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Abstract

Abstract

This thesis set out to eharacterise the GOLD domain eontaining protein, TMED1 

whieh had been shown to assoeiate with ST2L, the receptor for the cytokine IL-33 and to 

investigate its relationship with ST2L.

Co-immunoprecipitation assays and confocal microscopy confirmed an 

association between TMEDl and ST2E. Confocal microscopy also revealed that this 

association occurred at least in part, at the ER and Golgi. Experiments involving 

mutation and deletional constructs of both TMEDl and ST2L demonstrated that the 

integrity of the GOLD domain was particularly important for this association and that the 

interaction is mediated primarily by the GOLD domain of TMEDl and the TIR domain 

of ST2L. Eurther characterisation of TMEDl revealed that its GOLD domain projected 

into the cytosol, thereby facilitating the GOLD-TIR association. ST2L did not associate 

with other TMED family members, and TMEDl did not associate with other TIR domain 

containing proteins, demonstrating the specificity of the association between TMEDl and 

ST2L.

A role for TMEDl in IL-33-induced signalling pathways was demonstrated using 

siRNA mediated knockdown of TMEDL These experiments revealed that knockdown of 

TMEDl impaired IE-33-induced responses. In particular IE-33-induced p38 and pERK 

activation was impaired in the absence of TMEDL Interestingly, IL-33-induced MAPK 

activation was also reduced when endocytosis was inhibited, while receptor 

internalisation was less important for NF-kB activation. This suggests that receptor 

internalisation is particularly important for IL-33-induced MAPK activation.

An analysis of the localisation of TMEDl revealed that it localised to early 

endosomes and following IE-33 stimulation, TMEDl localisation at the early endosome

xiv



Abstract

was enhanced. Given that endocytosis is required for IL-33-induced MAPK activation, 

and that IL-33 increases the levels of TMEDl at the early endosome, this suggests that 

the early endosome may be the compartment at which TMEDl performs its positive 

regulatory function in the IE-33/ST2E signalling pathway.

This study, therefore, reveals a role for TMEDl in the IE-33 signalling pathway 

and further supports the emerging evidence for an important role for TMED members in 

immunoregulation.
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Chapter 1 - Introduction

Chapter 1

1.1 The immune system

The immune system functions to defend against infections and disease, and is 

composed of a complex network of specialised cells, organs and humoral factors. 

Collectively, they aim to protect the host from harmful agents. In the event that the host 

experiences an incident which results in its damage, the immune system initiates a 

response to defend the host and endeavours to return it to a more homeostatic state. The 

immune system has numerous ways in which it can defend the host. Some of these 

mechanisms are always in place, ready to provide a first line of defence and act early on 

in an infection. These mechanisms form what is known as the innate immune system. 

Other mechanisms have evolved to provide a more versatile means of defence and as 

such these are known as the adaptive immune system. Both systems work together for the 

benefit and protection of the host (Janeway, 1993, 2001).

1.2 Innate immune system

The innate immune system is a universal and ancient form of host defence against 

infection. During evolution, the innate immune system appeared before the adaptive 

system and aspects of innate immunity are found in all multi-cellular organisms, 

including plants and insects (Medzhitov and Janeway, 2000).

A critical feature of the innate immune system is the ability to discriminate 

between infectious non-self and non-infectious self (Janeway, 1992). Epithelial surfaces 

such as the skin, and the lining and mucosa of the respiratory and gastrointestinal tract 

provide the first line of defence to prevent the entry of foreign pathogens (Janeway and 

Medzhitov, 2002). These physical barriers are in place at all times.
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Activation of the host innate immune response, following exposure to infectious 

non-self, is dependent on the recognition of highly conserved, essential microbial 

components, known as pathogen-associated molecular patterns (PAMPs) (Janeway, 

1989). These PAMPs are recognised by germ-line encoded receptors known as pattern 

recognition receptors (PRRs) which do not require the gene rearrangement essential to 

adaptive immune recognition. The innate immune system uses a variety of pattern 

recognition receptors that can be expressed on the cell surface, in intracellular 

compartments, in the cytosol or secreted into the bloodstream and tissue fluids. PRRs are 

critical for the initial detection of PAMPs. The functions of PRRs include opsonization, 

activation of complement cascades, phagocytosis, activation of proinflammatory 

signalling pathways, and induction of apoptosis (Janeway and Medzhitov, 2002). The 

activation of several of these signalling cascades leads to the activation of the adaptive 

immune response.

The host immune response can also be activated by damage or danger associated 

molecular patterns (DAMPs) or alarmins. These are endogenous, host derived molecules 

or their derivatives which are not normally exposed, but are revealed during, after, or 

because of injury in the absence of pathogenic infection (Seong and Matzinger, 2004). 

Like PAMPs, DAMPs trigger PRRs, resulting in the recruitment and activation of 

receptor expressing cells of the innate immune system in a similar manner to PAMPs, 

which aims to restore homeostasis by promoting reconstruction of the damaged tissue 

(Bianchi, 2007). Mediators such as cytokines produced as a result of the activation of 

PAMPs and DAMPs are detected by additional receptors and can relay information to 

other immune cells. The recognition of endogenous DAMPs and exogenous PAMPs both 

convey messages and elicit responses, working together in the complex, coordinated 

effort of host protection.
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1.3 IL-1 receptor (IL-lR)/Toll-like receptor (TLR) superfamily

The IL-IR/TLR superfamily consists of a group of germ-line encoded proteins 

that are considered part of the innate immune system. The first member of this 

superfamily identified was IL-lRl (Sims et al., 1988). A number of years later it was 

noted that the cytoplasmic domain of the IL-lRl is related to that of the Drosophila Toll 

(Gay and Keith, 1991). Toll was originally shown to have a role in the establishment of 

dorso-ventral polarity in Drosophila melanogaster embryos but it is now known to also 

be involved in host defence in the adult fly (Lemaitre et al., 1996). Following the 

observation of the similarity between Toll and the IL-lRl, a human homolog to 

Drosophila Toll was discovered (Medzhitov et al., 1997). The discovery of other 

homologs has led to the definition of the IL-IR/TLR superfamily based on their 

homologous cytosolic domain. This domain is now known as the Toll/IL-IR (TIR) 

domain (Bowie and O'Neill, 2000) and is essential for downstream signalling from these 

receptors.

The IL-IR/TLR superfamily contains many members and can be sub-divided into 

groups (Figure 1.1). The family can be divided into groups based on whether or not they 

possess transmembrane and extracellular regions. Those which do contain extracellular 

and membrane spanning regions can be further divided into two groups based on their 

homology to either the Drosophila Toll receptor or the IL-lRl. These two subgroups are 

the leucine rich repeat containing receptors, such as the TLRs, or the immunoglobulin 

(Ig) domain containing receptors, such as the IL-1 receptors (Kawai and Akira, 2010; 

O'Neill, 2008).

The family members that do not possess extracellular or transmembrane regions

form another sub-group. These include Myeloid differentiation factor 88 (MyD88),

MyD88 adaptor like (Mai), TIR domain containing adaptor inducing interferon-(3 (TRIF),
4
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TRIF-related adaptor molecule (TRAM), and sterile a-motifs and P-catenin/armadillo 

repeat motif (SARM) which are all cytoplasmic and do not have any extracellular region. 

Another TIR domain containing adaptor known as B-cell adaptor for Phosphoinositide 

3-kinase (BCAP) (Troutman et al., 2012) which has recently been shown to be involved 

in TLR signalling could also be included in this group of cytoplasmic TIR domain 

containing adaptor proteins.
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IL-1 receptor-like 
subgroup

TLR
subgroup

TIR containing adaptor 
subgroup

Extracellular/
Lumenal

space

IL-lRl DIGIRR SIGIRR 
IL-RAcP 
IL-18R 

IL-18RAcP 
ST2L 

IL-lRrp2 
IL-1 RAPE 
TIGIRR

Intracellular

TLR 1-12 Mai
MyD88
TRIE

TRAM
SARM

Immunoglobulin domain 
TIR domain
Leucine rich repeat motif

Figure 1.1 lL-1 receptor (lL-lR)/Toll-like receptor (TLR) superfamily

The IL-IR/TLR superfamily members all possess a Toll/Interleukin-1 receptor (TIR) 

domain. This TIR domain mediates the interaction between members of the superfamily, 

specifically receptor-receptor, adaptor-adaptor and receptor-adaptor protein dimerisation. 

The superfamily can be divided into three groups. The first group contains members 

which possess extracellular immunoglobulin domains, the second group contains 

members which have extracellular leucine rich repeats and the third group contains 

members which are cytoplasmic proteins. The members of the IL-1 receptor-like 

subgroup of the IL-IR/TLR superfamily can possess different numbers of 

immunoglobulin domains. IL-IRAPL, TIGIRR, and SIGIRR remain as orphans, as their 

ligands are unknown, while the ligands that bind other the members of this subgroup are 

known.



Chapter 1 - Introduction

1.4 Toll-like receptors

The TLRs are type-1 transmembrane proteins which contain 16-28 copies of a 

LxxLxLxxNxL motif known as leucine rich repeat (LLR) at their N-terminus and a TIR 

domain at their C-terminus (Matsushima et al., 2007). To date, ten functional TLRs have 

been identified in humans while twelve have been identified in mice. TLR1-TLR9 are 

conserved in both species. TLRIO is functional in humans, but there is no mouse TLRIO 

homologue (Hasan et al., 2005). TLRll, TLR12 and TLR13 have been lost from the 

human genome (Kawai and Akira, 2010). Many of the ligands recognised by TLRs have 

been identified. They consist of various molecular patterns on pathogens known as 

PAMPs (Janeway, 1992). For example, tri- or diacylated lipopeptides are recognised by 

TLR2 in complex with TLRl or TLR6 respectively (Morr et al., 2002; Ozinsky et al., 

2000). While TLR4 detects the bacterial wall component Lipopolysaccharide (LPS) and 

TLR3 recognises the dsRNA synthetic analog Polyinosine-polycytidylic acid (poly (I:C)) 

(Alexopoulou et al., 2001; Poltorak et al., 1998).

1.5 IL-lR-like receptors

The members of the IL-lR-like subgroup each contain Ig domains in their

extracellular regions. These Ig domains are involved in the recognition of members of the

IL-1 family (Table 1.1). As mentioned above, IL-lRl was the first member to be

identified, and is now known to recognise IL-1 a or IL-ip in concert with IL-lRAcP

(Greenfeder et al., 1995). As their names suggest, IL-18R and IL-18RAcP recognise

IL-18 (Cheung et al., 2005). IL-18R has also been shown to bind the IL-37b isoform

(Kumar et al., 2002), while binding of IL-lRrp2 has been reported for each of the three

IL-36 isoforms (Towne et al., 2011). IL-33 binds to the receptor ST2L (Schmitz et al.,

2005). This receptor is of particular interest here and will be discussed in more detail
7
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later in the chapter. IL-1 receptor accessory protein like (IL-IRAPL), three 

immunoglobulin IL-1 receptor-related (TIGIRR) and single immunoglobulin IL-1 

receptor-related (SIGIRR) are also in this family, although they remain as orphan 

receptors (Bom et al., 2000; Carrie et al., 1999; Thomassen et ah, 1999). Functions for 

IL-IRAPL and TIGIRR are presently unknown, although IL-IRAPL has been shown to 

activate c-Jun N-terminal kinase (INK) but not the extracellular signal-regulated kinase 

(ERK) or the p38 mitogen-activated protein (MAP) kinases (Khan et al., 2004). SIGIRR 

does not activate these factors, probably because it does not contain two highly 

conserved amino acids in the TIR domain (Ser 447 and Tyr 536), that have been shown 

to be essential for signalling (Thomassen et al., 1999). Instead SIGIRR has been shown 

to negatively regulate IL-1, IL-18, IL-33, LPS, flagellin and CpG DNA-induced 

signalling (Bulek et al., 2009; Qin et al., 2005; Wald et al., 2003; Zhang et al., 2011). 

SIGIRR exerts its inhibitory effects via ligand induced association with receptors which 

inhibits receptor dimerisation and the recruitment of receptor proximal signalling 

components. While each of the IL-IR family members has been identified in mammals, 

another family member known as double Ig IL-IR related molecule (DIGIRR) has 

recently been identified in fish (Gu et al., 2011). Unlike previously identified IL-IR 

family members, DIGIRR possess two extracellular Ig domains, and has a subcellular 

distribution within the Golgi. Like SIGIRR, DIGIRR has been shown to act as a negative 

regulator, inhibiting LPS and IL-1 (3-induced NF-kB activation. Over the years, many 

names for the ligands of the IL-IR family members have been used interchangeably 

(Sims et al., 2001). Now that functions have been identified for an increased number of 

the ligands the nomenclature outlined in Table 1.1 has been proposed (Dinarello et al., 

2010).
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Ligand name Cleaved by Receptor
complex

Antagonist Reference

IL-la Calpain, IL-1R1 and IL-lRa (Afonina et
(IL-lFl) elastase,

granzyme-B,
chymase

IL-lRAcP (IL-1E3) al., 2011; 
Eisenberg et 

al., 1991; 
Kavita and 

Mizel, 1995)

IL-IB Caspase 1, IL-lRl and IL-lRa (Eisenberg et
(IL-1F2) Cathepsin G, 

elastase, 
proteinase-3, 
granzyme-A 
and mast cell 

chymase

IL-lRAcP (IL-1E3) al., 1991; 
Irmler et al., 

1995;
Mizutani et 
al., 1991; 

Netea et al., 
2010;

Thomberry et 
al., 1992)

IL-18
(IL-1F4,

IFNy inducing 
factor,
IL-ly)

Caspase 1 and 
Caspase 3

lL-18Rand
IL-18RAcP

1L-18BP (Akita et al., 
1997;Novick 
etal., 1999)

IL-37fb)
(IL-1F7, 

IL-1H4, IL-1^, 
IL-lRPl/IL-lH)

Caspase 1 IL-18R Unknown (Kumar et al., 
2002)

IL-36a
(IL-1F6, FIL-le)

IL-36B
(IL-1F8, FILlri, 

IL-1H2) 
IL-36Y

(IL-1F9, IL-le, 
1L-1H1,IL-1RP2)

Unknown IL-1 Rrp2 and 
IL-lRAcP

IL-36Ra
(lL-lF5,lL-lHyl, 

F1L16,1L-1H3, 
1L-1RP3, IL-1 El, 

lL-15)

(Towne et al., 
2011)

IL-33
(IL-lFll,
NFHEV)

Caspase 1 
Caspase 3 and 

Caspase 7 
Calpain 
Elastase, 

cathepsin G 
and

proteinase-3

ST2L and 
IL-lRAcP

sST2 (Luthi et al., 
2009; Schmitz 

et al., 2005) 
(Hayakawa et 

al., 2009; 
Lefrancais et 

al., 2012)

Table 1.1 IL-IR family member complexes with known ligands, potential proteases for the 

ligands and known antagonists of the receptors
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1.6 IL-IR/TLR signalling pathways

The IL-1-induced signalling pathway is initiated following the formation of a 

ligand-induced receptor complex consisting of IL-IR and IL-lRAcP. The adaptor protein 

MyD88 is recmited to the receptor complex following stimulation via its TIR domain 

(Bums et al., 1998). Interleukin-1 receptor-associated kinase (IRAK) proteins are then 

recmited to the complex. These proteins interact with MyD88 via their death domains 

(Neumann et al., 2008). IRAK4 phosphorylates IRAKI which induces its 

autophosphorylation activity (Li et al., 2002). Hyperphosphorylated IRAKI is then 

released from the receptor complex (Kollewe et al., 2004). The association of IRAKI 

with TNF-a receptor associated factor 6 (TRAF6) activates TRAF6 and leads to the 

recmitment of a TGF-P activated kinase-1 (TAK1)/TAK binding protein-2/3 (TAB2/3) 

complex and TAKl activation by phosphorylation (Wang et al., 2001). Activated TAKl 

phosphorylates the IkappaB kinase (IKK) complex, which in turn phosphorylates 

inhibitor of kappa B alpha (IxBa). IxBa is subsequently degraded allowing the p65/p50 

subunits of the NF-kB complex to enter the nucleus and induce gene expression. TAKl is 

also an upstream activator of MAPKs and induces the activation of the transcription 

factor AP-l(Ninomiya-Tsuji et al., 1999).

As mentioned above, IL-1 signalling requires the use of the TIR domain 

containing adaptor MyD88. While this signalling pathway only requires one adaptor, 

other signalling pathways use more than one. For example, LPS-induced TLR4 signalling 

utilises the adaptors Mai, MyD88, TRIF and TRAM. TLR4 activates two separate 

signalling pathways, the MyD88-dependent and MyD88-independent pathways. The 

adaptors Mai and MyD88 facilitate the activation of the MyD88-dependent pathway at 

the plasma membrane, resulting in the activation of NF-kB. TRIF and TRAM facilitate 

the MyD88-independent pathway which leads to interferon regulatory factor 3 (IRF3)

10
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activation. TLR4 and TRAM have been shown to traffic to early endosomes following 

receptor stimulation and MyD88-independent signalling is mediated from this 

compartment (Kagan et al., 2008).

1.7 The isoforms of ST2

ST2 was initially discovered in 1989 by two independent laboratories working 

with growth stimulated mouse 3T3 fibroblasts (Klemenz et al., 1989; Tominaga, 1989; 

Werenskiold et al., 1989). These groups described a 2.7 kb transcript encoding an 

approximately 37 kDa unglycosylated secreted protein corresponding to a 60 - 70 kDa 

glycosylated product. This secreted and soluble form is now known as sST2. A longer 

form has since been identified which is known as ST2L (alternative names include 

T1/ST2, Fit-1 or DER-4) (Yanagisawa et al., 1993). Both ST2L and sST2 are encoded by 

the IL-lRLl (ST2) gene on chromosome 2 and are generated by alternative promoter 

usage and 3’ processing (Iwahana et al., 1999). ST2L is a transmembrane receptor, which 

consists of three extracellular Ig domains for ligand binding, followed by a 

transmembrane region and an intracellular TIR domain, for signal transduction. The three 

extracellular Ig domains contain three disulfide bonds (between amino acids 36-87, 133- 

181 and 235-303) and at least eight glycosylation sites (Yanagisawa et al., 1993). sST2 

contains the three Ig domains of ST2L, but lacks the transmembrane and cytoplasmic 

domains and includes a unique nine amino acid C terminal sequence (Gachter et al., 

1996). Two other isoforms also exist as a result of alternative splicing, namely ST2V and 

ST2LV. Insertion of a new exon which leads to a change in the C-terminal portion of 

ST2 causes it to gain a hydrophobic tail instead of the third immunoglobulin domain. 

This variant is called ST2V (Tominaga et al., 1999) while ST2LV, which was identified

in chicken, lacks the transmembrane domain and therefore is secreted (Iwahana et al.,

11
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2004). ST2LV mRNA or protein has not yet been detected in humans or mice, posing the 

possibility that ST2LV is absent in mammals. The known variants of ST2 are shown in 

Figure 1.2.

12
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I
Extracellular

Intracellular

ST2L sST2 ST2V ST2LV

Ig domain 

TIR domain

Figure 1.2 Variants of ST2

Four ST2 variants have been identified to date: ST2L, sST2, ST2V and ST2LV. ST2L 

contains three extracellular Ig domains, followed by a transmembrane region and an 

intracellular TIR domain. The secreted and soluble form, sST2 contains three Ig domains, 

but lacks the transmembrane and cytoplasmic domains and includes a unique nine amino 

acid C temiinal sequence. ST2V lacks the third Ig domain of ST2L while ST2LV lacks 

the transmembrane domain and therefore is secreted.

13



Chapter 1 - Introduction

1.8 ST2L expression

As mentioned previously ST2L is a transmembrane receptor with three 

extracellular Ig domains and an intracellular TIR domain. This receptor is highly 

expressed by T helper type 2 (Th2) cells and mast cells (Allakhverdi et al., 2007; Xu et 

al., 1998). Although it is expressed on Th2 cells, ST2L is not found on naive T cells, T 

helper type 1 (Thl) cells, T helper type 17 (Thl7) cells or regulatory T (Treg) cells 

(Lecart et al., 2002; Nakae et al., 2007). Expression of ST2 mRNA has been detected in 

basophils, eosinophils and neutrophils, although at much lower levels than in mast cells 

(Suzukawa et al., 2008a; Suzukawa et al., 2008b). Fluorescence-activated cell soiling 

(FACS) analysis revealed the presence of extremely low levels of surface expressed 

ST2L in basophils (Suzukawa et al., 2008a) and eosinophils (Suzukawa et al., 2008b). 

However, ST2L is more apparent following intracellular staining in these cell types, 

suggesting that there is an additional intracellular pool of ST2L. This is also the case for 

dendritic cells (Rank et al., 2009). Low levels of surface expressed ST2L have also been 

detected on neutrophils (Alves-Filho et al., 2010). Interestingly, IL-33 treatment of 

basophils or neutrophils has been shown to significantly up-regulate ST2L mRNA and 

protein respectively, however ST2L expression in eosinophils ST2L is not induced hy 

lL-33 (Alves-Filho et al., 2010; Suzukawa et al., 2008a; Suzukawa et al., 2008b). ST2L 

mRNA is also present in invariant natural killer (iNKT) cells, although surface 

expression was not detectable by FACS (Smithgall et al., 2008). Other cells types which 

express ST2L include B1 cells (Komai-Koma et al., 2011), macrophages (Espinassous et 

al., 2009), monocytes (Mun et al., 2010), epithelial cells (Zhao et al., 2012), endothelial 

cells (Zeyda et al., 2012), fibroblasts (Kurokawa et al., 2011), nuocytes (Neill et al.,

2010) , cardiomyocytes (Weinberg et al., 2002), astrocytes and microglia (Yasuoka et al.,

2011) . ST2L expressing cell types are shown in Figure 1.3.
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Figure 1.3 ST2L positive and IL-33 response cell types

While Th2 cells and mast cells express high levels of ST2L, the IL-33 receptor is also 

expressed by a wide range of other cell types. These include cells of the immune system 

such as basophils and eosinphils, as well as non-immune cells such as epithelial and 

endothelial cells.

15



Chapter 1 - Introduction

1.9 ST2L ligand identification

Although ST2 was identified in 1989 (Tominaga, 1989), this receptor was classed 

as an orphan receptor until the identification of its ligand in 2005 (Schmitz et al., 2005). 

Its ligand, IL-33, was identified in a search for distant IL-1 and fibroblast growth factor 

(FGF)-like proteins in sequence databases. The authors described the human IL-33 

cDNA sequence which encodes a 270 amino acid polypeptide and corresponds to a 

full-length protein with a calculated mass of 30 kDa. This 30 kDa form was thought to be 

the pro-form of the polypeptide, as incubation of in vitro translated IL-33 with caspase-I 

led to the production of “mature” IL-33 with a mass of 18 kDa (Schmitz et ah, 2005). 

However, multiple other groups have now demonstrated that caspase-1 does not cleave 

and activate IL-33 (Hong et al., 2011) and in fact the full length pro-form has been 

shown to be active by some groups (Hong et al., 2011; Luthi et al., 2009; Talabot-Ayer et 

al., 2009). In addition, the calcium dependent protease calpain, as well as neutrophil 

elastase and cathepsin G have been reported to cleave IL-33 (Hayakawa et al., 2009; 

Lefrancais et al., 2012) (Table 1.1). These caspase independent methods of IL-33 

processing further enhance its biological activity and may serve to exacerbate the effects 

of the pro-form. An alternative splice variant of IL-33 has also been identified (Hong et 

al., 2011). This variant called spIL-33, was isolated from the Huh7 human 

hepatocarinoma cell line. It lacks the proposed caspase-1 cleavage site, but still contains 

the proposed caspase-3 and 7 cleavage sites, and was found to be capable of signalling 

via ST2L (Hong et al., 2011), although it is less active than mature IL-33 (amino acids 

112-270).

As a member of the IL-1 family, IL-33 is most closely related to IL-18. Both lack 

classical secretory peptides and are found within the same branch of the IL-1 

phylogenetic family tree, also shared with Il-la and IL-1 (3. IL-33 adopts a p-trefoil fold
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consisting of six P-strands which forms a barrel like strueture, stabilised by large, internal 

hydrophobic residues, with another six p-strands forming a eap like strueture (Figure 

1.4A) (Murzin et al., 1992). IL-33 mRNA is expressed by numerous organs and eell 

types, in mice and human (Liew et al., 2010; Oboki et al., 2010). At the protein level, 

IL-33 is mainly expressed by structural and lining cells like fibroblasts, epithelial eells 

and endothelial cells and targets the eells mentioned in the previous seetion and shown in 

Figure 1.3.

IL-33 was actually firstly identified as a nuclear factor in high endothelial venules 

and thus beeame known as NF-HEV (Baekkevold et al., 2003). It appears to have an 

intracellular role where it is found in the nucleus in the absence of proinflammatoiy 

stimuli. Its N-terminal corresponds to a novel homeodomain-like Helix-Tum-Helix 

(HTH) DNA-binding domain and is thought to be responsible for its nuclear traffieking 

and chromatin binding ability (Baekkevold et al., 2003; Carriere et al., 2007). As yet, the 

funetion of IL-33 in the nucleus remains unclear, but it has been demonstrated to bind 

histone eomplexes and may be involved in transcriptional regulation (Roussel et al., 

2008). IL-33 mediates the expression of intercellular adhesion molecule (ICAM)-l and 

vaseular cell adhesion molecule (VCAM)-l in endothelial eells basally and in response to 

tumor neerosis faetor-a (TNF-a) treatment via binding to the p65 promoter (Choi et al., 

2012). Interestingly, full length IL-33 has also been shown to interaet with the nulcear 

factor kappa B (NF-kB) subunits p65 and p50. Its interaction with the p65 subunit was 

enhaneed following IL-ip stimulation, and resulted in the reduced ability of p65 to bind 

to its target DNA. Overexpressed IL-33 also resulted in reduced NF-kB aetivation 

following tumor neerosis faetor alpha (TNF-a) stimulation. This may serve to reduee 

NF-kB triggered gene expression in order to dampen proinflammatory signalling (Ali et 

al., 2011). In addition, evidence suggests that IL-33 may aet as a DAMP or alarmin.
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getting released from necrotic cells (Luthi et al., 2009). While the role of nuclear IL-33 

has not yet been fully elucidated, the role of IL-33 as an extracellular cytokine is better 

understood. Functioning as an extracellular cytokine, IL-33 can activate many different 

cell types via the ST2L receptor (Figure 1.3).
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B

Figure 1.4 Structure of IL-33 and the extracellular domain of ST2L

(A) Ribbon representation of IL-33. Secondary structure elements are labelled. N; amino 

terminus, C: carboxyl terminus, a: alpha helix, P: beta strand. (B) Representation of the 

extracellular region of ST2L coloured by electrostatic potential. White, blue and red 

correspond to neutral, positive and negative electrostatic potential respectively. (C) A 

ribbon diagram is shown in the same orientation with the individual Ig domains labelled 

Dl, D2 and D3 (Lingel et al., 2009).
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1.10 The IL-33/ST2L signalling pathway

As mentioned earlier, the primary receptor for IL-33 is ST2L. However, 

association of ST2L with the coreceptor IL-lRAcP is also required for effective 

responsiveness to IL-33 (Chackerian et ah, 2007; Palmer et al., 2008). Firstly, IL-33 

binds ST2L with quite high affinity (26 pM Ku) (Palmer et ah, 2008). The concave 

interaction surface of repeats D1-D2, which contains the first and second Ig domains of 

ST2L is positively charged. This complements a negatively charged residue cluster 

identified in IL-33. In contrast, D3 (containing the third Ig domain) is partly hydrophobic 

and partly electronegative, and therefore represents a complementary binding site for the 

second cluster region on IL-33 (Figure 1.4). The IL-33/ST2L complex in turn binds 

IL-lRAcP resulting in a 1:1:1 stoichiometry (Lingel et al., 2009). The presence of 

IL-lRAcP confers a measurable increase in the binding affinity of mIL-33 to ST2L 

(Palmer et al., 2008). The requirement for the TIR domain of IL-lRAcP was 

demonstrated with the use of a dominant negative form with a stop codon before the TIR 

domain, which inhibited IL-33 signalling (Chackerian et al., 2007).

Following the IL-33-induced formation of the ST2L-IL-lRAcP receptor complex, 

MyD88, IRAK4, IRAKI and TRAF6 are all recruited to ST2L transiently and in a time 

dependent manner (Brint et al., 2004; Funakoshi-Tago et al., 2008; Schmitz et al., 2005). 

MyD88 is recruited to the complex via its TIR domain. IRAK4 and IRAKI are also 

recruited via their death domains, and they phosphorylate components of the pathway 

with their kinase domains. Activation of this signalling pathway results in the 

phosphorylation of ERKl/2, p38 and JNK, as well as phosphorylation and degradation of 

IkBo (Brint et al., 2002; Funakoshi-Tago et al., 2008; Schmitz et al., 2005). Degradation 

of IkBo allows NF-kB proteins to enter the nucleus and induce gene expression. In the 

case of IL-33-induced signalling, the NF-kB complex involved consists of the p50 and
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p65 subunits (Hayakawa et al., 2007). TRAF6 is needed for the p38, INK and NF-kB 

aetivation, however IL-33-induced ERK activation was observed in the absence of 

TRAF6 (Funakoshi-Tago et al., 2008). It has been demonstrated that Lys-63-linked auto- 

ubiquitination of TRAF6 is a critical determinant in the activation of IkB kinase (IKK) 

(Lamothe et al., 2007) and indeed IL-33 can induce auto-ubiquitination of TRAF6 

(Funakoshi-Tago et al., 2008). Similarly the involvement of Janus kinase 2 (JAK2) in 

this pathway has been elucidated. IL-33 activated the tyrosine kinase JAK2, which is 

required for NF-kB activation but is not needed for the activation of ERK, JNK and p38 

(Funakoshi-Tago et al., 2011). It has been suggested that JAK2 regulates IKK activity, 

and thereby is by required only for IL-33 induced NF-kB activation. In addition, 

heterologous receptor ligation can synergise with the canonical IL-33 signalling pathway. 

1L-2R, IL-7R, thymic stomal lymphopoeitin receptor, c-kit and FcsRl-induced signalling 

have all been reported to synergise with IL-33 signalling (Andrade et al., 2011; Drube et 

al., 2010; Guo et al., 2009). These signalling pathways culminate in induction of the 

expression of various genes including IL-4, IL-5, IL-13, CXCLl, G-CSF, GM-CSF, IFN- 

Y, IL-la, IL-1(3, IL-6, lL-8, IL-10, IP-10, MCP-1, MCP-3, MIP-la, MIP-2 and TNF-a 

(Drube et al., 2010; Funakoshi-Tago et al., 2008; Funakoshi-Tago et al., 2011; Hong et 

al., 2011; Moulin et al., 2007; Schmitz et al., 2005; Tare et al., 2010).

1.11 IL-33 and ST2L in host defence and disease

IL-33 is a potent activator of the immune system with roles in a variety of 

diseases. As a proinflammatory cytokine, IL-33 can play a dual role. It is associated with 

host-protection against infections and atherosclerosis but can also exacerbate 

inflammatory diseases, such as asthma (Alves-Filho et al., 2010; Miller et al., 2008;

Smith, 2010). Therefore, the effects of IL-33 depend on the disease. Some of the diseases
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in which IL-33 and ST2L have been implicated are shown in Table 1.2. While this is not 

inclusive of all conditions in which IL-33 and ST2L has been associated with, it gives an 

impression of the range of diseases which involve IL-33 and ST2L (Liew, 2012; Liew et 

ah, 2010).

In the past two years, the discovery of novel subsets of IL-33 responsive innate 

immune cells has further increased the interest in this cytokine. IL-33 has been 

implicated in the function of these innate lymphoid cells that regulate protective 

responses in murine models of parasitic infection and allergic airway inflammation (Neill 

et al., 2010; Wilhelm et al., 2011). While as yet, it is unclear whether these different 

subsets are one single cell type at different stages of development or differentiation, or a 

number of distinct lineages, it is clear that these novel IL-33 responsive cell types play a 

vital role in type 2 immunity. The identification of these novel innate lymphoid cells has 

helped to clarify the role of IL-33 in some conditions such as allergy and anti-parasitic 

immunity (Mirchandani et al., 2012). As roles for IL-33 and ST2L continue to be defined 

in many conditions, the IL-33/ST2L signalling pathway may be worth considering for 

therapeutic targeting (Kakkar and Lee, 2008; Yuan et al., 2011). Therefore, a more 

complete understanding of the IL-33-induced signalling pathway would be of great 

benefit in coming to a deeper understanding of the many conditions with which it has 

been associated.

22



Chapter 1 - Introduction

Disease IL-33 involvement Role Reference
Infection
Sepsis - Sepsis attenuation following IL-33 protective (Alves-Filho

recombinant IL-33 treatment, as et al., 2010)
IL-33 increased neutrophil influx 
- Patients which circum to sepsis 
have elevated serum sST2 levels

IL-33 protective (Jones et al.,
Parasitic infection - IL-33 upregulated during 

Toxoplasma gondii infection
- IL-33 enhances parasite 
clearance

2010)

Cardiovascular
disease
Heart failure - Serum ST2 levels increased in IL-33 protective (Miller,

myocardial infarction and heart 2011;
failure Sanada et al..
- Protective effect of IL-33 in 
experimental heart failure IL-33 protective

2007)

Atherosclerosis
- Attenuated in mice by IL-33 
and exacerbated by soluble ST2

(Miller et al., 
2008)

Allerev
Asthma - polymorphisms in the IL-33 and IL-33 (Moffatt et

ST2 genes associated with exacerbates al.,2010)
susceptibility (Kurowska-
- patients have elevated IL-33 in Stolarska et
their lungs al., 2009)
- IL-33 exacerbates experimental (Yin et al..
asthma in mice
- sST2 attenuates the disease in 
mice

2012)

Autoimmune
Arthritis - Elevated IL-33 and sST2 in sera IL-33 (Xu et al..

and synovial fluid of patients exacerbates 2008)

Inflammatory - IL-33 is upregulated in IL-33 (Seidelin et
Bowel Disease ulcerative colitis exacerbates al.,2010)

Nervous svstem
Alzheimer’s polymorphisms in IL-33 (Chapuis et

associated with susceptibility 
- IL-33 expression decreased in 
the brains of patients

al., 2009)

Table 1.2 Examples of diseases in which IL-33 have been associated
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1.12 Regulation of IL-33/ST2L signalling

The IL-1 R/TLR-mediated inflammatory response is critieal for innate immunity 

and host defenee against infections, however uncontrolled inflammation can be 

detrimental to the host. Therefore, the ST2L signalling pathways must have regulatory 

mechanisms in place to modulate the host response.

Single immunoglobulin IL-1 R-related protein (SIGIRR), also referred to as TIR8, 

has been identified as a negative regulator of the IL-33-induced signalling pathway 

(Bulek et al., 2009). Bulek et al. demonstrated a basal interaction between SIGIRR and 

ST2L, which was enhanced following stimulation with IL-33. The results presented 

suggest that both the extracellular Ig and intracellular TIR domain of SIGIRR are able to 

interact with ST2L but the Ig domain is more critical for the interaction with ST2L while 

the TIR domain is more important for inhibiting IL-33-induced signalling. SIGIRR can 

interact with MyD88, TRAF6 and IRAK following IL-I treatment so it is possible that 

this also occurs following IL-33 stimulation (Qin et al., 2005). In the case of IL-I, 

SIGIRR inhibits heterodimerisation between IL-lRl and IL-lRAcP, so it would be 

interesting to detennine if it can also inhibit the heterodimerisation between ST2L and 

IL-lRAcP. SIGIRR is not only an inhibitor of the IL-IR family members, as inhibition of 

TLR4-induced responses has been demonstrated (Qin et al., 2005). In addition, TLR9 

and TLR5 may also be targets of this inhibitory protein, although further evidence is 

needed in support of this (Qin et al., 2005; Wald et al., 2003).

The sST2 variant of the full length ST2 gene, generated by alternative splicing of 

pre-mRNA, is another regulator of IL-33/ST2L mediated signalling. It contains three Ig 

domains, but lacks the transmembrane and cytoplasmic domains contained within the 

structure of ST2L and includes a unique nine amino acid C terminal sequence (Gachter et 

al., 1996). As such, it can directly hind IL-33 and suppress NF-kB activation, and
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abrogate expression of the Th2 associated cytokines IL-4, IL-5 and IL-13 (Hayakawa et 

al., 2007). It is likely to assert its effects by preventing IL-33 binding to functional ST2L.

The initial paper identifying IL-33 as the ST2L ligand, reported caspase-1 

mediated cleavage of IL-33 in vitro, and this was proposed as a mechanism of activation 

of this cytokine, similar to IL-ip. More recent data found that caspase-1 does not cleave 

IL-33 at physiological concentrations. However, IL-33 was efficiently processed by 

caspase-3 and 7, which are selectively activated during apoptosis and this resulted in 

reduced activity of the cytokine, both in vitro and in vivo. As a result, caspase-dependent 

proteolysis of IL-33 during apoptosis may therefore represent a means of reducing the 

proinflammatory activity of this cytokine (Luthi et al., 2009).

Molecular regulation of ST2L expression following IL-33 stimulation is 

another way in which this pathway can be modulated and Zhao et al. have provided great 

insight the into mechanism by which this occurs. The authors demonstrate that following 

the association of IL-33 with ST2L, plasma membrane levels of the receptor are reduced 

as ST2L is internalised. ST2L is then phosphorylated on serine 442 by the glycogen 

synthase kinase GSK3p. In turn ST2L associates with F-box protein FBXL19, which is 

the substrate-recognition component of an E3 ubiquitin ligase complex. Subsequent to 

FBXL19 mediated polyubiquitination of ST2L, the receptor is degraded by the 

proteasome (Zhao et al., 2012). These regulatory events are also shown in Figure 1.5.
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Figure 1.5 The IL-33/ST2L signalling pathway

IL-33 first associates with ST2L in a 1:1 stoichiometry, followed by the interaction with 

IL-lRAcP, resulting in the formation of an IL-33-ST2L-lLl-RAcP complex. MyD88, 

IRAK4 and IRAKI are recruited to the complex resulting in the phosphorylation of 

ERKl/2, p38, INK and degradation of IkBu. TRAF6 is required for IL-33 mediated p38, 

JNK and NF-kB activation but is not needed for the activation of ERK. JAK2 is required 

for NF-kB activation but is not needed for the activation of ERK, JNK and p38. 

Ultimately this results in increased expression of several genes. The boxed regions 

highlight known points of regulation for the pathway. sST2 is a soluble decoy receptor
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which can bind IL-33. Cleavage of IL-33 by apoptotic assoeiated caspases diminish its 

bioactivity, while IL-33 stimulation can induce SIGIRR binding to ST2L as well as 

proteasomal degradation of ST2L, both which also limit IL-33-induced pathway 

activation. Binding of other ligands to their reeeptors can also synergise with IL-33 

signalling in a SLAT or NFAT dependent manner. TIR, Toll-IL-l-reeeptor domain; DD, 

death domain; K, kinase domain; P, phosphorylation
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1.13 Localisation and trafficking of the TLR and IL-IR superfamily members

A key aspect in achieving the optimum response when activating immune 

signalling pathways is the appropriate cellular location of the receptor. The localisation 

and trafficking of receptors is required to allow ligand detection, to allow the initiation of 

downstream signalling and is also required to limit the over-activation of signalling 

pathways.

Recent studies have demonstrated the important role that protein trafficking plays 

in TLR signalling pathways (McGettrick and O'Neill, 2010). The intracellular TLRs, 

TLR3, 7, 8 and 9 are localised to the endoplasmic reticulum (ER) in resting cells (Itoh et 

al., 2011; Johnsen et al., 2006; Latz et ah, 2004). Following stimulation, these TLRs 

translocate to endosomes and initiation of the signalling pathways occurs from this 

location (Johnsen et al., 2006; Latz et al., 2004). The multi-transmembrane domain 

protein UNC93B1 has been implicated in the regulation of TLR3, 7 8 and 9. UNC93B1 

interacts with the transmembrane domains_of these TLRs (Brinkmann et al., 2007; Itoh et 

al., 2011). The requirement for UNC93B1 in the delivery of TLR3, 7, 8 and 9 to 

endosomes, where ligand will be encountered (Kim et al., 2008), was demonstrated by a 

single histidine-to-arginine substitution in UNC93BL This mutation abolished its 

interaction with each of these TLRs, thus preventing their delivery to their correct 

intracellular location for ligand detection, thereby disrupting signalling (Itoh et al., 2011; 

Tabeta et al., 2006).

A protein associated with TLR4 (PRAT4A) has also been implicated in multiple 

TLR responses. Knockdown of this ER resident protein inhibited trafficking of TLR 1 and 

TLR4 to the cell surface as well as ligand-induced trafficking of TLR9 (Takahashi et al., 

2007). While PRAT4A acts as a positive regulator of TLRl and TLR4 trafficking, 

PRAT4B positively regulates the trafficking of TLR4 (Konno et al., 2006) but negatively
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regulates TLRl trafficking (Hart and Tapping, 2012). Another chaperone, glycoprotein 

96 (gp96) is required for TLRl, 2 and 4 transportation to the plasma membrane (Randow 

and Seed, 2001) and for the maturation and cleavage of TLR9 (Liu et al., 2010). A lack 

of gp96 renders cells unresponsive to bacterial stimuli, demonstrating the critical role this 

protein plays (Randow and Seed, 2001).

In addition to ensuring that these receptors localise to their correct cellular 

location in order to encounter ligand, protein trafficking after stimulation is another 

important point to consider. This trafficking can be required for the activation of 

additional branches of downstream signalling pathways or for the regulation or 

termination of signalling. The requirement of protein trafficking for both of these reasons 

can be demonstrated by LPS signalling via TLR4. LPS signalling via MyD88 occurs 

from the plasma membrane. The second phase of TLR4 signalling, the activation of the 

TRIF-TRAM pathway is initiated following internalisation of TLR4 into early 

endosomes (Kagan et al., 2008). Two splice variants of TRAM, named TRAM adaptor 

with GOLD domain (TAG), and transmembrane emp24 domain-containing protein 7 

(TMED7), have been identified as negative regulators of the TRIF-TRAM pathway 

(Doyle et al., 2012; Palsson-McDermott et al., 2009). After LPS stimulation TLR4 and 

TRAM move from the plasma membrane to early endosomes, where they signal. They 

then move to late endosomes where they encounter TAG and TMED7. This disrupts the 

TRIF-TRAM interaction and results in reduced production of type I interferons (Doyle et 

al., 2012; Palsson-McDermott et al., 2009). TAG and TMED7 also promote TLR4 

degradation at the late endosome.

While a substantial amount of research has been carried out regarding TLR 

trafficking, less is known about the trafficking of the IL-IR family members. The IL-ip 

dependent endocytosis and trafficking of the IL-1 receptor itself has been reported. The
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IL-1 receptor has been suggested to be internalised through the endocytic caveosomes 

pathway and accumulates in the ER-Golgi and nucleus following IL-ip stimulation 

(Blanco et ah, 2008). Another study, using mouse embryonic fibroblasts, reported that 

the IL-1 receptor translocates from the plasma membrane to late endosomes and 

subsequently on to lysosomes where it gets degraded (Brissoni et ah, 2006). The 

internalisation of the IL-IR is thought to be dependent on the presence of IL-lRAcP 

(Korherr et ah, 1997), and appears to be required for the complete activation of IL-ip 

induced signalling events (Li et ah, 2006). While trafficking of the IL-1 receptor has been 

investigated to some extent, little is known about the trafficking of other IL-1 receptor 

family members.

1.14 Trafficking of the ST2L receptor

Under steady-state conditions, ST2L is known to be gradually internalised and 

degraded with a half-life of approximately five hours (Zhao et ah, 2012) and although the 

internalisation of ST2L following IL-33 stimulation has previously been speculated 

(Choi et ah, 2009), experimental evidence for this has now been established (Zhao et ah, 

2012). following IL-33-induced internalisation of ST2L, the receptor is 

polyubiquitinated and degraded by the proteasome. While the internalisation of ST2L is 

known to be required for ST2L ligand-induced degradation, whether or not ST2L 

internalisation is also required for downstream signal activation remains to be 

investigated.
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1.15 The p24 protein family

Gayle et al. have demonstrated a putative interaction between a member of the 

transmembrane emp24 domain-containing protein (TMED) family, TMEDl and ST2E. 

TMEDl is the major focus of this thesis and the p24 family to which it belongs will now 

be discussed in detail in the next section.

1.15.1 p24 Family Members

The p24 proteins constitute a family of transmembrane proteins of approximately 

24 kDa in size. This family is conserved from yeast through to mammals, and can be 

divided into four subfamilies based on phylogenetic clustering called p24a, p24p, p24'y 

and p245 (Dominguez et al., 1998). These can be further classified into two 

phylogenetically distinct groups; a-5 and P-y (Camey and Bowen, 2004; Dominguez et 

al., 1998). Among species the exact composition and number of members in each of the 

subfamilies varies. The family consists of eight members in yeast (Marzioch et al., 1999), 

nine in Drosophila (Boltz et al., 2007), eleven in Arabidopsis (Camey and Bowen, 2004) 

and ten in mammals (Dominguez et al., 1998). Several nomenclatures for these proteins 

have been introduced and they are currently used in parallel. The Drosophila and yeast 

proteins, as well as various names for the ten vertebrates family members are 

summarised in Table 1.3 (Strating and Martens, 2009). In the protein database, most p24 

proteins are annotated as “TMED” (transmembrane emp24 domain-containing protein) 

and this nomenclature will be used for the vertebrate proteins here.

The TMED proteins are trafficking proteins which operate mainly in the early

secretory pathway (Figure 1.6) aiding protein transport between the ER and Golgi.

Following protein synthesis at the ribosomes of the ER, correctly folded proteins undergo

initial post-translational modification. They are then packaged onto coat protein complex
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II (COPII) vesicles, leave the ER at ER exit sites (ERES) and are transported to 

organelles further along the pathway.

Following sorting through the early secretory pathway, proteins are transported 

further to their correct cellular location, such as endosomes or the plasma membrane. 

Proteins can also be secreted into the extracellular space via secretory vesicles. Forward 

transport in this direction is known as anterograde transport, while a retrograde transport 

system, involving COPI coated vesicles is also in place to retrieve resident ER proteins 

which have escaped (Strating and Martens, 2009). Many proteins have roles to play in 

the highly dynamic processes of protein sorting and trafficking but the TMED proteins

are of particular interest here.
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Vertebrates Drosophila Yeast

Subfamily Systematic

name

Database

name

Additional names

a p24ai TMED 11 gp25L Eclair Erplp

p24a2 TMED9 p25,GMP25,gp25L2,p24d,p24D Erp5p

p24a3 TMED4 GMP25iso Erp6p

P p24p TMED2 p24,p24a CG3564 Emp24p

CG9308

y p24yi TMEDl tp24, Tl/ST2rbp CGI 967 Erp2p

p24y2 TMED5 p28, Tl/ST2iso CG31787 Erp3p

p24y3 TMED7 (g)p27 CG9053 Erp4p

p24y4 TMED3 p26, p24b Logjam

p24y5 TMED6

5 p245, TMED 10 p23, tmp21(l), p24c Baiser Erv25p

p2482 p23iso

Table 1.3 Nomenclature of the vertebrate, Drosophila and yeast TMED proteins
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Figure 1.6 The early secretory pathway

Illustration of the anterograde and retrograde transport between the ER and the Golgi of 

the early seeretory pathway. This dynamic process results in net anterograde transport of 

cargo in COPII (Coat protein complex II) vesicles, while COPI (Coat protein complex I) 

vesicles mediate retrograde transport of proteins which are normally maintained within 

the ER, ERGIC and Golgi. After sorting through the early secretory pathway, proteins 

can be further sorted to compartments such as endosomes, lysosomes or the plasma 

membrane where they can reside. Alternatively, proteins can be secreted in secretory 

vesicles.
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1.15.2 The properties of TMED proteins

The TMED proteins are transmembrane proteins, consisting of a larger 

N-terminal region, followed by the transmembrane domain and a short C-terminal 

cytoplasmic tail of between 12 and 20 amino acids. The N-terminal region includes a 

GOLD (GOLgi Dynamics) domain. Secondary structure prediction for this domain 

suggests that it will adopt a P-fold structure with six to seven strands, forming a 

p-sandwich of two P sheets. It contains two cysteine residues which are well conserved 

throughout the family, and these are thought to form a disulfide bond within the GOLD 

domain (Anantharaman and Aravind, 2002). The cytoplasmic tail region contains highly 

conserved motifs, a double phenylalanine (LF) and a dibasic motif (KK, RR or RK) 

which are responsible for binding to coat complexes in COPI and COPII vesicles 

(Dominguez et al., 1998). The TMED proteins have been reported to exist as monomers, 

dimers, oligomers and hetero-oligomers (Barr et al., 2001; Blum and Lepier, 2008; 

Carney and Bowen, 2004; Jenne et al., 2002; Luo et al., 2007; Marzioch et al., 1999). 

One of these studies demonstrated that the occurrence of monomers or dimers depended 

on the organelle in question (Jenne et al., 2002). Their detection in various 

stoichiometries and oligomeric states is not surprising given that they are involved in 

highly dynamic cellular processes. Studies in yeast suggest that the expression levels of 

Erv25p, Emp24p, Erplp, and Erp2p are interdependent. In addition, the knockdown or 

overexpression of a single TMED member has been shown by many groups in both yeast 

and mammals to affect the levels of other family members, which also attests to their 

interdependent roles (Hasegawa et al., 2010; Vetrivel et al., 2007; Zhang and Volchuk, 

2010). There are also reports of retention of TMED proteins in the ER when a single 

family member is over-expressed alone (Emery et al., 2000).
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Members of the family have been shown to span membranes belonging to the 

organelles of early seeretory pathway, namely the ER, ERGIC and Golgi, and they 

shuttle between these compartments. Their involvement in the synthesis of COP vesicles 

which traffic between organelles of the early secretory pathway has been established in 

both yeast and mammalian systems (Aguilera-Romero et ah, 2008; Dominguez et al, 

1998). TMED9 and TMEDll are mainly localised at the ER (Dominguez et ah, 1998). 

TMED7 (Fullekrug et ah, 1999), TMEDl and TMED3 have been demonstrated to 

localise to the Golgi (Emery et al., 2000), while TMED2 can localise to the ERGIC 

(Zakariyah et al., 2012). TMEDIO, TMED2 and TMEDll have been identified in 

complexes with the Golgi matrix proteins GRASP55 and GRASP65. Binding was 

dependent on the presence of two valine residues at the extreme C-terminus of the 

TMED proteins as well as on the oligomeric state of the tail regions (Barr et al., 2001). 

The cytoplasmic domain of TMEDIO also interacts with the small GTPase ARF-1, in its 

GDP state and is involved in the early stages of COPl coat assembly (Gommel et al., 

2001).

Although TMED proteins are generally found in the ER, ERGIC and Golgi, some 

have been found in other post-Golgi locations. TMEDl and TMEDIO have been found at 

the plasma membrane (Blum and Lepier, 2008; Chen et al., 2006; Gayle et al., 1996), 

TMEDIO was un-expectedly isolated from the secretory granules of pancreatic P-cells 

(Hosaka et al., 2007) and TMED7 localises to early and late endosomes (Doyle et al., 

2012). As well as having a functional role in secretory pathways, TMED proteins may 

also be important structural components of these organelles, as knockdown of TMED2 

greatly disrupted the structural organisation of the Golgi (Luo et al., 2007).
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1.15.3 Functions of TMED proteins

Members of the TMED family have been shown to act as receptors for the 

incorporation of specific cargo molecules into vesicles, using the luminal part of the 

protein. Recently several TMED binding partners or “cargo” have been identified. 

Protease-activated receptor-2 (PAR-2), a G protein coupled receptor has been identified 

as a binding partner for TMED2 (Luo et al., 2007). The TMED2-PAR-2 interaction was 

shown to occur at the Golgi, where PAR-2 is held until it is needed to repopulate the cell 

surface following stimulation. The GOLD domain and a small linker of TMED2 are 

required for this interaction. In addition, the authors mention that PAR-2 also strongly 

interacted with TMED 10. TMED2 also interacts with the G-protein coupled receptors 

PAR-1, P2YiR, P2Y2R, P2Y4R, P2YiiR and the mu-opioid receptor IB. In addition 

P2Y4R and mu-opioid receptor IB have also been shown to interact with TMED 10 (Luo 

et al., 2011). Also both TMED9 and TMED 10 have been shown to interact with the 

protein tyrosine phosphatase TC48, and are required for targeting TC48 to its correct 

cellular location (Gupta and Swamp, 2006).

In yeast, TMED proteins are considered to act more as quality control factors of 

secretory pathways. Individual deletion mutants of each of the eight TMED proteins in 

yeast grow at rates equivalent to wild type (Marzioch et al., 1999) as does a strain of 

Saccharomyes cerevisiae which lacks all eight members (Springer et al., 2000). 

Nevertheless, deletion of Emp24, Erv25, Erpl, or Erp2 resulted in a selective transport 

defect of a GPI-anchored cell surface protein. Gas Ip. These proteins appear to play a 

more prominent role in mice. A homozygous knock-out of a single family member 

(TMED 10) in mice is actually embryonic lethal before blastocyst formation (Denzel et 

al., 2000), while those with a single point mutation which results in loss of TMED2 

protein only survive until mid-gestation (Jerome-Majewska et al., 2010). In humans.
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TMED2 is expressed in the trophoblast of placentas at all gestational stages, although the 

functional role of TMED2 during trophoblast differentiation in not yet known (Zakariyah 

et ah, 2012).

TMED proteins may also modulate cellular stress pathways. Knockdown of 

TMED4 in mammals results in decreased sensitivity to oxidative stress, decreased 

apoptosis and an increase in heat shock protein 70 (HSP70) expression upon heat shock 

(Hwang et al., 2008). A role for TMEDIO and potentially other family members has 

been identified in insulin secretion and proinsulin biosynthesis in pancreatic P-cells. 

Knock-down of TMEDIO which also resulted in reduced endogenous TMED2 and 

TMED9 levels, reduced proinsulin biosynthesis and glucose-induced insulin secretion 

(Zhang and Volchuk, 2010). TMED6 has also been implicated in insulin secretion, as 

levels of secreted insulin are reduced following TMED6 knockdown, and TMED6 gene 

expression was lower in diabetic Goto-Kakizaki rats (Wang et al., 2012).

Interestingly, higher levels of TMED expression in certain cancers have been 

reported. TMED4 expression is significantly higher in invasive adenocarinoma mixed 

subtype bronchioloalveolar adenocarcinoma (BAG) than in BAG, however, the 

functional consequence of this is unclear (Ishiyama et al., 2007). TMED3 has been 

proposed as a potential novel drug target for Ets Related Gene oncogene positive tumors. 

TMED3 is highly expressed in prostate cancer compared to normal prostate or other 

normal tissues and its silencing produced anti-proliferative effects in cancer cell lines 

(Vainio et al., 2012).
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1.16 Functions of TMED proteins in immune pathways

Although at an early point, there appears to be an emerging role for TMED 

proteins in diabetes and cancer biology. Simultaneously, a role for TMED proteins in 

immune signalling is coming to light. Evidence in the literature suggests that the TMED 

family may be an important family of immunoregulatory proteins, as other members of 

the family have been implicated in immune related functions. A TMED3 homologue in 

Drosophila known as logjam has been implicated in the negative regulation of a large 

number of immune-related genes, including targets of the Toll and Imd signalling 

pathways (Boltz and Carney, 2008). In vivo, EPS exposure upregulates TMEDl mRNA 

in Peyer's patch dendritic cells, however the functional consequence of this is not clear 

(Davies et al., 2010). In addition, TMEDIO has been reported to bind to the Major 

Histocompatibility Complex (MHC) class I heavy chain (Jun and Ahn, 2011) and it is 

thought to protect free MHC class 1 heavy chains from ER-associated protein 

degradation. TMED7 is the most recent member to be implicated in immune signalling, 

as its role in MyD88-independent TLR4 signalling has been characterised. TMED7 

inhibits TLR4, MyD88-indepedent signalling by working with TAG, the negative 

regulator of TRAM and mediating the disruption of the TRIF-TRAM complex at late 

endosomes (Doyle et al., 2012).

1.17 TMEDl (T1/ST2 receptor binding protein / p24Yi / tp24)

TMEDl was first isolated as a cell surface protein in the search for a T1/ST2 

(ST2L) ligand (Gayle et al., 1996). As a result it was initially called T1/ST2 receptor 

binding protein, but now has several different names including p24yi, tp24 and TMEDl. 

Here it will be referred to as TMEDl. Gayle et al. found that its mRNA was widely

expressed and the gene encoding the protein was mapped to chromosome 19pl3.2. The
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gene eneodes a 227 amino acid protein, which results in a 25.2 kDa product. Its amino 

acid sequence and an illustration of its domain structure are shown in Figure 1.7. 

Although TMEDl was shown to bind ST2L, TMEDl was unable to initiate signal 

transduction via ST2L so was deemed not to be a ligand for the receptor.

Currently there is very limited literature available on TMEDl. TMEDl is found 

in eukaryotes from yeast to humans. The human and mouse proteins are 96 % identical at 

the amino acid level and are both coded by four exons. It is widely expressed, as are most 

TMED proteins (Strating et al., 2009). Interestingly the zebra fish (Danio rerio) has two 

copies of this protein. It has been suggested that in zebra fish TMEDl is subject to 

alternative splicing (Rotter et al., 2002). However others propose that a duplication after 

a speciation event early in the teleost lineage resulted in two different TMEDl genes 

(Strating et al., 2009). In mammals, TMEDl has been shown to localise to the ER, 

ERGIC and Golgi (Jenne et al., 2002). In the Golgi it can co-localise with TMED 10 

(Emery et al., 2000).
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\GPPPIQDGEFTFLLPAGR|IQ FYQSAPANASLETEH 
/IGGAGLDVDFTLESPQGVLLVSESRKADGVHTVEPTEAGDYKL FDNSFSTISEKLVl

rELlBDSLQDDEEVEGWAEAVEPEEMLDVKMEDIKESIETMRTRLERSIQMLTLLRAFEA
RDRNLQEGNLERVNFWSAVNVAVLLLVAVLQVCiftKRFFQDKRPVPa

SP GOLD L and CC TM

23 43 125 193 213 227

Figure 1.7 Amino acid sequence and domain structure of TMEDl

The amino acid sequence and domain structure of human TMEDl is shown. NCBI 

Reference Sequence NP_006849.1. Each of the domains is highlighted and the position 

of each region is indicated. SP-signal peptide, GOED-Golgi dynamics domain, L-linker, 

CC-coiled-coiled, TM-transmembrane, C-cytoplasmic. The cysteine residues in red form 

a presumed disulfide bond within the GOLD domain.
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1.18 Project aims and objectives

TMEDl, a member of a GOLD domain containing family of trafficking 

proteins, was initially identified in a search for the ST2L ligand. Binding of TMEDl to 

ST2L was reported, although this did not initiate signal transduction, and as a result was 

not suspected to be a ligand for the receptor (Gayle et al., 1996). No further 

investigations were carried out to confirm or decipher a rationale for this interaction. 

Two GOLD domain containing proteins, TAG and TMED7 have been implicated in the 

regulation of TLR4 signalling (Doyle et al., 2012; Palsson-McDermott et al., 2009). In 

light of these observations the possible role for TMEDl in the ST2L signalling pathway 

was investigated.

The aims of this project are to:

Further characterise TMEDl in terms of its subcellular location, the position of its

transmembrane domain and the localisation of its GOLD domain

Confirm the interaction between TMEDl and ST2L

Investigate the cellular location of this interaction

Determine the domains which mediate the interaction

Investigate if TMEDl impacts on downstream ST2L signalling via IL-33

Overall the aim of this project is to further characterise the ST2L pathway and the 

role TMEDl plays in this pathway. I have uncovered a role for TMEDl in intracellular 

signalling by IL-33, specifically being involved in MAPK activation. A more complete 

understanding of the IL-33/ST2L pathway would be of great benefit in coming to a 

deeper understanding of the many conditions with which it has been associated and may 

help in the design of therapeutics in the future.

42



Chapter Two

Materials and Methods

43



Chapter 2 - Materials and Methods

2.1 Materials
Material/Reagent Source

Tissue culture flasks (T25, T75 T175) Fisher Scientific
6, 12, 24 and 96 well plates Fisher Scientific

Dulbecco's Modified Eagle Medium (DMEM) Gibco® Biosciences
Roswell Park Memorial Institute (RPMI) medium Gibco® Biosciences
Iscove's Modified Dulbecco's Medium (IMDM) Sigma®

Phosphate Buffered Saline (PBS) Gibco® Biosciences
Fetal Calf Serum (FCS) Biosera

Penicillin streptomycin (PS) Sigma®
Trypsin-(Ethylenediaminetetraacetic acid) EDTA Sigma®

a-thioglycerol Sigma®
Trypan Blue Sigma®

G418 Sigma®
HygroGold™ InvivoGen

Blasticidin InvivoGen
Puromycin Sigma®

Dimethyl sulfoxide (DMSO) Sigma®
Dynasore Sigma®

Table 2.1 Materials and reagents used for tissue culture

Cells Source
HEK-293-hST2L K. Bulek (Lemer Research Institute, Cleveland

Clinic Foundation, OH, USA)
HMC 1.1 J. Butterfield (Mayo Clinic, Rochester, MN, USA)

HEK-293T European Collection of Animal Cell Cultures
HEK-293-R1 A. Bowie (Trinity Biomedical Sciences Institute,

TCD, Dublin, Ireland)
HEK-293-MD2-CD14-TLR4 InvivoGen

HEK-293-TLR3 European Collection of Animal Cell Cultures
THP-1 European Collection of Animal Cell Cultures

Table 2.2 Cell lines

Ligand Source
IL-33 PeproTech®/Enzo® Life Sciences
IL-1 R&D Systems®
EPS Enzo® Life Sciences

Poly I:C InvivoGen
PMA Merck

TNF-a R&D Systems®
Table 2.3 Ligands used for cell stimulation
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Reagent Source
GeneJuice® Novagen

Lipofectamine^''* 2000 Invitrogen™
Lipofeetamine^''* RNAiMax Invitrogen™
Amaxa Nucleofector™ Kits Lonza

TMEDl siRNA Qiagen and Dharmacon
Table 2.4 Reagents used for cell transfection

Plasmid Source
TMEDl-GFP
TMEDl-myc
TMED2-GFP

TMED3-GFP

TMED7-GFP
ST2L

ER-CFP
Golgi-CFP

EEAl-CFP

Rablla-CFP

Mal-HA
MyD88-myc
TRAM-flag
TRIF-HA

p65-HA
pcDNA3.1

PGL3-NF-kB
luciferase

pGL3-ISRE luciferase 
pAP-1 luciferase 
pRL-TK-Renilla 

luciferase

GeneCopoeia™
Origene

R. Blum (Institute for Clinical Neurobiology, University
Hospital Wurzburg, Wurzburg, Germany)

R. Blum (Institute for Clinical Neurobiology, University 
Hospital Wurzburg, Wurzburg, Germany) 

GeneCopoeia^''^
S. Martin (Institute of Genetics, TCD, Dublin, Ireland)

Clontech
H. Stenmark (Institute for Cancer Research, The Norwegian 

Radium Hospital, Oslo, Norway)
H. Stenmark (Institute for Cancer Research, The Norwegian 

Radium Hospital, Oslo, Norway)
H. Husebye (Institute of Cancer Research and Molecular 

Medicine, NTNU, Trondheim, Norway)
Generated in house (Fitzgerald et al., 2001)

M. Muzio (Mario Negri Institute, Milano, Italy)
K. Fitzgerald (University of Massaehusetts, Boston, USA) 

C. Basler (Mount Sinai School of Medicine, New York,
USA)

K. Ray (GlaxoSmithKline, Stevenage, UK) 
Stratagene

R. Hofmeister (Universitat Regensburg, Regensburg, 
Germany)
Clontech

Stratagene
Promega

Table 2,5 Expression vectors
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Reagent/Material Source

EndoFree Plasmid Maxi Kit
Wizard® Plus SV Miniprep DNA Purification System kit 

Site-Directed Mutagenesis Kit 
RNeasy Mini Kit 

Primers
High Capacity cDNA Reverse Transcription Kit 

Platinum® SYBR® Green qPCR SuperMix 
PCR microplate Thermo-Fast 96 well 

Taq DNA Polymerase with ThermoPol Buffer 
dNTP mix 

DNA markers

Invitrogen™
Qiagen

Promega
Stratagene

Qiagen
Eurofms MWG 

Applied Biosystems 
Invitrogen™ 

Fisher Scientific 
New England Biolabs 

Promega
New England Biolabs

Table 2.6 Reagents used for DNA and RNA purification and amplification

Reagent Source
Dithiothreitol (DTT) Sigma®

N,N,N’,N’-Tetramethylethylenediamine (TEMED) Sigma®
Ammonium persulphate (APS) Sigma®

30 % Acrylamide/Bis-acrylamide solution National Diagnostics
Phenylmethanesulfonyl fluoride (PMSF) Sigma®

Sodium orthovanadate Sigma®
Leupeptin Sigma®
Aprotinin Sigma®
Digitonin Merck
Trypsin Sigma®

Triton X-100 Sigma®
Broad range pre-stained protein marker New England Biolabs®

Polyvinylidene difloride (PVDF) Millipore
Lumi-light western blotting substrate Roche

20X LumiGLO® Reagent and 20X Peroxide Cell Signalling
Supersignal® Technology®

Re-Blot Plus Solution Millipore
Photographic film Fujifilm

Coelenterazine Calbiochem
Passive Lysis Buffer Promega

CytoTox 96® Non-Radioactive Cytotoxicity Assay Promega
Table 2.7 Reagents used for protein isolation, protease protection assays and 
western blotting
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Antibody Source Product Code
Anti-TMEDl Sigma® HPAO18507

Anti-ST2L R&D Systems® AF523
Anti-GFP Santa-Cruz Biotechnology® SC-9996
Anti-HA Covance® MSS-IOIR

Anti-P-actin Sigma® A5316
Anti-lKBa Cell Signalling Technology® 4812S

Anti-pERK Cell Signalling Technology® 9101S
Anti-pp38 Cell Signalling Technology® 9211S
Anti-pJNK Cell Signalling Technology® 925 IS

Anti-total ERK Cell Signalling Technology® 4695S
Anti-EEAl Abeam® ab2900

Horse radish Peroxidase (HRP) 
conjugated antibodies

Jackson Immunoresearch

Unconjugated IgG antibodies Jackson Immunoresearch
Table 2.8 Antibodies used for 
confocal analysis

Western Blotting, co-immunoprecipitation and

Reagent Source
Protein A/G-plus agarose beads

GFP-Trap®
Santa-Cruz Biotechnology® 

ChromoTek
Table 2.9 Reagents used for co-immunoprecipitation assays

Reagent/Material Source
Poly-L-lysine

Coverslips
Slides

Glass bottomed confocal dishes
Tx-lOO

Formaldehyde
Bovine Serum Albumin (BSA) 

CellMask™ Plasma Membrane Stain 
Alexa Fluor® 647 Microscale Labelling Kit

Sigma®
Fisher Scientific 

Sigma®
MatTek Corporation 

Sigma®
Sigma®
Sigma®

Invitrogen
Invitrogen

Table 2.10 Reagents used for confocal analysis

Reagent Source
96 well microtitre plate

DuoSet ELISA kits
Tween® 20

3,3’,5,5’-tetramethyl-benzidine (TMB)

Fisher Scientific
R&D Systems®

Sigma®
BD biosciences

Table 2.11 Reagents used for Enzyme-Linked ImmunoSorbent Assay
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2.2 Bacterial transformation and plasmid purification

Competent cells (DH5a™) were thawed on ice. 2 pi of plasmid DNA was added 

to 25 pi competent cells and incubated on ice for 30 minutes. The cells were heat 

shocked for 45 seconds at 42 °C, and then placed on ice for 2 minutes. 1 ml sterile 

Luria-Bertani (LB) broth without antibiotic was then added to the cells and they were 

incubated at 37 °C for 1 hour at 200 rpm. After this incubation, samples were centrifuged 

at -15,000 X g and most of the LB broth was removed. The remainder (containing the 

cells) was aseptically spread on sterile agar plates containing the appropriate antibiotic. 

The plates were incubated upside down at 37 °C overnight. A single colony was grown in 

5 ml LB broth containing antibiotic for 6-8 hours at 37 °C. This was then transferred to 

100 ml LB broth containing antibiotic and was incubated overnight at 37 °C at 200 rpm. 

The following day the bacteria were centrifuged and plasmids were purified using the 

EndoFree Plasmid Maxi Kit according to the manufacturer’s instructions. To determine 

the yield, DNA concentration was measured using a NanoDrop ND-1000 (Thermo 

Scientific).

2.3 Cell culture

Cell lines were stored in liquid nitrogen in plastic cyrovials with PCS containing 

10 % (v/v) DMSO. To thaw the cells they were removed from the liquid nitrogen and 

immediately warmed to 37 °C. They were then resuspended in warm media. The cells 

were centrifuged at 290 x g for 5 minutes and the pellet was resuspended in the 

appropriate media, which was transferred to a T25 culture flask and grown until 

confluent and then expanded.
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The Human embryonic kidney (HEK)-293T, HEK-293-ILR1, HEK-293-hST2L, 

HEK-293-MD2-CD14-TLR4 and HEK-293-TLR3 cells were sub-cultured in DMEM 

supplemented with 10 % (v/v) PCS and 1 % (v/v) PS. Cells were grown at 37 °C with 

5 % CO2 and cultured when 80 % - 90 % confluent. Certain cells lines were also cultured 

with antibiotics to maintain expression of the receptor of interest. HEK-293-hST2L cells 

were cultured with 1 pg/ml puromycin, HEK-293-MD2-CD14-TLR4 with 10 mg/ml 

HygroGold™ and 1 mg/ml Blasticidin and HEK-293-TLR3 with 50 mg/ml G418. In 

order to sub-culture cells, they were washed with 5 ml PBS and incubated with 3 ml 

0.25 % trypsin/EDTA until detachment occurred. Trypsinisation was terminated by the 

addition of 7 ml DMEM. Cells were centrifuged at 290 x g for 3 minutes. The pellet was 

resuspended with 1 ml fresh media and 10 pi was used to count cells using the following 

method: 40 pi DMEM, 10 pi trypan blue and 10 pi cells were mixed. 10 pi of the 

mixture was pipetted onto a haemocytometer, 15 boxes of the central grid were counted 

and this figure was divided by 3 to give the average number for 5 boxes. Then the 

following calculation was carried out which gave the number of cells present per ml: 

Average of 5 boxes x 5 (will give number for all boxes on grid) x 6 (dilution factor) x 

10,000 = no. of cells/ml

The Human mast cell (HMC) 1.1 cell line was cultured in EVIDM supplemented 

with 10 % (v/v) PCS, 1 % (v/v) PS and 1.2 mM a-thioglycerol at 37 °C with 5 % CO2 

until media was cloudy. The media was centrifuged to pellet the suspension cells and 

they were sub-cultured. The THP-1 cell line was cultured in RPMI supplemented with 

10 % (v/v) PCS, 1 % (v/v) PS at 37 °C with 5 % CO2 until media was cloudy. Suspension 

cells were counted in the same way as the adherent cell lines for setting up experiments.
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2.4 Transient transfection of HEK-293 cells with expression vectors

The GeneJuice® transfection reagent was used for transfection of these cell lines 

with plasmids encoding the proteins of interest. Cells were set up at 2 x 10^ cells/ml and 

transfected 24 hours later. The appropriate amount of DNA was placed in an eppendorf. 

The GeneJuice®/serum free (SF)-media mix was then prepared, and incubated at room 

temperature for 5 minutes. The GeneJuice®/SF-media mix was added to the DNA and 

incubated at room temperature for a further 15 minutes. The DNA/GeneJuice®/SF- 

DMEM mix was added to the cells drop-wise. The following table shows the amount of 

DNA, GeneJuice® and SF-media used for various experimental formats.

Well format Total amount of DNA SF-media GeneJuice®
96 well 220 ng 9.2 pi 0.8 pi

6 well 1 Fg 100 pi 3 pi

10 cm dish 8 Fg 235 pi 15 pi

Table 2.12 GeneJuice® quantities for transfection

2.5 Transient transfection of HEK-293 cells with siRNA and HMC 1.1 cells with 

expression vectors

The Lipofectamine™ 2000 or Lipofectamine™ RNAiMax transfection reagents 

were used for siRNA transfection of HEK-293 cells and the Lipofectamine™ 2000 

reagent was used for the transfection of HMC 1.1 cells with plasmids encoding the 

protein of interest.

HEK-293 cells were set up at 0.75 or 1 x 10^ cells/ml in 24 well plates in 

antibiotic free media. 24 hours later cells were transfected. Lipofectamine™ (3 pi per 

reaction) and serum free media (47 pi per reaction) mixes were prepared and incubated at
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room temperature for 5 minutes. siRNA was also prepared in serum free media, to a total 

volume of 50 pi. siRNA and Lipofectamine™ mixes were combined and incubated at 

room temperature for 20 minutes. 100 pi of the siRNA- Lipofectamine™-SF media mix 

was then added drop-wise to each well of a 24 well plate and incubated for 48 hours 

before cell stimulation.

6x 10^ HMC 1.1 cells were used for each transfection, and set up in 500 pi 

antibiotic free media. For these transfections, 0.8 pg DNA prepared in SF media to a total 

volume of 50 pi and 4 pi Lipofectamine™ 2000 plus 46 pi SF media was prepared 

according to the protocol above.

2.6 Transient transfection of THP-1 cells with siRNA

THP-1 cells were transfected using the Amaxa® Cell Line Nucleofector® Kit V. 

Firstly, 1 ml pre-heated RPMl was placed in 24 well plates for each sample. Per 

transfection 1 x 10^ cells were prepared in 100 pi Nucleofector® Solution V. The 

appropriate amount of siRNA was added to the cell suspension and transferred into the 

provided cuvette. The cuvette was inserted into the Nucleofector® Cuvette Flolder and 

transfected using program V-OOl. Cells were then carefully removed using the supplied 

pipettes and added to the pre-heated media. Cells were allowed to rest for 48 hours 

before stimulation for ELIS As as in section 2.16.
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2.7 Protease protection assay

HEK-293T cells were set up at 2 x 10^ cells/ml. 24 hours later, if required, cells 

were transfected with TMED1-green fluorescent protein (GFP) as in section 2.4. A 

further 24 hours later, cells were trypsinised, washed twice in DMEM, and three times in 

Krebs-Henseleit buffer (110 mM potassium acetate, 20 mM HEPES (4-(2-hydroxyethyl)- 

1-piperazineethanesulfonic acid), 2 mM MgCl2). Whole cell lysates were prepared from 

one quarter of the cells, and the remaining three quarters were transferred into three 

reaction tubes. Cells in the three tubes were permeabilised on ice for 10 minutes in 

Krebs-Henseleit buffer containing 20 pM digitonin. After permeabilisation, one tube was 

spun down at 100,000 x g- at 4 °C for 30 minutes. The supernatant (cytosolic fraction) 

and the pellet (membrane fraction) were separated and boiled in sodium dodecyl sulphate 

(SDS)-Laemmli buffer. The other two tubes were incubated with 1 mM trypsin in the 

absence or presence of 1 % (v/v) Triton X-100 on ice for 30 min, and then 

ultracentrifuged. The pellets were boiled in 5 X SDS-Laemmli buffer, and analysed by 

SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis) and Western 

blot as in sections 2.10 and 2.11.

2.8 Co-immunoprecipitation assay

HEK-293T or HEK-293-hST2E cells were set up at 2 x 10^ cells/ml in 10 cm 

dishes and transfected as described (Section 2.4). Between 1 x lO’ and 3 x lO’ HMC 1.1 

cells were used for co-immunoprecipitations (Co-IPs). If required, cells were stimulated 

with IL-33, 50 ng/ml for the HEK-293-hST2L cells or 10 ng/ml for the HMC 1.1 cells, 

washed once in cold PBS and lysed in 800 pi lysis buffer (10 % (v/v) glycerol, 50 mM 

NaF, 20 mM Tris-Cl pH 8.0, 2 mM EDTA, 137 mM NaCl, 1 % (v/v) Nonidet P-40, 

100 pg/ml PMSF, 1 mM sodium orthovanadate (Na3V04), 1 pg/ml leupeptin, 6 pg/ml
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aprotinin) and transferred to a microcentrifuge tube. If the Co-IPs were to be carried out 

at a later date, samples were snap frozen in liquid nitrogen and stored at -80 °C until 

needed and then one of the following protocols were followed.

For Co-IPs using antibody coupled A/G-plus beads, 1 pg of the antibody against 

the protein of interest was incubated with A/G-plus beads overnight at 4 °C. The 

following day the antibody coupled beads was pelleted by centrifuging at 2,200 x g for 3 

minutes and washed three times in lysis buffer (centrifuged between each wash to pellet 

the antibody coupled beads). Meanwhile, the lysates were spun at maximum speed for 

10 minutes to remove debris. 50 pi of each sample was removed at this point as the 

whole cell lysate. 12 pi 5 X SDS-Laemmli buffer was added to the lysate and they were 

boiled for 5 minutes. If required, supernatants were pre-cleared with 20 pi protein 

A/G-plus beads for 1 hour at 4 °C with rolling to remove any protein that stuck directly 

to the beads and not the antibody. The samples were then centrifuged at 2,200 x g to 

pellet the beads and the supernatants were transferred into microcentrifuge tubes 

containing the antibody coupled beads and rolled for 2/3 hours at 4 °C. Samples were 

then spun at 2,200 x g for 2 minutes to pellet the beads and they were washed in lysis 

buffer three times again. 50 pi SDS-Laemmli buffer was added and the samples were 

boiled for 5 minutes. The samples were then analysed by SDS-PAGE and Western 

blotting as described in sections 2.10 and 2.11.

For Co-IPs with GFP-Trap® beads, samples were lysed using lysis buffer 

(10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP40, plus protease 

inhibitors). The beads were washed with wash buffer (10 mM Tris/Cl pH 7.5, 150 mM 

NaCl, 0.5 mM EDTA plus protease inhibitors) three times, spinning down at 2,700 x g 

following each wash. The samples were then incubated with beads for 1/2 hours at 4 °C 

with rolling and then washed three times. 50 pi 5 X SDS-Laemmli buffer was then

53



Chapter 2 - Materials and Methods

added, and the samples were boiled for 5 minutes. The samples were then analysed by 

SDS-PAGE and Western blotting as outlined in sections 2.10 and 2.11.

2.9 Site Directed Mutagenesis of TMEDl and ST2L constructs

Mutations and deletions were introduced into the TMEDl and ST2L sequences 

using the QuikChange™ site-directed mutagenesis kit according to manufacturer's 

instructions.

Six TMEDl mutants were generated; SS-TMEDl (two mutations: C45S and 

C106S), ATM-TMEDl (deletion of the transmembrane domain), AG-TMEDl (deletion 

of the GOLD domain), AGLCC-TMEDl (deletion of the GOLD, linker and coiled-coiled 

domains), ASP-TMEDl (deletion of the signal peptide) and ASPATM-TMEDl (deletion 

of the signal peptide and transmembrane domains). The primers used are listed in Table 

2.13).

The site directed mutagenesis kit was also used to attach a C-terminal 

Haemagglutinin (HA) tag to the wild type ST2L protein. The primers which were used 

are listed in Table 2.14. Next, two ST2L deletion mutants were generated; the Ig domains 

were deleted in AIG-ST2L, while the TIR domain is removed from ATIR-ST2L.
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Primer Sequence
C45S

forward
C45S

reverse
C106S
forward
C106S
reverse

ATM-TMEDl
forward

ATM-TMEDl
reverse

AG-TMEDl
forward

AG-TMEDl
reverse

AGLCC-TMEDl
forward

AGLCC-TMEDl
reverse

ASP-TMEDl
forward

ASP-TMEDl
reverse

5’GGGGAGGAAGCAGTCTTTCTACCAGTCCG 3’

5 ’CGGACTGGTAGAAAGACTGCTTGCTCCCC 3 ’

5’GGGGACTACAAGCTGTCCTTTGACAACTCCTTC 3’

5’GAAGGAGTTGTCAAAGGACAGCTTGTAGTCCCC 3’

5’CTTGGAGCGGGTCACGCTCAAGCGC 3’

5’GCGCTTGAGCGTGACCCGCTCCAAG 3’

5’GTTCCTGTTGCCGGCGGGGAGGGACAGCCTCCAGGATG 
ACGAG 3’
5’CTCGTCATCCTGGAGGCTGTCCCTCCCCGCCGGCAACA 
GGAAC 3’
5’GTTCCTGTTGCCGGCGGGGAGGAACTTCTGGTCAGCTG 
TCAACGTG 3’
5’CACGTTGACAGCTGACCAGAAGTTCCTCCCCGCCGGCA 
ACAGGAAC 3’
5’ GGAGTTCGAACCATGGCGGGGCCCCCGCC 3’

5’ GGCGGGGGCCCCGCCATGGTTCGAACTCC 3’

Table 2.13 Primers used for mutagenesis of TMEDl

Primer Sequence
Insert HA 5’CAGAAGCAATACCCATACGACGTCCCAGACTACGCTTA
forward GTGCCTGCTGTG 3’

Insert HA 5’CACAGCAGGCACTAAGCGTAGTCTGGGACGTCGTATGG
reverse GTATTGCTTCTG 3’

AIG-ST2L 5’CAATTCTCATGTATTCCACAGCAGCAAGGAAAAATCCA
forward ATTGATC3’

AIG-ST2L 5 ’GATCAATTGGATTTTTCCTTGCTGCTGTGGAATACATGA
reverse GAATTG 3’

ATIR-ST2L 5’CTAAACCTTACAAGACTAGGAATGATGGAAGCAAAATT
forward CCCAGAAAGG3’

ATIR-ST2L 5 ’CCTTTCTGGGAATTTTGCTTCCATCATTCCTAGTCTTGTA
reverse AGGTTTAG3’

Table 2.14 Primers used for tag attachment and mutagenesis of ST2L
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Following site-directed mutagenesis, a single colony was selected for an 

overnight culture of each of the mutants. These were grown up and minipreps were 

carried out using the Wizard® Plus SV Miniprep DNA Purification System. Sequence 

analysis of the mutants was carried out by Geneservice. The plasmids were then 

re-transformed into DH5a™ cells as described in section 2.2, in order to have sufficient 

quantities for transfections.

2.10 SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis)

SDS-PAGE gels consist of a stacking gel and a resolving gel. Volumes for 

making up two resolving gels and two stacking gels are shown in Tables 2.15 and 2.16 

respectively.
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Resolving Gel

6% 8% 10% 12% 15 %
30 % Acrylamide/Bis-acrylamide mix 3 ml 4 ml 5 ml 6 ml 7.5 ml

H2O 7.9 ml 6.9 ml 5.9 ml 4.9 ml 3.4 ml
1.5 M Tris-HCL (pH 8.8) 3.8 ml 3.8 ml 3.8 ml 3.8 ml 3.8 ml

10% SDS 150 pi 150 pi 150 pi 150 pi 150 pi
10% APS* 150 pi 150 pi 150 pi 150 pi 150 pi
TEMED* 6 pi 6 pi 6 pi 6 pi 6 pi

Table 2.15

Stacking Gel

30 % Acrylamide/Bis-acrylamide mix 1 ml
H2O

M Tris-HCL (pH 6.8) 
10 % (w/v) SDS 

10 % (w/v) APS* 
TEMED*

4.1 ml 
0.75 ml 

60 pi 
60 pi 
6 pi

Table 2.16

*Ammonium persulphate (APS)

Tetramethylethylenediamine (TEMED)

Both APS and TEMED are added just before pouring of the gel.
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The gels were run in a bio-rad gel box filled with 1 X SDS-running buffer 

(10 X = 25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS up to 1 L with ddH20).

Protein samples were resolved on SDS polyacrylamide gels using a constant 

current of 25/30 mA per gel. Samples were first run through a stacking gel followed by a 

resolving gel. A pre-stained molecular marker was run alongside the proteins as 

molecular weight standards.

2.11 Western blotting

After the samples were electrophoresed on an SDS-gel they were transferred onto 

a PVDF membrane and treated with antibodies to allow detection of the protein of 

interest by enhanced chemiluminescence (ECL) using the method outlined below.

2.11.1 Transfer method

The resolved proteins were transferred onto PVDF using a semi-dry transfer 

system (Mason Technology). For the semi-dry system 3 buffers are needed: Anode buffer 

1 (0.3 M Tris Base pH 10.4, 20 % methanol (MeOH)), Anode buffer 2 (0.025 M Tris 

Base pH 10.4, 20 % MeOH), Cathode buffer (0.025 M Tris Base pH 9.4, 0.04 M Caproic 

acid, 20 % MeOH). A sandwich was set up in the following order (Bottom to top); One 

piece of filter paper which had been immersed in Anode buffer 1, one piece which had 

been immersed in Anode buffer 2, a PVDF membrane which was activated by 

submerging it in MeOH for 2-3 seconds, followed by immersion in Anode buffer 2, next 

the gel was placed on top of this, followed by 2 pieces of filter paper which were 

immersed in Cathode buffer. Bubbles were carefully removed from the assembly, and the 

lid was securely placed on top. A constant voltage of 15 V was applied for 30 minutes.
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2.11.2 Blocking the membrane

When the proteins had been transferred onto PVDF, the membrane was removed 

from the rig and ineubated at room temperate for 1 hour in blocking buffer 5 % (w/v) 

Marvel in Tris buffered saline-Tween (TEST) (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 

0.05 % Tween-20).

2.11.3 Incubation with antibody

The membrane was transferred to a 50 ml tube containing 3 ml 5 % (w/v) Marvel 

in TEST plus the primary antibody of interest at 1:500 to 1:1000 dilutions, depending on 

the antibody. Incubation with the primary antibody was carried out with rolling at room 

temperature for 2 hours or at 4 °C overnight. The membrane was then washed three times 

in TEST, for at least 5 minutes per wash.

The membrane was then placed in a 50 ml tube containing 3 ml 5 % (w/v) Marvel 

in TEST plus a 1:2000 dilution of the appropriate horse radish peroxidise 

(HRP)-conjugated secondary antibody. The membrane was incubated with antibody with 

rolling for 45 minutes to 1 hour at room temperature. It was then washed three times in 

TEST for at least 5 minutes per wash and then developed by ECL using Fujifilm X-ray 

film and a Fuji RG IIX Ray Film Processor.

2.11.4 Stripping and re-probing

The same membrane could be used more than once to examine other proteins if 

the membrane was stripped of the first set of antibodies and re-probed with a second
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antibody of interest. The membrane was washed in 1 X TEST after ECL to remove 

excess chemiluminescent agent. The membrane was stripped for 15 minutes by placing it 

in 10 ml 1 X Re-blot solution with gentle shaking. The membrane was washed again 

briefly in 1 X TEST, blocked and probed with primary and secondary antibodies as 

described in the previous section.

2,12 Cytotoxicity Assay

For this assay, the CytoTox 96® Non-Radioactive Cytotoxicity Assay which 

measures lactate dehydrogenase (LDH) release was used as per the manufactures’ 

instructions. HEK-293T cells were set up in 96 well plate format and transfected as in 

section 2.4. Additional triplicates were set up for spontaneous LDH release control and 

maximum LDH release control. 45 minutes prior to supernatant harvest, lysis solution 

(10 X) was added to maximum LDH release control wells. Then 50 pi of the supernatant 

from each well of the assay plate was then transferred to the corresponding well of a 

flat-bottom 96-well assay plate. 50 pi of a 1:5,000 dilution of LDH positive control was 

added to separate wells. 50 pi reconstituted substrate mix was then added to each well of 

the plate. The plate was covered, incubated at room temperature while protected from 

light for 30 minutes. Following this incubation, 50 pi stop solution was added to each 

well of the plate, and the absorbance was measured at 490 nm using a Tecan Sunrise™ 

96 well Microplate Reader.
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2.13 Reverse Transcriptase Polymerase Chain Reaction

RNA extractions were carried out using the RNeasy kit as per the manufactures’ 

instructions. To determine the yield, RNA concentration was measured using a 

NanoDrop ND-1000 (Thermo Scientific). Next, cDNA was created using the High 

Capacity cDNA Reverse Transcription Kit. TMEDl and Glyceraldehyde 3-Phosphate 

Dehydrogenase (GAPDH) primers which were used for the Polymerase Chain Reaction 

(PCR) are listed below.

Primer
TMEDl forward 
TMEDl reverse 
GAPDH forward 
GAPDH reverse

Sequence
5’ACTCCTTCAGCACCATCTCC 3’ 
5’ TTTGTCCCGTTCTTCCTTCC 3’ 

5’GAACGGGAAGCTTGTCATCAA 3’ 
5’CTAAGCAGTTGGTGGTGCAG 3’

Table 2.17 Primers for PCR

The PCR reaction was set up as follows;

dNTP

10 X Buffer 

Forward primer 

Reverse primer 

Taq polymerase 

DNA

Nuclease Free H2O

1 pi 

5 pi 

1 pi 

1 pi 

1 pi 

Ipl 

40 pi
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PCR was carried out using either the Eppendorf Mastercycler Gradient or the Applied 

Biosystems Verti 96 well fast thermal cycler. The following PCR parameters were used:

95 °C 5 minutes

95 °C 1 minute

55 °C 1 minute

72 °C 1 minute

72 °C 10 minutes

4 °C Hold

>■ X 30 cycles

2.14 Quantitative PCR

RNA extractions were carried out with the RNeasy kit and yield was determined 

using a NanoDrop ND-1000 (Thermo Scientific). The Superscript® III First Strand 

Synthesis kit or the High Capacity cDNA Reverse Transcription Kit were used for 

synthesis of cDNA to be used for quantitative PCR. cDNA was prepared using a 

Eppendorf Mastercycler Gradient or Applied Biosystems Verti 96 well fast thermal 

cycler. Quantitative PCR was carried out with SYBR®-Green Real Time PCR kits using 

the 7900HT Fast Real-Time PCR System (Applied Biosystems). Primers used for the 

detection of TMEDl and GAPDH by quantitative PCR are listed in Table 2.18.

Primer Sequence
TMEDl forward 
TMEDl reverse 
GAPDH forward 
GAPDH reverse

5’ TCCGAGAAGCTGGTGTTCTT 3’ 
5’ CAGTAGCGTGAGCATCTGGA 3’ 

5’ GAACGGGAAGCTTGTCATCAA 3’ 
5’ CTAAGCAGTTGGTGGTGCAG 3’

Table 2.18 Primers used for quantitative PCR
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2.15 Luciferase Assays

2.15.1 Luciferase Assays with TMEDl overexpression

Cells were set up in 96 well plate format at 2 x 10^ cells/ml and allowed to rest for 

24 hours. They were then transfeeted using GeneJuiee® as shown in Table 2.12 with a 

total of 220 ng DNA eonsisting of 80 ng nulcear factor kappa B (NF-kB), 

m/e?/ero«-stimulated response element (ISRE), or activator protein 1 (AP-1) luciferase 

reporter gene plasmids and 40 ng thymidine kinase (TK) Renilla reporter gene (for 

normalisation of the data) and TMEDl-GFP and/or empty vector to make up the 220 ng 

DNA. Cells were allowed to rest for 24 hours and stimulated with the appropriate ligand 

for the required amount of time. Following stimulation media was removed and cells 

were lysed in 50 pi Passive Lysis Buffer with shaking for 15 minutes. 20 pi of the 

cellular lysates was used to assay Firefly Luciferase to determine the activity of NF-kB 

or ISRE and 20 pi was used to assay TK Renilla luciferase. 40 pi substrate was added per 

well; Luciferase Assay Mix (For 456 ml 2X solution: 20 mM Tricine, 2.67 mM 

MgS04,7H20, 0.1 mM EDTA, 33.3 mM DTT 530 pM adenosine triphosphate (ATP), 

270 pM Acetyl CoEnzyme A, 60 mg D-Luciferin made to 445.2 ml, add 1.14 ml 2 M 

NaOH and 2.42 ml 50 mM Magnesium Carbonate Hydroxide) for FireFly luciferase and 

Coelenterazine (diluted 1:1000 with PBS) for Renilla luciferase. The Firefly luciferase 

and TK Renilla luciferase values were then measured using a Mediators PhL'^'^ 

Luminometer.
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2.15.2 Luciferase Assays following endogenous TMEDl knockdown

Cells were set up in 24 well format at 0.75 x 10^ cells/ml in antibiotic free media 

and allowed to rest for 24 hours. They were then transfected with 5 nM siRNA constructs 

using Lipofectamine™ RNAiMax as described in section 2.5 and allowed to rest for 24 

hours. Cells were then transfected with the luciferase constructs using GeneJuice® as 

shown in section 2.4. A total of 770 ng DNA was used per transfection. This consisted of 

280 ng NF-kB luciferase reporter, 140 ng TK Renilla reporter and empty vector (EV) 

pcDNA for the remainder. Cells were allowed to rest for 24 hours and stimulated with 

50 ng/ml IL-33 for 6 hours if required. Following stimulation media was removed and 

cells were lysed in 100 pi Passive Lysis Buffer with shaking for 15 minutes. Lysates 

were assayed as described above in section 2.15.1.

2.16 Enzyme-Linked ImmunoSorbent Assay (ELISA)

2.16.1 Cell preparation and stimulation

HEK-293-hST2L cells were set up and transfected as described in section 2.4 or 

2.5 in triplicate. THP-1 cells were set up and transfected as described in section 2.6. Cells 

were stimulated in triplicate at the required concentration and supernatants were collected 

8 or 24 hours post stimulation for analysis by ELISA.

2.16.2 ELISA procedure

A 96-well microplate was coated with capture antibody (50 pi per well) diluted to 

a working concentration of 4 pg/ml in PBS, covered in Parafilm and incubated overnight
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at room temperature. Wells were then aspirated and washed with Wash Buffer (0.05 % 

Tween 20 in PBS, pH 7.2-7.4) three times, and blotted on tissue paper to remove 

bubbles. Plates were blocked by adding 150 pi Reagent Diluent (1 % (w/v) BSA in PBS, 

pH 7.2-7.4) to each well and incubated at room temperature for a minimum of one hour. 

The reagent diluent was then removed and the aspiration-wash-blotting step was repeated 

three times. 50 pi of sample, or standard diluted in Reagent Diluent, was then added per 

well and incubated at room temperature for 2 hours or 4 °C overnight. The samples were 

then removed and the wash step was repeated three times. 50 pi Detection Antibody 

diluted to a working concentration of 20 ng/ml in Reagent Diluent was added to each 

well. The plate was covered with Parafilm and incubated at room temperature for at least 

2 hours. The wash step was repeated three times as above. 50 pi Streptavidin-HRP 

(diluted 1:2 with Reagent Diluent) was added to each well and incubated at room 

temperature (in darkness) for 20 minutes. Wells were washed as before. 50 pi Substrate 

Solution was added per well and incubated at room temperature (in darkness) for 

20 minutes. Wells were washed as before. 25 pi Stop Solution (2 N H2SO4) was added 

per well, the plate was tapped to ensure thorough mixing, and any bubbles present were 

removed. The absorbance measurements were read at 450 nm using a Tecan Sunrise^'^ 

96 well Microplate Reader and concentrations were calculated using the known 

standards.

2.17 Labelling IL-33

Recombinant IL-33 was labelled using the Alexa Fluor® 647 Microscale 

Labelling Kit from Invitrogen according to the manufactures’ instructions. Firstly, a 1 M 

sodium bicarbonate solution was prepared. 20 pi of a 1 mg/ml IL-33 solution was added 

to the reaction tube followed by 2 pi (a 1/10 volume) 1 M sodium bicarbonate and the
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solutions were mixed my pipetting up and down several times. Next, the Alexa Fluor® 

647 succinimidyl ester was reconstituted, and the appropriate amount was added to the 

reaction tube and mixed thoroughly. The reaction was incubated at room temperature for 

15 minutes. The conjugated protein was separated from unreacted dye by purification 

using a spin column, the unreacted dye being retained in the column and labelled protein 

eluted and collected.

2.18 Confocal microscopy

HEK-293T or HEK-293-hST2L cells were set up at 0.5 x 10^ cells/ml in glass 

bottom confocal dishes or on poly-L-lysine coated cover slips and incubated for 24 hours 

at 37 °C with 5 % CO2. Cells were then transfected with 0.5 pg of plasmids encoding 

TMEDl-GFP, ST2L-HA, Endoplamic reticulum-cyan fluorescent protein (ER-CFP), 

Golgi-CFP, early endosome antigen 1 (EEAl)-CFP, Rablla-CFP or combinations of 

each as required. 24 hours later the media was changed and cells were allowed to rest for 

a further 24 hours.

For live cell imaging, cells were then viewed with an Olympics Fluoview FVIOOO 

Imaging system. Dapi and CellMask™ Plasma Membrane Stain were used for nuclear 

and plasma membrane staining respectively.

The following protocol was followed for antibody staining. If cell stimulation was 

required, media was replaced and cells were allowed to recover for 30 minutes. Cells 

were then stimulated for the required time. If cells were stimulated with labelled ligand 

they were washed twice in media, prior to the addition of paraformaldehyde (PFA) to a 

final concentration of 2 % (v/v), which was incubated on ice for 15 minutes. PFA media 

was then removed and cells were permeahilised with PEM (80 mM
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piperazinediethanesulfonate (PIPES), 5 mM ethylene glycol tetraacetic acid (EGTA), 

1 mM MgCl2)/0.15 % Triton X-100 on ice for 15 minutes. Free aldehyde groups were 

then quenched with 50 mM NH4CEO.I5 % Triton for 5 minutes at room temperature. 

Quenching buffer was then removed and cells were blocked for 1 hour at room 

temperature in 1 % BSA (w/v), 10 % ECS (v/v) and PBS. Primary antibody was added 

for 1 hour at room temperature or 4 °C overnight. Cells were washed gently in 

PBS/0.15 % Trition X-100 three times, and once in blocking buffer. Secondary antibody 

was then added for 45 minutes to one hour, followed by three more gentle washes in 

PBS/0.15 % Trition X-100. One drop of mounting solution was then added to the 

coverslips, and they were mounted cell-side down onto glass slides, and sealed with nail 

varnish. They were allowed to dry at room temperature and stored at 4 °C until they were 

viewed with the Olympics Fluoview FVIOOO Imaging system.

2.19 Dynasore treatment

HEK-293-hST2L cells were set up at 2 x 10^ cells/ml in 24 well plates. The 

following day, media was changed to serum free and cells were allowed to rest for 

approximately 1 hour. Next DMSO or dynsaore (to a final concentration of 80 pM) was 

added for 30 minutes. Cells were then stimulated with IE-33 (50 ng/ml) for the times 

required. Following the time course cells, were lysed in 5 X SDS-Eaemmli buffer and 

analysed by Western blotting as in sections 2.10 and 2.11.
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Investigation into the characteristics of TMEDl 

and its putative interaction with ST2L
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Chapter 3 

3.1 Introduction

As mentioned in chapter 1, the information available on TMEDl in the literature 

is quite limited. TMEDl was first identified during a screen searching for possible ST2L 

binding proteins, and was deemed a member of the transmembrane emp24 

domain-containing protein family (Gayle et al., 1996). TMEDl is believed to possess the 

same domain architecture as other members of the TMED protein family, having an 

N-terminal signal peptide, a GOLD domain, followed by a linker and coiled-coiled 

region, a transmembrane domain and a C-terminal tail. Subcellular fractionation and gel 

filtration analysis has revealed the presence of TMEDl in the ER, IC and Golgi in dimer 

form (Jenne et al., 2002). A second study using confocal microscopy reported that 

TMEDl can localise to the Golgi in Hela cells where it can co-localise with TMED 10 

(Emery et al., 2000).

Aside from these studies, TMEDl has not yet been characterised and studied. 

Therefore, in this study a further characterisation of TMEDl was carried out. Firstly, the 

localisation of TMEDl within the cell was investigated. The presence of TMEDl in the 

ER and Golgi was studied. TMED7, a related family member has recently been reported 

to limit TLR4 signalling, working in other cellular compartments such as early and late 

endosomes (Doyle et al., 2012). Therefore the presence of TMEDl in other cellular 

compartments was also investigated. In addition, results suggesting that TMED7 possess 

a second transmembrane domain and that its GOLD domain projects into the cytosol 

(Doyle et al., 2012) prompted an analysis of the position and localisation of the 

transmembrane and GOLD domains of TMED 1.
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As mentioned above, TMEDl was identified in a screen for possible ST2L 

binding proteins (Gayle et al., 1996). ST2L is a member of the IL-IR/TLR superfamily 

of receptors. For many years, ST2L was classed as an orphan receptor with no known 

ligand. Prior to the discovery of IL-33 (Schmitz et al., 2005), studies were undertaken to 

identify the ligand for ST2L. In one such study, cell lines were screened for their ability 

to bind a ST2L-Fc fusion protein and cDNA clones of putative binding proteins were 

then isolated using an expression cloning strategy (Gayle et al., 1996). Although this 

study was unsuccessful in identifying the ST2L ligand, it did lead to the discovery of the 

GOLD domain containing protein TMED1. However, this purported association was not 

confirmed by any other means and a functional consequence of the association was not 

described.

Following the implication of TAG, another GOLD domain containing protein in 

the regulation of MyD88-independent TLR4 signalling (Palsson-McDermott et al., 

2009), interest in the putative TMEDl and ST2L association and the potential role for 

TMEDl in ST2L signalling was revived. This project aimed to confirm the putative 

interaction between TMEDl and the receptor protein ST2L utilising 

co-immunoprecipitation assays and confocal microscopy. In order to further characterise 

TMEDl an analysis of the transmembrane domains and topology of TMEDl was carried 

out using confocal imaging and protease protection assays. To determine which domains 

of TMEDl and ST2L were responsible for the interaction several mutation and deletion 

constructs were generated and used in co-immunoprecipitation assays.
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3.2 Results

3.2.1 TMEDl localisation in resting cells

The localisation of TMEDl in the cell was investigated using a human mast cell 

line (HMC 1.1). They were transfected with a plasmid encoding TMEDl with a green 

fluorescent protein (GFP) tag. Cells were then viewed using the Olympics Fluoview 

FVIOOO Imaging system. Figure 3.1 demonstrates that TMEDl had a reticular pattern of 

expression with some more focused regions adjacent to the nucleus (Figure 3.1, arrow).

Additional confocal microscopy was carried out in HEK-293T cells, as the 

transfection efficiency for the HMC 1.1 cell line was low. As Gayle et al. isolated 

TMEDl as a cell surface protein (Gayle et ah, 1996), imaging was carried out to 

determine if TMEDl localised to the plasma membrane. Overexpressed TMEDl-GFP 

was viewed in live cells and was not localised to the plasma membrane (Figure 3.2). 

Staining of the nucleus also demonstrated that TMEDl-GFP did not localise to the 

nucleus (Figure 3.2).

Similar to the expression pattern of TMEDl-GFP in HMC 1.1 cells, 

TMEDl-GFP in HEK-293T cells seemed to have a reticular pattern of expression, with 

some regions of greater intensity in the peri-nuclear area (Figure 3.2). To further 

investigate this, TMEDl-GFP was expressed together with the ER-retention sequence of 

calreticulin which is a marker for the endoplasmic reticulum (ER) fused to cyan 

fluorescent protein (CFP). Alternatively, TMEDl-GFP was expressed together with the 

Golgi marker, (31,4-galactosyltransferase fused to CFP. As shown in Figure 3.3, TMEDl- 

GFP can co-localise with ER-CFP. This reticular pattern is the predominant expression 

pattern which was observed for TMEDl. TMEDl is also capable of Golgi localisation
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(Figure 3.4, bottom panels). However, this is less frequent than its localisation at the ER, 

and does not occur in all cases (Figure 3.4, top panels).

TMEDl-GFP co-expression with the early endosome marker, early endosome 

antigen 1 (EEAl) fused to CFP, was also examined. The top panels in Figure 3.5 

demonstrate that TMEDl-GFP can localise to the limiting membrane of early endosomes 

in resting cells. However, in other cases TMEDl-GFP appeared to enclose the lumen of 

the early endosome (Figure 3.5, bottom panels, arrow). TMEDl-GFP co-expression with 

the recycling endosomal marker Rablla-CFP did not show any regions of 

co-localisation. However, TMEDl-GFP did enclose Rablla-CFP positive areas (Figure 

3.6, top and bottom panels, arrows).
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Figure 3.1 Localisation of TMEDl in HMC 1.1 cells

Confocal images of HMC 1.1 cells transfected with a plasmid encoding TMEDl-GFP. 

Cells were viewed using the Olympics Fluoview FVIOOO Imaging system. Data 

presented is representative of two experiments, in which a total of 24 cells were analysed. 

The top panels show the reticular like pattern of TMEDl-GFP, which was evident in 

twenty two of the cells examined. The arrow in the bottom panel shows the region of 

greater intensity of TMEDl-GFP, evident in 10 cells. Scale bars indicate 10 pM.
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Figure 3.2 TMEDl is not localised to the plasma membrane or nucleus in 

HEK-293T cells

Confocal images of HEK-293T cells transfected with a plasmid encoding TMEDl-GFP. 

Cells were stained with CellMask™ Plasma Membrane Stain to stain the plasma 

membrane and DAPI to stain the nuclei. Data demonstrating TMEDl-GFP expression 

and staining of nuclei is representative of one experiment with 19 cells analysed. Data 

demonstrating TMEDl-GFP expression and plasma membrane staining are 

representative of three independent experiments with a total of 70 cells analysed. Scale 

bars indicate 10 pM.
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Figure 3.3 TMEDl co-expression with ER-CFP
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Figure 3.3 TMEDl co-expression with ER-CFP

Confocal images of HEK-293T cells transfected with plasmids encoding TMEDl-GFP 

and the ER-retention sequence of calreticulin fused to CFP (ER-CFP). The CFP channel 

was changed to red to allow for easier visualisation of the ER-CFP. Arrows show regions 

of co-localisation between TMEDl-GFP and ER-CFP. Data is representative of 33 cells 

over a total of three experiments. Scale bars indicate 10 pM.
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Figure 3.4 TMEDl co-expression with Golgi-CFP
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Figure 3.4 TMEDl co-expression with Golgi-CFP

Confocal images of HEK-293T cells transfected with plasmids encoding TMEDl-GFP 

and pi,4-galactosyltransferase-CFP (Golgi-CFP). The CEP channel was changed to red 

to allow for easier visualisation of the Golgi-CFP. Arrows show regions of 

co-localisation between TMEDl-GFP and Golgi-CFP. Data in the bottom panel is 

representative of 10 cells from two experiments, in which a total of 28 cells were 

analysed. Scale bars indicate 10 pM.
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Figure 3.5 TMEDl co-expression with EEAl-CFP
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Figure 3.5 TMEDl co-expression with EEAl-CFP

Confocal images of HEK-293T cells transfected with plasmids encoding TMEDl-GFP 

and EEAl-CFP. The CFP channel was changed to red to allow for easier visualisation of 

EEAl-CFP. Data in the top panel is representative of 6 cells while data in the bottom 

panel is representative of 12 cells, in which a total of 18 cells were analysed in three 

experiments. Scale bars indicate 10 pM.
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Overlay

Figure 3.6 TMEDl co-expression with Rablla-CFP
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Figure 3.6 TMEDl co-expression with Rablla-CFP

Confocal images of HEK-293T cells transfected with plasmids encoding TMEDl-GFP 

and Rabl la-CFP. The CEP channel was changed to red to allow for easier visualisation 

of Rabl la-CFP. Arrows show regions of Rabl la-CFP expression. Data is representative 

of 29 cells from three experiments, in which a total of 29 cells were analysed. Scale bars 

indicate 10 pM.
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3.2.2 Transmembrane domains of TMEDl

Members of the TMED family were previously thought to contain an N-terminal 

signal peptide, a GOLD domain, followed by a linker and coil-coiled region, a 

transmembrane domain and a C-terminal tail. In the case of TMEDl, the transmembrane 

domain is predicted to be at amino acids 193-213. However, recent investigations into the 

number of transmembrane domains in the related TMED family member, TMED7, have 

suggested that it has two potential transmembrane motifs, one near the C-terminus 

(amino acids 186-207) as well as an additional one near the N-terminus (amino 

acids 17-34) (Doyle et ah, 2012).

Therefore, the TMED 1 sequence was analysed for other potential transmembrane 

domains by a number of transmembrane prediction programmes. Table 3.1 lists the 

number of transmembrane domains predicted by each of the programmes and their 

position (Cserzo et al., 1997; Hirokawa et al., 1998; Jones, 2007; Kali et al., 2004; Krogh 

et al., 2001; Nugent and Jones, 2009; Tusnady and Simon, 1998). Each of these 

programmes identifies a transmembrane domain approximately in the region of amino 

acids 193-213. Some of these also identify a transmembrane domain at the N-terminus of 

the protein. The region incorporated by this potential transmembrane domain includes 

amino acids ranging from 1-26 depending on the programme. This corresponds to the 

signal sequence in TMEDl so is unlikely to be a transmembrane domain. None of these 

predict a transmembrane motif at positions 17-34, corresponding to the N-terminal 

transmembrane motif in TMED7 (Doyle et al., 2012).

To investigate this further, three additional TMEDl-GFP constructs were 

generated. These were termed ATM-TMEDl, ASP-TMEDl and ASPTM-TMEDl and 

lacked the transmembrane domain (TM), the signal peptide (SP) or both the signal
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peptide and the transmembrane domain (SPTM) respeetively. To investigate their 

localisation each of the constructs were viewed using confocal microscopy. In Figure 3.7 

the reticular pattern of WT-TMEDl can be observed (top panels). Interestingly, the same 

reticular pattern can be observed for ATM-TMEDl (second panels from the top). 

However, removal of the signal peptide reveals a different expression pattern. 

ASP-TMEDl appears diffuse in the cytosol (third panels from the top). Removal of the 

signal peptide and the transmembrane domain completely disrupts TMEDl localisation, 

as it can be observed all over the cell (fourth panels), even in the nucleus and looks 

similar to EV-GFP which is not targeted to a particular organelle (fifth panels). 

MyD88-CFP was used as an additional control to demonstrate that cells have been 

allowed sufficient time to direct proteins to their correct cellular location beyond the 

early secretory pathway. MyD88 is expressed in cytoplasmic aggregates, an expression 

pattern which has been reported previously (Latz et al, 2002).
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Transmembrane prediction for TMEDl

Program TM domain No. of TMH TM region

HMMTOP Yes 1 193-210

TMHMM Yes 1 193-215

Phobius Yes 1 193-213

MEMSAT-SVM Yes 1 193-216

MEMSAT3 Yes 2 3-26

196-215

TMPred Yes 2 1-19/22

193/195-215

SOSUI Yes 2 1-23

194-215

DAS Yes 2 9-16

198-213

Table 3.1 Transmembrane domains of TMEDl

Results from TMEDl sequence analysis using various transmerabrane prediction 

programmes. TM: transmembrane, TMH; transmembrane helix.
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Figure 3.7 Localisation of TMEDl mutant constructs
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Figure 3.7 Localisation of TMEDl mutant constructs

HEK-293T cells were transfected with plasmids encoding TMEDl-GFP constructs (WT: 

wild type, ATM: transmembrane domain deleted, ASP: signal peptide deleted, ATMASP: 

transmembrane domain and signal peptide deleted) EV-GFP or MyD88-CFP. Cells were 

examined using an Olympus FVIOOO Confocal Microscope. Data is representative of a 

minimum of 27 cells analysed for each construct over a total of three independent 

experiments. Scale bars indicate 10 pM.
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3.2.3 Localisation of the GOLD domain of TMEDl

The TMED family are thought to traverse the membrane and therefore the GOLD 

domain may project into the cytosol or lumen. The initial characterisation of TMEDl did 

not reveal if the GOLD domain projects into the cytosol or into the lumen of a vesicle.

To determine if the GOLD domain of TMEDl projects into the lumen of the 

organelle in which it is residing or if it projects into the cytosol a protease protection 

assay was carried out. This assay utilises two reagents to permeabilise particular cell 

membranes. The cholesterol binding drug digitonin is used to selectively permeabilise 

the plasma membrane. As the plasma membrane has the highest concentration of 

cholesterol, it is the prime target for digitonin intercalation. Other internal cell 

membranes are unaffected. Alternatively, the detergent Triton X-100 will permeabilise 

all membranes. When fractions which have been exposed to either digitonin alone or 

digitonin with Trition X-100 are incubated with trypsin, regions of the protein which are 

accessible will be sensitive to trypsin digestion. Consequently the assay can reveal which 

regions of a protein projects into the cytosol.

A protease protection assay was carried out on endogenous TMEDl in 

HEK-293T cells and samples were immunoblotted using a TMEDl antibody. This 

antibody was generated using the immunogen sequence from position 26 to 91 of 

TMEDl, and therefore is directed against the first half of the GOLD domain. Figure 3.8 

lane 1 shows TMEDl expression in whole cell lysates, lane 2 demonstrates that TMEDl 

is in the membrane fraction. No TMEDl is visible in the cytosolic fraction (lane 3). 

Permeabilisation of the plasma membrane alone with digitonin allowed trypsin to digest 

the GOLD domain of TMEDl, as there is no band detected in lane 4. Permeabilisation of 

all membranes with Triton X-100 also allowed TMEDl to be digested (lane 5). These 

results demonstrate that the GOLD domain of TMEDl was sensitive to trypsin digestion
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when the plasma membrane alone was permeabilised, suggesting it projects into the 

cytosol.

The protease protection assay was also carried out with overexpressed TMEDl 

with a C-terminal GFP tag to investigate whether the C-terminus of TMEDl is localised 

to the cytosol or a luminal compartment. This is shown in Figure 3.9. TMEDl-GFP can 

be detected in the whole cell lysates in lane 1 between the 47 kDa and 62 kDa molecular 

weight markers. TMEDl-GFP is detectable in the membrane fraction but not in the 

cytosolic fraction (compare lanes 2 and 3). When the plasma membrane is permeabilised 

with digitonin and TMEDl-GFP is exposed to trypsin the intensity of this band is 

reduced and another band is detectable at approximately 25 kDa (lane 4). As anticipated 

both of these bands are cleaved by trypsin in the presence of Triton X-100 as internal 

membranes are also permeabilised. This suggests that the C-terminal tail of TMEDl is 

protected from trypsin digestion and is therefore localised inside a luminal compartment. 

A significant amount of the remainder of the protein appears to be in the cytosol, as this 

section is digested by trypsin in the presence of digitonin, leading to a reduction in the 

molecular weight of the GFP tagged fragment. These results suggest that the 

transmembrane domain is likely to be at position 193-213, with the first 192 amino acids 

in the cytosol and the last 14 amino acids in the lumen.
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Figure 3.8 The GOLD domain of TMEDl projects into the cytosol

A protease protection assay was carried out on HEK-293T cells. Samples were analysed 

by Western blotting and probed with an anti-TMEDl antibody. Data is representative of 

three independent experiments. Molecular weight markers are shown on the left of the 

blot.
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Figure 3.9 The C-terminus of TMEDl is located in the lumen

HEK-293T cells were transfected with a plasmid encoding TMEDl-GFP and a protease 

protection assay was carried out. Samples were analysed by Western blotting and probed 

with an anti-GFP antibody. Results presented are representative of three independent 

experiments. Asterisks mark non-specific bands. Molecular weight markers are shown on 

the left of the blot.
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3.2.4 TMEDl interacts with ST2L

Co-immunoprecipitation assays were earned out to investigate the interaetion 

between TMEDl and ST2L. These were carried out in HEK-293T cells in which 

TMEDl-GFP and ST2L-HA were both overexpressed (Figure 3.10). The interaction was 

detected in both directions, by immunoprecipitating TMEDl-GFP and blotting for 

ST2L-HA (Figure 3.10, top panel, lane 4) and by immunoprecipitating ST2L-HA and 

blotting for TMEDl-GFP (Figure 3.10, bottom panel, lane 3). The presence of 

immunoprecipitated TMEDl-GFP and ST2L-HA in these samples was confirmed 

(Figure 3.10, bottom panel, lane 4 and top panel, lane 3 respectively). TMEDl-GFP and 

ST2L-HA were also visible in the lysates as expected.

Next the interaction was confiraied using a cell line stably expressing human 

ST2L (HEK-293-hST2L). Figure 3.11 demonstrates that TMEDl-GFP 

co-immunoprecipitates with stably overexpressed ST2L (top left panel, lane 2). 

Immunoprecipitated empty vector GFP (EV-GFP) does not co-immunoprecipitate with 

ST2L (Figure 3.11, top left panel, lane 1), demonstrating that the observed 

co-immunoprecipitation between TMEDl-GFP and ST2L-HA is not due to the GFP tag. 

ST2L, EV-GFP and TMEDl-GFP can be observed in the lysates as expected (Figure 

3.11, right panels, top and bottom panels respectively).

To investigate the specificity of the interaction, the related family members 

TMED2, TMED3 and TMED7 were utilised. Figure 3.12 confirms previous results by 

demonstrating that TMEDl-GFP co-immunoprecipitates with ST2L (top left panel, lane 

1). However, TMED2-GFP, TMED3-GFP or TMED7-GFP do not co-immunoprecipitate 

with ST2E (Figure 3.12, top left panel, lanes 2, 3 and 4). This confirms the specificity of
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the interaction between ST2L and TMEDl. The whole cell lysates demonstrate that 

ST2L is present in each of the samples (top right panel).
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Figure 3.10 TMEDl co-immunopredpitates with ST2L-HA in HEK-293T cells

HEK-293T cells were transfected with a plasmid encoding ST2L-HA, TMEDl-GFP or 

both plasmids together. Samples were immunoprecipitated with either anti-HA or 

anti-GFP antibodies. Whole cell lysates (WCL) and immunoprecipitated samples were 

analysed by Western blot. The immunoblotting antibodies (IB) are listed beside the 

appropriate blot. Asterisks mark antibody heavy chain bands. Data are representative of 

eight independent experiments.
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Figure 3.11 TMEDl co-immunoprecipitates with stably overexpressed ST2L in 

HEK-293-hST2L cells

HEK-293-hST2L cells were transfeeted with plasmids eneoding empty vector GFP 

(EV-GFP) or TMEDl-GFP. Samples were immunoprecipitated with anti-GFP Trap® 

beads. Whole cell lysates (WCL) and immunopreeipitated samples were analysed by 

Western blot. The immunoblotting antibodies (IB) are listed beside the appropriate blot. 

Data are representative of ten independent experiments.
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Figure 3.12 TMED2, TMED3 or TMED7 do not co-immunoprecipitate with stably 

overexpressed ST2L in HEK-293-hST2L cells

HEK-293-hST2L cells were transfected with empty vector GFP (EV-GFP), 

TMEDl-GFP, TMED2-GFP, TMED3-GFP or TMED7-GFP. Samples were 

immunoprecipitated with anti-GFP Trap® beads. Whole cell lysates (WCL) and 

immunoprecipitated samples were analysed by Western blotting. The immunoblotting 

antibodies (IB) are listed beside the appropriate blot. Data is representative of two 

independent experiments.
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3.2.5 TMEDl does not co-immunoprecipitate with MyD88

To further investigate the speeificity of TMEDl for ST2L, the interaction of 

TMEDl with other TIR domain containing adaptor proteins was investigated. Eike 

ST2E, MyD88, Mai and TRAM contain a TIR domain and are members of the IL- 

IR/TER superfamily. To determine if TMEDl interacts with these adaptor proteins, 

co-immunoprecipitation assays were carried out. Figure 3.13A demonstrates that TMEDl 

and MyD88 do not interact (top panel lane 3, second panel lane 4). Although there is a 

band present in the experimental lane in Figure 3.13A (top panel, lane 3), there is also 

one present in the negative control (top panel, lane 1), as MyD88-myc is being pulled 

dovm by the anti-GFP antibody. Therefore the band present in the experimental lane (top 

panel, lane 3) is MyD88-myc being pulled down by the anti-GFP antibody, and not 

evidence of an interaction between TMEDl and MyD88. The IP using the anti-myc 

antibody was more straightforward, with no band in the negative control (second panel, 

lane 2) or experimental lane (second panel, lane 4). In the IPs blotted for GFP in both 

part A and B a lower band is visible. This band is likely to be the heavy chain band 

(~50kDa). These results highlight the specificity of TMEDl for the TIR domain of ST2E 

specifically. TMEDl also did not co-immunoprecipitate with other TIR domain 

containing adaptor proteins Mai and TRAM (Figure 3.13B and C, respectively).
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Figure 3.13 TMEDl does not co-immunoprecipitate with MyD88

HEK-293T cells were transfected with plasmids encoding TMEDl-GFP and 

(A) MyD88-myc (B) Mal-HA or (C) TRAM-flag as shown. Samples were 

immunoprecipitated with anti-HA, anti-flag or anti-GFP coupled Protein A/G-plus 

agarose beads. Whole cell lysate (WCL) and immunoprecipitated samples were analysed 

by Western blot. Immunoblotting antibodies (IB) are listed beside the appropriate blot. 

Asterisks mark antibody heavy chains. Data is representative of two independent 

experiments.
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3.2.6 TMEDl and ST2L interact endogenously

Having demonstrated the interaction using over-expressed TMEDl, the next goal 

was to examine the interaction endogenously. ST2L is known to be highly expressed in 

mast cells, and its expression has been confirmed previously in the human mast cell 

(HMC) 1.1 cell line (Drube et al., 2010). However, the presence of TMEDl in this cell 

line has not been investigated. Figure 3.14A demonstrates that HMC 1.1 cells express 

TMEDl mRNA (lane 2). The expected size of the product is 389 base pairs. The 

presence of the TMEDl protein was demonstrated by immunoprecipitation using a 

TMEDl antibody. The anti-TMEDl antibody immunoprecipitated a protein of the 

correct size from HMC 1.1 cell lysates (Figure 3.14B, lane 9). To confirm the specificity 

of this band, lysates from HEK-293T cells in which TMEDl had been knocked down 

were run alongside the immunoprecipitated samples from HMC 1.1 cells. HEK-293T 

cells were used for the knockdown of TMEDl rather than HMC 1.1 cells as the HMC 1.1 

cell line is difficult to transfect. TMEDl is visible in samples which received no siRNA 

or negative control siRNA (lanes 1, 2 and 5 respectively). The intensity of the TMEDl 

bands at this size was reduced in lanes 3, 4 and 7, as TMEDl was successfully knocked 

down using different siRNA in these samples. The corresponding size of the 

immunoprecipitated band in lane 9 confirms that TMEDl can be immunoprecipitated 

from the HMC 1.1 cell line.

Having demonstrated that it was possible to immunoprecipitate TMEDl in this 

cell line, the HMC 1.1 cells were chosen to examine the interaction endogenously. Figure 

3.15 demonstrates the interaction between endogenous ST2L and endogenous TMEDl. 

This is shown in lane 2. As the anti-TMEDl antibody was raised in rabbit, anti-rabbit 

IgG coupled Protein A/G-plus agarose beads were used as a control. The lack of a band 

in lane 1 of the top panel demonstrates that ST2L is specifically immunoprecipitated by
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TMEDl. Immunoblotting of the whole lysates demonstrates that both ST2L and TMEDl 

are present in all cases (Figure 3.15, third and fourth lanes).
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Figure 3.14 Detection of endogenous TMEDl in the HMC 1.1 cell line

(A) TMEDl and GAPDH cDNA generated from HMC 1.1 cells. The control reaction 

lacks primers. Expected TMEDl and GAPDH products are 389 and 284 base pairs (bp) 

respectively. (B) Immunoblot analysis of HEK-293T samples in which TMEDl was 

knocked down using several different siRNA (left, Nol-No4) and non-silencing controls 

(NC) and HMC 1.1 samples in which TMEDl was immunoprecipitated (right). 

Immunoblotting (IB) antibodies are shown beside the appropriate blots.
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IB:ST2L
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Figure 3.15 Endogenous TMEDI co-immunoprecipitates with endogenous ST2L

IIMC 1.1 cell lysates were immunoprecipitated with anti-rabbit IgG or anti-TMEDl 

coupled Protein A/G-plus agarose beads. Whole cell lysates (WCL) and 

immunoprecipitated samples were then analysed by Western blotting. Immunoblotting 

antibodies (IB) are listed beside the appropriate blot. Results presented are representative 

of tw'o experiments.
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3.2.7 Defining the domains in TMEDl responsible for the TMED1-ST2L interaction

In order to decipher what domains of TMEDl are responsible for its interaction 

with ST2L, various mutants were generated and confirmed by sequence analysis. The 

four mutants, shown in Figure 3.16, were constructed using Stragene’s Site Directed 

Mutagenesis Kit and the primers used are described in the Methods section. TMEDl 

contains a number of different regions; the signal peptide, a GOLD domain, a linker and 

coiled-coiled region, a transmembrane domain and finally a C-terminal tail. Within the 

GOLD domain there are two highly conserved cysteine residues which are thought to 

form a disulfide bond. In the SS-TMEDl mutant, these two cysteine residues of the 

GOLD domain were converted to serine residues. AG-TMEDl has the GOLD domain 

completely removed, AGLCC-TMEDl lacks the GOLD, linker and coiled-coiled 

domains, and ATM-TMEDl lacks the transmembrane domain. Sequence analysis 

confirmed that the correct base nucleotides had either been mutated or deleted.

The co-immunoprecipitation experiments with these TMEDl mutants were first 

carried out using the GFP Trap® beads. HEK-293-hST2L cells which stably express 

ST2L were used for these experiments. The WT TMEDl-ST2L interaction can be 

observed (Figure 3.17, top left panel, lane 2). A considerately weaker band is observed 

with SS-TMEDl-GFP and AG-TMEDl-GFP in lane 3 and lane 5 respectively, while 

none is visible with AGLCC-TMEDl-GFP and ATM-TMEDl-GFP in lanes 4 and 6 

(Figure 3.17). These co-immunoprecipitation experiments were also carried out using 

A/G-plus beads coupled to either anti-GFP or anti-ST2L. Similar results was also 

observed with TMEDl-GFP and ST2L-HA constructs transiently overexpressed in 

HEK-293T cells (Figure 3.18).

Each of the changes made to TMEDl greatly reduce its ability to interact with 

ST2L. Mutation of the cysteine residues and deletion of the GOLD domain both
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significantly disrupt the interaction to a similar degree. This demonstrates that correet 

folding of the GOLD domain is of critieal importance. However, removal of the linker 

and coiled-coiled regions further disrupt the interaction. These results suggest that the 

interaction is primarily mediated by the GOLD domain, but that a region greater than the 

GOLD domain is also involved in the interaction. The transmembrane domain of 

TMEDl is also critical for the interaction to occur, as deletion of this domain also has a 

negative impact on the interaction.
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CLUSTAL W (1.81) multiple sequence alignment
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Figure 3,16 Sequence alignment and domain structure of wild type and mutant 

TMEDl constucts

The GOLD domain (highlighted in dark yellow) contains two cysteine residues (in red). 

These were both mutated to serine residues in the SS mutant. The underlined region in 

the WT-TMEDl sequence shown in part A, is a putative transmembrane domain which 

was deleted in the ATM mutant. AG has the GOLD domain removed, while AGLCC has 

the GOLD, linker and coiled-coiled domains removed. Each of the constructs are GFP 

tagged at the C-terminus.
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Figure 3.17 Mutations in TMEDl affect its ability to interact with ST2L: 

immunoprecipitation with GFP Trap® beads

IIEK-293-hST2L cells were transiently transfected with a plasmid encoding EV-GFP or 

various TMEDl constructs as shown. (WT: wild type, SS: two cysteine residues 

converted to serine residues, ATM: transmembrane domain deleted, AG: GOLD domain 

deleted, AGLCC: GOLD, linker and coiled-coiled domains deleted). Samples were 

immunoprecipitated with anti-GFP Trap® beads. Whole cell lysates (WCL) and 

immunoprecipitated samples were analysed by Western blot. The immunoblotting 

antibodies (IB) are listed beside the appropriate blot. Data are representative of three 

independent experiments.
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Figure 3.18 Mutations in TMEDl affect its ability to interact with ST2L: 

iinmunoprecipitation with antibody coupled A/G-plus beads

HEK-293T cells were transfected with plasmids encoding ST2L and GFP tagged 

TMEDl constructs (WT: wild type, SS: two cysteine residues converted to serine 

residues, ATM: transmembrane domain deleted, AG: GOED domain deleted, AGECC: 

GOLD, linker and coiled-coiled domains deleted). Samples were immunoprecipitated 

with A/G-plus beads precoupled to either anti-GFP (G) or anti-ST2L (S) antibodies. 

Immunopreeipitated samples and whole cell lysates (WCL) were analysed by Western 

blotting. Immunoblotting antibodies (IB) are listed beside the appropriate blot. Results 

presented are a representative of three experiments.
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3.2.8 Defining the domains in ST2L responsible for the TMED1-ST2L interaction

In a similar manner to that described for generation of the TMED1 mutants, ST2L 

mutants were generated to determine what regions of ST2L are responsible for the 

interaction with TMEDl. The polyclonal anti-ST2L antibody which was used in the 

prevoius IPs was generated against the extracellular part of ST2L. It recognises amino 

acids from position 19 to 328. As this antibody would not be able to detect AIG-ST2L, 

the ST2L-HA construct which has the HA tag at the C-terminus of the protein was used 

to create the deletion mutants. As shown in Figure 3.19, the three Ig domains of ST2L 

were removed resulting in the construct termed AIG-ST2L, while the TIR domain was 

removed in ATIR-ST2L. The new constucts were checked by sequence analysis to 

confirm the deletions and were then used in co-immunoprecipitation assays.

Figure 3.20 shows the results from the interaction analysis with these constructs. 

Lane 2 in the first and second panels of Figure 3.19 shows the interaction between ST2L 

and TMEDl as seen before. The Ig domains of ST2L are not required for the interaction 

(Figure 3.20, top panel, lane 3). However, although ATIR-ST2L is expressed better in 

lysates (Figure 3.20, fifth panel, lane 4 and 8) and immunoprecipitates itself to a greater 

degree than WT-ST2L (Figure 3.20, third panel, lane 4 and 8), its ability to interact with 

TMEDl is greatly impaired (first panel, lane 4). These results were confirmed by 

immunoprecipitating HA-tagged ST2L and blotting for GFP-TMEDl (Figure 3.20, 

second panel). The WT-TMED1-ST2L interaction was observed again (lane 2) and was 

also evident with the Ig domains deleted from ST2L (lane 3) as the AIG-ST2L construct 

still interacts with TMEDl strongly. Removal of the TIR domain however obliterated the 

interaction (lane 4).
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CLUSTAL 2.0.12 multiple sequence alignment
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Figure 3.19 Wild type and mutant ST2L constucts
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Figure 3,19 Wild type and mutant ST2L constucts

ST2L contains three Ig domains which are shown in blue. The transmembrane domain is 

underlined and the TIR domain is in red. In AIG-ST2L the Ig domains have all been 

removed, while in ATIR-ST2L the TIR domain is removed. A) Clustal alignment of 

WT-ST2L, AIG-ST2L and ATIR-ST2L and B) Representation of the domain structure of 

WT-ST2L, AIG-ST2L and ATIR-ST2L.
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Figure 3.20 Mutations in ST2L affect its ability to interact with TMEDl

HEK-293T cells were transfected with plasmids encoding EV-GFP, TMEDl-GFP, or 

ST2L constructs (WT: wild type, AIG: Ig domains deleted, ATIR: TIR domains deleted). 

Samples were immunoprecipitated with anti-FIA or anti-GFP coupled Protein A/G-plus 

agarose beads. Whole cell lysate (WCL) and immunoprecipitated samples were analysed 

by Western blot. Immunoblotting antibodies (IB) are listed beside the appropriate blot. 

Data are representative of three independent experiments. Asterisks mark antibody heavy 

chains. Results shown are representative of three experiments.
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3.2.9 TMEDl and ST2L co-Iocalise

Having demonstrated that TMEDl and ST2L interact, their co-localisation was 

investigated by confocal microscopy. For these experiments the TMEDl-GFP and 

ST2L-HA constructs were expressed in HEK-293T cells. 48 hours later cells were fixed, 

permeabilised and stained with an anti-HA primary antibody followed by an Alexa-647 

coupled secondary antibody for visualisation of ST2L. ST2L expression was visible 

throughout the cell, but a region of higher intensity in the peri-nuclear area was also 

noted. The co-localisation of TMEDl and ST2L was detected in most of the regions 

where both of these proteins were present, but in particular in the regions where there are 

higher levels of ST2L (Figure 3.21, arrows).
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TMEDl-GFP ST2L-HA Overlay Phase

Figure 3.21 TMEDl-GFP and ST2L-HA can co-localise in HEK-293T

HEK-293T cells were transfected with a plasmid encoding TMEDl-GFP and a plasmid 

encoding ST2L-HA. Cell were fixed, stained with primary anti-HA followed by 

secondary Alexa-647 antibodies and viewed using an Olympus FVIOOO Confocal 

Microscope. Results presented are representative of 66 cells from three independent 

experiments.
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3.2.10 Localisation of the TMEDl and ST2L interaction

The localisation of TMEDl had already been investigated earlier in this chapter, 

and it was found to mainly localise to the ER and Golgi. A similar approach was also 

undertaken to investigate the localisation of ST2L, as no studies investigating the 

intracellular localisation of ST2L by confocal microscopy have been carried out. Figure 

3.22 demonstrates that ST2L can co-localise with ER-CFP (Part A, arrows). As an 

intense region of ST2L expression was often noted near the nucleus, co-transfection of 

ST2L and Golgi-CFP was carried out. These results demonstrate that the observed region 

of intense ST2L expression is indeed the Golgi, as the co-localisation of ST2L with 

Golgi-CFP can be detected (Figure 3.22B, arrows). The localisation of ST2L was also 

investigated in HMC 1.1 cells. Figure 3.23 shows that endogenous ST2L in FIMC 1.1 

cells displays a similar expression pattern to overexpressed ST2L in HEK-293T cells. 

ST2L can be seen at the plasma membrane in these cells, with some reticular staining and 

a notable area of higher expression in the perinuclear area, which is likely to be the 

Golgi.

Next, the co-localisation of TMEDl and ST2L was examined with ER and Golgi 

markers. HEK-293T cells were chosen as the HMC 1.1 cells had previously proved 

difficult to transfect. Results from these experiments are shown in Figure 3.24 and 3.25. 

TMEDl-GFP and ST2L-HA co-localise as previously demonstrated in Figure 3.20. 

TMEDl and ST2L can also be detected co-localising with ER-CFP (Figure 3.24, panel 

number 7, arrow) and the Golgi marker Golgi-CFP (Figure 3.25, panel number 7, arrow). 

These results demonstrate that TMEDl and ST2L can associate at both the ER and Golgi.
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Figure 3.22 Localisation of ST2L in HEK-293T cells

HEK-293T cells were transfected with plasmids encoding ER-CFP and ST2L-HA (A) or 

Golgi-CFP and ST2L-HA (B). Cells were then fixed, stained with primary anti-HA 

antibody followed by a secondary Alexa-647 antibody and viewed using an Olympus 

FVIOOO Confocal Microscope. Data shown is representative of two experiments. (A) 25 

of the 32 cells analysed displayed co-localisation as represented here and (B) 30 of the 40 

cells analysed display the co-localisation show here. Scale bars indicate 10 pM.
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Figure 3.23 Localisation of endogenous ST2L in HMC 1.1 cells

Confocal images of ST2L in HMC 1.1 cells. Cells were fixed, stained with primary 

anti-ST2L followed by secondary Alexa-488 antibodies and viewed using the Olympics 

Fluoview FVIOOO Imaging system. Data presented is representative of 25 cells. Scale 

bars indicate 10 pM.
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Figure 3.24 Co-localisation of TMEDl and ST2L at the ER

HEK-293T cells were transfected with plasmids encoding ER-CFP, TMEDl-GFP and 

ST2L-HA. Cells were then fixed, stained with primary anti-HA followed by secondary 

Alexa-647 antibodies and viewed using an Olympus FVIOOO Confocal Microscope. Data 

is representative of 14 cells. Scale bars indicate 10 pM.
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Figure 3.25 Co-localisation of TMEDl and ST2L at the Golgi

HEK-293T cells were transfected with plasmids encoding Golgi-CFP, TMEDl-GFP and 

ST2L-HA. Cells were then fixed, stained with primary anti-HA followed hy secondary 

Alexa-647 antibodies and viewed using an Olympus FVIOOO Confocal Microscope. Data 

is representative of 10 cells. Scale bars indicate 10 pM.
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3.3 Discussion

At the outset of this project a role for the TIR and GOLD domain containing 

protein TAG was emerging in the regulation of the MyD88-independent TLR4 signalling 

pathway (Palsson-McDermott et al., 2009). During these studies it was noted that TAG 

shared homology with the TMED family of proteins, as they also contain a GOLD 

domain. While there are ten members in the TMED family in mammals, TMEDl was of 

particular interest as it is a putative ST2 binding protein (Gayle et al., 1996). As both 

ST2L and TLR4 are members of the IL-l/TLR receptor superfamily the potential role for 

another GOLD domain containing protein was of great interest. TMEDl was isolated in a 

search for novel ST2L binding proteins (Gayle et al., 1996). To identify novel ST2L 

binding proteins, Gayle et al. first screened cell lines for their ability to bind a ST2L-Fc 

fusion protein and cDNA clones of putative binding proteins were then isolated. 

However, the putative interaction was not confirmed by any other means, and no other 

studies have been carried out regarding the association of TMEDl and ST2L. During the 

duration of this project, another TMED family member TMED7 has been shown to be 

required for TAG mediated regulation of TLR4 signalling (Doyle et al., 2012). This new 

information provides additional support to the concept that GOLD domain containing 

proteins are important players in immune signalling pathways.

As the current literature available on TMEDl is limited, a more in depth 

investigation into the characteristics of TMEDl was undertaken. The cellular location of 

TMEDl was examined by confocal microscopy and protease protection assays were 

carried out to investigate the topology of TMEDl and the localisation of its GOLD 

domain.

To learn more about the cellular localisation of TMEDl, a GFP tagged construct 

was used for the visualisation of TMEDl by confocal microscopy. TMEDl was initially
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isolated from a human glioblastoma cell line (A 172) and thought to he a cell surface 

protein (Gayle et ah, 1996). To determine if TMEDl resides at the plasma membrane, 

staining of the plasma membrane in TMEDl-GFP expressing cells was carried out. 

TMEDl did not localise to the plasma membrane in these cells. Given the nature of 

protein trafficking it remains a possibility that TMEDl does localise to the plasma 

membrane but that this is a very transient event which may not have been revealed by the 

microscopy as images were taken of a number of individual cells, rather than one cell 

being monitored over time. Confocal microscopy also revealed that TMEDl can localise 

to the ER, Golgi and to early endosomes. The localisation of TMEDl in the ER and 

Golgi is consistent with previous reports on the localisation of both TMEDl as well as 

other TMED proteins (Dominguez et ah, 1998; Emery et ah, 2000; Jenne et ah, 2002; 

Rojo et ah, 1997). Members of the TMED family have also been reported to localise to 

compartments beyond the Golgi, such as early, recycling and late endosomes as well as 

secretory granules (Doyle et ah, 2012; Hosaka et ah, 2007). Work carried out on the 

localisation of TMED7 prompted experiments to determine if TMEDl could localise to 

other intracellular compartments. TMED7 has been shown to localise to the limiting 

membrane of early endosomes (Doyle et ah, 2012), therefore co-localisation of TMEDl 

with the early endosomes marker EEAl was investigated. While the majority of TMEDl 

resides at the ER, TMEDl is also capable of localising to the limiting membrane of early 

endosomes in resting cells. TMED7 has also been shown to co-localise with Rahlla 

(Doyle et ah, 2012), the co-localisation of TMEDl with the recycling endosome marker 

Rablla was investigated. However, no co-localisation of TMEDl with Rablla was 

evident. Given that TMED7 has been demonstrated to traffic upon stimulation with EPS 

(Doyle et ah, 2012), it is also possible that TMEDl moves in response to external stimuli. 

TMED 1 may be recruited to certain compartments following stimulation and this may be
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important in regulation of the signalling pathway. TMEDl trafficking may also result in 

the co-transport of other proteins. Similarly, this may affect downstream signalling.

There is some debate over the position of the transmembrane domain and 

localisation of the GOLD domain of the TMED proteins. TMED proteins were 

previously thought to be type I transmembrane proteins, with their transmembrane 

domain located near the C-terminus of the protein. They were also thought to be 

orientated with their N-terminus and GOLD domain localised in the lumen of the 

organelle in which they are residing, and their C-terminal tail projecting into the cytosol. 

However, TMED7 has been reported to have a transmembrane motif near the N-terminus 

of the protein and its GOLD domain projects into the cytosol (Doyle et al., 2012). 

Therefore an analysis of the position of the transmembrane domain of TMED 1 and the 

compartment in which the GOLD domain is localised was carried out.

In order to investigate the number and position of transmembrane domains in 

TMEDl, its amino acid sequence was analysed by a number of transmembrane 

prediction programmes. Each of these predicts a transmembrane domain near the 

C-terminus of the protein. This is the region which was initialling predicted to be a 

transmembrane domain in the original paper in which TMEDl was identified (Gayle et 

al., 1996). This region is also believed to be where the transmembrane domain is for 

other family members (Strafing and Martens, 2009). Some other programmes predict an 

additional transmembrane domain near the N-terminus of the protein. However, an 

inherent problem in transmembrane protein prediction and signal peptide prediction is the 

high similarity between the hydrophobic regions of a transmembrane helix and that of a 

signal peptide. This leads to cross-reaction between the two types of predictions (Kail et 

al., 2004). Analyses of the TMEDl sequence with signal peptide prediction programmes 

all predict that that TMEDl possess a signal peptide at the N-terminus.
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To determine if the transmembrane domain and signal peptide are required for the 

localisation of TMEDl, constructs lacking each of these domains were generated and 

viewed by confocal microscopy. As mentioned previously, TMEDl displays a reticular 

staining pattern. Surprisingly, the TMED1 construct in which the transmembrane domain 

has been removed displays the same reticular patterning. As expected, removal of the 

signal peptide does disrupt the localisation of TMEDl as it is visible diffusely all over 

the cytosol with no distinct pattern. Removal of the C-terminal transmembrane domain in 

TMED7 also did not disrupt its ability to span the membrane, while removal of the 

predicted N-terminal transmembrane domain did (Doyle et al., 2012). This is similar to 

the results obtained here for TMED 1. TMED7 may have a transmembrane domain at the 

N-terminus or may simply have a longer signal peptide than expected. TMED 10 for 

example is predicted to have a longer signal peptide sequence than TMEDl (Rojo et al., 

1997).

As yet, it is unclear why removal of the transmembrane domain does not affect 

the distribution of TMEDl. While the maximum region predicted to span the membrane 

from all the prediction programmes is two amino acids longer than the segment which 

was removed, this is not likely to cause retention in the plasma membrane. One 

possibility is that the signal peptide of TMEDl is actually a signal anchor sequence. 

However, current information available on other TMED family members confirms that 

they have signal peptides, as N-terminal sequencing of TMED2, TMED9 and TMED 10 

does not initiate at the first Methionine (Blum et al., 1996; Dominguez et al., 1998).

As mentioned earlier, TMED proteins are thought to be orientated with their 

N-terminus and most of the protein in the lumen, with a short C-terminal cytosolic tail. 

This conclusion is based on protease protection assays which have been carried out on 

the family members TMED2, TMED9 and TMED 10 (Blum and Lepier, 2008;
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Dominguez et al., 1998; Rojo et al., 1997) which concludes that most of the proteins are 

located in the lumen, with a short cytoplasmic tail projecting into the cytosol. 

Post-translational modifications, such as glycosylation and disulfide bond formation 

which have been reported for the TMED proteins also suggest that the majority of the 

protein is in the lumen (Braakman and Bulleid, 2011). Two cysteine residues which are 

within the GOLD domain and are highly conserved throughout the TMED family are 

thought to form a disulfide bond (Anantharaman and Aravind, 2002). Although TMED7 

and TMED9 have been reported to be glycosylated, this is not the case for all TMED 

proteins, as TMED2, TMED3 and TMED 10 are not sensitive to Peptide-N-glycosidase F 

(PNGase) digestion (Fullekrug et al., 1999; Rojo et al., 1997).

To determine where the GOLD domain and C-terminus of TMED 1 are situated, 

protease protection assays were carried out. Two independent experiments have 

suggested that the GOLD domain of TMED 1 resides in the cytosol and the C-terminus 

projects into the lumen. This would suggest that the predicted transmembrane domain 

does span the membrane despite the fact that mutating this transmembrane domain does 

not affect the localisation of TMEDl when analysed using confocal microscopy. 

Mutating this transmembrane domain does however have a profound effect on the ability 

of TMEDl and ST2L to interact and this sequence does play a vital role in TMEDl 

function. Protease protection assays similar to those presented here have also been 

carried out for TMED7 (Doyle et al., 2012). These results revealed that like TMEDl, the 

GOLD domain of TMED7 projects into the cytosol (Figure 3.25). However, unlike 

TMEDl, the C-terminus of TMED7 projects into the cytosol. While it is more common 

for proteins to have their C-termini in the cytosolic compartment (Almen et al., 2009) 

there are two possible ways that homologous proteins can have oppositely oriented C- 

termini. There can be an extra transmembrane helix in one protein, or the two proteins
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can be oppositely oriented in the membrane (von Heijne, 2006). As the GOLD domains 

of both proteins projects into in the cytosol opposite orientation of the C-termini of both 

proteins are likely to be due to an N-terminal transmembrane domain found in TMED7 

that is not present in TMEDl (Figure 3.25). This data demonstrates that different 

members of the TMED family can be orientated differently, and previous assumptions 

that all TMED family members have the same orientation may have been over simplistic.
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Figure 3.26 Orientation of TMEDl and TMED7

The GOLD domain of both TMEDl and TMED7 are localised in the cytosol. While the 

C-terminus of TMEDl is localised in the luminal compartment of organelles such as the 

ER and Golgi the C-terminus of TMED7 projects into the cytosol. This may be due to an 

N-terminal transmembrane domain present in TMED7 that is not present in TMEDl.
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Investigations into the putative association between TMEDl and ST2L have 

confirmed that these proteins do interact. The interaction between TMEDl and ST2L was 

confirmed by co-immunoprecipitation assays. This interaction was evident with both 

stably and transiently overexpressed ST2L and was extremely robust. The interaction 

was also observed in a more relevant endogenous system, the HMC 1.1 cell line.

Domain mapping analysis demonstrates that the GOLD domain of TMEDl 

primarily recognises ST2L, as mutation or removal of this domain greatly impairs the 

interaction. However, removal of the neighbouring linker and coiled-coiled regions 

completely abolishes the interaction. It may be that the linker or coiled-coiled regions are 

also involved in the interaction, particularly as the linker region is next to the GOLD 

domain. A small number of studies have established cargo for the TMED proteins. These 

studies have found that different regions are important depending on the cargo in 

question. The GOLD domain and a small linker region of TMED2 are most important for 

its interaction with PAR-2 (Luo et al., 2007). Interestingly, a construct containing the 

GOLD domain of TMED2 alone was only able to weakly interact with PAR-2. A 

construct containing both the GOLD domain and the linker region was needed to fully 

restore the interaction to a level comparable with full length TMED2. These results 

suggest that the linker domain of TMED2 is required, but not sufficient for the PAR-2 

interaction. This could also be the case for TMEDl. In other instances, C-terminal 

regions of TMED proteins are important. For example, the C-terminal region of TMED9 

and TMED 10 which encompasses the coiled-coiled, transmembrane and cytoplasmic 

domains are sufficient for their interaction with TC48 (Gupta and Swamp, 2006). 

Interestingly, TMEDl requires the transmembrane domain for its interaction with ST2L. 

Removal of the transmembrane domain may dismpt the localisation of the GOLD

126



Chapter 3 - Results

domain, thereby disrupting the interaction, although the confocal data does not suggest a 

major disruption to its localisation upon removal of this transmemhrane domain.

In addition, the domains of ST2L required for the TMEDl and ST2L interaction 

were also mapped. The ability of TMEDl to interact with a ST2L variant lacking all the 

Ig domains clearly demonstrates that this region is not required for the interaction. On the 

contrary the TIR domain of ST2L is required. Therefore the TMEDl-ST2E interaction is 

primarily a GOLD domain-TIR domain mediated interaction. The GOLD domain of 

TMEDl has been shown to localise to the cytosol, facilitating the interaction between 

TMEDl and ST2L in this compartment.

This is the first interaction which has been shown to be mediated by these two 

domains. However, other proteins containing these domains have been shown to interact. 

TMED7 can interact with the TIR domain containing adaptor TRAM and its negative 

regulator TAG (Doyle et al., 2012). In addition, TRAM can interact with TAG (Palsson- 

McDermott et al., 2009). TRAM contains a TIR domain, TMED7 contains a GOLD 

domain and TAG contains both a TIR domain and a GOLD domain. The GOLD domains 

of both TMED7 and TAG are localised in the cytosol (Doyle et al., 2012). Although 

TRAM is membrane associated, its TIR domain is also localised in the cytosolic 

compartment (Rowe et al., 2006). Therefore it is possible that these interactions are also 

mediated by GOLD domain and TIR domain associations, as each of the domains are 

found in the same cellular compartment.

A portion of ST2L localises to the ER and Golgi and TMEDl and ST2L 

co-localised in these compartments. Other IL-IR/TLR superfamily members such as 

TLR2 and TLR4 have been shown to localise to the Golgi apparatus (Latz et al., 2003; 

Latz et al., 2002; Uronen-Hansson et al., 2004). Like the TLRs, members of the IL-IR
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subgroup of the IL-IR/TLR superfamily have been shown to localise to regions other 

than the plasma membrane. The novel IL-IR family member DIGIRR has displayed 

subcellular distribution at the Golgi apparatus (Gu et al, 2011). The co-localisation of 

TMED proteins with their cargo proteins has been reported at both the ER and Golgi. 

TMED9 and TMED 10 co-localise with the tyrosine phosphatase TC48 at the ER and 

Golgi (Gupta and Swamp, 2006). The PAR-2-TMED2 association has been shown to 

occur at the Golgi and is dismpted following PAR-2 stimulation to allow PAR-2 to 

replenish the plasma membrane (Luo et al., 2007). In a similar way, ST2L may localise 

to the ER and Golgi as presynthesised receptors, ready to repopulate the plasma 

membrane as the ligand bound receptor has been shown to be internalised and degraded 

following IL-33 binding (Zhao et al., 2012). In addition the IL-IR and IL-IRII have been 

reported to traffic following binding of their respective ligands (Blanco et al., 2008; 

Bourke et al., 2003; Brissoni et al., 2006; Korherr et al., 1997). Following ligand binding 

these trafficking events result in the distribution of these receptors to compartments such 

as the ER, Golgi, lysosomes and proteasomes and are involved in both signal activation 

and signal termination. TMEDl may be required for ST2L trafficking during the early 

secretory pathway or IL-33-induced signalling pathway.

This more in depth analysis of the properties of TMEDl has revealed new 

information on the localisation of TMEDl. It also demonstrates that the GOLD domain 

of TMEDl is found in the cytosol, while its C-terminus is not. Is it hoped that this 

analysis will aid in the elucidation of the function of TMEDl. Results have also 

confirmed that TMED 1 and ST2L interact. It appears that this interaction occurs at least 

in part at the ER and Golgi and it is possible to conclude that the interaction is mediated 

primiraly by the GOLD domain of TMEDl and the TIR domain of ST2L. Given that 

ST2L is the receptor required for the detection of IL-33 and is responsible for subsequent
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induction of downstream signalling, the possible role for TMEDl in ST2L mediated 

signalling was investigated next.
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Investigation into the involvement of TMEDl in 

the ST2L signalling pathway
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Chapter 4 

4.1 Introduction

As an interaction between TMEDl and ST2L has been established the next step 

was to determine the purpose of this association. Therefore, an investigation into the 

functional consequence of the TMEDl-ST2L interaction was carried out. The 

investigation into the implications of the TMEDl-ST2E association was further 

warranted given that a role for other TMED family members have been established in the 

regulation of receptor mediated processes. TMED7 has been shown to be involved in the 

regulation of MyD88-independent TER4 signalling, where it inhibits EPS-induced IRF3 

activation by facilitating the disruption of the TRIE-TRAM complex and the degradation 

of TER4 (Doyle et al., 2012). TMED2 binds the PAR-2 receptor and is involved in the 

regulation of receptor re-sensitization to the plasma membrane after its activation (Euo et 

al., 2007). TMED2 and TMED 10 have also been shown to bind to other GPCRs and may 

function in a similar manner to that of TMED2 with regard to PAR-2, by controlling 

receptor trafficking in the biosynthetic pathway and thereby regulating signalling (Euo et 

al., 2011).

As mentioned previously, the ligand for the ST2E receptor is IE-33 (Schmitz et 

al., 2005). Many of the proteins involved in the IE-33/ST2E signalling pathway have 

now been identified. However, as our understanding of immune signalling pathways 

continues to develop, details of the ST2E signalling pathway and related processes 

continue to be elucidated. For example, as described in chapter 1, the mechanism by 

which ST2E protein expression is regulated following ligand binding has recently been 

revealed (Zhao et al., 2012). This has shed light on a previously unknown element of the 

ST2L signalling pathway, which is important for the limitation of the signalling pathway 

after IE-33 ligation. Given that TMEDl interacts with ST2E, this protein may be another
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component of the ST2L signalling pathway and could be required for pathway activation 

or could be involved in the negative regulation of the pathway.

lL-33 has a wide range of target cells, and the ST2L signalling pathway has been 

implicated in numerous conditions including infection, allergic autoimmune and 

cardiovascular disease (Liew et al., 2010; Oboki et al., 2010). Therefore, a deeper 

understanding of this pathway will ultimately contribute to our understanding of the 

range of disorders in which IL-33 and ST2L have been implicated. Additionally, a fuller 

understanding of the ST2L pathway may also aid in the identification of molecular 

targets that mediate proinflammatory signalling by IL-33.
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4.2 Results

4.2.1 The effect of IL-33 stimulation on the TMED1-ST2L interaction

As signalling pathways are extremely dynamic processes, some protein 

interactions which are involved in signalling pathways change with stimulation. For 

example, TMED7 and TRAM interact basally but LPS stimulation can enhance this 

interaction (Doyle et al., 2012). On the contrary, TMED2 and TMEDIO dissociates from 

PAR-2 after stimulation with PAR-2 agonists (Euo et al., 2007, 2011). To investigate the 

effect of IE-33 on the TMED1-ST2L interaction, co-immunoprecipitation experiments 

were carried out in HEK-293-hST2E cells which had been stimulated with IE-33 for 

various lengths of time.

Figure 4.1 (top panel, lane 2) demonstrates that the TMED1-ST2L interaction can 

be observed before IE-33 stimulation. Following stimulation for various time points of up 

to 2 hours the interaction continues to be observed (Figure 4.1, top panel, lanes 3-8). 

Interestingly the interaction appears more intense at 30 and 45 minutes following IE-33 

stimulation. In this experiment the level of co-immunoprecipitated TMEDl and ST2E is 

lower following 60 minutes IE-33 stimulation (Figure 4.1, top panel, lane 7), which may 

be as a result of the lower levels of ST2E detectable in the corresponding whole cell 

lysate (third panel, lane 7). Lysates were also immunoblotted for IkBo to confirm the 

responsiveness of these cells and P-actin as a loading control.

Experiments to co-immunoprecipitate endogenous ST2L and TMEDl following 

IL-33 stimulation were technically very challenging so a conclusive result in these cells 

proved difficult. Two co-immunoprecipitation assays are shown in Figure 4.2A and 4.2B. 

The responsiveness of the cells at the time of each experiment was confirmed by probing 

whole cell lysates for either IkBo or phosphorylated p38 (data not shown). The
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TMED1-ST2L interaction is evident in unstimulated cells (Figure 4.2A, lane 2 of the first 

panel and Figure 4.2B, lane 2 of the first panel). The interaction is also evident after 

lF-33 stimulation for various lengths of time (Figure 4.2A, top panel lanes 3-5). While 

the levels of co-immunoprecipitated TMFDl and ST2F were greater following 

stimulation in the experiment shown in Figure 4.2A (top panel), the same trend was not 

noted in the experiment shown in Figure 4.2B (top two panels). For this reason, it is 

difficult to conclude if the endogenous interaction between TMFDl and ST2F is affected 

by IF-33 stimulation.

Overall these co-immunoprecipitation experiments demonstrate that the 

TMFDl-ST2F interaction is still evident following IL-33 stimulation. While some 

experiments suggest that the interaction is enhanced after stimulation, it was not possible 

to conclude that this is definitely the case.
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Figure 4.1 The TMED1-ST2L interaction is evident after stimulation with IL-33

HEK-293-hST2L cells were transfected with plasmids encoding EV-GFP or 

TMEDl-GFP. Cells were stimulated with 50 ng/ml IL-33 for the times indicated and 

samples were immunoprecipitated with anti-GFP Trap® beads. Whole cell lysates 

(WCL) and immunoprecipitated samples were analysed by Western blot. The 

immunoblotting antibodies (IB) are listed beside the appropriate blots. Data is 

representative of three experiments from a total of four independent experiments.
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Figure 4.2 The endogenous TMED1-ST2L interaction is evident after stimulation 

with IL-33

(A) and (B) HMC 1.1 cells were stimulated with 10 ng/ml IL-33 for the times indicated. 

Cells were lysed, a sample was taken as whole cell lysate and the remainder was 

immunopreeipitated with anti-rabbit IgG or anti-TMEDl eoupled Protein A/G-plus 

agarose beads. Whole eell lysate (WCL) and immunopreeipitated samples were analysed 

by Western blot. Immunoblotting antibodies (IB) are shown beside the appropriate blots.
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4.2.2 TMEDl-GFP dose dependent overexpression in HEK-293T cells

The involvement of TMEDl in IL-33-induced signalling was next investigated. In 

order to do this, the effect of increasing amounts of TMEDl-GFP on IL-33-induced 

signalling was investigated. To ensure increasing amounts of TMEDl-GFP would 

express in HEK-293T cells, these cells were transfected with increasing amounts of a 

plasmid encoding TMEDl-GFP. As shown in Figure 4.3A, the expression of increasing 

amounts of TMEDl was confirmed by Western blot using an anti-GFP antibody. Given 

that the molecular weights of TMEDl and GFP are 25.2 and 27 kDa respectively the 

bands observed are of the expected combined molecular weight.

A Cytotoxicity Assay was carried out to determine if the overexpression of these 

amounts of TMEDl-GFP was toxic to cells. This assay measures lactate dehydrogenase 

(LDH), a stable cytoplasmic enzyme which is released following the disruption of 

membrane integrity. As shown in Figure 4.3B the overexpression of TMEDl-GFP did 

not affect cellular LDH release, and therefore does not induce cell death.
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Figure 4.3 TMEDl dose dependent expression in HEK-293T cells can be detected by 

Western blot analysis and is not cytotoxic to cells

HEK-293T cells were transiently transfected with various amounts of a plasmid encoding 

TMEDl-GFP as shown. With the addition of empty vector (pcDNA) the total amount of 

DNA per transfection was 220 ng in all cases. (A) Cells were lysed in sample buffer and 

analysed by Western blotting with anti-GFP and anti-P-actin antibodies. (B) 30 hours 

after transfection, supernatants were collected and assayed for lactate dehydrogenase. As 

a representative of maximum cytotoxicity a sample of untransfected cells were lysed, and 

this group is set as 100 %. Data shown are the mean ± spread of two separate 

experiments, each one carried out in triplicate.
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4.2.3 TMEDl does not affect basal NF-kB, AP-1 or ISRE activity

Prior to the investigation into the effeet of TMEDl on the IL-33-induced 

signalling pathway, the effect of TMEDl on the basal levels of transcription factor 

activity was assessed. NF-kB and AP-1 activity was assessed as the activation of these 

transcription factors occurs downstream of IL-33. As TMED7 is involved in the ISRE 

pathway (Doyle et al., 2012), the effect of TMEDl on its activation was also 

investigated. TMEDl overexpression did not have any effect on the basal level of 

NF-kB, AP-1 or ISRE activity. This is in agreement with the observations that TMED7 

overexpression does not affect basal NF-kB or ISRE activity (Doyle et al., 2012).
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Figure 4.4 TMEDl overexpression does not affect basal NF-kB, AP-1 or ISRE 

activity

HEK-293T cells were transfected with plasmids encoding 40 ng TK Renilla luciferase 

and 80 ng NF-kB luciferase (A), 80 ng AP-1 luciferase (B) or 80 ng ISRE luciferase (C) 

along with increasing amounts of a plasmids encoding TMEDl-GFP. For positive 

controls cells in (A) and (C) were transfected with 5 ng of a plasmid encoding TRIE and 

5 ng of a plasmid encoding FADD and cells in (B) were stimluated with 50 ng/ml PMA 

overnight. The total amount of DNA per transfection was 220 ng in each case with the 

addition of empty vector (pcDNA). Results are normalised to Renilla luciferase and 

expressed as percent luciferase induction, representing the mean ± S.E.M of results for 

five independent experiments, each carried out in triplicate.
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4.2.4 Effect of TMEDl on induced luciferase activity

As mentioned previously, IL-33 stimulation leads to the aetivation of NF-kB 

and AP-1, therefore experiments were carried out to investigate if the presence of 

TMEDl had any effect on the activation of these transcription factors following IL-33 

stimulation. IL-33 did not induce AP-1 luciferase activity in HEK-293-hST2L cells. 

However, the AP-1 construct was functional as it was responsive to phorhol 12-myristate 

13-acetate (PMA). Therefore it was only possible to examine the effect of TMEDl on 

lL-33-induced NF-kB luciferase activity. As shown in Figure 4.5A, IL-33-induced 

NF-kB luciferase activity and the expression of increasing amounts of TMEDl inhibited 

this activity in a dose dependent manner. In Figure 4.5B, a cell line stably expressing the 

lL-1 receptor (HEK-293-IL1R1) was used. The overexpression of TMEDl also inhibited 

IL-ip-induced NF-kB luciferase activity. Similar experiments were also carried out with 

other cell lines available in the lab, namely HEK-293-MD2-CD14-TLR4, 

HEK-293-TLR3 and HEK-293T cells, which express the receptors for 

lipopolysaccharide (EPS), polyinosinic-polycytidylic acid (PolyEC) and tumor necrosis 

factor alpha (TNF-a) respectively. Results with these cells lines are shown in Figure 4.6. 

The overexpression of TMEDl resulted in an inhibition of luciferase activity with each 

of the ligands tested.
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Figure 4.5 TMEDl overexpression inhibits IL-33 and IL-l-induced NF-kB 

luciferase

HEK-293-hST2L cells (A) or HEK-293-IL1R1 cells (B) were transfected with plasmids 

encoding 80 ng NF-kB luciferase and 40 ng TK Renilla lueiferase along with inereasing 

amounts of a plasmid encoding TMEDl-GFP as shown. With the addition of empty 

vector (pcDNA) the total amount of DNA per transfection was 220 ng. 24 hours 

following transfection cells were stimulated with 50 ng/ml IL-33 (A) or 100 ng/ml IL-ip 

(B) for 6 hours. Lysates were then assayed for lueiferase activity. Results are normalised 

to Renilla luciferase and expressed as percent NF-kB luciferase induction, representing 

the mean ± S.E.M of results for five independent experiments (A) or three independent 

experiments (B), each carried out in triplicate..
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Figure 4.6 TMEDl overexpression inhibits EPS, PolyIrC and TNF-a-induced 

NF-kB luciferase as well as LPS and Poly IrC-induced ISRE luciferase

HEK-293-MD2-CD14-TLR4 cells (A and B), HEK-293-TER3 cells (C and D) or 

HEK-293T (E) cells were transfected with plasmids encoding 80 ng NF-kB luciferase (A, 

C and E) or 80 ng ISRE luciferase (B, D), 40 ng TK Renilla luciferase and increasing 

amounts of a plasmid encoding TMEDl-GFP as shown. With the addition of empty 

vector (pcDNA) the total amount of DNA per transfection was 220 ng. Cells were 

stimulated with LPS at 1 pg/ml overnight (A and B), Poly EC at 25 pg/ml overnight (C 

and D) or TNF-a at 100 ng/ml for 6 hours (E). Lysates were then assayed for luciferase 

activity. Results are normalised to Renilla luciferase and expressed as percent luciferase 

induction, representing the mean ± S.E.M of results tor tnree independent experiments, 

each carried out in triplicate.
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4.2.5 The effect of TMEDl on p65-induced luciferase activity

Next, NF-kB luciferase activity was induced by p65 overexpression. p65 is a 

downstream component of the NF-kB pathway and part of the NF-kB transcription 

complex. Figure 4.7A shows that TMEDl-GFP was also capable of inhibiting 

p65-induced luciferase activity. Considering TMEDl-GFP was able to inhibit luciferase 

activity from each of the ligands examined as well as p65-induced NF-kB luciferase 

activity it suggested a possible non-specific effect. Since TMEDl was tagged to GFP, the 

effect could be due to this tag. To investigate if this was the case, a myc tagged TMEDl 

construct was also used to see if this inhibits NF-KB-induced luciferase activity. 

Figure 4.7B demonstrates that TMEDl-myc can also inhibit p65-induced NF-kB 

luciferase activity. This demonstrates that the observed inhibitory effect of overexpressed 

TMEDl is not due to either the GFP or myc tags as both constructs were able to inhibit 

p65-induced NF-kB luciferase activity to a similar extent.
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Figure 4.7 The observed inhibition of TMEDl in luciferase experiments is not a 

result of the GFP tag

HEK-293T cells were transfected with plasmids encoding 80 ng NF-kB luciferase, 40 ng 

TK Renilla luciferase and 10 ng p65 along with increasing amounts of a plasmid 

encoding TMEDl-GFP (A) or TMEDl-myc (B). With the addition of empty vector 

(pcDNA) the total amount of DNA per transfection was 220 ng. 24 hours following 

transfection cell lysates were assayed for luciferase activity. Results in (A) are 

normalised to Renilla luciferase and expressed as percent luciferase induction, 

representing the mean ± S.E.M of results for three independent experiments, each carried 

out in triplicate. Results in (B) are normalised to Renilla luciferase and presented relative 

to the activity in unstimulated empty vector transfected cells, which is set as 1.
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4.2.6 The effect of TMEDl overexpression on IL-33-induced IL-8 production

The effect of TMEDl overexpression on IL-33-indueed IL-8 production was also 

investigated. This is a means to further investigate the observed inhibitory effect of 

TMEDl noted in the luciferase assays. The IL-8 promoter eontains NF-kB binding sites 

and stimulation results in the recruitment of NF-kB subunits to the IL-8 promoter 

(Hoffmann et al., 2002). Therefore, if TMEDl is truly inhibiting NF-kB activity 

following IL-33 stimulation, a reduction in IL-33-induced IL-8 production would be 

observed in the presence of TMEDl. Figure 4.8A shows that a dose dependent inerease 

in TMEDl-GFP levels did not inhibit IL-8 production. Whole cell lysates were blotted 

for TMEDl-GFP to confirm that TMEDl has been expressed in a dose dependent 

manner. As shown in Figure 4.8B, TMEDl-GFP can be detected in the lysates as 

expected.
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Figure 4.8 TMEDl overexpression does not affect IL-8 production in response to 

IL-33 in HEK-293-hST2L cells

HEK-293-hST2L were transfected in triplicate with increasing amounts of a plasmid 

encoding TMEDl-GFP as shown. In all cases the total amount of DNA per transfection 

was 200 ng with the addition of empty vector pcDNA. 24 hours following transfection, 

cells were stimulated with 50 ng/ml IL-33 for 24 hours. (A) Supernatants were then 

collected and analysed for IL-8 levels by ELISA. Results are represented as percent IL-8 

induction and represent the mean ± S.E.M of results for three independent experiments, 

each one carried out in triplicate. (B) Expression levels of TMEDl-GFP were analysed 

by western blotting and a representative blot is shown.
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4.2.7 Luciferase assays following knockdown of TMEDl

To further investigate the inhibitory effect of overexpressed TMEDl in 

luciferase assays, additional luciferase experiments were carried out. In these luciferase 

assays, TMEDl was knocked down. PCR was firstly carried out to confirm that the 

HEK-293-hST2E cell line expressed endogenous TMEDl (Figure 4.9). Next, 

optimisation of TMEDl knockdown by siRNA was carried out. A knockdown time of 48 

hours was selected when the siRNA optimisation experiments were carried out. 5 nM, 

10 nM or 50 nM siRNA all resulted in similar TMEDl knockdown, as determined using 

RT-PCR (Figure 4.10) and a final concentration of 5 nM siRNA was selected for use in 

further experiments. For the luciferase experiments cells were set up at 7.5 x lO"* cells/ml 

and transfected with siRNA oligos 24 hours later. 24 hours later cells were transfected 

with luciferase constructs and allowed to rest for a further 24 hours, before a 6 hour 

stimulation with IE-33. The luciferases carried out with siRNA Nol and No2 (Figure 

4.11 top panel) are a representative of 5 experiments. With siRNA construct Nol, a 

marginal boost in luciferase activity was observed each time. However, knockdown with 

siRNA oligo No2 generally inhibited the luciferase activity (4 out of 5 times), but again 

this was not statistically significant. Experiments carried out with siRNA oligos No3 and 

No4 (Figure 4.11 bottom panel) are a representative of 2 experiments. In the experiment 

shown above knockdown of TMEDl did not result in an effect on NF-kB luciferase 

activity. The second time these oligos were used, a boost in luciferase activity was 

observed with only one of the oligos while no change was noted in the other case, even 

though the resulting level of knockdown was very similar in both cases. In conclusion, 

the measurement of NF-icB luciferase activity was not a good readout for determining the 

role of TMEDl in IE-33 signalling, with TMEDl overexpression somehow inhibiting 

luciferase.
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HEK-293T HEK-293-hST2L bp

Control TMEDl GAPDH Control TMEDl GAPDH

Figure 4.9 TMEDl mRNA can be detected in HEK-293T and HEK-293-hST2L cell 

lines

RNA was extracted from HEK-293T, HEK-293-hST2L and cDNA was generated. PCR 

reactions were carried out using primers for human TMEDl. GAPDH primers were used 

as a positive control while the control reaction lacked primers. The expected TMED1 and 

GAPDH products are 389 and 284 base pairs (hp) respectively.
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Figure 4.10 Optimisation of TMEDl knockdown in HEK-293-hST2L cells

HEK-293-hST2L cells were transfeeted with siRNA from Qiagen (A) or Dharmacon (B) 

to final eoncentrations of 5 nM, 10 nM or 50 nM as indieated. 48 hours later RT-PCR 

was carried out to determine the level of knockdown. TMEDl expression is normalised 

to GAPDH and is presented relative to that of samples which did not include any siRNA, 

set as 1.
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Figure 4.11 TMEDl knockdown does not affect lL-33-induced NF-kB luciferase

(A) HEK-293-hST2L cells were transfected with TMEDl siRNA to a final concentration 

of 5 nM. 24 hours later they were transfected with 280 ng of a plasmid encoding NF-kB 

luciferase and 140 ng of a plasmid encoding TK Renilla luciferase. A further 24 hours 

later, cells were stimulated with 50 ng/ml IL-33 for 6 hours. Lysates were then assayed 

for NF-kB luciferase activity (left panel). Results are normalised to Renilla luciferase and 

presented relative to the activity in siRNA control transfected cells, which is set as 1. 

Error bars represent standard deviation. Luciferases carried out with siRNA Nol and No2 

are a representative of 5 experiments, while those carried out with siRNA No3 and No4 

are a representative of 2 experiments. (B) Additional samples were analysed by RT-PCR 

for knockdown. Expression is normalised to GAPDH and is presented relative to that of 

samples which did not include any siRNA, set as 1.
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4.2.8 TMEDl knockdown impairs IL-33-induced responses

As luciferase assays were proving somewhat inconsistent IL-33-induced 

responses were also analysed by Western blotting analysis. TMEDl protein levels were 

reduced in HEK-293-hST2L cells by siRNA mediated mRNA knockdown. These cells 

were then stimulated with IL-33 for time courses of up to two hours. Western blotting 

confirms that both siRNA Nol and siRNA No2 knockdown TMEDl at the protein level 

efficiently (Figure 4.12, lanes 7-12 and 19-24). In agreement with the results shown in 

Figure 4.11, knockdown of TMEDl does not affect IL-33-induced NF-kB activation, as 

the degradation of IkBo occurs to a similar extent in cells which received Negative 

control siRNA or TMEDl targeted siRNA (Figure 4.12, compare panel one lanes 1-6 

with 7-12 and lanes 13-18 with 19-24). However, the knockdown of TMEDl does impair 

IL-33-induced phosphorylation of pERK and p38 (Figure 4.12, second and third panels). 

This effect is particularly evident when knocking down TMEDl using siRNA No2. The 

phosphorylation of JNK was also assessed in these experiments; however a consistent 

difference between pJNK in Negative control siRNA and TMEDl siRNA treated 

samples was not evident.

IL-33-induced IE-8 levels were also examined following TMEDl knockdown 

in HEK-293-hST2L cells. Following TMEDl knockdown, cells were stimulated with 

IL-33 at 20 or 40 ng/ml for 8 or 24 hours. Figure 4.13 shows that knockdown of TMEDl 

results in reduced levels of IL-8 production following IL-33 stimulation for either 8 or 24 

hours for both of these concentrations. While the difference in IL-33-induced IL-8 

production is significant in each case between the Negative control siRNA and TMEDl 

siRNA No2, the reduction in IL-33-induced IL-8 was also evident, albeit to a lesser 

degree with TMEDl siRNA Nol. Stimulations were also carried out with IL-33 at a
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concentration of 50 ng/ml, however reduced IL-8 production was not consistently 

observed at this dose. Higher doses of IL-33 are likely to drive pathway activation to a 

greater extent, perhaps overcoming or masking the need for TMEDl for IL-8 production.

To determine if the effect of TMEDl knockdown was specific for the 

IL-33/ST2L pathway, TMEDl was knocked down in THP-1 cells. Figure 4.14 

demonstrates that TMEDl targeted siRNA at both 50 nM and 100 nM results in reduced 

levels of TMEDl protein in THP-1 cell lysates. Following TMEDl knock down, THP-1 

cells were stimulated with EPS for 24 hours and IL-8 supernatant levels were assessed. 

Figure 4.14 demonstrates that reduction of TMEDl levels does not impair EPS-induced 

IL-8 production, suggesting specificity for the IL-33/ST2L signalling pathway.
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Figure 4.12 TMEDl is needed for optimal lL-33-induced responses

HEK-293-hST2L cells were transfected with control siRNA or TMEDl targeted siRNA 

(Nol and No2). 48 hours following transfection, cells were stimulated with IL-33 

(50 ng/ml) for the times shown and samples were analysed by Western blotting. 

Immunoblotting (IB) antibodies are shown beside the appropriate blot. Data is 

representative of three independent experiments.
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Figure 4.13 TMEDl is required for optimal IL-33-induced IL-8 production

HEK-293-hST2L cells were transfected with negative control siRNA, TMEDl siRNA 

Nol or TMEDl siRNA No2 to a final concentration of 5 nM. 48 hours following 

transfection cells were stimulated with 20 or 40 ng/ml IL-33 for 8 or 24 hours as shown. 

Supernatants were then analysed for IL-8 levels by ELISA. Results are expressed as 

percent IL-8 induction and represent the mean ± S.E.M of results for three independent 

experiments, each carried out in triplicate. *, p < 0.05 **, p < 0.01.
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Figure 4.14 TMEDl knockdown in THP-1 cells

(A) THP-1 cells were transfected with 50 or 100 nM Negative Control siRNA (NC) or 

TMEDl targeted siRNA (Nol and No2). Cell lysates were analysed by Western blotting. 

Immunoblotting (IB) antibodies are shown beside the appropriate blot. (B) THP-1 cells 

were transfeeted with negative control siRNA or TMEDl targeted siRNA (Nol and 

No2). Cells were unstimulated or stimulated with EPS (lOOng/ml) for 24 hours. 

Supernatants were analysed for IL-8 levels by ELISA. Results are expressed as percent 

IL-8 induction and represent the mean ± S.E.M of results for three independent 

experiments, each carried out in triplicate.
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4.2.9 IL-33 is internalised in a time dependent manner

IL-lp and its receptor IL-IR are known to get internalised following the 

association of ligand and receptor. To determine if IL-33 gets internalised this ligand was 

labelled with a dye which fluoresces at 647 nm so that its localisation could he monitored 

by confocal microscopy. Labelling of IL-33 was carried out using a protein labelling kit 

from Invitrogen™. Figure 4.15A demonstrates that HEK-293-hST2L cells do not bind 

fluorescent dye alone, while binding of labelled IL-33 to cells at both 10 and 30 minutes 

post stimulation was observed. To confirm that the reactivity of IL-33 was not affected 

by the bound fluorescent dye, cells were stimulated with unlabelled or labelled IL-33 for 

various time points and samples were analysed by Western blotting. Figure 4.15B 

demonstrates that HEK-293-hST2L cells respond similarly to both unlabelled and 

labelled IL-33, as the phosphorylation of p38 and degradation of IicBa occur to the same 

extent and at the same time points regardless of the absence or presence of the attached 

fluorescent dye. This demonstrates that the activity of the ligand is not affected by the 

presence of the dye.

Next, HEK-293-hST2L cells were stimulated with IL-33-647 for varying lengths 

of time. Live cells were viewed using an Olympus FVIOOO Confocal Microscope. Figure 

4.16 demonstrates that 5 minutes post stimulation IL-33 can bind to the plasma 

membrane (white arrows). Plasma membrane bound IL-33-647 continues to be observed 

at later time points. However, an increasing amount of IL-33-647 becomes internalised 

over time (Figure 4.16, orange arrows).
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Figure 4.15 HEK-293-hST2L cells bind labelled IL-33 and the response to labelled 

IL-33 is comparable to unlabelled IL-33

(A) HEK-293-hST2L cells were set up on Poly-L-Lysine eoated slides. Three days later 

they were stimulated with Alexa-647 label alone or Alexa-647 labelled IL-33 for 10 or 

30 minutes. Cells were fixed, mounted onto coverslides and viewed using an Olympus 

FVIOOO Confocal Mieroscope. Results are representative of at least five different images 

for each condition. Scale bars represent 10 pM. (B) HEK-293-hST2L cells were 

stimulated with 50 ng/ml unlabelled or labelled IL-33 for the times shown. Samples were 

analysed by Western blotting. Immunoblotting antibodies are shown beside the 

appropriate blot.
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Figure 4.16 IL-33 gets internalised in a time dependent manner

Live HEK-293-hST2L cells were stimulated with fluorescently labelled IL-33 for the 

times indicated and cells were viewed with an Olympus FVIOOO Confocal Microscope. 

White arrows show plasma membrane associated IL-33. Orange arrows show internalised 

IL-33. Results are representative of three experiments, in which a minimum of 13 cells 

were analysed over the duration of each time course. Scale bars represent 10 pM.
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4.2.10 IL-33 is internalised into compartments surrounded by TMEDl

As mentioned previously, the related TMED family member, TMED7 has been 

investigated with regard to EPS signalling. Following EPS stimulation TMED7 traffies 

from the Golgi into maturing endosomes (Doyle et al., 2012). The effeet of IE-33 on the 

loealisation of TMEDl was investigated. IL-33-647 was also used for these experiments. 

Figure 4.17 again demonstrates that IE-33 is internalised in a time dependent manner. 

Figure 4.17 shows IL-33 along the plasma membrane (second panel, white arrows). 

30 minutes post stimulation, IL-33 can still be seen along the plasma membrane (Figure 

4.17, white arrows), however a portion of IL-33 has been internalised (orange arrows). 

Interestingly, IL-33 is internalised into vesicles surrounded by TMEDl (Figure 4.17, 

third panels, orange arrows). Internalised IL-33 in TMEDl surrounding vesicles is still 

evident 60 minutes post simulation (Figure 4.17, fourth panels, orange arrows).

With stimulation the pattern of TMEDl localisation appears to change. Prior to 

IL-33 stimulation, TMEDl has a reticular pattern which is also apparent 10 minutes post 

stimulation (Figure 4.17, first and second panels). Following IL-33 stimulation, TMEDl 

localisation shows a gradual change to a more vesicular like patterning (Figure 4.17, third 

and fourth panels). The compartments which TMED surrounds are possibly maturing 

endosomes generated following IL-33 stimulation, similar to those which TMED7 moves 

to after EPS treatment (Doyle et ah, 2012).
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Figure 4.17 IL-33 gets internalised in a time dependent manner to compartments 

surrounded by TMEDl
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Figure 4.17 IL-33 gets internalised in a time dependent manner to compartments 

surrounded by TMEDl

HEK-293-hST2L cells transfected with TMEDl-GFP were stimulated with IL-33-647 

(150ng/ml) for the times shown. Following stimulation cells were fixed and viewed 

using an Olympus FVIOOO Confocal Microscope. Data is representative of three 

independent experiments in which a total of 67 cells were analysed, with a minimum of 

12 cells per time point. TMEDl-GFP and IL-33-647 are shown in green and red 

respectively. White arrows show plasma membrane associated IL-33. Orange arrows 

show internalised IL-33. Scale bars inducate 10 pM.
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4.2.11 Enhanced localisation of TMEDl at endosomes after lL-33 stimulation

The pattern of TMEDl appeared to alter with IL-33 stimulation, changing from a 

more reticular pattern to a pattern in which a greater amount of the protein surrounded 

vesicles. TMEDl has been shown to localise to early endosomes (Figure 3.5). Therefore, 

the effect of IL-33 on the co-localisation of TMEDl and EEAl was investigated. 

Figure 4.18 (panel A) shows that TMEDl and EEAl co-localise in the absence of ligand. 

Interestingly, with stimulation of IL-33, the co-localisation of TMEDl and EEAl is more 

evident (Figure 4.18, panel B, C and D), particularly at 30 minutes post stimulation 

(Panel C).

The effect of IL-33 stimulation on the association between TMEDl and EEAl 

was also investigated using co-immunoprecipitation assays. Figure 4.19 demonstrates 

that following IL-33 stimulation the interaction between EEAl and TMEDl is enhanced. 

While an interaction is evident prior to stimulation (Figure 4.19, lane 2), the intensity of 

the band is increased in lane 3, following 5 minutes IL-33 treatment. The interaction 

appears to be enhanced transiently and reduced at later time points. Other experiments 

which were carried out also showed an enhanced interaction between TMED1 and EE A1 

following IL-33 stimulation, at 5, 15 and 30 minutes IL-33 stimulation. Overall, these 

results validate those obtained by confocal analysis, demonstrating an enhanced transient 

association between TMEDl and EEAl after IL-33 stimulation.
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Figure 4,18 Enhanced co-localisation of TMEDl and EEAl after IL-33 stimulation
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Figure 4.18 Enhanced co-localisation of TMEDl and EEAl after IL-33 stimulation

TMEDl-GFP transfected HEK-293-hST2L cells seeded on poly-L-lysine coverslides 

were stimulated with IL-33 for 10, 30 or 60 minutes, fixed and stained with an anti-EEAl 

antibody followed by an anti-rabbit Alexa-546 coupled secondary antibody. The 546 

channel has been changed to cyan to allow for easier visualisation of the EEAl-546. Data 

is representative of results from three independent experiments in which a total of 95 

cells were analysed with a minimum of 15 cells per time point. Scale bars indicate 

10 pM.
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4.19 Enhanced co-immunoprecipitation of TMEDl with EEAl after IL-33 

stimulation

HEK-293-hST2L cells were transfected with plasmids encoding EV-GFP or 

TMEDl-GFP. Cells were stimulated with 50 ng/ml IL-33 for the times indicated and 

samples were immunoprecipitated with anti-GFP Trap® beads. Whole cell lysates 

(WCL) and immunoprecipitated samples were analysed by Western blot. The 

immunoblotting antibodies (IB) are listed beside the appropriate blots. Data are 

representative of five independent experiments.
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4.2.12 IL-33 signalling requires endocytosis

My experiments have suggested that TMEDl is required for the 

phosphorylation of MAPKs sueh as ERK and p38 hut not for the activation of NF-kB. 

TMEDl is also shown to surround IL-33 containing endosomes upon IL-33 stimulation. 

Although functional studies have been carried out on ST2L, the subcellular sites of 

ST2L-induced signal transduction remain unknown. While IL-33-induced ST2L 

internalisation ultimately results in the elimination of ST2L via the proteasome (Zhao et 

al., 2012), ST2L internalisation could also be a requisite step in certain ST2L signalling 

pathways. To determine the functional consequence of disrupting the IL-33-induced 

internalisation of ST2L, a highly specific, cell-penneable small molecule inhibitor of 

dynamin, termed dynasore, was used (Macia et al., 2006). Dynamin GTPases regulate 

endocytosis by controlling the 'pinching off of plasma membrane invaginations, which 

creates early endosomes (Doherty and McMahon, 2009).

In Figure 4.20, a time course which was carried out in Dimethyl sulfoxide 

(DMSO) or dynasore treated, IL-33 stimulated HEK-293-hST2L cells, is shown. DMSO 

was used as the control, as dynasore is dissolved in DMSO. Inhibition of endocytosis by 

dynasore has a significant effect on the phosphorylation of ERK and INK (Figure 4.20, 

second and fourth panel) and a partial effect on the phosphorylation of p38 (Figure 4.20, 

third panel).While there is slightly less degradation of IkBu in dynasore treated cells 15 

minutes post stimulation, the levels of IkBa are comparable at 30 and 45 minutes after 

IL-33 treatment (Figure 4.20, second panel). These data indicate that blocking dynamin 

dependent endocytosis following IL-33 stimulation has a significantly greater effect on 

MAPK activation compared to IkBo activation, suggesting that IL-33-induced signalling 

may occur from two different locations, NF-kB activation being initiated from the plasma
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membrane and MAPK activation getting initiated from a compartment formed as a result 

of endocytosis, such as early endosomes.
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Figure 4.20 IL-33 signalling requires endocytosis

HEK-293-hST2L were treated with DMSO or dynasore (80 pM) for 30 minutes prior to 

stimulation with IL-33 (50 ng/ml) for the times shown. Cells were lysed and analysed by 

Western blotting. Immunoblotting (IB) antibodies are shown beside the appropriate blots. 

Data is representative of four independent experiments.
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4.3 Discussion

Having confirmed an interaction between TMEDl and ST2L, next the functional 

consequence of this association was investigated. Firstly, the effect of IL-33 on the 

interaction between TMEDl and ST2E was examined. Co-immunoprecipitation 

experiments suggest that the interaction between transiently overexpressed TMEDl and 

stably overexpressed ST2E is gradually enhanced following IL-33 stimulation. While 

further experiments are needed to clarify if IL-33 has the same effect on the interaction 

between endogenous TMEDl and endogenous ST2L, it is intriguing to speculate why the 

interaction might be enhanced following ligand treatment. One possibility is that 

following IL-33 stimulation increased trafficking of ST2L through the early secretory 

pathway is needed to replenish the plasma membrane after ligand bound ST2L is 

internalised and degraded. Therefore the enhanced interaction may be as a result of 

increased trafficking of ST2L by TMEDl through the ER and Golgi. Additionally, the 

interaction between TMEDl and ST2L may be enhanced following IL-33 stimulation as 

TMEDl may have a role to play in IL-33 mediated signalling pathways. This would also 

likely result in a transient enhanced association between the two proteins. It would be 

interesting to determine the effect of IL-33 on the interaction between TMEDl and ST2L 

at later time points. Over time the interaction may return to a level similar to that 

observed prior to stimulation.

As TMED7 has been shown to be involved in TLR4 dependent signalling (Doyle 

et al., 2012), the possible involvement of TMEDl in the ST2L signalling pathway was 

investigated. Initial experiments carried out to address this aimed to determine if the 

overexpression of TMEDl affected ligand induced NF-kB and ISRE luciferase activity. 

TMEDl overexpression appeared to dose dependently inhibit IL-33-induced NF-kB 

luciferase activity. This observation was very interesting and in order to test specificity.
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various other HEK-293 cell lines stably expressing other receptors were used in NF-kB 

and ISRE luciferase experiments. These included HEK-293-IE1R1 cells which respond 

to IL-1, HEK-293-MD2-CD14-TER4 which respond to EPS, HEK-293-TLR3 which 

respond to Poly EC and HEK-293T which respond to TNF-a. TMEDl overexpression 

dose dependently inhibited the luciferase activity induced by each of the ligands tested. 

The IE-33 and IE-1-induced signalling pathways are remarkably similar and several of 

the proteins involved are also components of the EPS and Poly EC signalling pathways, 

but only a small number are also shared by the TNF-a pathway. As very few proteins are 

common to each of the signalling pathways considered here, there are consequently only 

a limited number of points at which TMEDl could be causing the observed inhibitory 

effect. TMEDl also inhibited NF-kB luciferase activity induced by the transient 

overexpression of a much further downstream pathway component, p65, which is a 

subunit of NF-kB transcription complex. As TMEDl can inhibit luciferase activity 

induced by a wide range of ligands, as well as the much further downstream component 

p65, it is possible that the inhibitory effect of TMEDl overexpression is non-specific and 

acting on luciferase itself. It was therefore necessary to utilise other techniques to 

determine if TMEDl is involved in IL-33-induced signalling.

In an attempt to clarify this and to investigate if endogenous TMEDl does play a 

role in IL-33/ST2E signalling, TMEDl was knocked down using siRNA and further 

luciferase experiments were carried out. Knockdown of endogenous TMEDl (confirmed 

by quantitative PCR) did not consistently affect IE-33-induced NF-kB luciferase activity, 

suggesting that the possible inhibitory effect revealed by the initial luciferase 

experiments is actually an experimental artifact.

Activation of the IE-3 3-induced signalling pathway was also monitored by 

blotting for IkBu, pp38, pERK and pJNK following TMEDl knockdown. These results
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reveal that knoekdown of TMEDl negatively impacted on the IL-33-induced signalling 

pathway. In particular, pp38 and pERK signal activation was impaired in the absence of 

TMEDl, while there was no difference in the level of activation of NF-kB. These results 

are in agreement with those discussed above demonstrating that TMED1 knockdown had 

no effect on IL-33-induced NF-kB luciferase activity. Additional experiments to examine 

the effect of TMEDl knockdown on IL-33-induced AP-1 luciferase activity would be 

another means by which to examine the effect on MAPK activation. However, this was 

not possible as IL-33 could not induce AP-1 luciferase activity in the cell line used in this 

study.

Given that the knockdown of TMEDl impacted MAPK activation, IL-8 

production in response to IL-33 was also measured following TMEDl knockdown. 

While IL-8 is an NF-kB dependent gene, IL-33-induced IL-8 is also known to be 

dependent on p38 and ERK activity (Yagami et al., 2010). Overexpression of TMEDl 

had no effect on IL-8 production following IL-33 stimulation. Interestingly, a reduction 

in the levels of IL-8 produced after IL-33 stimulation following TMEDl knockdown was 

evident. The results suggest that TMEDl is in abundance in the cell and adding more 

TMEDl to the system has no effect on signalling while removal of TMEDl reveals a role 

for TMEDl in IL-33 signalling.

It was noted during the analysis of time courses monitoring IL-33-induced 

pathway activation and IL-8 production, that one TMEDl targeted siRNA consistently 

blocked pathway activation to a greater extent. While the same trend was evident using 

both TMEDl targeted siRNAs, use of a third would help to clarify the extent of the effect 

of knocking down TMEDl on the IL-33/ST2L signalling pathway. This would establish 

if the observed effect was more prominent, similar to the effect noted when using siRNA 

No2, or less so, similar to that noted when using siRNA Nol.
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In recent years, it has become increasingly apparent that the localisation and 

trafficking of IL-1R/TLR superfamily members is an important mechanism modulating 

the overall cellular response to ligands, by regulating signal activation as well as signal 

termination (McGettrick and O'Neill, 2010). Ligand induced activation of some receptors 

such as TLR3 and TLR9 occurs in intracellular compartments (Johnsen et al., 2006; Latz 

et al., 2004). On the other hand, the initial activation of TLR4 and IL-IR occurs at the 

plasma membrane. However, ligand induced internalisation of these receptors is required 

for full activation of downstream signalling pathways (Kagan et al., 2008; Li et al., 2006; 

Oakley et al., 2009) and their subsequent trafficking to lysosomes for degradation 

ultimately limits signalling (Brissoni et al., 2006; Husebye et al., 2006). While a 

considerable amount of research has been carried out on the localisation and trafficking 

of TLRs, less is known about the IL-IR related superfamily members. The mechanism by 

which ST2L is regulated following ligand binding has recently been partially elucidated. 

Following IL-33 binding, ST2L is internalised and finally degraded by the proteasome 

(Zhao et al., 2012). Results presented herein demonstrate that IL-33 is internalised in a 

time dependent manner which concurs with data published by Zhao et al. IL-33 is 

internalised into vesicles surrounded by TMEDl. Furthermore, confocal and 

co-immunoprecipitation data demonstrate that following IL-33 treatment, TMEDl is 

recruited to early endosomes. This suggets that the role of TMEDl in IL-33 signalling 

occurs in the early endosomes. The use of a fluorescently tagged ST2L along with 

TMEDl-GFP in confocal experiments could also be carried out to determine if these 

TMEDl and EEAl positive endosomes also contain ST2L on their membranes. Staining 

for endogenous ST2L in the HEK-293-hST2E cells was attempted during the course of 

this study, however due to difficulties arising from the non-specific binding of certain 

secondary antibodies to these cells it was not possible to stain for ST2L. Alternatively,
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enriched endomembrane fractions could be examined for the presence of ST2L before 

and after IL-33 treatment to determine if ST2L also travels to endosomes after IL-33 

stimulation. Like other members of the IL-IR/TLR superfamily the translocation of 

ST2L to an intracellular compartment appears to be a requisite step in the effective 

propagation of signal transduction, as blocking dynamin dependent endocytosis 

negatively impacted downstream signal activation after IL-33 treatment. The inhibition 

of endocytosis particularly inhibited activation of the MAPKs ERK, p38 and INK, with 

only a minor effect on NF-kB activation. While the inhibitoin of endoctyosis has not 

previously been studied with regard to IL-33 signalling, the effect of inhibition of 

dynamin, lipid raft and clathrin mediated endocytosis on IL-1-induced NF-kB activation 

has been assessed (Homef et al., 2003; Li et al., 2006; Oakley et al., 2009). These studies 

demonstrate that the inhibition of dynamin or lipid raft mediated endocytosis inhibts 

lL-1-induced NF-kB luciferase activity, however inhibition of clathrin mediated 

endocytosis had no effect, albeit though the levels of IL-1-induced NF-kB in the abence 

of inhibitor were also low. To allow sufficent time for luciferase expression following 

IL-1 treatment, these experiments require that cells are stimulated for at least two hours. 

Time courses presented herein assess pathway activation at 15, 30 and 45 minutes post 

stimulation for both NF-kB and MAPK activity. Hansen et al. have recently used a 

similar approch to investigate the effect of blocking endocytosis on IL-1-induced MAPK 

and NF-kB activation. In contrast to the results presented herein, which suggest that 

endocytosis is required for IL-33 induced MAPK activation, the inhibition of endocytosis 

in shorter time courses does not impair IL-1-induced MAPK (or NF-kB) activation 

(Hansen et al., 2012). This emphasises the importance of investigating each pathway 

individually, and is a reminder that although both the IL-IR and ST2L are members of 

the same family, this does not necessarily mean that generalisations can be applied to
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downstream signalling pathways from all family members. A lack of involvement of 

TMEDl in the IL-IR signalling pathway may explain the observed difference between 

both of these pathways. This is the first time that the importance of intemalistion on 

lL-33-induced signalling has been assessed, and these results suggest that internalisation 

is particularly important for IL-33-induced MAPK activation. It is also worth noting that 

the activation of MAPK cascades by receptor tyrosine kinases (RTK) and 

G protein-coupled receptors (GPCR) has also been proposed to occur from endosomes 

(Sorkin and Von Zastrow, 2002).

Figure 4.21 illustrates how TMEDl may be involved in the IL-33 signalling 

pathway. lL-33 firstly binds its primary receptor ST2L, followed by the co-receptor 

IL-lRAcP (Chackerian et al., 2007; Palmer et al., 2008). MyD88 is then recruited, 

followed by lRAK-4, IRAK-1 and TRAF6 (Funakoshi-Tago et al., 2008; Schmitz et al., 

2005). Activation of this pathway results in the phosphorylation of ERKl/2, p38 and 

JNK, as well as phosphorylation and degradation of inhibitor of kappa B alpha (IkBu) 

(Funakoshi-Tago et al., 2008; Schmitz et al., 2005). This in turn allows NF-kB and AP-1 

to enter the nucleus and induce expression of genes such as IL-8. TMEDl positively 

regulates IL-33-induced signal activation, particularly those which require receptor 

internalisation for activation. No studies have examined the localisation of ST2L when 

downstream pathway components are recruited. However, in the case of the IL-IR, 

MyD88 has been shown to be recruited to the TIR domain of the IL-IR prior to receptor 

internalisation and TRAF6 is engaged by the receptor complex when it translocates to 

endosomes (Li et al., 2006). As alluded to earlier, this does not necessarily mean that the 

same is true for recruitment to ST2L, however is it a reminder that signalling is not all 

initiated from the plasma membrane. It is also raises the question as to at what point 

MyD88, the IRAKs and TRAF6 are engaged by ST2L. As TMEDl is recruited to early
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endosomes following IL-33 stimulation, it is plausible that this is where it earries out its 

role in the IL-33 signalling pathway. It is also possible that the eontribution of endosomal 

signalling is proportional to the residence time of the ST2L complex at the endosome, 

and TMEDl may be required for ST2L maintenance at endosome to allow for sufficient 

MAPK activation.

177



Chapter 4 - Results

IL-lRAcP

IL-33 O

♦

#
#
0 IL-8

Kinase domain

Death domain 

TIR domain

Ig
domains

TRAF6

TMEDl

Figure 4.21 Schemeatic for the involvement of TMEDl in IL-33/ST2L signalling

The recruitment of TMEDl to early endosomes is enhanced following IL-33 stimulation 

and this is likely to be where TMEDl carries out its role in the IL-33 signalling pathway. 

TMEDl is particularly involved in MAPK activation. As ST2L internalisation appears to 

be particularly important for MAPK activation and an enhanced association between 

TMEDl and ST2L occurs following IL-33 stimulation, this may allow TMEDl and 

ST2L to accomplish MAPK activation from an intercellular compartment such as the 

early endosome.
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5.1 Final discussion and future perspectives

This thesis set out to further characterise the GOLD domain containing protein, 

TMEDl and to investigate its relationship with the IL-33 receptor, ST2L. Members of 

the TMED family possess a GOLD domain, which is a P-strand rich domain found in 

several proteins involved in Golgi dynamics and intracellular protein trafficking 

(Anantharaman and Aravind, 2002). This project confirmed the interaction between 

ST2L and TMEDl and demonstrated that the GOLD domain of TMEDl and the TIR 

domain of ST2L are essential for this association. This study also revealed a role for 

TMEDl in the IL-33/ST2L signalling pathway by demonstrating that TMEDl positively 

modulates IL-33-induced downstream signalling. In particular, TMEDl appears to be 

required for the activation of ERK and p38 and IL-33-induced IL-8 production. The 

study also revealed that the localisation of TMEDl changes following IL-33 stimulation, 

with TMEDl becoming more concentrated at early endosomes. The final goal of the 

project was to further characterise TMEDl and these studies revealed that TMEDl 

localises to the ER, Golgi and early endosomes. For the first time the membrane 

orientation of TMEDl was investigated using protease protection assays. These results 

have demonstrated that the GOLD domain of TMEDl projects into the cytosol.

The IL-33/ST2L pathway is an important immune signalling pathway which can 

influence a number of cell types. Perhaps as a result of the range of cells targeted by 

IL-33, both it and ST2L have been implicated in numerous conditions. These include 

infection, allergic autoimmune and cardiovascular diseases (Liew et al., 2010; Oboki et 

al., 2010). As this pathway may be one considered for therapeutic targeting in the future, 

it is critical that it is understood in as much detail as possible. While the general sequence 

of events and signalling molecules involved in the ST2L signalling pathway are known, 

the pathway may be more complex and contain more intermediates than previously
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considered. Other signalling pathways sueh as those downstream of the IL-IR or TLRs 

have been known for many years, but novel aceessory moleeules, adaptor proteins, 

trafficking proteins and negative regulators still continue to be defined for these 

pathways. These proteins all work together and cooperate to illicit downstream signal 

activation in the correct manner, allowing sufficient signal activation while preventing 

pathway over-aetivation. Signalling pathways by their nature are multi-protein, multistep 

processes and therefore knowledge of all components of the pathway affords us a 

complete understanding of how the pathway operates. Ultimately, if further elarity is 

obtained regarding the nature and means by whieh IL-33 modulates NF-kB and AP-1 

activation this may highlight points along the signalling cascade that are amenable to 

manipulation. While eertain proteins, sueh as MyD88, are involved in multiple pathways, 

certain proteins are unique to one particular signalling pathway. For example, TMED7 

and TAG speeifieally target the TLR4 MyD88-independent signalling pathway.

The work presented herein has demonstrated that TMEDl is required for optimal 

lE-33-induced downstream signal activation. This work suggests that the interaetion 

between TMEDl and ST2L is specific as TMEDl does not interact with other TIR 

domain containing adaptor proteins, and does not appear to be required for LPS-indueed 

signalling. The specificity of TMEDl for ST2L could be advantageous if eonsidering 

TMEDl as a protein which could be targeted in the IL-33/ST2L signalling pathway. 

Future work should confirm the specificity of the TMEDl-ST2L interaction by 

addressing if TMEDl interacts with other receptors of the IL-IR family. If TMEDl does 

not interact with other IL-IR family members and moreover, is not involved in signalling 

pathways mediated by other IL-1 family ligands, this raises the possibility that TMEDl 

may be a suitable therapeutie target, targeting the ST2L signalling pathway while 

allowing the remaining TLR/IL-IR superfamily to function as normal. Results from this
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study suggest that TMEDl may be a target specific for the manipulation of 

IL-33-induced AP-1 activation.

Based on the evidence demonstrating roles for TMEDl and TMED7 in 

downstream signalling from receptors of the IL-lRyTLR superfamily it is interesting to 

speculate that TMED proteins may be important immunoregulators. These two members 

of the TMED family have important, yet distinct roles in the regulation of the IL-IR/TLR 

superfamily. TMEDl positively regulates the IL-33/ST2L pathway, while TMED7 

negatively regulates the MyD88-indepedent TER4 pathway. It is common for different 

members of the same family to have different roles in immune signalling pathways. For 

example, some TIR domain containing adaptors, such as MyD88 and TRAM act as 

positive mediators in TER signalling pathways while others such as SARM and BCAP 

can negatively regulate TER signalling pathways (Carty et al., 2006; O'Neill et al., 2003; 

Troutman et al., 2012). Central to the roles of TMEDl and TMED7 in the IL-IR/TLR 

signalling pathways are their ability to interact with TIR domain containing proteins. 

This study has demonstrated that the interaction between ST2L and TMEDl is mediated 

by their TIR and GOLD domains respectively. These domains may also mediate the 

TMED7-TRAM, TMED7-TAG, and TRAM-TAG interactions (Doyle et al., 2012; 

Palsson-McDermott et al., 2009). There is also some evidence to suggest that TMED7 

may interact with TLR4, which also could be mediated by GOLD and TIR domains. A 

structural model of the association between these domains may be beneficial in 

determining the interface which mediates the TIR-GOLD associations and may reveal 

particular amino acids of the TIR and GOLD domains which are important. More 

broadly speaking, there is also the possibility that other TMED proteins interact with 

other members of the IE-1R/TLR superfamily via the association of their GOLD and TIR
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domains. Future research in this area may find novel roles for other TMED proteins in 

the regulation of the IL-1R/TLR superfamily.

In addition, the TMED family may have a more general role to play in 

immunoregulation. While the publication from Doyle et al. was the first to characterise in 

detail the role of a TMED family member in an immune pathway, there is also some 

literature suggesting a role for other TMED proteins in immune regulatory roles in 

Drosophila, mice and human systems (Boltz and Carney, 2008; Davies et al., 2010; 

Doyle et al., 2012; Jun and Ahn, 2011), suggesting that their immunoregulatory functions 

may be conserved across species. In addition, the involvement of TMED proteins has 

also been demonstrated with a role for TMED 10 in MHC class I molecule expression 

(Jun and Ahn, 2011).

In addition to their emerging role in immune related functions, there is some 

evidence implicating TMEDs in insulin biosynthesis and secretion, and cancer (Zhang 

and Volchuk, 2010). TMED3, TMED4 and TMED7 have all been shown to be 

upregulated in cancer cell lines (Ishiyama et al., 2007; Vainio et al., 2012; Yang et al., 

2005). Although the reasons for their upregulation are not currently known, roles for 

modulating certain TMED proteins in anti-tumour immunity may be worth exploring in 

the future. As our knowledge for the involvement of TMED proteins in a wider range of 

cellular processes continues to grow, our basic understanding of the TMED proteins 

themselves must also increase.

Much of this work has been carried out using the HEK-293-hST2L cell line. The 

HEK-293T cell line and variants expressing receptors of interest are widely used and are 

an extremely useful tool to investigate signalling pathways. However, a subsequent step 

in the progression of this project would be to demonstrate the requirement for TMED 1 in 

another experimental system. A cell line which expresses endogenous ST2L and can be
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transfected with siRNA would be ideal. Alternatively, the generation of other cell lines in 

which TMEDl is completely knocked out or stably knocked down would also be useful 

in verifying the involvement of TMEDl in the IL-33/ST2L pathway. During the course 

of this project shRNA mediated stable knockdown of TMEDl was attempted, however, 

while TMEDl targeted shRNAs were successfully expressed, none were successful in 

knocking down TMEDl. If TMEDl was knocked down using alternative shRNAs, the 

restoration of IL-33-induced MARK activation and IL-8 production following the 

reintroduction of TMEDl into these cells would further strengthen the current evidence 

for the involvement of TMEDl in the IE-33/ST2E signalling pathway. Even better, 

would be the use of primary human cells to validate the results obtained from the 

HEK-293-hST2E cells. It would then be possible to examine the involvement of TMEDl 

in the IE-33-induced signalling pathway by using other readouts such as IL-6.

While the knockdown of TMEDl has a significant effect on IE-33-induced 

signalling events, it is quite subtle. It may also be benefical to verify that TMEDl 

knockdown does not effect the levels of other TMED proteins. As TMED proteins are 

known to be interdependent, perhaps another TMED family member can compensate for 

the reduced level of TMEDl. As TMED2, TMED3 and TMED7 do not interact with 

ST2L, it is unlikely that any of these fulfill this role, but it is not possible to completely 

rule out other family members.

A subsequent issue to address, would be to unravel the mechansim whereby 

TMEDl exerts its positive modulatory effects on the IL-33/ST2L pathway. In particular 

deciphering the mechanism whereby TMEDl differentially regulates NF-kB and AP-1 

activation would be of interest. While the observations suggest that TMED 1 functions at 

the early endosome to mediate positive regulatory events, the exact mechanism of how it 

does so is not known. It is now well established that in many cases signalling continues
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or is initiated after reeeptor internalisation from endosomal compartments. Perhaps 

TMEDl is recruited to the early endosomes following IL-33 stimulation to interact with 

ST2L at this location and maintains it there for a sufficient length of time to allow 

downstream signalling to occur from this location. Alternatively, TMEDl may acts as an 

intergrator of trafficking and signalling events, interacting with ST2L following its 

internalisation, trafficking it to the early endosomes and thereby allowing downstream 

signal activation from this compartment. Evidence demonstrating that both the TMEDl- 

ST2L association and TMEDl levels at the early endosomes is enhanced following IL-33 

stimulation would support this hypothesis. However, additional experiments to 

demonstrate that both of these events are linked could be carried out. For example, the 

recruitment of TMEDl to early endosomes and the enhanced interaction between 

TMEDl and ST2L following IL-33 stimulation could be investigated in conditions in 

which endocytosis is blocked. Alternatively, inhibitors of clathrin-dependent endocytosis 

such as mono-dansylcadaverine or Pitstop2, could also be used as IL-IR internalisation 

has also been shown to be both dynamin and clathrin dependent. If, in these cases, the 

TMEDl-ST2L interaction is not enhanced and TMEDl is not recruited to early 

endosomes after IL-33 stimulation, this would demonstrate that both events are 

dependent on endocytosis.

The importance of intracellular trafficking in TER signalling has been revealed by 

the involvement of other families of trafficking proteins. One such example is the Ras 

related in brain (Rab) family of guanosine triphosphatases (GTPases). Alongside their 

function in membrane trafficking, Rabs are also involved in signal transduction by 

regulating the trafficking of cell surface receptors. Members of this family have been 

implicated in both the positive and negative regulation of TER signalling pathways. 

Rab 10 acts as a positive regulator of TLR4 signalling, by promoting transport of TLR4
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from the Golgi to the plasma membrane (Wang et al., 2010), while Rab7b acts as a 

negative regulator of TLR4 signalling, promoting TLR4 movement to late endosomes for 

degradation (Wang et al., 2007). Rablla is also an important regulator of TLR4 and 

TRAM transport from the endocytic recycling compartment (ERC) to Escherichia coli- 

containing phagosomes (Husebye et al., 2010). Evidence from this thesis, alongside the 

work carried out on TMED7 (Doyle et al., 2012), adds to the emerging evidence 

implicating the TMED family as important regulators in the control of innate immune 

signalling, and may place the TMED family, alongside the Rab family as important 

regulators of these processes.

In conclusion, this study demonstrates that TMEDl is a component of the 

IL-33/ST2L inflammatory signalling pathway. TMEDl interacts with the IL-33 receptor 

ST2L and positively modulates IL-33-induced phosphorylation of p38 and ERK, and 

IL-8 production. It is likely that TMEDl carries out its positive regulatory role at the 

early endosome although the exact mechanism whereby this occurs remains to be 

determined. This study provides additional support to the concept that the TMED family 

are important players in the complex process of innate immune regulation. Further 

investigation into the role of TMED proteins in the regulation of innate immunity, in 

particular with regard to IL-IR/TLR signalling is likely to provide exciting new insights 

into the control of innate immunity and may establish a conserved role for the TMED 

family in the innate immune system.
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