and IkB by immunoblotting (lowerpanel). E, P815 cells (2 X 10® 
per ml) were added to 6-well plates either untreated (lane 1) or coated 
with anti-TiyST2 (lanes 2, 4, 6) or isotype-matched control antibody 
(lanes 3 ,5 , 7) for the incubation times shown. Cells were harvested and 
assayed for phospho-c-Jim by immunoblotting of cell lysates. The upper 
panel shows phosphorylated c-Jun, while the lower panel shows total 
c-Jun, indicating equal loading of samples. All results shown are rep
resentative of three separate experiments.

inhibited by overexpression of the isolated TIR domain of 
MyD88, which acts as a dominant negative form of MyD88 (Fig. 
2B) (24).

It was possible that the IL1R-T1/ST2 chimera was acting via 
the ILlRAcP. We investigated this possibility by transfecting 
this chimera into the ILlRAcP-deficient cell line EL4 D6/76. It 
is known tha t this cell line is unresponsive to IL-1 due to the 
absence of ILlRAcP. As shown in Fig. 2C, we confirmed this 
and then demonstrated tha t the responsiveness of EL4 D6/76 
cells to IL-1 can be restored upon co-transfection of ILlRAcP 
(20). We observed tha t overexpression of the chimera IL lR ^t^-
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F ig . 2 . A ctivation  of NF-kB by  an  IL -1  recep to r-T l/S T 2  ch i
m eric  c o n s tru c t is d e p en d a n t o n  MyD88 a n d  IL lR A cP. A and B,
EL4 cells (7 X 10®) were transiently trEinsfected with plasmids encoding 
2.5 /ig each of ILlRl/ILlRAcP or the ILlR^,„„-TiyST2jy^ chimera at 
the indicated amounts (A) or 5 fig of chimera and increasing amounts of 
plasmid encoding the isolated TIR domain of MyD88 as shown (B). C, D, 
and E, EL4 D6/76 cells deficient in ILlRAcP (7 x 10®) were transiently 
transfected with 5 fig of plasmid encoding ILlRAcP and treated with 
medium alone or IL-1 (10 ng/ml) for 6 h (C), the indicated amounts of 
chimera alone or chimera with 5 fig of ILlRAcP (D), or the indicated 
amounts of plasmid encoding T1/ST2 or T1/ST2 with 5 fig of ILlRAcP 
(£). Each cell population was also transfected with 5 fig of NF-kB 
luciferase plasmid and 1 fig thymidine kinase Renilla luciferase for 
16-18 h. Extracts were prepared and measured for luciferase activity. 
Results are normalized for Renilla luciferase activity and represented 
as fold stimulation over the non-stimulated EV control. Results are 
expressed as mean ± S.D. from three separate experiments, each car
ried out in triplicate.

F ig . 3. T1/ST2 a c tiv a tes  AP-1 v ia  c -Ju n  N -term inal k inase . A
and B, HEK 293 cells (2 X 10*) or EL4 (7 X 10®) were transfected with 
the components of GAL4-c-Jun” “““ ’ system. For HEK293 cells, 2 ng of 
each fusion <rans-activator plasmid was used with 80 ng of GAL4- 
luciferase. For EL4 cells, 1.25 fig of each fusion (rans-activator plasmid 
was used with 5 fig of GAL4-luciferase. Cells were also transfected with 
the indicated amounts of plasmid encoding FLAG-tagged T1/ST2 or B, 
20 ng of JNK inhibitory protein iJIP). A plasmid encoding Renilla 
luciferase was also transfected (40 ng in the case of HEK293 or 5 fig in 
the case of EL4). Results are normalized for Renilla luciferase activity 
and represented as fold stimulation over the nonstimulated EV control. 
Results are expressed as mean ± S.D. from three separate experiments, 
each carried out in triplicate. C and D, P815 cells were added to 6-well 
plates coated with anti-Tl/ST2 mAh 3E10 or control IgG for 3 h or were 
treated with IL-1 (10 ng/ml) for 15 min. Lysates were assayed by 
immunoblotting for phospho-JNK (C) or phospho-c-Jun (O). The lower 
panels in C and D indicate the respective levels of total JNK or c-Jun in 
each sample. For inhibition of JNK, cells were pretreated with 
SP600125 at 25 fiM for 1 h prior to addition of the cells to the plate- 
bound antibody or treatm ent with IL-1 as shown.

I Tl/ST2^yto w a s  unab le  to  a c tiv a te  N F-kB in  th e se  cells (Fig. 2D)
' implying a requirement for ILlRAcP. This was further sug

gested when ILlRAcP was transfected into the cells since the 
chimera potentiated the response to ILlRAcP alone by up to 
2-fold at an ILlRAcP plasmid concentration of 5 fig/ml (Fig.

I  2D). Conversely, Fig. 2jB shows that co-transfection of T1/ST2 
and ILlRAcP had no effect on the level of activation of NF-kB 
by ILlRAcP (right side). T1/ST2 alone also has no effect on 
these cells (left side). Taken together, these results imply that 
the IL1R1-T1/ST2 chimera activates N F-kB because it recruits 
ILlRAcP, which cannot be recruited by full-length T1/ST2.

Activation of AP-1 by T1IST2 Occurs via JNK—As we had 
observed the ability of T1/ST2 to activate AP-1 we next inves
tigated further upstream signals involved in this activation. 
JNK is a well characterized upstream activator of the AP-1 
transcription factor complex. To investigate this, a reporter 
assay using a frana-reportersystem of a c-Jun-GAL4 construct 
and Gal-luciferase, which serves as a readout for JNK activa
tion, was used. Fig. 3A demonstrates that in a similar fashion 
to the combined effect of ILlRl/ILlRAcP, overexpression of 
T1/ST2 can activate JNK in both HEK293 (.left panel) and EL4

cells (right panel). This effect was inhibited when cells were 
transfected with a plasmid encoding JNK inhibitory protein-1 
(JIP-1), implying that the effect of T1/ST2 is specific for JNK 
(Fig. 3B). This effect was unlikely to be due to nonspecific 
activation of JNK by an overexpressed protein since other 
overexpressed proteins such as IKK-2 and truncated forms of 
MyD88 had no effect (not shown). In addition, cross-linking of 
P815 cells also caused phosphorylation of JNK with activation 
occurring at 3 h (Fig. 3C, lane 3). Phosphorylation of c-Jun, as 
observed by cross-linking, was inhibited by the specific JNK 
inhibitor SP600125 (Fig. ZD, compare lanes 5 and 6). IL-1 was 
also found to increase JNK and c-Jun phosphorylation on P815 
cells (Fig. 3C, lane 2 and 3D, lane 3).

T1/ST2 Causes Activation of p42!44 andp38 MAP Kinases— 
We next investigated the ability of T1/ST2 to activate p42/p44 
MAP kinase using an Elk-1 frans-reportersystem consisting of 
an Elk-1-GAL4 construct and Gal-luciferase, which serves as a 
readout for p42/44 activation. As shown in Fig. 4A, overexpres
sion of TiyST2 in HEK293 cells (left panel) or EL4 (right panel) 
activated p42/p44. 20 or 50 ng of a plasmid encoding T1/ST2 
was required for this effect in HEK293 cells, while 2.5 fig of
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Effect o f anti-T l/ST2 mAb IL-4 and IFN-y production 

in naive CD4* cells 
Splenocytes from naive BALB/c mice were isolated and incubated in 

medium alone or medium containing the JNK inhibitor SP600125 (25 
pM) for 1 h a t 37°C. 1-ml ahquots containing 1 X 10® cells were then 
added to 24-well plates coated with anti-Tl/ST2 mAb 3E10 or control 
IgG for 1 h, Brefeldin A was then added to each well for 4 h, after which 
intracellular IL-4 or IFN - 7  was determined in CD4* cells as described 
under “Experimental Procedures,” Data are presented as the mean 
percentage of cells that had detectable IL-4 or IFN-y. Values are rep
resentative of data obtained in four separate experiments.

Treatment of cells % IL-4 
producing cells

%IFN- 7  
producing cells

Anti T1/ST2 9.34 1.07
Anti T1/ST2 + SP600125 1.58 1.29
IgG 0.75 1.17
IgG -1- SP600125 0.9 1.30

F ig . 4. T1/ST2 ac tiv a tes  MAP k in ases  p42/44 a n d  p38. HEK 293
cells (2 X 10'*) or EL4 (7 X 10®) were transfected with the components 
of GAL4-Elkl«“’'- “ '» (A) or GA L4-CH0P"-'"'’ (C) systems that serve 
as a readout for p42/44 and p38, respectively. For HEK293 cells, 2 ng of 
each fusion <rans-activator plasmid was used with 80 ng of GAL4- 
luciferase. For EL4 cells, 1.25 fig of each fusion <rans-activator plasmid 
was used with 5 fig of GAL4-luciferase. Cells were also transfected with 
20 ng each of plasmid encoding ILIRI and ILlRAcP (HEK293 cells) or 
the indicated amounts of plasmid encoding FLAG-tagged T1/ST2 
(HEK293 and EL4). A plasmid encoding Renilla luciferase was also 
transfected (40 ng in the case of HEK293 or 5 .̂g in the case of EL4). 
Results are normalized for Renilla luciferase activity and represented 
as fold stimulation over the nonstimulated EV control. Results are 
expressed as mean ± S.D. from three separate experiments, each car
ried out in triplicate. B, P815 cells were added to 6 -well plates coated 
with anti-Tl/ST2 mAh 3E10 or control IgG for 3 h or were treated with 
IL-1 (10 ng/ml) for 15 min, and lysates were assayed for phosphorylated 
p42/44 or for ^-actin, which served as a  loading control. D, HEK293 cells 
(1 X lOVml), were transfected with 4 tig of FLAG-tagged p38 and 4 ng 
of T1/ST2 (lane 4) as indicated. 16-18 h  posttransfection, cells were 
harvested and the kinase assay performed as described under “Exper
imental Procedures.” For the sample in lane 3, cells were treated with 
IL-1 (10 ng/ml) for 15 min prior to harvesting. Samples were assayed for 
phosphorylated ATF-2 or FLAG-tagged p38 by immunoblotting. Iden
tical results were obtained in an additional experiment.

plasmid was required for EL4 cells. 20 ng each of ILIRI and 
ILlRAcP were able to activate p42/44 in  HEK293 cells (left 
panel). As shown in Fig. 4S cross-linking of P815 cells for 3 h 
also activated p42/44 MAP kinase (lane 3) as indicated by 
increased phosphorylation when compared with unstimulated 
cells (lane 1) or cells plated on control IgG (lane 4).

We also measured the effect of T1/ST2 on p38 MAP kinase. 
The first assay used was an overexpression system using plas
mids encoding CH0P-(jal4 and Gal-luciferase, which serve as a 
readout for p38 activation. As can be seen in Fig. 4C, overex
pression of a plasmid encoding T1/ST2 activated p38 MAP 
kinase at 20 and 50 ng in HEK293 (left panel) and a t 2.5 in 
EL4 cells (right panel). This effect was confirmed in  another

assay for p38, involving immunoprecipitation of a FLAG- 
tagged p38 construct from T1/ST2 transfected cells, the immu- 
noprecipitate being assayed for its ability to phosphorylate 
ATF-2. Phosphorylation of ATF-2 was measured by immuno
blotting samples using a phospho-ATF-2 antibody. As can be 
seen in Fig. 4D, phosphorylation of ATF-2 was enhanced in 
anti-FLAG immunoprecipitates from cells co-transfected with 
T1/ST2 and FLAG-p38, when compared with anti-FLAG im
munoprecipitates from cells transfected with FLAG-p38 alone 
(compare lane 4 to lane 1). Lane 2 is a specificity control since 
there is no substrate in the assay, and lane 3 shows tha t IL-1, 
a known activator of p38, is able to induce ATF-2 phosphoryl
ation in this assay. The level of p38 in all samples is equivalent 
(lower panel).

Induction o f IL-4 by Cross-linking T1IST2 in Naive T  Cells Is 
Mediated by t/iVJ?—Using four separate assays (transfection- 
based assays for JNK and AP-1 and phosphorylation of JNK 
and c-Jun) we had demonstrated JNK to be a key effector in 
T1/ST2 signaling. We therefore tested the functional signifi
cance of JNK activation by T1/ST2. As all T1/ST2 signaling 
studies performed above were on cell lines we investigated 
whether cross-linking stimulated IL-4 (Th2-inducing) or IFN - 7  

(Thl-inducing) production in naive CD4'*̂  cells. It has previ
ously been reported tha t cross-linking of T1/ST2 in Th2 cells 
results in increased production of the Th2 cytokines IL-4 and 
IL-5 (32). As shown in Table I, T1/ST2 cross-linking induced a 
9-fold increase in the frequency of IL-4-producing cells com
pared with control IgG-treated cells. Consistent with the 
known propensity of T1/ST2 to induce Th2 responses (32) there 
was no increase in IFN-7 -producing T h l cells following T1/ST2 
cross-linking. The increase in frequency of IL-4-producing cells 
elicited by T1/ST2 cross-linking was almost abolished when 
cells were pretreated for 1 h with the JNK inhibitor SP600125 
(Table I). Reduced IL-4 in cells treated with SP600125 was not 
due to cell cytotoxicity, as negligible cell death (as assessed by 
trypan blue exclusion) was seen in all groups. T1/ST2 cross- 
linking of naive spleen cells therefore selectively up-regulates a 
Th2, but not a T hl, response via a JNK-mediated pathway.

DISCUSSION

In this study we have examined T1/ST2 signal transduction 
using either heterologous overexpression of T1/ST2 or an acti
vating T1/ST2 antibody. Overexpression of ILIRI and 
ILlRAcP has been shown by us and others to activate IL-1 type 
signals indicating the usefulness of the overexpression ap
proach in the absence of a ligand (34, 35). This approach has 
also been used for characterizing signaling pathways of the 
novel TLRs whose ligands are unknown, although the approach 
differed slightly as CD4 fusions were made of TLRs 7, 8 , and 9 
prior to overexpression (36). Using these approaches we have
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found tha t T1/ST2 is a functional member of the Toll/ILIR 
superfamily capable of activating signaling pathways. More
over, we found a difference between T1/ST2 and other members 
of th is family in  tha t although T1/ST2 can activate AP-1, JNK, 
p42/p44, and p38 MAP kinase, it apparently does not activate 
NF-kB. This is consistent with a role for T1/ST2 in Th2 cell 
function since NF-kB has been more strongly implicated in Thl 
responses rather than Th2 and also concurs with conclusions 
drawn by Kumar et al. (17) on an unidentified T1/ST2 ligand 
tha t activates p38 but not NF-kB. Our data  provide functional 
relevance for the observed JNK activation since the selective 
induction of IL-4 in CD4* T cells following T1/ST2 cross-link
ing was blocked by the specific JNK inhibitor SP600125.

Members of the Toll/IL-1 receptor superfamily are structur
ally related and are primarily categorized on the basis of a 
conserved intracellular region called the TIR domain. It previ
ously has been shown in the case of the ILIR I, IL18R, £md 
several of the TLRs that this TIR domain is essential in medi
ating transcriptional activation via these receptors. Signaling 
pathways activated by these receptors overlap in all cases so 
far investigated and include the transcription factors NF-kB 
and AP-1 and MAP kinases (14). Previously it has been shown 
tha t a chimeric receptor of the extracellular and transm em
brane domain of the ILIR I and the cytoplasmic domain of 
T1/ST2 was able to signal NF-kB activation (27). However, our 
data suggests that this effect is dependent on ILlRAcP. It is 
known that upon binding ILl, ILIRI and ILlRAcP interact via 
their extracellular domains, so the signal transm itted via this 
chimera is likely to be due to interaction of the IL IR I extra
cellular portion of the chimera with the ILlRAcP (37). Our 
evidence for this is the lack of effect of the chimera on NF-kB in 
a strain  of EL4, which lacks ILlRAcP. Transfection of the cells 
with a plasmid encoding ILlRAcP, however, renders the cells 
sensitive to the chimera. Overexpression of T1/ST2 or cross- 
linking of T1/ST2 is unlikely to recruit ILlRAcP. Our findings 
are in  agreement with those reported by Born et al. (38) who 
have shown th a t the ILlRAcP can act as an accessory protein 
for the ILlR^„i,„-Tl/ST2^yi„ chimera following addition of IL-1 
in S49.1 cells.

In the case of IL-1, it is known that activation of JNK and 
AP-1 by ILIRI requires ILlRAcP similar to the activation of 
NF-kB by this receptor (39, 40). It may be th a t the cells tested 
here do not express the receptor accessory protein (as yet 
unknown) required by T1/ST2 for NF-kB activation or that the 
overexpression and antibody approach is unable to allow acces
sory protein recruitment. Overexpression of T1/ST2, however, 
can clearly drive other signals in the cells, notably activation of 
AP-1, JNK, p38, and p42/p44 MAP kinases. Furthermore, 
cross-linking of T1/ST2 can drive these signals and lead to IL-4 
but not IFN - 7  production. This cross-linking would result in 
homodimerization of T1/ST2, which may induce different sig
nals fi-om those induced by a heterodimeric complex. It there
fore remains a possibility tha t formation of such a heterodimer 
is required for NF-kB activation but not activation of MAP 
kinases. However, given that the activation of MAP kinases 
requires both ILIRI and ILlRAcP in the case of the IL-1 sys
tem, it is also a possibility tha t the T1/ST2 accessory protein is 
recruited upon overexpression or cross-linking of T1/ST2, but 
does not activate NF-kB. It is possible th a t this putative acces
sory protein might have already been identified £ind classed as 
one of the other orphan receptors of the ILIR family. Born et al. 
(38) have attempted to classify ILIR superfamily members into 
receptors or accessory proteins based on chimera studies. Only 
the two known accessory proteins (ILlRAcP and ILlSRAcP) 
were categorized as accessory proteins. In addition, two novel 
members of the family, TIGGIRl and ILIRAPL seem to fall

into neither group and might therefore constitute a new sub
group of the family. It would be interesting to investigate 
whether the full-length version of either of these can interact 
with T1/ST2.

The lack of effect of T1/ST2 on NF-kB suggests that not all 
TIR domain-containing receptors signal in a similar way. This 
has also been shown for TLRs, where TLR2 and TLR4 differ in 
the sets of genes their ligands induce (33) and also in their 
ability to differentially activate dendritic cells to favor either 
T h l or Th2 development (41). Furthermore, TLR4 but not IL-1, 
IL-18, or CpG DNA (acting via TLR9) can activate NF-kB in the 
absence of MyD88 using the novel adapter protein Mai (MyD88 
adapter like) (42, 43). Our data therefore concurs with the 
concept tha t TIR domain-containing receptors, although capa
ble of activating similar signals, may activate (or fail to acti
vate) other divergent signals. The basis for this difference may 
lie in each TIR domain, which although similar in amino acid 
sequence, are not identical. In fact, although the structures of 
the TIR domain in TLRl and TLR2 are broadly similar there 
are clear differences (44). A fuller understanding of the TIR 
domEiin will await further structural determination.

Our signaling data with T1/ST2 is an important confirma
tion of a previous report on T1/ST2 signaling tha t identified a 
putative ligand. Using a partially purified ligand Kumar et al. 
(17) demonstrated a lack of effect on N F-kB but were able to 
observe activation of p38 MAP kinase. This provides additional 
evidence tha t T1/ST2 will not be able to affect NF-kB.

Given the probable role of T1/ST2 in Th2 effector fiinction, 
the lack of effect of T1/ST2 on NF-kB is consistent with evi
dence from transgenic mice whose NF-KB/Rel-signaling path
way is inhibited in T cells (45). NF-kB induction was specifi
cally inhibited in T cells by a m utated form of I kBo . These mice 
exhibited impaired T hl responses but normal Th2 responses 
indicative of the lack of a role for N F-kB in Th2 function. It has 
also recently been reported, however, that Gata-3, a Th2-spe- 
cific transcription factor whose expression is essential for IL-5 
production, is dependant on N F-kB (46). The precise role of 
N F kB in T h l and/or Th2 cell regulation is therefore, yet to be 
clarified.

With respect to JNK and p38, although both of these kinases 
have been implicated in T h l function (47), there is also evi
dence tha t they regulate the expression of genes in Th2 cells, 
such as IL-4 activation tha t requires JunB (48) and IL-5 tha t is 
induced by cAMP via p38 (49). p42/p44 has also been shown to 
play a role in Th2 cell function since TCR-mediated activation 
of p42/p44 is required for Th2 cell differentiation (50). We 
tested a role for JNK in a physiologically relevant response to 
T1/ST2 activation, namely the induction of IL-4. Cross-linking 
of T1/ST2 in Th2 cells had been shown to induce IL-4 (32). We 
have shown here th a t this selective induction of Th2 but not 
T h l responses can also be observed in naive T cells, and im
portantly we have demonstrated tha t this response required 
JNK activation since it was blocked by a specific JNK inhibitor 
SP600125. Activation of JNK and probably the other MAP 
kinases tha t we have studied is therefore likely to be important 
for the role played by T1/ST2 in T cell function. Furthermore, 
the observation tha t anti-Tl/ST2 induces IL-4 in naive T cells 
implies that T1/ST2 may drive a Th2-polarising signal in T 
cells.

In conclusion, T1/ST2 is a TIR domain-containing receptor, 
which appears to selectively activate MAP kinases without 
affecting NFkB, consistent with its role in Th2 cell regulation. 
The ligand for T1/ST2, which has yet to be identified, would be 
strongly predicted to target the same signals.
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