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SUMMARY

This work describes a study into the effects of clinically relevant TNF receptor superfamily
1A (TNFRSF1A) mutations associated with the TNF receptor-associated periodic syndrome
(TRAPS). TRAPS is a dominantly inherited autoinflammatory disorder characterised by

episodes of systemic inflammation.

The first part focuses on a novel TNFRSF1A mutation (C43S) from a patient with
TRAPS. A primary dermal fibroblast line was established from the patient and used to study
the functional effects of this TRAPS mutation. Experiments revealed that the C43S
TNFRSF1A mutation resulted in reduced activation of the transcription factors NF-xB and
AP-1 in fibroblasts, while production of the pro-inflammatory cytokines IL-6 and IL-8 was
maintained at relatively normal levels. TNFo-induced apoptosis was also reduced in
fibroblasts and peripheral blood mononuclear cells from this patient with TRAPS.

TNFRSF1A shedding from neutrophils was normal.

The work was extended by generating and expressing plasmids for four recombinant
TNFRSF1A TRAPS mutants, including C43S, in B-cell lines by transient transfection. All
four recombinant TNFRSF1A mutants resulted in reduced NF-xB activation, suggesting that
reduced TNFRSF1A signalling may be general feature of TRAPS. The four TRAPS mutants |
all displayed reduced surface expression of TNFRSF1A, with the receptor predominantly
localised intracellularly. The signalling and expression studies also suggest that there may be

subtle differences between the various TRAPS mutants.

In conclusion, the TRAPS mutations studied alter TNFRSF1A expression and
localisation, and reduce TNFRSF1A-mediated signalling, revealing new insights into

TNFRSF1A.
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CHAPTER 1

REVIEW OF THE LITERATURE

1.1 Tumour necrosis factor alpha (TNFa)

1.1.1 Background to TNFa

Tumour necrosis factor alpha (TNFa) is a potent cytokine, with pleiotropic
activities in immune regulation and host defence, as well as potentially hazardous pro-
inflammatory and cytotoxic functions, and has been the subject of extensive investigation
over the past 30 years. In the 19™ century it was first reported that tumours in humans
occasionally regressed after bacterial infection (Bruns, 1868), leading to the use of
bacterial extracts to treat human tumours, with some success (Coley, 1891). In 1943,
lipopolysaccharide (LPS) was isolated from bacterial extracts and shown to be
responsible for the tumour regression (Shear and Turner, 1943). It was subsequently
shown that the effects of LPS on tumour regression are not direct, but are mediated
through a factor in the serum initially termed tumour necrotizing factor (O'Malley et al.,

1962), and later renamed tumour necrosis factor (TNF) (Carswell et al., 1975).

Macrophages were identified as the major cellular source of TNF (Carswell et al.,
1975) although early studies were limited by the crudeness of the preparations. The
similarity with lymphotoxin (LT), a protein produced by lymphocytes that kills tumour
cells (Granger and Williams, 1968), further complicated the situation. It was not until
1984 that human LT was purified to homogeneity from a B lymphoblastoid cell line
(Aggarwal et al., 1984) and its structure determined by protein sequence methods
(Aggarwal et al., 1985a). Neutralization of LT activity by antibodies to LT led to the
isolation of TNF from a human myeloid cell line (Aggarwal et al., 1985b). The
determination of the amino acid sequence of TNF indicated that the two proteins were
homologous, with 30% amino acid identity (Aggarwal et al., 1985b). The cDNAs of LT
and of TNF were subsequently cloned (Gray et al., 1984; Pennica et al., 1984). The
binding of TNF to the receptor for LT, and its displacement by LT, further confirmed the



functional homology between the two proteins (Aggarwal et al., 1985c). These
similarities led to the renaming of TNF and LT to TNFa and TNF[3 respectively. It
eventually became clear that these two were members of a gene superfamily, now known
as the TNF superfamily. Modern molecular techniques have shown that the receptors for
these TNF superfamily proteins also constitute a TNF Receptor (TNFR) superfamily
(Figure 1.1). To date, at least 16 TNF ligand superfamily members mediate their cellular
response through at least 29 TNFR superfamily members. While most ligands bind to a
single receptor, others bind to more than one. The reasons for this apparent redundancy

remain unclear.

1.1.2 The TNFa gene

As TNFa is expressed transiently, its release requires transcription, protein
synthesis and protein processing. The TNFa gene is a single copy gene found next to the
TNFJ gene on the short arm of human chromosome 6 (Spriggs et al., 1992). The gene is

closely linked with the major histocompatability (MHC) genes on chromosome 6. The

TNFo gene is around 3 kb long and consists of four exons interrupted by three introns.

Exons I and II contain almost entirely leader peptide sequence, while over 80% of the

mature TNFa sequence is encoded in the fourth exon. The 5’ flanking region of the
TNFo gene contains several CRE and kB binding sites, in addition to a MHC class II-like
“Y box”, which are involved in the transcriptional regulation of TNFa by the
transcription factors AP-1 and NF-xB (Shakhov et al., 1990; Yao et al., 1997). Numerous
polymorphisms of the TNFa promoter have been described, but their functional

significance and association with disease remain controversial in light of conflicting

results (Allen, 1999; Bayley et al., 2004).

1.1.3 Translational regulation of TNFa

TNFa is also regulated at a translational level. The mRNAs of many inflammatory

proteins are potentially unstable, and may be stabilised by the p38 mitogen-activated
protein kinase (MAPK) pathway (Winzen et al., 1999). Control of mRNA stability is

believed to enable rapid changes in mRNA levels and provides a mechanism for prompt



termination of protein production (Kracht and Saklatvala, 2002). mRNAs are protected

from degradation by poly(A) tails. TNFa mRNA contains destabilising AU-rich elements
(ARESs), consisting of 6 AUUUA motifs, in the 3’ untranslated region (Brook et al.,
2000), which direct poly(A) shortening. Deletion of TNFa AREs in mice is associated
with overexpression of TNFa and a diffuse inflammatory phenotype (Kontoyiannis et al.,
1999). A number of ARE-binding proteins have been identified. Overexpression of HuR
stabilised an mRNA reporter containing TNFa AREs (Dean et al., 2001). Tristetraprolin
overexpression destabilised a TNFa ARE reporter (Lai ez al., 1999) while tristetraprolin

deficient mice developed a severe inflammatory syndrome associated with over-

production of TNFa due to increased stability of TNFa mRNA (Carballo et al., 1998).

It has been shown that TNFa mRNA is stabilised by the p38 MAPK pathway
(Brook et al., 2000), while p38 MAPK inhibitors inhibited TNFa production to a greater
extent than the level of TNFo mRNA (Young et al., 1993; Prichett et al., 1995). The p38
MAPK pathway may control both mRNA translation and stability, with the extent of each
varying with cell type (Rutault et al., 2001; Kracht and Saklatvala, 2002). The exact
mechanism by which p38 MAPK stabilises mRNA is unknown, while the relationship

between translational control and mRNA stability is not fully understood (Rutault et al.,
2001).

1.1.4 TNF a structure

TNFo exists in a membrane-integrated (nTNFa) and a soluble form (Watts ez al.,
1997). Unless otherwise stated, TNFa refers to the soluble form. Human TNF« is
expressed as a precursor molecule of a 157 amino acid, preceded by a 76 amino acid
leader sequence. The presequence is highly conserved and appears to serve to anchor the
precursor polypeptide in the membrane (Vilcek and Lee, 1991). mTNFa has a molecular
mass of 26 kDa and is proteolytically cleaved by metalloproteinases to yield a 17 kDa

soluble form (Gearing et al., 1994; Black et al., 1997). Tumour necrosis factor-alpha
converting enzyme (TACE/ ADAM 17) appears to be the major sheddase for TNFa



(Black et al., 1997; Moss et al., 1997). The cleaved, mature form of TNFa lacks any

methionine residues and exists in solution as a homotrimer (Smith and Baglioni, 1987).

TNFa binds to two receptors, TNFRSF1A and TNFRSF1B (Section 1.2). Soluble
TNFa ligands have to trimerise to be able to activate TNF receptors (Eck and Sprang,
1989). Whether membrane-bound TNFa ligands also have to form aggregates for
receptor activation is not entirely clear, although crosslinking studies have suggested that
mTNFa also possess this homotrimeric structure (Tang et al., 1996). The receptor
binding site is formed by the groove between two neighbouring ligand monomers, and the
ligand trimers therefore have three potential receptor binding sites (Figure 1.2). The
crystal structure for TNFo was solved almost simultaneously by two research groups
(Eck and Sprang, 1989; Jones et al., 1989) and was subsequently described to a very high
resolution. Both forms of TNFa are active as self-assembling noncovalent trimers,
arranged like a triangular cone, such that each molecule has contact with the other two.
Each monomer consists of two packed f3-pleated sheets, each of eight, anti-parallel (3-
strands arranged as compact (3-jellyroll sandwiches with an N-terminal insertion that
contains three additional 3-strands (Eck and Sprang, 1989; Idriss and Naismith, 2000).
The outer sheet is rich in hydrophilic residues, while the monomers interact at the
hydrophobic interfaces of the inner sheet (Fesik, 2000). The TNF superfamily members
have 25-30% amino acid similarity, which is largely confined to these internal aromatic
residues responsible for trimer assembly (Idriss and Naismith, 2000). In contrast, the
external surfaces of the ligands show little sequence similarity, which accounts for the
receptor selectivity. However, certain ligands and receptors in the TNF/TNFR
superfamilies can bind more than one partner with high affinity. The reason for this cross
utilization of ligands or receptors is unclear (Aggarwal, 2003), although it may play a role
in enhancing regulatory flexibility and complexity (Idriss and Naismith, 2000) and
suggests the signalling pathways are highly integrative (Ware, 2003).



1.1.5 TNF a expression
TNFa is expressed in a diverse range of cells, and is produced mostly by
macrophages and monocytes, but also by T-lymphocytes, B-lymphocytes, NK cells,

neutrophils, endothelial cells and fibroblasts, as well as a number of tumour cell lines

(Munker and Koeffler, 1987; Vilcek and Lee, 1991). Many of TNFa’s activities are

species-independent, although some are species specific (Fiers, 1991).

1.1.6 Reverse signalling through mTNF a

Reverse signalling of membrane-integrated ligands is a common phenomenon in the
TNF superfamily (eg CD40L, FasL, OX40L, CD30L) (Eissner et al., 2004). It is now
clear that mTNFa also possess receptor-like qualities, rendering it capable of reverse
signalling. Not only could mTNFa provide a co-stimulatory signal for B cell activation
(Aversa et al., 1993), but it also induced E-selectin expression on activated T cells in the
reverse direction (Harashima et al., 2001). While initial experiments used anti-TNFa
antibodies to trigger mTNFq, this can also occur with TNFR positive cells (Harashima et
al., 2001; Kirchner et al., 2004b) and high concentrations of soluble TNFRSF1A
(Waetzig et al., 2005).

Reverse signalling by mTNFa in monocytes results in resistance to the effects of
LPS (Eissner et al., 2000), while binding of mTNFa by anti-TNFo antibodies can induce
apoptosis in monocytes, T cells and neutrophils (Lugering et al., 2001; ten Hove et al.,
2002; Waetzig et al., 2003). It appears from these studies that anti-TNFa antibodies

selectively kill activated immune cells at sites of inflammation, but not resting or
circulating cells. This selectivity is presumed to be due to higher levels of mTNFa on
activated cells (Kinkhabwala et al., 1990; Aversa et al., 1993; Van den Brande et al.,
2003). In addition, mTNFa has been found to be expressed on virally infected cells

(Macchia et al., 1993).

The signalling pathways in mTNFa reverse signalling are gradually being

determined. The cytoplasmic domain of mTNFa contains a casein kinase 1



phosphorylation site whose phosphorylation is crucial for mMTNFa-mediated calcium
signalling (Watts et al., 1999). LPS resistance due to mTNFa signalling in monocytic

cells is mediated by the MAPK/ERK pathway (Kirchner et al., 2004a). The apoptosis
mediated by mTNFa is independent of Fas (CD95) (Lugering et al., 2001). Stimulation

of monocytes with soluble TNFRSF1A induces apoptosis through mTNFa signalling that
is dependent on transforming growth factor (TGF)-f31 (Waetzig et al., 2005). The
enhanced TGF-31 secretion activates MAPK/ERK pathways to induce apoptosis.
However, TGF-f31 alone is not cytotoxic to these cells, suggesting that the soluble
TNFRSF1A-mediated mTNFa signalling sensitised the cells to TGF-f31-induced

apoptosis (Waetzig et al., 2005). It remains to be elucidated whether the same signal

transduction pathways are involved in T lymphocytes.

The biological importance of mTNFa signalling remains to be fully determined but
lessons learned from the use of the anti-TNFa agents suggests this system may play an
important role in therapeutic strategies involving TNFa modulation (Section 1.1.7). The
molecular mechanisms of mTNFa reverse signalling are complex and the effects appear
to be cell specific (Eissner et al., 2000; Harashima ez al., 2001; Lugering et al., 2001),
with differential effects in different T cell subpopulations (Vudattu et al., 2005).

1.1.7 TNF acin inflammatory diseases and anti-TNF a therapy

The concept that disequilibrium between pro- and anti-inflammatory cytokines was
associated with a variety of diseases, led to intensive attempts to inhibit pro-inflammatory
cytokines in these conditions. This has led to the establishment of anti-TNFa therapy as
accepted treatment for rheumatoid arthritis (RA) (Feldmann and Maini, 2001).
Irrespective of the stage of the disease, many pro-inflammatory cytokines, including
TNFa, are expressed in RA synovium (Buchan ef al., 1988). It was subsequently shown
that cultures of RA synovium spontaneously produced cytokines in a continuous manner
(Brennan et al., 1989a). The critical role of TNFa in the regulation of the inflammatory
process was established by the demonstration that neutralising anti-TNFa antibodies

inhibited IL-1 production (Brennan et al., 1989b). Together these studies indicated that



TNFo was a rational therapeutic target in RA. Multicentre clinical studies subsequently
demonstrated the efficacy of targeting TNFa by monoclonal antibodies, including
infliximab (Maini et al., 1999), adalimumab (Weinblatt ez al., 2003), or by the soluble
p75TNFR:Fc fusion protein etanercept (Moreland et al., 1997). These agents have been
approved for use in the treatment of RA in Europe and the USA, where they are in
widespread use. The anti-TNFa agents have also been found to be effective in a variety
of other diseases, including Crohn’s disease, psoriasis and ankylosing spondylitis. The
major complication with the anti-TNFa agents has been the development of serious

infectious diseases (reviewed in Ellerin ez al., 2003).

Valuable insights into TNFa signalling have emerged from the clinical responses,
treatment failures and adverse events of the anti-TNFa agents in different diseases. While
in RA, both the chimeric monoclonal anti-TNFa antibody infliximab and the soluble
TNEFR fusion protein etanercept led to a comparable clinical response (Feldmann and
Maini, 2001), in Crohn’s disease, only infliximab was effective (Targan et al., 1997;
Sandborn ef al., 2001). Both of these agents neutralise soluble TNFa effectively,
suggesting that the mechanism of action of these two agents differs (Van den Brande et
al., 2003). It has subsequently been shown that the anti-TNFa antibodies, but not
etanercept, bind to and induce apoptosis in activated T cells (Van den Brande et al., 2003;
Shen et al., 2005). The evidence is accumulating that this infliximab-induced apoptosis of
activated immune cells occurs through mTNFa reverse signalling (Mitoma et al., 2005).
However, the effects of infliximab appear to be target cell specific as infliximab down-
regulates apoptosis of epithelial cell in Crohn’s disease (Zeissig et al., 2004) and bone
marrow erythroid cells in rheumatoid arthritis (Papadaki et al., 2002). The effects of the
anti-TNFa agents are therefore not simply due to neutralisation of cytokines, and these

insights are helping to inform further research into inflammation associated with TNFc.



1.2. TNF Receptors (TNFR)

TNFa binds to two cognate receptors, of molecular weight 55 kDa (TNFRSF1A,
TNFR1, p55TNFR, CD120a) and 75 kDa (TNFRSF1B, TNFR2, p75TNFR, CD120b)
(Hohmann et al., 1989; Brockhaus et al., 1990). The cloned cDNAs of these two
receptors were reported by a variety of independent groups in 1990 (Gray et al., 1990;
Heller et al., 1990; Kohno et al., 1990; Loetscher et al., 1990; Nophar et al., 1990; Schall
et al., 1990; Smith et al., 1990).

1.2.1 TNFRSFI1A4 and TNFRSFI1B genes

TNFRSF1A is encoded by a single-copy gene situated on chromosome 12p13.2 and
is composed of 10 exons (Fuchs et al., 1992). The structure of the TNFRSF1A gene
excludes alternative splicing as cause for the generation of soluble TNFRSF1A (Fuchs et
al., 1992). TNFRSFI1B is situated on chromosome 1p36.3-p36.2 and also contains 10
exons (Beltinger et al., 1996). The overall gene structure of TNFRSF1A and TNFRSF1B

is similar.

1.2.2 TNFRSFIA and TNFRSF1B structure

In common with the other TNFR superfamily members, TNFRSF1A and
TNFRSF1B are both type 1 transmembrane proteins. While diverse in their primary
structure, the TNFR receptor superfamily is characterised by the presence of repeated
cysteine-rich extracellular sequence homology. The cysteine rich domains (CRDs) are 40
amino acid pseudorepeats that are typically defined by three intrachain disulphides
generated by six highly conserved cysteine residues (Banner et al., 1993; Bazan, 1993;
Smith et al., 1994). The disulphide bonds form a structural scaffold that contains short
regions of variable amino acid sequence and length. These variable regions confer
specificity for the appropriate ligand. This combination of structural conservation and
sequence variability allows the members of the TNFR superfamily to recognise their
cognate ligand with specificity. This recognition is enhanced by the inherent flexibility of
the receptor molecule, which optimises the receptor’s interaction with the ligand through

a series of hinging movements (Naismith and Sprang, 1998; Idriss and Naismith, 2000).



The X-ray structure of TNFRSF1A in complex with TNFf3 provided a breakthrough
in understanding how TNF functions (Banner et al., 1993). The TNF trimer was seen to
bind three receptor molecules, one at each of the three TNF monomer-monomer
interfaces (Figure 1.2). TNFRSF1A structure was subsequently visualised on its own
(Naismith ez al., 1995), followed by the description of the high resolution structure of the
entire extracellular domain of the receptor (Naismith ez al., 1996). TNFRSF1A is a single
polypeptide consisting of extracellular, transmembrane and intracellular regions (Figure
1.3). The extracellular region contains four CRD, arranged end-to-end in a linear fashion
and designated 1-4, starting from the N-terminus (Figure 1.4). Whereas the earlier studies
did not allow adequate visualisation of the 4" CRD, the high resolution structure revealed
this CRD to have a different structure to the first three CRDs (Naismith ez al., 1996).
Each CRD contains three cysteine-cysteine disulphide bonds. The extracellular region
contains the motifs involved in ligand binding (Section1.2.4) and pre-ligand-binding
assembly (Section 1.2.5). Proteolytic cleavage of the extracellular region occurs in a short

“spacer” segment between the extracellular and transmembrane regions (Section 1.2.8).

TNFRSF1A and TNFRSF1B share 28% homology, mostly in their extracellular
regions. Their intracellular sequences are largely unrelated with almost no homology
(Dembic et al., 1990). Removal of the intracytoplasmic regions of the TNFRs abolishes
signalling (Brakebusch et al., 1992), indicating that this region is involved in signal
transduction. However, the intracellular regions of both receptors lack intrinsic enzymatic
activity and rely on cytosolic factors to transduce their activity. TNFRSF1A contains a
protein-protein interaction motif of approximately 80 amino acid residues towards its
carboxy! terminal, termed the death domain (DD) (Tartaglia et al., 1993a), which is not
present in TNFRSF1B. Both receptors also contain phosphorylation sites in their
intracellular regions (Darnay et al., 1994; Beyaert et al., 1995; Van Linden et al., 2000).

1.2.3 TNFR ligand binding and affinity
TNFRSF1A and TNFRSF1B can bind both TNFa and LTa. It appears that while

both receptors can bind soluble and membrane-integrated forms of TNFa, TNFRSF1A

interacts preferentially with the soluble TNFo homotrimer while activation of
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TNFRSF1B is more efficiently induced by mTNFa (Grell et al., 1995). Most in vitro
laboratory research is conducted using soluble TNFa as stimulus, so these studies may

underestimate the physiological role of TNFRSF1B (Grell et al., 1995; MacEwan, 2002).

It has also become clear that mTNFa has receptor-like qualities and is capable of reverse
signalling, which may be important in local signalling through cell-to-cell contact
(Section 1.1.6). Interestingly, while anti-TNFa antibodies (Mitoma et al., 2005) and
soluble TNFRSF1A (Waetzig et al., 2005) induced apoptosis by mTNF reverse
signalling, the soluble TNFRSF1A fusion protein etanercept did not (Van den Brande et

al., 2003). The extent to which cell-to-cell contact via membrane TNFa contributes to

TNF-induced signalling in vivo remains unclear.

Cultured cells can respond to low picomolar or even fentomolar concentrations of

TNFa (Coffman et al., 1988; Meager et al., 1993; Chan and Aggarwal, 1994; Khabar et
al., 1995), suggesting high affinity binding of TNFa to its receptors. While initial studies
suggested that the TNFRSF1B may be the high affinity receptor for TNFa, there was
marked variation in the reported dissociation constants (Kd) for TNFo binding to TNFRs,
ranging from approximately 100 to 500 pM. TNFRSF1B binds and releases TNFa many
fold faster than TNFRSF1A, indicating the TNFa-TNFRSF1B complex is kinetically less
stable (Tartaglia et al., 1993b; Evans et al., 1994). “Ligand passing” was proposed as a
mechanism whereby the rapid kinetics of TNFa-TNFRSF1B association and dissociation
would serve to increase the local concentration of TNFa at the cell surface, thereby

enhancing TNFRSF1A signalling (Tartaglia et al., 1993b). However, comparable cellular
sensitivities for TNFa could also be demonstrated with cells that only express
TNFRSF1A (Hohmann et al., 1990). Furthermore, the activity of TNFRSF1A is not
impaired in TNFRSF1B knockout mice (Peschon et al., 1998). It was subsequently
demonstrated that when the binding affinities are measured at 37°C, TNFRSF1A is in fact
the high affinity receptor for soluble TNFa (TNFRSF1A Kd = 19 pM; TNFRSF1B Kd=
420 pM) (Grell et al., 1998). The authors suggest that the different stability of the ligand-
receptor complexes under physiological conditions is an important parameter in

determining TNFR signalling capacity.
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1.2.4 Ligand binding region of TNFRSFIA

Both soluble and membrane forms of TNFRSF1A are able to bind TNFo and TNFf3
(LT). The crystal structure of three soluble TNFRSF1A molecules in complex with a
TNF trimer demonstrated direct involvement of the 2™ and 3" CRD of TNFRSFIA in
the interface with the ligand (Banner ez al., 1993). The interface appears to split into two
almost separate contact surfaces, between amino acid 77 and amino acid 114 of
TNFRSF1A. The involvement of the 2™ and 3" CRD of TNFRSF1A in TNFa ligand
binding was supported by deletion mapping (Chen et al., 1995a). Deletion of the 1% CRD
of soluble TNFRSF1A also resulted in loss of TNFa binding (Marsters et al., 1992;
Corcoran et al., 1994), while deletion of the 4™ CRD did not alter TNFc; binding
significantly (Corcoran et al., 1994; Chen et al., 1995a).

1.2.5 Pre-ligand-binding assembly domain (PLAD)

The crystal structure of TNFf in complex with the TNFRSF1A extracellular
domain revealed no contact between the individual receptor chains (Banner et al., 1993).
From this it was inferred that the TNFa ligand trimer recruited or cross-linked three
receptor monomers into the final 3:3 ligand-receptor complex. This concept was
challenged by subsequent crystallographic studies demonstrating dimerization of
unligated TNFR, suggesting the receptor could cluster in the absence of ligand (Naismith
etal., 1995). A conserved domain in the 1* CRD (amino acids 1-54) of the extracellular
region of TNFRSF1A and TNFRSF1B that mediates ligand-independent assembly of
receptor trimers was subsequently identified (Chan ez al., 2000a). This pre-ligand-binding
assembly domain (PLAD) is physically distinct from the ligand-binding domain (2" and
3" CRD), and explains the previously reported absence of TNFa: ligand binding as a
result of deletion of the 1 CRD of TNFRSF1A (Marsters ez al., 1992; Corcoran et al.,
1994). Mutations within the PLAD or removal of the PLAD rendered the receptor
incapable of binding ligand (Chan et al., 2000a). Therefore, the PLAD is required to pre-
complex receptors that bind TNFa and mediate signalling. TNF receptors therefore seem
to function as preformed complexes rather than as individual receptor subunits that

oligomerize after ligand binding (Aggarwal, 2003).
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1.2.6 TNFR Expression

TNFRSF1A is widely expressed on most cell types, with the exception of
erythrocytes and platelets (Munker and Koeffler, 1987). The expression of TNFRSF1B is
more restricted and confined mainly to immune and endothelial cells (Aggarwal, 2003).
While there is marked variation in receptor densities, there appears to be no correlation
between the number of receptors expressed on cells and the magnitude of the TNF-
induced response (Tsujimoto et al., 1985; Yoshie et al., 1986; Munker and Koeffler,
1987; Beyaert and Fiers, 1994). Normal human lymphocytes express approximately 270
TNFRs per cell (Hober et al., 1994) and it is known that significant biological effects of
TNFa can occur at low levels of receptor occupancy (Munker and Koeffler, 1987).
However, not all cell types that express TNFRs respond to TNFa ligand (Sugarman et al.,
1985; Munker and Koeffler, 1987), suggesting that the expression of TNFRs is necessary
but not sufficient for the biological effects of TNFo (Yoshie et al., 1986).

1.2.7 TNFR localisation and internalisation

TNFRSF1A localization may differ in divergent cell types. While TNFRSF1A has
been shown to be localised to both plasma membrane lipid rafts and the trans-Golgi
complex in most cells (Cottin et al., 2002), in endothelial cells the receptor is principally
localized to the trans-Golgi network and is only poorly expressed at the plasma
membrane (Bradley et al., 1995; Gaeta et al., 2000). Little is known about how
TNFRSF1A trafficks from the cytoplasm to the cell surface, although there is evidence
that the TNFRSF1A stored in the trans-Golgi apparatus serves as a reservoir of receptor
for translocation to the cell surface (Wang et al., 2003). The intracytoplasmic sequences
of TNFRSF1A appear to influence the expression and localisation of the receptor (Hsu
and Chao, 1993). Removal of the intracytoplasmic region of the receptor results in
significantly increased, uniform surface expression of TNFRSF1A (Cottin et al., 2002;
Fielding et al., 2004). A region of the TNFRSF1A death domain (DD) (aa 405-412) has
been shown to be responsible for lipid raft localisation (Cottin et al., 2002). Interestingly,
this region of the TNFRSF1A DD is also involved in the localisation to the trans-Golgi
complex (aa 404-426), and contains a putative acidic cluster (aa 406-410) and a dileucine

motif (aa 424-425) (Gaeta et al., 2000; Storey et al., 2002), sequences known to affect
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protein localisation. These divergent findings may suggest that the sequences necessary
for the spatial localisation of TNFRSF1A to different cell compartments differ in
divergent cell types, and therefore, may further contribute to the observed heterogeneity

of TNFa signalling in different cell populations.

Pairwise deletion of the six alpha-helices that compromise the DD also disrupted
lipid raft localisation of TNFRSF1A (Cottin et al., 2002), suggesting that an appropriately
folded and functionally active DD is required for both TNFRSF1A-mediated apoptosis
and localisation of the receptor to lipid rafts. It was subsequently shown that lipid rafts are
essential for NF-kB signalling by TNFRSF1A (Legler et al., 2003). We have also shown
that a region of the intracytoplasmic C-terminus of TNFRSF1A between aa 218-324
negatively regulates TNFRSF1A cell surface expression (Fielding et al., 2004). This
region is known to contain a number of phosphorylation sites (Van Linden et al., 2000)
which, once phosphorylated, can relocalise TNFRSF1A to tubular structures located
within the endoplasmic reticulum (Cottin et al., 1999). This region also contains a
sequence that interacts with the SH3 domain of the adapter protein growth receptor bound
protein 2 (Grb2) (Hildt and Oess, 1999). The interaction of Grb2 with another receptor,
epidermal growth factor receptor, has been shown to play a role in its internalisation by

clarithrin-coated pits (Yamazaki et al., 2002; Jiang et al., 2003).

Compartmentalisation of TNFRSF1A signalling is one of the mechanisms whereby

TNFa-induced signalling can be regulated. Although TNFRSF1A is predominantly

localized to the trans-Golgi complex in endothelial cells, and the adapter protein TNF
receptor 1-associated death domain protein (TRADD) also localizes to the Golgi region,
TNFa-induced TRADD binding to TNFRSF1A has been shown to occur only at the cell
membrane (Jones ez al., 1999). In contrast, it appears that selected apoptotic pathways
require internalisation of TNFRSF1A (Higuchi and Aggarwal, 1994; Schutze et al.,
1999). A TNF-receptor 1 internalization domain (TRID) required for receptor endocytosis
has subsequently been identified (Schneider-Brachert ez al., 2004). The authors show that
while the adapter proteins receptor interacting protein-1 (RIP1) and TNF receptor

associated factor-2 (TRAF2) were recruited to the receptor at the level of the plasma
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membrane, the aggregation of TRADD, Fas-associated protein with death domain
(FADD) and caspase-8 is critically dependent on receptor endocytosis. TNFa-induced
signalling may proceed via the sequential formation of two distinct complexes located in
different cellular compartments (Micheau and Tschopp, 2003) (see Section 1.3.2.3). It has
recently been shown that caveolae may participate in TNFRSF1A internalization and

some TNFRSF1A-mediated signalling (D'Alessio et al., 2005).

Taken together, these results suggest that TNFRSF1A expression and localisation
play an important role in restricting TNFRSF1A function and controlling the response of
cells to TNFa. While the role of the intracytoplasmic region, particularly the DD, of
TNFRSF1A in localization of the receptor is established, it has also recently been shown
that mutations altering the conformation of the extracellular domain can affect receptor

expression (Schweickhardt ez al., 2003).

1.2.8 Shedding of TNFRSF1A

The TNFRs are initially synthesised as membrane-anchored proteins, which can
subsequently be proteolytically cleaved, forming soluble receptors capable of binding
TNFa (Nophar et al., 1990; Porteu and Nathan, 1990; Loetscher ez al., 1991). Soluble
TNFRs are constitutively released into the circulation (Pinckard et al., 1997) and their
levels increase after stimulation with TNFa (Lantz ef al., 1990; Jansen et al., 1995).

Soluble TNFR levels have also been seen to increase in the course of various diseases

(Diez-Ruiz et al., 1995).

Soluble TNFRs are also rapidly produced in cell culture systems following
stimulation with TNF (Lantz et al., 1990), LPS (Leeuwenberg et al., 1994a), and PMA
(Aggarwal and Eessalu, 1987; Brakebusch et al., 1992; Mullberg et al., 1995), or after T
cell (Leeuwenberg et al., 1994b) and neutrophil activation (Porteu and Nathan, 1990).
Shedding results in an acute decrease in the number of cell surface receptors and may
therefore transiently desensitize the cell to TNFa (Wang et al., 2003). The soluble

receptors retain their high affinity binding for TNFa but do not directly mediate any

biological effects. Therefore, the pool of soluble TNFR produced competes with the
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membrane receptors for TNF ligand, thereby limiting the bioavailability of TNFa
(Loetscher et al., 1991; Higuchi and Aggarwal, 1992; Van Zee et al., 1992). This concept

is supported by the excellent clinical results obtained using soluble TNF receptor
(etanercept) to treat RA (Section 1.1.6). It has also been postulated that the soluble
TNFRs can stabilize circulating soluble TNFa and therefore function to enhance the
TNFa effect (Aderka et al., 1992). The authors postulate that soluble TNFRs may serve a
buffering function, attenuating TNFo activity when TNF« levels are elevated and

reconstituting TNFa when levels have declined (Aderka et al., 1992).

TNFRSF1A shedding has been shown to be dependent solely on the sequence
properties in the extracellular region close to the transmembrane regions of the receptor
(Gullberg et al., 1992; Brakebusch et al., 1994). It has been postulated that TACE
(ADAM 17) is also the metalloprotease responsible for cleaving TNFR (Dri et al., 2000;
Reddy et al., 2000; Peiretti et al., 2005). In addition, TNFR shedding appears to be
regulated by aminopeptidase regulator of TNFRSF1A shedding (ARTS-1) which binds to

an extracellular region of the receptor and facilitates receptor cleavage (Cui et al., 2002).

Since my work has been in progress, the in vivo significance of TNFRSF1A
shedding has been shown using knock-in mice expressing a mutated non-sheddable
TNFRSF1A (Xanthoulea et al., 2004). This mutation does not interfere with the
signalling capacity of the receptor but completely abolishes proteolytic cleavage of the
receptor. Heterozygous expression of the mutant receptor also resulted in marked
reduction of receptor shedding, suggesting the mutation has a dominant effect
(Xanthoulea et al., 2004). While this mutation renders the mice more resistant to
intracellular bacterial infections, they develop spontaneous hepatitis, and the mutation
exacerbates TNF-dependent arthritis and experimental autoimmune encephalomyelitis (a
mouse model of human multiple sclerosis). These results suggest that TNFRSF1A

shedding constitutes an important mechanism for the regulation of TNFa activity in vivo,

possibly by altering the thresholds of immune activation.
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1.2.9 Lessons from TNFR-deficient mice

The deletion of the genes for TNFRSF1A and TNFRSF1B produced distinct effects
in mice. Mice deficient in TNFRSF1A are susceptible to infection by Listeria
monocytogenes but are resistant to endotoxin-induced shock (Pfeffer et al., 1993) and
TNFa-mediated cytotoxicity (Rothe et al., 1993). Mice deficient in TNFRSF1A were
subsequently shown to have impaired organization of secondary lymphoid organ structure
and function (Pasparakis et al., 2000) and are susceptible to infection with various
microorganisms (Steinshamn et al., 1996, Castanos-Velez et al., 1998; Deckert-Schluter

etal., 1998; O'Brien et al., 1999).

TNFRSF1B deleted mice also display decreased sensitivity to TNFo (Erickson et

al., 1994). The absence of TNFRSF1B did not impair the activity of TNFRSF1A in
inflammatory models (Peschon et al., 1998), although TNFRSF1B appears to have a

critical role in organ inflammation, independent of TNFa or TNFRSF1A (Douni and

Kollias, 1998; Peschon et al., 1998).

Mice lacking both receptor genes have the sum of the phenotypic effects, and have
lymph nodes and Peyer’s patches (Peschon et al., 1998). However, deletion of both the

TNFa and LTa genes, which removes the only ligands known to interact with the two

TNFRs, does not yield the same phenotype as deletion of both receptors. Mice lacking

TNFa and LTa have no lymph nodes or Peyer’s patches and no splenic white pulp
(Eugster et al., 1996; Korner et al., 1997). The reason for this discrepancy is that LTa can
form heterotrimers with LT3, and bind the LT(receptor, which is required for lymph

node development (Rennert et al., 1996).

1.3 TNFR-mediated signalling

TNFa-induced ligation of its cognate receptors mediates a variety of signalling
pathways resulting in cell differentiation, proliferation, expression of inflammatory genes
and apoptosis (MacEwan, 2002; Aggarwal, 2003; Dempsey et al., 2003). The proteins

involved in TNFR signalling were initially identified predominantly using the yeast two-
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hybrid system for protein-protein interactions, together with overexpression and
dominant-negative approaches. However, subsequent gene-deletion studies have
occasionally provided contradictory findings, suggesting that results using the former
techniques may sometimes be misleading. In addition, several TNFRSF1A-mediated
effects appear to be cell type and context specific. The literature on these signalling
pathways is therefore complex and often controversial. The focus here is on the major

TNFa-induced signalling pathways and those most relevant to the subsequent

experimental work.

Whereas some reports indicated that TNFRSF1A mediates apoptosis and
TNFRSF1B mediates proliferation, others suggested that the two receptors transduce their
signals cooperatively (Weiss et al., 1998; Mukhopadhyay et al., 2001). It has
subsequently been shown that the two receptors mediate distinct but overlapping cellular
responses (Erikstein et al., 1991; Tartaglia et al., 1991; Kalthoff et al., 1993; Kalb et al.,
1996; Mukhopadhyay et al., 2001; McFarlane et al., 2002). The TNFRSF1A:TNFRSF1B

ratio has been found to important in the way a cell predetermines its response to TNFa

(Medvedev et al., 1996; Declercq et al., 1998; Baxter et al., 1999).

1.3.1 Membrane proximal events in TNFR-mediated signalling

Upon TNFa binding, TNFRSF1A translocates to cholesterol and
glycosphingolipid-enriched membrane microdomains, known as lipid rafts (Cottin ez al.,
1999). This localization is necessary for the initiation of signalling pathways, including
those leading to TNFa-induced NF-xB activation (Legler et al., 2003) and apoptosis (Ko
etal., 1999).

Schematics of the three major TNFR-mediated signalling pathways relevant to this
work are shown in Figures 1.5-1.7. Ligand independent signalling by TNFRSF1A is
prevented by the constitutive association of silencer of death domains (SODD) with the
DD of TNFRSF1A, thereby preventing the binding of TRADD (Jiang et al., 1999).
TNFa-binding to the receptor releases SODD from TNFRSF1A, permitting interaction

with signalling adapter proteins. TNFRSF1A primarily associates, via its DD, with the
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adapter TRADD (Hsu et al., 1995). This association only occurs at the cell membrane
(Jones et al., 1999). TRADD in turn serves as a platform to recruit at least three
additional mediators: TNF receptor associated factor-2 (TRAF2) (Hsu et al., 1996),
receptor interacting protein 1 (RIP1) (Stanger et al., 1995) and Fas-associated protein
with death domain (FADD) (Chinnaiyan et al., 1995). Signalling strength induced by a
given ligand/TNFR interaction appears to be regulated at the level of adapter protein

recruitment (Krippner-Heidenreich et al., 2002).

1.3.2 Downstream events in TNFR-signalling

TNFa-induced activation of TNFRSF1A leads to the activation of two major
transcription factors, nuclear factor-kappa B (NF-xB) and activating protein-1 (AP-1),
which are involved inflammatory responses and regulate apoptosis (Baeuerle and Henkel,
1994; Karin, 1995; Barnes and Karin, 1997). NF-xB is regulated primarily by
phosphorylation of inhibitory proteins, the inhibitors of NF-kB (IxBs) (Section 1.3.2.1),
while the activity of AP-1 is regulated primarily by members of the mitogen-activated
protein kinase (MAPK) family (Sections 1.3.2.2). In contrast, the TNFa-induced
association of TRADD with the DD of FADD initiates a caspase cascade resulting in
apoptosis (Section 1.3.2.3). Unlike TNFRSF1, TNFRSF1B does not contain a DD motif
and cannot recruit TRADD but recruits TRAF2, and TRAF]1, directly (Rothe et al., 1994)
leading to NF-kB and AP-1 activation (Rothe et al., 1995).

1.3.2.1 TNF a-induced activation of NF-xB

A schematic of TNFa-induced NF-xB activation is shown in Figure 1.5. The

ubiquitously expressed NF-kB family of transcription factors contains five members in
mammals: p50/p105, p52/p100, p65/RelA, RelB and c-Rel (reviewed in Ghosh and
Karin, 2002). These five proteins share a conserved Rel-homology domain (RHD), of
approximately 300 amino acids, which contains a nuclear localisation sequence (NLS)
and is involved in dimerization, interaction with the inhibitory IkB proteins and
sequence-specific DNA binding. RelA, RelB and c-Rel, but not p50 or p52, also contain

transactivation domains required for the recruitment of transcriptional machinery (Chen
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and Ghosh, 1999). The NF-kB family members combine as a variety of homo- and

heterodimers.

Two major signalling pathways lead to the activation of NF-kB (Bonizzi and Karin,
2004). The classical pathway of NF-kB activation is activated by a variety of pro-
inflammatory cytokines, including TNFa (Beg et al., 1993), and pathogen-associated
molecular patterns (such as those mediated through Toll-like receptors). The classical NF-
kB pathway most commonly affects the p50-RelA NF-xB dimer and appears to be
essential for innate immunity (Bonizzi and Karin, 2004). The more recently described
alternative pathway is activated in response to engagement of various TNFR superfamily
members, such as LT3R and CD40 but not TNFRSF1A. This pathway results in
phosphorylation of the p100 precursor, causing its inducible processing to p52, which in
turn results in the nuclear translocation of p52-RelB dimers (Senftleben et al., 2001). The
alternative pathway of NF-xB activation appears to play a central role in the development

and maintenance of secondary lymphoid organs (Bonizzi and Karin, 2004).

Ligand induced aggregation of TNFRSF1A allows binding of TRADD to the DD of
the receptor which in turn recruits members of the TNF receptor associated factors
(TRAF) family which are involved in NF-xB activation. TRAF2 was initially shown to be
a critical mediator of NF-xB (Rothe ez al., 1995). However, mice deficient in either
TRAF2 (Yeh et al., 1997) or TRAF5 (Nakano et al., 1999) have intact TNFa-induced
activation of NF-xB, while TRAF2/5 double knockout cells have substantially reduced
NF-kB activation (Tada et al., 2001). Therefore, TRAF2 and TRAFS5 appear to play a
redundant role in TNFa signalling to NF-kB, although the nature of this role remains to

be established.

Another TRADD-recruited protein, RIP1 is also essential for TNFa-induced NF-xB
activation (Ting et al., 1996) although its kinase activity is dispensable for NF-xB
activation (Lee et al., 2004). It appears that while TRAF2 directly recruits IxB kinase

(IKK), RIP1 stabilises this complex, resulting in the activation of IKK (Devin et al.,
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2000). While it was previously thought that NF-kB-inducing kinase (NIK) was essential
for TNFa-induced NF-kB activation (Malinin et al., 1997), NIK was subsequently shown

to be involved in the alternative NF-xB activation pathway only and not in NF-xB

activation by TNFa (Yin et al., 2001).

IKK activation is required to allow NF-kB to translocate to the nucleus. In most
cells, inactive NF-kB is retained in the cytoplasm in complex with a member of the IxkB
family (Baeuerle and Baltimore, 1988; Beg et al., 1992). The IxB family includes IxkBa,
IxBf, Bcl-3, IxBe and IkBy, which are characterised by the presence of five to seven
ankyrin repeats that mediate binding to the RHD of NF-xB and interfere with its NLS
function. The functional characteristics of IkBat, IxkBf3 and IxkBe are primarily the result
of temporal differences in their degradation and synthesis, attributable to differential
transcriptional regulation of their promoters (Hoffmann et al., 2002). Activated IKK
mediates the specific phosphorylation of IkB (Brockman et al., 1995; Brown et al., 1995).
This phosphorylation of IkB results in its ubiquitination and subsequent degradation by
the 26S proteosome, allowing NF-«B to translocate to the nucleus (Palombella ez al.,
1994; Chen et al., 1995b). Degradation of IkB is a key step in the regulation of NF-kB is
therefore tightly regulated. IKK has been shown to contain two kinase subunits, IKKa
and IKK3, and a regulatory subunit called NF-kB essential modifier (NEMO/IKKY)
(Karin and Ben-Neriah, 2000). While the classical NF-kB activation pathway involves
predominantly IKKf3- and IKKy-dependent phosphorylation of specific IkB residues, the

alternative pathway is strictly dependent on the IKKa subunit (Senftleben et al., 2001).

Following degradation of IxB, the released NF-xB translocates to the nucleus
where it is able to bind to promoter and enhancer regions with the consensus sequence 5’-
GGGRNNYYCC-3’. The transactivation domain on RelA, RelB and c-Rel promote
transcription by facilitating the recruitment of coactivators and the displacement of
repressors. NF-kB regulates the expression of many crucial genes involved in the immune
system, including TNFa, but also regulates genes involved in embryonic and tissue

development (Ghosh and Karin, 2002).
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In addition to the tightly regulated IxB degradation, NF-xB is also tightly controlled
at several other levels, thereby limiting the duration and intensity of NF-kB activation.
Regulatory mechanisms include the rapid induction of IkBa by NF-kB (Brown et al.,
1993), the auto-phosphorylation of IKK (Delhase et al., 1999) and phosphorylation of
NF-xB by protein kinases (Schmitz et al., 2004). Altered NF-xB regulation has been

shown to be involved in the pathogenesis of a variety of chronic inflammatory disorders

(Tak and Firestein, 2001; Yamamoto and Gaynor, 2001).

1.3.2.2 TNF a-mediated activation of AP-1

A schematic of TNFa-induced AP-1 activation is shown in Figure 1.6. AP-1 is a
sequence-specific transcriptional activator composed of members of the c-Jun, Fos or
ATF families (reviewed in Karin et al., 1997). These DNA binding proteins form a
variety of homo- and heterodimers that bind to common DNA sites and activate
transcription. Different AP-1 factors regulate different target genes and thus execute
different biological functions (Karin et al., 1997). Activation of the transcription factor
AP-1 is regulated by members of the MAPK family, which enter the nucleus upon

stimulation to phosphorylate DNA-bound transcription factors (Karin, 1995; Whitmarsh
and Davis, 1996).

Functional MAPK cascades are three or four-tiered serine/threonine kinase
modules. MAPK kinase kinase kinases (MAP4Ks) phosphorylate and activate MAPK
kinase kinases (MAP3Ks), which in turn phosphorylate and activate MAPK kinases
(MAP2Ks), which ultimately phosphorylate and activate the MAPKs. The MAPK
pathways most relevant to TNFa signalling are the Jun-N-terminal kinase (JNK)/ stress-
activated protein kinase (SAPK) and the p38 MAP kinase pathways (Han et al., 1994;
Kyriakis et al., 1994). Both the JNKs and p38 MAPKs are rapidly and potently activated
in response to TNFa through MAPK cascades (Derijard et al., 1995; Lin et al., 1995). In
some cells, TNFa also stimulates another MAPK pathway, extracellular signal-regulated

kinase (ERK), which may contribute to AP-1 activity (Westwick et al., 1994).
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Ligand-induced activation of TNFRSF1A resuits in recruitment of TRADD, which
in turn recruits TRAF2, whereas TRAF?2 is recruited directly by TNFRSF1B. TRAF2 is a
critical mediator of JNK and p38 MAPK activation (Natoli et al., 1997; Reinhard et al.,
1997). While TRAF2-deficient mice are still able to activate NF-kB, TNFa-induced
activation of JNK is defective (Lee et al., 1997). TRAF-mediated activation of JNK
appears to depend on ligand-induced oligomerization of TRAF2 (Baud et al., 1999) and
the subcellular localisation of different TRAF molecules (Dadgostar and Cheng, 2000).

TNFa activates the MAP4K, germinal centre kinase (GCK/ MAP4K2), which
interacts with both TRAF2 and MAP3K1 (Yuasa et al., 1998; Chadee et al., 2002), and
activates the JNK pathway (Pombo et al., 1995; Yuasa et al., 1998). GCK may also
recruit mixed lineage kinases (MLK3s) to activate the JNK pathway (Whitmarsh et al.,
1998; Chadee et al., 2002). The TRADD-recruited protein, RIP1 also interacts with
TRAF2 and can activate both the JNK and p38 MAPK pathways (Yuasa et al., 1998;
Devin et al., 2003). These results suggest that GCK and RIP1 are proximal components in
redundant, bifurcating mechanisms for TRAF2-mediated JNK activation, while RIP1 is
the dominant effector for TRAF2 activation of p38 MAPK.

Multiple MAP3KSs have been shown to act downstream of TRAFs to activate JINK
and p38 MAPK by serine/threonine kinase cascades. It is often difficult to determine the
relative importance of each of these kinases and it is possible that significant redundancy
exists between these pathways. MAP3KSs upstream of the JNKs and p38 MAPKSs are
highly divergent and several MAP3KSs can activate multiple MAPK pathways (Kyriakis
and Avruch, 1996; Xu et al., 1996; Ichijo et al., 1997; Takekawa et al., 1997). These
MAP3Ks include apoptosis signal-related kinase 1 (ASK1/ MAP3K5) and MAP3K1
(MEKK1). ASK1 is essential for JNK activation by TRAF2 (Ichijo et al., 1997; Nishitoh
et al., 1998), and a Ras-GTPase-activating protein, ASK 1-interacting protein 1 (AIP1)
has been identified which plays an important role in regulating TNFa-induced ASK1
activation (Zhang et al., 2003). TNFa has also been shown to activate MAP3K1 (Baud et
al., 1999; Xia et al., 2000).
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JNK is activated by at least two MAP2K; namely MAP2K4 (MKK4) and MAP2K7
(MKK?7) (Sanchez et al., 1994; Derijard et al., 1995; Tournier et al., 1997). Likewise, p38
MAPK is activated by at least two MAP2K; namely MAP2K3 (MKK3) and MAP2K6
(MKK®6) (Derijard et al., 1995; Raingeaud et al., 1996).

Ultimately, the JNK and p38 MAPK signalling pathway result in activation of the
transcription factor AP-1, which is involved in many cellular responses including
proliferation, transformation and death (reviewed in Shaulian and Karin, 2002). In
addition, p38 MAPK signalling pathways control the mRNA stability of several

inflammatory cytokines, including TNFa (Section 1.1.3).

1.3.2.3 TNF o-induced apoptosis

One of the earliest effects described in association with TNFo was the induction of
cell death, although this was not subsequently found to be the case for all cell types
(Rosenblum and Donato, 1989). TNFRSF1A is the major receptor involved in mediating
TNFa-induced cell death, which it may be able to do independently of TNFRSF1B (Leist
et al., 1995). Overexpression of the DD of TNFRSF1A is sufficient for death induction
(Boldin et al., 1995a), and deletion or mutation of the DD prevents TNFa-mediated
apoptosis (Brakebusch et al., 1992; Tartaglia et al., 1993a). Unlike TNFRSF1A,
TNFRSF1B does not contain a DD and its role in apoptosis is less clearly understood.
However, in some cell types, it appears that both receptors cooperate to achieve optimal
TNFa-induced apoptosis (Murray et al., 1997; Declercq et al., 1998; Chan and Lenardo,
2000b).

A schematic of TNFa-induced apoptosis is shown in Figure 1.7. FADD was

initially identified as a protein that associates directly with the Fas receptor (Chinnaiyan
et al., 1995; Boldin et al., 1995b) and has subsequently been reported to be the universal
adapter used by the death receptor subfamily of the TNFR superfamily in signalling for
apoptosis. TNFRSF1A recruits FADD indirectly via TRADD, through homophilic DD
interactions (Hsu et al., 1996). The TNFRSF1A DD sequences necessary for TNFa-

induced apoptosis have been shown to be indistinguishable from those required for
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TRADD binding (Telliez et al., 2000). Besides a DD, FADD contains a motif called the
death effector domain (DED), which interacts with the DED of the initiator caspase-8
(also called FLICE/MACH) (Boldin ez al., 1996). There is genetic evidence that both
FADD and capase-8 are important for TNFRSF1A-mediated apoptosis (Varfolomeev et
al., 1998; Yeh et al., 1998). However, it had not been possible to demonstrate a physical
association between TNFRSF1A and either FADD or caspase-8 (Harper e al., 2003;
Micheau and Tschopp, 2003). This discrepancy has subsequently been explained by the
fact that TNFa-induced signalling may proceed via the sequential formation of two
distinct complexes located in different cellular compartments (Micheau and Tschopp,
2003). The authors suggest that following stimulation, the originally formed complex
(complex I, which includes TRADD, TRAF2 and RIP) at the plasma membrane
dissociates from TNFRSF1A and forms a different complex in the cytosol (complex II),
which then recruits the apoptotic machinery. It has been hypothesised that the
dissociation of complex I from the receptor may be due to ubiquitination or other post-
translational modification (Barnhart and Peter, 2003). The formation of complex II,
termed death inducing signal complex (DISC), involves two mutually exclusive proteins,
the pro-apoptotic caspase-10 and the caspase-8-like molecule FLICE inhibitory protein
(FLIP) (Micheau and Tschopp, 2003). Caspase-10 has been previously been shown to be
involved in TNFa-mediated apoptosis (Vincenz and Dixit, 1997; Wang et al., 2001),

while FLIP inhibits FADD/caspase-8 mediated apoptosis (Irmler et al., 1997).

TNFa-induced activation of the initiator caspase-8, via TRADD, FADD and
caspase-10, results in the activation of a downstream caspase cascade. Caspases are a
group of at least 14 different cysteine proteases which orchestrate induction of most types
of apoptosis. Caspases are synthesised as inactive proenzymes that must be activated by
proteolytic cleavage after specific aspartic acid residues (Salvesen and Dixit, 1999).
Beside caspases-8 and -10, evidence suggests a crucial role for caspases-9 and -3 in
TNFa-induced apoptosis. TNFa-activated caspase-8 is able to activate the executioner
caspase-3 (Stennicke et al., 1998). While the role of caspases in TNFa-induced apoptosis
is proven, the exact nature of individual caspases is not fully clear. Much of the evidence

of caspase functions has arisen from the overexpression of caspases or the use of
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pharmacological inhibitors of caspases, whose claimed specificity does not always match
up to their actual inhibitions at the concentrations used experimentally (Schotte et al.,
1999). 1t appears that different cell types may activate different caspase cascades (Zheng
et al., 1999), with the propagation of a caspase cascade depending on which caspases the
cell expresses, the relative concentrations of each caspase and the kinetic efficiency of

individual transactivation reactions (Wolf and Green, 1999).

FADD-caspase-8 is the major, but not only pro-apoptotic pathway engaged by
TNFa. Besides being activated directly by caspase-8 via the extrinsic pathway, TNFa-
mediated caspase-3 activation may also occur through the intrinsic pathway by the release
of mitochondrial components which bind the adapter apoptotic protease activating factor
1 (Apaf-1) and lead to caspase-9 activation, which in turn activates caspase-3 (Li et al.,
1997; Ito et al., 1999). In most cell types, this intrinsic mitochondrial pathway is
subordinate to the dominant TNFRSF1A-mediated extrinsic pathway of caspase-8-
mediated caspase-3 activation (Kuida et al., 1998). Reactive oxygen intermediates,

ceramide, phospholipases and serine proteases have all been implicated in TNFa-induced

apoptosis (reviewed in Rath and Aggarwal, 1999).

The end of the apoptotic process is characterised by a common degradation phase
with well described and remarkably consistent morphological features (Wallach et al.,
1997). The biochemical basis of these events is still unclear although caspases also seem
to play an important role in this. The caspase substrates that may be involved have

recently been reviewed (Fischer et al., 2003).

Exactly how TNFa induces apoptosis under physiological conditions is still not
clearly understood. TNFa-induced apoptosis is both cell type and cell context dependent.
TNFa-induced apoptosis is potentiated by the addition of protein synthesis inhibitors,

such as actinomycin and cycloheximide. This relationship is so well established that
standard bioassays of TNFa-mediated apoptosis include the addition of a protein
synthesis inhibitor (Polunovsky et al., 1994). This suggests that the pro-apoptotic

effectors needed for TNFa to mediate apoptosis pre-exist and that the synthesis of new
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proteins suppresses TNFa-induced apoptosis. These latter proteins include TRAF1, Bcl-
2, (cellular inhibitor of apoptosis) cIAP-1, c-IAP-2, FLIP and A20 zinc finger protein
(reviewed in Rath and Aggarwal, 1999; Muppidi et al., 2004). The expression of several

anti-apoptotic genes is induced by NF-xB.

The finding that apoptotic TNFRSF1A signalling proceeds by the sequential
formation of two distinct complexes suggests a further mechanism whereby cells can
regulate between TNFa-induced proliferative and apoptotic signals (Micheau and
Tschopp, 2003). Since the first complex can activate survival signals, via the activation of
NF-xB, and influence the second complex, by the induction of NF-xB-induced anti-
apoptotic genes, this mechanism provides a checkpoint to control the execution of
apoptosis. In the absence of NF-kB signalling, FLIP is not produced and the pro-
apoptotic caspase-10 is able to interact with caspase-8 in the second complex, resulting in
apoptosis. This model is consistent with the finding that while TNFa activates NF-kxB in
most cell types, it rarely induces apoptosis. It also helps explain why protein synthesis
inhibitors (such as cycloheximide) sensitize cells to TNFa-induced apoptosis

(Polunovsky et al., 1994; Aggarwal, 2003).

The precise role of JNK in apoptosis remains controversial since it has been
reported to have conflicting results depending on cell type. However, it does now appear
that JNK may play a positive role in TNFa-induced apoptosis (Deng et al., 2003). In
addition to activating anti-apoptotic genes, NF-xB can suppress apoptosis by inhibiting
sustained activation of JNK, which is associated with apoptosis (Tang et al., 2001).
Crosstalk between the NF-xB, JNK and apoptotic pathways appears to be crucial for the
outcome of a TNFa-induced signal (reviewed in Muppidi et al., 2004; Varfolomeev and

Ashkenazi, 2004).

1.3.2.4 Other TNFRSF1A mediated signals
The C-terminus of TNFRSF1A also contains sequences which bind the factor

associated with neutral-sphingomyelinase activation (FAN) (Adam-Klages et al., 1996)
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and the adapter protein, growth receptor bound protein 2 (Grb2) (Hildt and Oess, 1999).
The FAN binding sequence is required for activation of neutral sphingomyelinase (Adam-
Klages et al., 1996), suggesting that FAN regulates TNFo-induced ceramide production.
The FAN and Grb2-interacting sequences are required for activation of the MAP3K, c-
Raf-1 (Hildt and Oess, 1999).

TNFa also appears to alter the redox potential of cells and there is now
considerable evidence linking TNFa-induced signalling to reactive oxygen intermediates,
which may play a role in both pro- and anti-apoptotic signals (Janssen-Heininger et al.,
2000; Garg and Aggarwal, 2002; Shakibaei ez al., 2005). A number of other molecules,
including sentrin and MAPK activating death domain (MADD), have been found to
interact with the intracellular region of the TNFRs, either directly or indirectly, although

their functions are often still unknown (reviewed in Aggarwal, 2000; MacEwan, 2002).

1.3.3 TNF a-induced IL-6 and IL-8 expression

TNFa is a potent inducer of a number of cytokines, including the pro-inflammatory
cytokine IL-6 (Vandevoorde et al., 1992) and the chemokine IL-8 (Matsushima and
Oppenheim, 1989; Kasahara et al., 1991). The promoters of both IL-6 and IL-8 contain
functional AP-1 and NF-xB sites (Dendorfer et al., 1994; Roger et al., 1998). NF-xB has
been shown to be the main TNFa-induced transcriptional activator for IL-6 gene
induction (Shimizu et al., 1990; Zhang et al., 1990). However, activation of NF-kB alone
is not sufficient for IL-6 gene expression in response to TNFa (Patestos et al., 1993), and
inhibition of the p38 MAPK pathway blocks TNFa-mediated expression of IL-6 (Beyaert
et al., 1996). It has subsequently been confirmed that NF-kB is essential for TNFa-
induced IL-6 activation, while TNFa-activated p38 and ERK MAPK pathways contribute
to transcriptional activation by modulating the transactivation capacity of NF-kB (Vanden

Berghe et al., 1998). TNFa-induced activation of IL-8 also appears to be mediated by the
NF-xB (Jobin ez al., 1999) and p38 MAPK pathways (Suzuki et al., 2000).
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In addition to controlling NF-xB transactivation at a transcriptional level, the p38
MAPK pathway is also crucial for the stabilization of inflammatory mRNAs (Section
1.1.3). Like TNFa, the mRNAs of both IL-6 and IL-8 contain destabilising AU-rich
elements that have been shown to be stabilised by the p38 MAPK pathway (Miyazawa et
al., 1998; Winzen et al., 1999).

1. 4 Hereditary periodic fever syndromes

The hereditary periodic fevers form part of the autoinflammatory disorders. This
group of disorders is characterised by recurrent episodes of seemingly unprovoked
systemic inflammation. The term “autoinflammatory” is used to signify that high titre
autoantibodies or antigen-specific T cells are not a feature of these conditions, unlike
autoimmune disorders (McDermott et al., 1999a). This relatively new term encompasses

a number of diverse disorders, in addition to the hereditary periodic fevers (Galon et al.,
2000).

The hereditary periodic fever syndromes consist of a group of diseases with
permanent genetic defects that present with intermittent clinical symptoms. These
conditions are characterised by recurrent episodes of fever lasting from a few days to a
few weeks, separated by symptom-free intervals of variable duration. While the fever and
inflammatory attacks are intermittent, there is often no true periodicity (i.e. regularity)
and their frequency can vary considerably (Grateau, 2004). The disorders can broadly be
subdivided according to their pattern of inheritance: familial Mediterranean fever (FMF)
and hyperimmunoglobulinaemia D and periodic fever syndrome (HIDS) are autosomal
recessive, while Muckle-Wells syndrome (MWS), familial cold autoinflammatory
syndrome (FCAS) and TNF-receptor-associated periodic syndrome (TRAPS) are
autosomal dominant. The salient features and genetic defects of these conditions are
described below and compared in Table 1.1. The underlying mechanisms appear to be
specific for each of these diseases. Accurate diagnosis, which now relies on combined
clinical and genetic data, is important because of the specific therapeutic management of

each of these syndromes. Therefore, while these disorders are rare, the advances in their
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genetic underpinnings offers the opportunity of gaining new insights into the function of
the affected proteins and understanding mechanisms mediating inflammation that may be

applicable to a range of more common diseases.

1.4.1 Familial Mediterranean fever (FMF)

FMF (MIM249100) is the most prevalent hereditary periodic fever disorder,
affecting more than 10 000 patients worldwide (Drenth and van der Meer, 2001). The
name FMF reflects the fact that it predominantly affects people of Mediterranean descent,
particularly individuals of Turkish, Armenian, Jewish, Italian and Arab ancestry (Ben-
Chetrit and Levy, 1998). Attacks generally start before the age of 20 (Ben-Chetrit and
Levy, 1998) and are characterised by short (1-4 days) attacks of fever and serositis (Sohar
et al., 1967). Abdominal pain, as a result of peritonitis, and non-erosive monoarthritis are
common features. Erysipelas-like skin lesions, which are considered to be a specific
clinical finding, occur less commonly (Majeed et al., 1990). The major complication of
FMF is amyloidosis. Regular administration of colchicine prevents both acute attacks of
FMF and the development of amyloidosis in most patients (Zemer et al., 1986). The
diagnosis is based on clinical manifestations, ethnicity, family history and response to
colchicine. The gene responsible for FMF, designated MEF'V, is on chromosome 16
(16p13) and was cloned in 1997 (The French FMF Consortium, 1997; The International
FMF Consortium, 1997). MEFV encodes a protein called pyrin (or marenostrin), which
contains a PYRIN domain that is shared by a number of proteins involved in apoptosis
and inflammation (Kastner and O'Shea, 2001; Pawlowski et al., 2001). Molecular testing
can therefore be used as a confirmatory test for FMF. While at least 89 mutations in the
MEFYV gene have been reported on the INFEVERS registry
(http://fmf.igh.cnrs.fr/infevers/) (Sarrauste de Menthiere et al., 2003), five mutations
account for more than 85% of all cases of FMF (Grateau, 2004).

1.4.2 Hyperimmunoglobulinaemia D and periodic fever syndrome (HIDS)
HIDS (MIM260920) was recognised as a separate entity in 1984 (van der Meer et
al., 1984) and is characterised by recurrent attacks of fever that usually start in the first

year of life in patients of Western European origin. Episodes last 4-6 days and are
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associated with lymphadenopathy, skin lesions, arthralgia and raised serum IgD levels
(Drenth et al., 1994). Amyloidosis has not been described. The gene for HIDS, designated
MVK, is on chromosome 12 (12g24) and encodes mevalonate kinase (Drenth et al., 1999;
Houten et al., 1999). The activity of mevalonate kinase, a key enzyme in the cholesterol
biosynthetic pathway, is reduced in patients with HIDS. It is not yet known how a

deficiency of this enzyme is linked to inflammatory periodic fever.

1.4.3 Muckle-Wells syndrome (MWS), familial cold autoinflammatory syndrome
(FCAS) and chronic infantile neurological cutaneous and articular syndrome (CINCA)
MWS (MIM191900), FCAS (MIM120100) and CINCA (MIM607115) were
previously described as distinct clinical entities but have subsequently been found to
reflect a spectrum of diseases that are associated with mutations in the gene CIAS!
(Hoffman et al., 2001). CIAS! is on chromosome 1 (1g44) and encodes the protein
cryopyrin which, like pyrin, contains an N-terminal PYRIN domain. There appears to be
a relative phenotype/genotype correlation, suggesting that mutations have different effects
on cryopyrin function or expression (Neven et al., 2004). The acute febrile attacks usually
start in infancy and are accompanied by an urticaria-like rash and joint involvement. The
disorder may occasionally be complicated by central neurological involvement and

multiorgan amyloidosis.

1.4.4 Tumour necrosis factor receptor-associated periodic syndrome (TRAPS)
TRAPS (MIM142680) was first described in 1982 in a large family of Irish
ancestry, and thus called familial Hibernian fever (FHF) (Williamson et al., 1982). The

autosomal dominant pattern of inheritance, prolonged attacks, and response to
corticosteroids but not colchicine differentiated this disorder from the more common
FMF (McDermott et al., 1997). Cases were subsequently reported in a variety of other
ethnic groups (McDermott, 1999b). Following the identification of mutations in the
TNFRSF1A gene on chromosome 12 (12p13), TRAPS was proposed as a unifying,
pathogenically descriptive term (McDermott ez al., 1999a).
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1.4.4.1 Clinical aspects of TRAPS

Patients with TRAPS generally have prolonged episodes (> 1week) of fever with
serositis, skin rash, muscle pain, ocular inflammation and arthritis, although there is
considerable heterogeneity in the clinical picture of TRAPS (Dode et al., 2002; Aganna et
al., 2003). The characteristic centrifugally-migrating localised myalgia, often
accompanied by an overlying erythematous rash, has been shown to be due to monocytic
fasciits, and not actual myositis as previously thought (Hull e al., 2002a). The skin rash
in TRAPS is characterised by a perivascular dermal infiltrate of lymphocytes and
monocytes (Toro et al., 2000). In general, the symptoms tend to decrease in both

frequency and severity with increasing age.

During a febrile attack, patients with TRAPS generally have a neutrophilia in
addition to non-specific elevation of acute phase markers, such as C-reactive protein
(CRP) and serum amyloid A (SAA) (McDermott et al., 1999a). Most patients with
TRAPS have low serum levels of soluble TNFRSF1A compared to normal controls
(McDermott et al., 1999a), although the levels can vary substantially. Levels can be
normal during an acute attack, and normal or elevated in patients with renal impairment
(Aganna et al., 2003) as soluble TNFRSF1A is cleared by the kidneys (Bemelmans et al.,
1994; Ward and McLeish, 1996). The increase in soluble TNFRSF1A during a febrile
attack of TRAPS, resulting in pseudonormalisation of the levels, is significantly less than
the large increase in soluble TNFRSF1A seen in patients with active RA or systemic
lupus erythematosus (McDermott et al., 1999a). Soluble TNFRSF1A levels are normal in
FMF (Gang et al., 1999) and MWS (Aganna et al., 2003).

The prognosis for patients with TRAPS is determined mainly by the presence or
absence of amyloidosis (McDermott et al., 1997). Amyloidosis is caused by the tissue
deposition of a product of the acute phase reactant SAA, which is produced by
hepatocytes in response to TNFa and IL-6 (Yamada, 1999). Amyloidosis develops in
approximately 14% of patients with TRAPS (Aksentijevich et al., 2001) and may be more
common with cysteine mutations than non-cysteine mutations (Aksentijevich et al.,

2001), although this is not exclusive (Jadoul et al., 2001; Dode et al., 2002; Aganna et al.,
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2003). It has been suggested that the development of amyloidosis in TRAPS may depend
on other modifier genes (Dode et al., 2002; Kallinich et al., 2004).

Treatment of patients with TRAPS has traditionally involved nonsteroidal anti-
inflammatory drugs and moderate doses of oral corticosteroids, whose prolonged use is
associated with significant toxicity (McDermott et al., 1997). Since the identification of
the association with TNFRSF1A mutations, inhibition of TNFa signalling has been tried
as a therapeutic approach. Treatment of patients with etanercept, a soluble p75TNFR:Fc
fusion protein, has been demonstrated to decrease the frequency, duration and severity of
attacks (Galon et al., 2000; Hull e al., 2002b). However, as in patients with RA, the
response to etanercept is often partial (Drewe et al., 2003), and the long-term effect on
amyloidosis remains to be determined, as treatment with etanercept does not normalise

the acute phase response (Hull et al., 2002c; Drewe et al., 2003; Arostegui et al., 2005).

1.4.4.2 TNFRSF 1A mutations associated with TRAPS

Two independent genome-wide linkage studies performed on several families of
Irish/Scottish descent with familial Hibernian fever (FHF) mapped the susceptibility locus
to the short arm of chromosome 12 (McDermott et al., 1998; Mulley et al., 1998). The
human transcript maps (Deloukas et al., 1998) suggested a number of potential candidate
genes, including the gene for TNFRSF1A. TNFRSF1A was seen as a particularly
attractive candidate in light of altered soluble TNFRSF1A levels observed in the serum of
FHF patients, and the central role of TNFRSF1A in inflammation. Genomic sequencing
of the coding region and splice junctions of the TNFRSF1A revealed six different single
nucleotide substitutions in 40 of 43 symptomatic family members with FHF (McDermott
et al., 1999a). None of these mutations were found in control chromosomes screened by
genomic sequencing. The affected members all tested negative for a panel of 19 known
FMF mutations. In light of the diverse ethnic distribution of patients, the authors
proposed the descriptive acronym TRAPS (TNF receptor-associated periodic syndrome)
to describe the autosomal dominant periodic fevers, including FHF and FPF, associated

with TNFRSF1A mutations (McDermott et al., 1999a).
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So far, at least 46 TRAPS-associated TNFRSF1A mutations have been reported on
the INFEVERS registry of hereditary periodic fevers (http://fmf.igh.cnrs.fr/infevers/)
(Sarrauste de Menthiere et al., 2003), of which 43 are located in exons 2-4 of the
TNFRSF1A gene. Virtually all of the mutations are substitutions, with 23 involving
substitutions of cysteine residues. Apart from the possible increase in amyloidosis
associated with cysteine mutations (Section 1.4.4.1), the type of TNFRSF1A mutation
does not correlate with clinical differences seen in individual patients with TRAPS (Dode

et al., 2002; Aganna et al., 2003).

The numbering of the amino acids for TNFRSF1A mutations has not followed the
general rule of starting with the translation initiator methionine. Virtually all publications
in the literature relating to TRAPS have started numbering after the leader sequence (i.e.
starting with the leucine at residue 30). This latter system of numbering is used
throughout this study to allow comparison with published reports (e.g. C72S is called
C43S). The situation in the literature is further complicated by the use of the “correct”

nomenclature at the DNA level (e.g. C43S is a nucleotide 215 G —C transition).

The status of three of the TNFRSF1A mutations, i.e. R92Q, P46L and T611,
remains to be completely established. The R92Q and P46L mutations have both been
found to occur in approximately 1% of Caucasian and African American controls
respectively (Aksentijevich et al., 2001), and the T611 mutation occurred in 1-4% of
Japanese controls (Horiuchi et al., 2004; Ida et al., 2004). While this may reflect low
penetrance, the P46L allele frequency was found to be approximately 10% in West
African populations, suggesting that the P46L variant may be a polymorphism
(Tchemnitchko ef al., 2005). It has been suggested that the R92Q variant may influence the
susceptibility to inflammation in early arthritis (Aksentijevich et al., 2001; Hull ez al.,
2002b) and the non-specific inflammatory response in a variety of other disease
processes, such as juvenile idiopathic arthritis (Aganna et al., 2004), atherosclerosis
(Poirier et al., 2004) and vasculitis (Lamprecht et al., 2004). The T61I mutation was also
found in 2-8% of Japanese patients with systemic lupus erythematosus but was not

detected in patients with RA (Horiuchi et al., 2004; Ida et al., 2004).
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In addition to the TRAPS-associated mutations, several TNFRSF1A single-
nucleotide polymorphisms (SNPs) have been reported. These SNPs were found in the
promoter region, in exon 1 (silent substitution), and in introns 2, 4, 6, 7 and 8 (Pitts et al.,
1998a; Pitts et al., 1998b; Weinshenker et al., 1999; Bazzoni et al., 2000). Since genome-
wide screens in RA have suggested that the TNFRSF1A and TNFRSF1B loci are
susceptibility loci (Cornelis et al., 1998; Shiozawa et al., 1998; Jawaheer et al., 2001),
there has been an intensive search for associations between SNPs in these genes and RA.
While several studies have failed to demonstrate any association, a putative susceptibility
TNFRSF1B genotype (Barton et al., 2001; Dieude et al., 2002) and a protective
TNFRSF1A genotype (Dieude et al., 2004) have both been reported in familial, but not
sporadic, RA.

In their seminal description of TNFRSF1A mutations, McDermott et al (1999a)
demonstrate that the C52F TRAPS mutation results in defective TNFRSF1A shedding
from leucocytes in response to phorbol-myristate-acetate (PMA). The authors hypothesize
that this decreased TNFRSF1A cleavage may reduce the amount of soluble TNFRSF1A

available for neutralisation of TNFa (see Section 1.2.8), thus resulting in the

inflammatory TRAPS phenotype. Although TRAPS-associated TNFRSF1A mutants have
been described in proximity to the transmembrane region (Kriegel et al., 2003), most
mutations are distant from the site of receptor cleavage (Gullberg et al., 1992;
Brakebusch et al., 1994), so the effects on shedding are likely to be indirect. However,
not all TRAPS-related TNFRSF1A mutations result in defective receptor shedding by
leucocytes (Aksentijevich et al., 2001; Aganna et al., 2003). The presence or absence of a
receptor shedding defect appears to have no bearing on the severity of the clinical
symptoms or the development of amyloidosis (Aganna et al., 2003). Moreover, in some
families with autosomal dominant periodic fevers without any TNFRSF1A mutations,
there is a defect in receptor shedding from leucocytes (Aganna et al., 2003). Recently it
has also been shown that defective receptor shedding varies between cell types bearing
the same mutation (Huggins et al., 2004). TNFRSF1A shedding was impaired from
dermal fibroblasts, but not leucocytes, from C33Y TRAPS patients. Taken together, this
data suggests that the differences in shedding are not purely a function of TNFRSF1A
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structure, but are also influenced by other genetic and/or cellular factors. Defective
TNFRSF1A shedding alone cannot therefore account for the pathophysiological
mechanism underlying TRAPS for all mutations. Thus, the mechanisms by which the

TNFRSF1A mutations result in the inflammatory phenotype of TRAPS are not known.

1.5 Experimental outline and aims of thesis

When this project was initiated, no analysis of signalling in TRAPS patients or by
TRAPS mutants had been described. We hypothesised that a constitutive or enhanced
TNFRSF1A signal, perhaps through NF-xB activation, could be responsible for the
TRAPS phenotype. To test this hypothesis, we took a two pronged approach:

1. Analysis of TNFRSF1A signalling in a patient-derived cell line.

This involved taking tissue from a patient with TRAPS and from healthy
volunteers following the relevant ethical approval. This was followed by
analysis of TNFa-induced NF-xB activation, apoptosis and cytokine
production.

2. Analysis of the signalling of recombinant TNFRSF1A mutants.

I generated four TRAPS mutants by site directed mutagenesis. These were
analysed for activation of NF-xB, for surface and intracellular expression and

for subcellular localisation.
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Figure 1.2
Structure of TNF/ TNFRSF1A interaction

B TNFRSF1A TNFRSF1A
\

TNFRSF1A TNFRSF1A

TNFRSF1A extracellular domain complexed with lymphotoxin-a (L Tat) is shown from (A) “side” and
(B) “top” views. The disulphide bonds of the TNFRSF1A extracellular domains (light green, blue and
crimson) are highlighted in red. The ligand chains (dark green and yellow-brown) form a trimer, which
binds three TNFRSF1A receptors. Text labels are shown to aid identification. Adapted from Banner et al
(1993).
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Schematic of the TNFRSF1A monomer
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A schematic of TNFRSF1A depicting the major structural regions (labels on left) and important functional
regions (labels on right). ECD = extracellular domain; TMD = transmembrane domain; ICD =
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Figure 1.4
Structure of the TNFRSF1A extracellular domain

CRD 4

The extracellular domain of TNFRSF1A contains four cysteine rich domains (CRD), arranged end-to-end
in a linear fashion, and designated 1-4, starting from the N-terminus. The CRDs are characterised by three
intrachain disulphide bonds which form a structural scaffold. The sulphur atoms of the disulphide bonds
are shown as space-filling yellow spheres. Only the first disulphide bond of CRD 4 is shown. Figure
adapted from Naismith ef a/ (1995).
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Figure 1.5 Schematic of TNFRSF1A-mediated NF-xB activation
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Figure 1.6 Schematic of TNFRFS1A-mediated MAPK signalling
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Figure 1.7 Schematic of TNFRSF1A-mediated apoptosis
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Table 1.1 Distinctive features of the four main hereditary periodic fevers

FMF HIDS MWS/ FCAS TRAPS
Ethnic group Mediterranean Western Various Diverse
descent European
Inheritance Recessive Recessive Dominant Dominant
Chromosome 16p13 12q24 1q44 12p13
Gene MEFV MVK CIASI TNFRSFIA
. Pyrin Mevalonate .
Protein (marenostrin) Kinase Cryopyrin TNFRSF1A
Age of onset <20 Childhood Childhood/neonatal Variable
Attack duration |  1-4 days 3-7 days Variable Often >1
week
gzl‘)i(rilommal Very common | Very common Rare Common
Chest pain Yes Unusual No Yes
. Localised
Musculoskeletal | Monoarthritis Arthrglgla Arthritis myalgia,
(polyarticular) .
arthralgia
Rare Very common Common,
Rash ervsi el,oi d magjlo apular Urticaria, erythema | migratory
rysip pap erythema
Pericarditis, Cervical Neurological signs, | Periorbital
Other features | scrotal attacks, | lymphnodes, cold sensitivity, oedema,
splenomegaly headaches conjunctivitis conjunctivitis
Amyloidosis Yes Not reported Yes Yes
Abbreviations

FMF = familial Mediterranean fever; HIDS = Hyperimmunoglobulinaemia D and

periodic fever syndrome; MWS = Muckle-Wells syndrome; FCAS = familial cold

autoinflammatory syndrome; TRAPS = TNF-receptor-associated periodic syndrome
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CHAPTER 2

MATERIALS AND METHODS

2.1 Molecular Biology

2.1.1 Media and Buffers
Preparation of media and buffers was as described below. Sterilisation was carried out by

autoclaving for 40 minutes at 15 psi, 121°C where indicated.

SOC Medium

SOC medium was used in the transformation of competent cells.

SOC medium was prepared to a final concentration of 0.5% yeast extract (Oxoid), 2%
tryptone (Oxoid), 8.5 mM NaCl (Fischer) and 2.5 mM KCl (Fischer) in distilled water,
before sterilization. Once the medium had cooled, 20 mM glucose (Fischer) was added.

SOC was stored at 4°C. Just before use, 10 mM sterile MgCl, was added.

Luria-Bertani Medium (LB)

LB medium was prepared to a final concentration of 0.5% yeast extract (Oxoid), 1%
tryptone (Oxoid) and 0.17 M NaCl in distilled water, before sterilisation. If required for
selective LB medium, antibiotics were added prior to use once the LB medium had

cooled sufficiently. LB was stored at 4°C.

Luria-Bertani Agar (LB agar)

15 g bactoagar (Oxoid) was added to 1 litre of LB, before sterilisation. Antibiotics for
selective LB agar plates were added when the agar had cooled sufficiently, immediately
prior to pouring the agar. LB agar was stored at room temperature. LB agar plates were

stored at 4°C.
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Antibiotics

Ampicillin (Sigma) was used as antibiotic selection for transformed bacteria. Stock
solutions were prepared at 1000x the working concentration of 50 pug/ml, in sterile
distilled water and sterilised by filtration through a 0.2 uM filter (Gelman Sciences).
Aliquots were stored at

-20°C and thawed just prior to use.

Terrific Broth

Terrific broth was used in the large scale preparation of plasmid DNA, using caesium
chloride gradients. Terrific broth was prepared as a base solution with a final
concentration of 2.4% yeast extract (Oxoid), 1.2% tryptone (Oxoid) and 0.4% glycerol
(Fischer) in distilled water. A potassium phosphate solution was prepared in a separate
flask to a final concentration of 0.17 M KH,PO4 (Sigma) and 0.72 M K;HPO, (Sigma) in
distilled water. The solutions were sterilized separately by autoclaving. Once cooled, 100
ml potassium phosphate solution was added to 900 ml base solution. Antibiotics for

selective Terrific Broth were added to cooled medium immediately prior to use.

0.5 MEDTA pH 8
186.1 g of EDTA (Sigma) was dissolved in 800 ml distilled water and adjusted to pH 8 by
the addition of sodium hydroxide pellets (approximately 20 g) (Fischer). The final

volume was made up to 1 litre and sterilized by autoclaving.

Tris-EDTA (TE)
TE was used as a buffer to dissolve or dilute DNA. It consisted of 10 mM Tris-HCI pH 8
and

1 mM EDTA pH 8 and was sterilized by autoclaving.

6x DNA loading buffer
6x DNA loading buffer was prepared to the following recipe: 0.25% bromophenol blue
(w/v), 0.25% xylene cyanol (w/v), 30% glycerol (v/v) and 50 mM EDTA pH 8. DNA

loading buffer was stored at 4°C.
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Tris-acetic acid buffered EDTA (TAE)

TAE was used as an electrophoresis buffer. It was prepared as a 50x stock solution using
24.2 g Tris-base (USB), 57.1 ml glacial acetic acid (Fischer) and 100 ml of 0.5 M EDTA
pH 8, made up to 1 litre with distilled water.

Phenol liquefied, washed in Tris buffer (Fischer)

Phenol was stored at 4°C.

Phenol: Chloroform: Isoamyl alcohol (25:24:1) (Sigma)

Phenol: chloroform: isoamyl alcohol (25:24:1) was stored at 4°C.

2.1.2 Bacterial strains

One Shot TOP10 chemically competent E. coli (Invitrogen) were used to in the
experiments to generate recombinant plasmids. TOP10 E. coli have the following
genotype: F{lacl®, TnI0(Tet®)} mcrA Almrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74
deoR recAl araD139 Alara-leu) 7697 galU galK rpsL(Str*) endA1 nupG. TOP10 E. coli

were stored at -80°C, and single-use aliquots were gently thawed on ice immediately prior

to use.

2.1.3 Submerged horizontal agarose gel electrophoresis

Agarose gels were used to separate DNA fragments. Gels were prepared by
dissolving electrophoresis grade agarose (Gibco BRL) in 1x TAE by heating in a
microwave oven. 1% agarose (w/v) gels were cast and run in submerged horizontal
electrophoresis tank apparatus (Flowgen). A 50 ml volume of gel was necessary for one
gel (dimensions 10 cm x 10 cm). Samples were mixed with 6x DNA loading buffer and
loaded into an agarose gel submerged in 1x TAE, along with Generuler 1 kB DNA ladder
(MBI Fermentas). Hyperladder I DNA ladder (Bioline) was used when quantification of
DNA was required. Gels were run at 100 V using a Powerpac 300 power supply

(BioRad). Gels were stained with an ethidium bromide solution (0.5 ug/ml) and

visualized using the gel documentation system (BioRad).
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2.1.4 Restriction endonuclease digestion

Restriction enzymes and reaction buffers (New England Biolabs) were stored at -
20°C and kept on ice during use. Restriction enzyme digestions for cloning were
performed in the required reaction volumes (20-50 ul), containing 10% final volume of
appropriate 10x reaction buffer, BSA (if required), and the appropriate Units of restriction
enzyme, according to the manufacturer’s instructions. All reactions were incubated for 2
hours at 37°C. Restriction enzyme digestions were analysed by submerged horizontal

agarose gel electrophoresis.

2.1.5 Gel Extraction
Gel extraction of the TNFRSF1A inserts was performed using the QIAquick Gel

Extraction kit (Qiagen), according to the manufacturer’s instructions.

The digested DNA fragments were run on submerged horizontal agarose gel
electrophoresis (Section 2.1.3) and excised from the agarose gel with a clean scalpel,
keeping the size of the surrounding agarose to a minimum. The gel slices were weighed in
a colourless tube and 3 volumes of Buffer QG added to 1 volume of gel (100 mg ~ 100
ul). This was incubated at 50°C for 10 minutes (or until the gel slice completely
dissolved), with vortexing every 2-3 minutes during the incubation. The mixture was
inspected to ensure that the pH indicator included in Buffer QG was yellow (pH <7.5). 1
gel volume of isopropanol was added to the sample and mixed. The sample mixture was
loaded onto a QIAquick spin column, centrifuged at 13000 rpm for 1 minute in a
microcentrifuge and the flow-through discarded. 0.5 ml Buffer QG was added to the
column, centrifuged for 1 minute and the flow-through discarded. The DNA was eluted

(Section 2.1.8) and used in the ligation reactions.

2.1.6 Alkaline phosphatase treatment of vector

Alkaline phosphatase catalyses the removal removes the free 5’ phosphatase groups
from the vector and prevents self-ligation of complementary overhangs produced by
restriction digestion (Section 2.1.4), thereby decreasing the vector background in cloning.

The insert used in the ligation was not treated with alkaline phosphatase as this would
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inhibit the ligation reaction. The restriction enzyme digest of the vector was suspended in
1x reaction buffer, to which was added calf intestinal alkaline phosphatase (CIP, 0.5
units/ug vector DNA) (New England Biolabs). The reaction was incubated for 1 hour at
37°C. The CIP treated vector was then purified by PCR purification (QIAquick PCR
Purification kit, Section 2.1.7).

2.1.7 PCR purification
Purification of the restriction digested, CIP-treated pcDNA3.1/myc-His vector was
performed using the QIAquick PCR Purification kit (Qiagen), according to the

manufacturer’s instructions.

5 volumes Buffer PB was added to 1 volume of the restriction digested, CIP-treated
pcDNA3.1/myc-His vector. The solution was added to a QIAquick spin column,
centrifuged at 13000 rpm for 1 minute in a microcentrifuge and the flow-through

discarded. The DNA was eluted (Section 2.1.8) and used in the ligation reactions.

2.1.8 DNA elution from spin columns

The column was washed twice with 0.75 ml Buffer PE (with 80% ethanol (v/v))
and the flow-through discarded each time. Residual wash buffer was removed by
centrifugation at 13000 rpm for an additional minute. The DNA was eluted from the

column with pre-warmed 50 ul Buffer EB (10 mM Tris-Cl pH 8.5) and centrifugation at
13000 rpm for 1 minute into a fresh 1.5 ml Eppendorf tube.

2.1.9 Ligation of DNA

The ligation reaction contained 1 ul of 10x T4 DNA ligase buffer, 400 U T4 DNA
ligase (New England Biolabs), Bam HI/Xba I-digested, CIP-treated pcDNA3.1/myc-His
vector and Bam HI/Xba I-digested TNFRSF1A insert in sterile distilled water to a final
volume of 10 ul. Reactions contained insert: vector ratios of either 1:1 or 3:1. Control
reactions, which contained vector or insert only or no T4 DNA ligase, were prepared in
parallel. The ligation and control reactions were incubated at 16°C for 24 hours. The

ligation products were used to transform competent bacteria (Section 2.1.10).
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2.1.10 Transformation of competent cells

50 pl of One Shot TOP 10 chemically competent E. coli (Invitrogen) were
incubated on ice with 2-3 ul of ligation reaction for 30 minutes. The competent bacteria
were “heat-pulsed” by incubation in a 42°C water bath for exactly 45 seconds and then
ice for 2 minutes. The cells were then incubated in 500 ul of pre-warmed (37°C) SOC
medium at 37°C for 1 hour at 250 rpm in a shaking incubator. The transformation
reactions were plated onto selective LB agar plates (Ampicillin, Section 2.1.1), which

were inverted and incubated overnight at 37°C.

2.1.11 Growth of starter cultures
A single colony of bacteria from a streaked selective LB agar plate (Section 2.1.10)
was used to inoculate 3 ml of LB, and incubated overnight at 37°C in a shaking incubator.

This was repeated for a number of colonies on an LB agar plate.

2.1.12 Glycerol stocks of plasmid DNA
850 ul of an overnight starter culture (Section 2.1.11) and 150 ul autoclaved

glycerol (Fischer) were added to a cryoprecipitation tube and stored at -80°C.

2.1.13 PCR Sequencing
DNA sequencing was performed using the ABI Prism Big Dye Terminator Cycle
Sequencing Ready Reaction kit (Perkins-Elmer Applied Biosystems), according to the

manufacturer’s instructions.

DNA sequencing reactions contained 200-500 ng DNA template, 4 ul Big Dye
Ready Reaction Mix, 3.2 pmole oligonucleotide primer, and distilled water to a final
volume of 10 ul, and overlayed with mineral oil. The primers used to obtain the complete
overlapping sequence of the TNFRSF1A coding region were: T7 Promoter forward,
TNFRSF1A 325 reverse, TNFRSF1A 310 forward and pcDNA3.1/BGH reverse (Table
2.1). The following cycling conditions were used: 96°C for 30 seconds, 50°C for 15
seconds, and 60°C for 4 minutes (25 cycles) in an OMN-E Thermal Cycler (Hybaid).
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The mineral oil was removed prior to precipitation. The sequencing reactions were
precipitated by the addition of 4 ul 3 M sodium acetate pH 4.6, 200 ul 100% ethanol and
10 pl distilled water, incubation at room temperature for 15 minutes and centrifuging at
13000 rpm for 30 minutes in a microcentrifuge. The precipitate was washed five times in
250 ul 70% ethanol (v/v). The reactions were dried on a vacuum drier and mixed with
loading buffer. Reactions were separated on a 4% polyacrylamide gel run at 169 kV and
analysed on an ABI Prism 377 DNA sequencer. The drying of sequencing reactions and
their analysis on the DNA sequencer were performed by Joyce Hoy and Barry Francis at
the WCM Central Biotechnology Services DNA Sequencing Facility. Sequencing results

were analysed using the Lasergene Navigator (DNAStar Inc) software.

Table 2.1 Primers sequences used in sequencing

Primer Name Primer Sequence (5’ to 3°)

T7 Promoter Forward | TAATACGACTCACTATAGGG
TNFRSF1A 325 Reverse | ATCAGTGTCTAGGCTCTG
TNFRSF1A 310 Forward | GGAAGAACCAGTACCGGC
pcDNA3.1/BGH Reverse | TAGAAGGCACAGTCGAGG

2.1.14 Small scale preparation of plasmid DNA

Small scale preparations of plasmid DNA were performed using the QIAprep Spin
Miniprep kit (Qiagen), according to the manufacturer’s instructions. The procedure is
based on a modified alkaline lysis method (Birnboim and Doly, 1979) followed by
adsorption of DNA onto silica in the presence of high salt (Vogelstein and Gillespie,
1979).

1.5 ml of an overnight starter culture (Section 2.1.11) was centrifuged at 1300 rpm
for 5 minutes in a microcentrifuge and the culture medium aspirated completely. The

bacterial pellet was completely resuspended in 250 ul Buffer P1, with RNAase A. 250 ul

Buffer P2 was added and the suspension mixed by gently inverting the tube 4-6 times.
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350 ul Buffer N3 was added and the suspension mixed by inverting 4-6 times. The cloudy

solution was centrifuged for 10 minutes at 13000 rpm in a microcentrifuge, yielding a
white pellet. The supernatant was decanted into the to the QIAprep spin column. The
column was centrifuged for 30 seconds and the flow-through discarded. The column was
washed once with 0.5 ml Buffer PB and the DNA eluted (Section 2.1.8). If required, the
DNA was stored at -20°C.

2.1.15 Medium scale preparation of plasmid DNA

Medium scale preparations of plasmid DNA were performed using Midi and Maxi
prep kits (Qiagen), according to the manufacturer’s instructions. In the method described
below, numbers in brackets represent volumes and times relating to the Maxi prep kit.

Other volumes and times refer to the Midi prep kit.

A starter culture (Section 2.1.11) diluted 1 in 1000 into 25 ml (100 ml) selective LB
medium was incubated for 12-16 hours at 37°C in a shaking incubator overnight. The
bacteria were harvested by centrifugation and completely resuspended in 4 ml (10 ml)
Buffer P1 (containing final concentration of 100 ul/ml RNAase A). 4 ml (10 ml) Buffer
P2 was added and the suspension gently mixed by inverting 4-6 times. After incubation at
room temperature for 5 minutes, 4 ml (10 ml) chilled Buffer P3 was added and the
suspension gently mixed by inverting 4-6 times. The mixture was incubated on ice for 15
minutes (20 minutes). The white precipitate was pelleted by centrifugation at 13000 rpm
for 30 minutes at 4°C in a Sorvall SS-34 rotor. The supernatant was filtered to remove
any further precipitates. The filtered supernatant was loaded onto a QTAGEN-tip 100
(500) column pre-equilibrated with 4 ml (10 ml) Buffer QBT and the flow-through
discarded. The column was washed twice with 10 ml (30 ml) Buffer QC and the flow-
through discarded. The DNA was eluted from the column with 5 ml (15 ml) Buffer QF.
The DNA was now precipitated by the addition of 3.5 ml (10.5 ml, equivalent to 0.7
volumes) isopropanol (Fischer) to the solution and centrifugation at 11000 rpm for 30
minutes at 4°C in a Sorvall SS-34 rotor. The pellet was carefully washed with 2 ml (5 ml)
70% ethanol and centrifuged at 11000 rpm for 10 minutes. The supernatant was decanted

and the DNA pellet air-dried. The DNA was then re-dissolved in a suitable volume of TE
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buffer and a 1 in 100 dilution was quantified on a UV spectrophotometer at 260 nm (50
ug/ml DNA solution has an Aj¢pm of 1).

2.1.16 Large scale preparation of plasmid DNA, purified by caesium chloride gradients
2.1.16.1 Large scale preparation of plasmid DNA

A starter culture (Section 2.1.11) diluted 1 in 1000 into 250 ml selective Terrific
Broth was incubated for 12-16 hours at 37°C in a shaking incubator overnight. The
bacteria were pelleted by centrifugation to 5000 rpm for 8 minutes at 4°C in a Beckman
JA-10 rotor. The culture medium was discarded and 1 ml of 1% lysozyme from chicken
egg white (w/v) (Sigma), freshly prepared in Tris-HCI pH 8, was added directly onto the
pellet. The pellet was resuspended completely in 4 ml Solution I (50 mM glucose, 25 mM
Tris-HCl pH 8, 10 mM EDTA pH 8) by pipetting up and down. 10 ml freshly prepared
Solution II (0.2 M NaOH, 1% SDS (w/v)) was added to the bacterial suspension and
incubated at room temperature for 5 minutes. 7.5 ml Solution III (3 M potassium acetate
(w/v), 11.5% glacial acetic acid (v/v)) was added and incubated for 5 minutes on ice. The
white precipitate was pelleted by centrifugation at 14000 rpm for 30 minutes at 4°C in a
Sorvall SS-34 rotor. The supernatant was decanted into a fresh tube and 13.5 ml
isopropanol added. The solution was mixed and stored on ice. The DNA was precipitated
by centrifugation at 13000 rpm for 30 minutes at 4°C in a Sorvall SS-34 rotor. The
supernatant was discarded and the pellet washed with 3 ml of 70% ethanol (v/v). The
pellet was dried briefly, 4 ml of Tso.E;o (50 mM Tris-HCI pH 8, 10 mM EDTA pH 8)
added accurately and 4 pl RNAase A (10 mg/ml) added. The solution was left on a shaker
for at least 1 hour, until the pellet had dissolved. A volume of the dissolved DNA solution
(3.95 g by weight) was transferred into a fresh tube, containing 4.1 g of caesium chloride

(Roche). The tube was shaken to dissolve the caesium chloride. 150 ul ethidium bromide

(10 mg/ml, Sigma) was added to the tube and mixed by inverting several times. The
mixture was incubated on ice for 5 minutes and centrifuged at 12000 rpm for 10 minutes
at 4°C. Small Beckman tubes (Beckman, 13x48 mm, 362185) were filled with the DNA/
caesium chloride/ ethidium bromide mixture, paired according to weight to balance the
centrifuge, and then sealed according to the manufacturer’s instructions. The tubes were

centrifuged in a Beckman NVT90 near-vertical rotor (maximum 90000 rpm) at 45000
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rpm, without the brake, at 22°C for 16 hours. The lower band visible by eye (or UV light
if required) after centrifugation was harvested into a fresh tube by piercing the top of the
tube with one needle and just below the lower band with a second needle to elute this
band. Distilled water was added to the tube up to 5 g in weight, followed by 5 ml
isopropanol, and the contents mixed well. If separate phases were visible, equal volumes
of water and isopropanol were added until miscible. The tubes were placed on ice and
centrifuged at 12000 rpm for 25 minutes at 4°C in a Sorvall SS-34 rotor. The supernatant
was discarded and the pellet washed with 2 ml of 70% ethanol. The pellet was dried and
dissolved in 400 ul TE pH 8.

2.1.16.2 Phenol extraction of DNA

The solution was transferred into a sterile 1.5 ml Eppendorf tube and an equal
volume of phenol (Fischer) added, and mixed vigorously until cloudy. The solution was
centrifuged at 13000 rpm for 2 minutes in a microcentrifuge to separate the aqueous and
organic phases. The upper aqueous phase was transferred to a fresh 1.5 ml Eppendorf
tube. An equal volume of phenol: chloroform was added, the phases mixed and separated
by centrifugation at 13000 rpm for 2 minutes. The upper aqueous phase was transferred to
a fresh 1.5 ml Eppendorf. An equal volume of chloroform (Fischer) was added, the
phases mixed and separated by centrifugation at 13000 rpm for 2 minutes. The aqueous
phase was again transferred to a fresh tube and heated at 60°C for a few minutes to

remove any remaining chloroform.

2.1.16.3 Ethanol precipitation of DNA

A 1/10 volume of 3M sodium acetate pH 5.2 (Sigma) and a 2.5x volume of 100%
ethanol AR quality (Fischer) were added to the sample and mixed. The solution was then
placed at -20°C for at least 1 hour and the DNA pelleted by centrifugation at 13000 rpm
for 30 minutes in a microcentrifuge. The supernatant was removed and the pellet washed
in 70% ethanol. The pellet was dried and dissolved in an appropriate volume of TE buffer

and a 1 in 100 dilution quantified on a spectrophotometer at 260 nm as before.
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2.1.17 Site-directed mutagenesis
Site-directed mutagenesis was performed using the QuikChange Site-Directed

Mutagenesis kit (Stratagene), according to the manufacturer’s instructions.

2.1.17.1 Primer design

Two complimentary oligonucleotides containing the desired mutation, flanked by
~10-15 bases of unmodified TNFRSF1A sequence on either side, were individually
designed and synthesized (MWG-Biotech). The primers underwent HPSF (High Purity
Salt Free) purification at source and were diluted to 5 pug/ul in TE pH 8, and stored at -

20°C. The primer sequences used to generate the TRAPS mutants by site-directed

mutagenesis are shown in Table 2.2.

Table 2.2 Primer sequences used for site-directed mutagenesis

Mutation Primer Sequence (5’ to 3’)
C30R CGATTTGCCGTACCAAGTGCCAC
C43S CTTGTACAATGACTCTCCAGGCCCGGGGC
T50M CCGGGGCAGGATATGGACTGCAGGGAG
C52F GGCAGGATACGGACTTCAGGGAGTGTGAGAG

2.1.17.2 PCR Reactions for site-directed mutagenesis

The sample reactions contained 1/10 volume 10x reaction buffer, 50 ng dsDNA
template (WT TNFRSF1A pcDNA3.1/myc-His), 125 ng of each complimentary
oligonucleotide primer, 1 ul ANTP mix and distilled water to a final reaction volume of
50 ul. 1 wl PfuTurbo DNA polymerase (2.5 U/ul) was then added to the reaction. The
reaction was performed in a Primus Thermal Cycler (MW G-Biotech) with hot-top
assembly. The following cycling parameters were used: 95°C for 30 seconds (1 cycle);
95°C for 30 seconds, 55°C for 1 minute and 68°C for 2 minutes/kb of plasmid length (16

cycles). Following temperature cycling, the reaction was placed on ice for 2 minutes.
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2.1.17.3 Restriction endonuclease digestion of parental (non-mutated) dsDNA
1 wl Dpn I (10 U/ul) was added directly to each amplification reaction, gently

mixed by pipetting up and down, and centrifuged for 1 minute in a microcentrifuge. The

reaction was incubated at 37°C for 1 hour.

2.1.17.4 Transformation into Supercompetent cells
The XL1-Blue Supercompetent cells were stored at -80°C, and gently thawed on ice
just prior to use. 50 pl of the supercompetent cells was transferred to a pre-chilled Falcon

2059 polypropylene tube (BD Bioscience) and 5ul of the Dpn I-treated DNA added. The

transformation reactions were mixed by gentle swirling and incubated on ice for 30
minutes. The reaction was “heat pulsed” at 42°C for 45 seconds and placed on ice for 2
minutes. The cells were then incubated in 500 ul of pre-warmed (37°C) SOC medium at
37°C for 1 hour at 250 rpm in a shaking incubator. The transformation reactions were
plated onto selective LB agar plates (Ampicillin, Section 2.1.1), which were inverted and
incubated overnight at 37°C. Starter cultures were grown (Section 2.1.11), and small
(Section 2.1.14) and large (Section 2.1.16) scale preparation of plasmid DNA were
performed. The cloned TNFRSF1A genes were then sequenced, as described in Section
2.1.13, to give the complete overlapping nucleotide sequences of the entire TNFRSF1A
coding region and ensure that only the desired mutation had been introduced. Maps for

the recombinant TNFRFS1A vectors are shown in Appendix 1.
2.2 Tissue Culture

2.2.1 Tissue culture media and supplements

RPMI-1640 without glutamine (Gibco BRL)

RPMI-1640 was stored at 4°C.

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco BRL.)
DMEM was stored at 4°C
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Foetal Calf Serum (FCS) (Gibco BRL, Batch no. 40Q9021F)
FCS was stored in aliquots at -20°C

Glutamine 200mM (Gibco BRL)

Glutamine was stored in aliquots at -20°C and used as 100x stock

Penicillin/Streptomycin 5000 U/ml and 5000 pg/ml (Gibco BRL)

Penicillin/streptomycin were stored in aliquots at -20°C and used as 100x stock

2.2.2 Tissue culture sterile solutions
Phosphate buffered saline (PBS)
50 PBS tablets (Oxoid) were dissolved in 5 litres of distilled water. 500 ml aliquots were

sterilised by autoclaving and stored at room temperature.

Histopaque-1077 (Sigma)
Histopaque was used for the isolation of peripheral blood mononuclear cells (PBMCs)

from whole blood. Histopaque was stored at 4°C.

Hank’s Balanced Salt Solution (HBSS), without phenol red (Gibco BRL)
HBSS was used in the isolation of PBMCs from whole blood. HBSS was stored at 4°C.

Heparin (CP Pharmaceuticals)
Heparin was reconstituted to a concentration of 1000 IU/ml with PBS immediately prior to

use.

Trypsin-EDTA (Gibco BRL)
Trypsin was used to suspend the adherent fibroblasts. Trypsin stocks were stored at -20°C

and working stocks were stored at 4°C.
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2.2.3 Reagents used to stimulate cells
Recombinant human tumour necrosis factor-a (TNF &) (Calbiochem)
TNFa was reconstituted to a concentration of 10 pg/ml with sterile PBS containing 0.1%

BSA. Single-use aliquots of 10-50 ul were stored at -80°C.

Recombinant human Interleukin-1 (IL-1) (Calbiochem)
IL-1 was reconstituted to a concentration of 2 ug/ml with sterile PBS containing 0.1%

BSA. Single-use aliquots of 10-50 ul were stored at -80°C.

Phorbol-myristate-acetate (PMA) (Sigma)
PMA was used to induce TNFRSF1A shedding from neutrophils. PMA was reconstituted

to a concentration of 10 ng/ml.

Cycloheximide (CHX) (Sigma)
Cycloheximide was used in the apoptosis and cell viability assays. Cycloheximide was

reconstituted to a concentration of 50 mg/ml in DMSO and stored at 4°C.

2.2.4 Isolation of peripheral blood mononuclear cells (PBMCs) from blood

Permission was obtained from the local ethics committee to obtain extra blood from
the patient when routine monitoring blood tests were performed in the clinic. Written
consent was obtained from the patient. Blood was also taken from age- and sex-matched
healthy volunteers in the laboratory. Heparin (CP Pharmaceuticals) was added at 100
IU/10 ml of blood. The blood was diluted with an equal volume of sterile HBSS, and the
blood components separated on a Histopaque gradient. A mixture of 2 volumes blood:
HBSS was carefully placed on top of 1 volume Histopaque-1077 in a fresh tube and
centrifuged in a Megafugel.0R (Heraeus), without the brake, at 1500 rpm for 30 minutes
at room temperature. The “buffy coat” interface was carefully transferred to a fresh tube,
which was topped up with approximately 3 volumes of HBSS and centrifuged at 1200
rpm for 10 minutes at room temperature. The supernatant was discarded, the pellet

resuspended in HBSS and centrifuged at 1200 rpm for 10 minutes. The HBSS wash was
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repeated and the pellet resuspended in RPMI-1640 with 10% FCS. PBMCs were used

immediately for Annexin V apoptosis assays (Section 2.9.4).

2.2.5 Isolation of neutrophils from blood

For the TNFRSF1A shedding experiments, neutrophils were isolated from whole
blood using dextrose sedimentation followed by gradient centrifugation using Ficoll-
hypaque (Boyum, 1968). Briefly, fresh heparinised blood was mixed with 6% dextran
(Fischer) in PBS and then left for 1 hour at room temperature. The resultant leucocyte-
enriched plasma components were separated by gradient centrifugation using Histopaque.
The supernatant was discarded and the remaining red cells lysed by the addition of 1 ml
of ice cold sterile water for 60 seconds. The neutrophils were then immediately
resuspended in 20 ml HBSS, washed twice in HBSS, resuspended in RPMI-1640 with
10% FCS and used immediately for the TNFRSF1A shedding experiments (Section 2.4).
Viability by trypan dye exclusion was greater than 95%.

2.2.6 Generation and maintenance of primary dermal fibroblast lines

Permission was obtained from the local ethics committee for skin biopsies to be
performed on the patient with TRAPS, as well as on healthy age- and sex-matched
volunteers. Written, informed consent was obtained from all participants (see Appendix
I). Primary skin fibroblast lines were established using an adapted method of a

previously described protocol (Borysiewicz et al., 1983).

1% lignocaine was injected intradermally to anaesthetize and raise the biopsy area.
A small biopsy (~2mm®) was taken using forceps and a scalpel. This was cut into 8 small
fragments with a scalpel, placed into 35mm surface-modified tissue culture dishes
(Primaria Easy Grip, Becton Dickinson) and covered with a glass coverslip. Fibroblasts

were then cultured in DMEM containing 20% (v/v) FCS, 100 U/ml penicillin, 100 pg/ml

streptomycin and 2 mM glutamine. Media was changed at weekly intervals. When cells
were confluent, they were transferred to tissue culture flasks and maintained in pre-
warmed DMEM containing 10% FCS, 100 U/ml penicillin, 100 ug/ml streptomycin and 2

mM glutamine at 37°C in a humidified atmosphere containing 5% CO?2. Once established,
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the cells were resuspended by the addition of trypsin, and up to 66% of the cell culture
was removed and replaced with fresh pre-warmed growth medium once a week. Early
passage fibroblasts were stored in liquid nitrogen for later use. All subsequent
experiments were performed comparing early passage (passage numbers 5-10) fibroblasts
of equal passage number. All stimulations of fibroblast were performed at 60-80%

confluence.

2.2.7 Maintenance of lymphoid cell lines

The cell lines used for the transient transfection experiments are of lymphoid origin.
The Eli-BL (Rowe et al., 1987) and DG75 (Ben-Bassat et al., 1977) B-cell Burkitt’s
lymphoma cell lines were grown in RPMI-1640 medium, supplemented with 10% FCS, 100
U/ml penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine, and maintained at 37°C in a
humidified atmosphere containing 5% CO,. Up to 90% of the culture was removed twice

weekly and replaced with fresh pre-warmed growth medium.

2.3 Genetic mutational analysis

Blood samples from the patient were sent to Dr I. Aksentijevich (Genetics Section,
Arthritis and Rheumatism Branch, National Institute of Arthritis and Musculoskeletal and
Skin Diseases, National Institutes of Health, Bethesda, USA), who performed genetic
mutational analysis of the samples. Briefly, DNA was extracted from the patient’s whole
blood and PCR amplifications of exons and flanking intronic sequences were performed
as described previously (McDermott et al., 1999a). PCR products were then sequenced by

dye primer chemistry (Amersham Biosciences) on an ABI 377 automated sequencer.

2.4 Shedding experiments

Neutrophils were separated from fresh whole blood by dextrose sedimentation
followed by gradient centrifugation using Ficoll-hypaque (Section 2.2.5). Neutrophils
were either left unstimulated or stimulated with 10 ng/ml of PMA (phorbol-myristate-

acetate). Surface expression of TNFRSF1A was analysed by flow cytometry (Section
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2.11.2.1) and soluble TNFRSF1A levels in the supernatant were analysed by ELISA
(Section 2.8.2).

2.5 Subcellular fractionation for nuclear and cytosolic extracts

2.5.1 Reagents and buffers

Buffer A

Buffer A was prepared to a final concentration of 10 mM HEPES pH 7.9, 1.5 mM MgCl,
and 10 mM KCl in distilled water. Buffer A was stored at 4°C.

Buffer C
Buffer C was prepared to a final concentration of 20 mM HEPES pH 7.9, 1.5 mM MgCl,,
420 mM NaCl, 0,2 mM EDTA pH 8 and 25% glycerol (v/v) in distilled water. Buffer C

was stored at 4°C.

Buffer D

Buffer D was prepared to a final concentration of 8 mM HEPES pH 7.9, 0.5 mM DTT, 25
mM KCl, 0.1 mM EDTA pH 8 and 8% glycerol (v/v) in distilled water. Buffer D was
stored at 4°C.

Phenylmethanesulphonylfiuoride (PMSF) (Sigma)
The protease inhibitor PMSF was prepared to a final concentration of 50 mM in equal

volumes of ethanol: propan-2-ol. PMSF was stored at 4°C.
Phosphatase Inhibitor Cocktails I & II (Sigma)

2.5.2 Preparation of nuclear and cytosolic extracts

Early passages (passage numbers 5-10) of fibroblasts were seeded at 3 x 10° cells
per 60 mm tissue culture dish (Greiner). The following day (approximately 70-80%
confluence), the culture medium was replaced and the cells were either mock stimulated

with growth medium or stimulated with TNFa (10 ng/ml) for 1 hour. Stimulation was
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terminated by removal of DMEM and the addition of ice-cold PBS. Cells were harvested,
using a cell scraper. All buffers were supplemented with a protease inhibitor (PMSF) and
phosphatase inhibitor cocktails I and II just prior to use. Harvested cells were centrifuged
at 13000 rpm for 1 minute and resuspended in 1 ml Buffer A. Cells were centrifuged at
13000 rpm in a microcentrifuge and the supernatant discarded. The pellet was
resuspended in 30 pl Buffer A containing 0.1% Nonidet-P40, incubated on ice for 5
minutes and centrifuged at 13000 rpm for 5 minutes. The supernatant, representing the
cytosolic extract, was removed and stored at — 20°C. The pellet was resuspended in 10 pl
Buffer C, incubated on ice for 30 minutes, with regular agitation, and centrifuged at
13000 rpm for 5 minutes. The supernatant, representing the nuclear extract, was added to

25 ul of Buffer D and either used immediately or stored at —20°C. The amount of protein

in the extracts was quantified prior to use.

2.5.3 Protein determination assay

The protein in the nuclear and cytosolic extracts was quantified using an adaptation
of the method of Bradford (Bradford, 1976). Doubling dilutions of a 1 mg/ml BSA
solution were prepared in duplicate in a flat-bottomed 96 well microplate to produce a
protein standard range. Appropriate amounts of cytosolic and nuclear extracts (1-5 pl)
were added in duplicate to the microplate. 200 ul of a 1/5 solution of Protein Assay
Reagent (BioRad) was added to the samples and standards, and incubated at room
temperature for 5 minutes. Samples were spectrophotometrically measured in a
microplate reader using a wavelength of 570 nm. Protein concentrations of the cell

extracts was determined by plotting on a standard curve of protein concentration.

2.6 Electrophoretic Mobility Shift Assays (EMSA)

2.6.1 Reagents and buffers
NF- kB oligonucleotide probe (Promega)

AP-1 oligonucleotide probe (Promega)
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T4 polynucleotide kinase and 10x kinase buffer (Promega)

Redivue [#7°P] ATP (Amersham Biosciences)

Acrylamide solution (BD Biosciences)
Ready-mixed 40% stock containing acrylamide and bis-acrylamide at a ratio of 37.5:1

was stored at 4°C.

Tris-Boric acid buffered EDTA (TBE)

TBE was used as electrophoresis buffer. It was prepared as a 5x stock solution using 54 g
Tris base (USB), 27.5 g boric acid (Sigma), 20 ml 0.5 M EDTA pH 8 made up to 1 litre.
The 5x stock solution was stored in glass bottles at room temperature and any batches that

developed a precipitate were discarded. TBE was used at a working strength of 0.5x.
Binding Buffer

4% glycerol, 1 mM EDTA, 5 mM DTT, 10 mM Tris pH 7.5, 100 uM NaCl, 0.1 mg/ml

nuclease-free BSA (Sigma). Binding buffer was stored at -20°C, and kept for no longer

than 1 month.

Ammonium persulphate (APS) (Fischer)

NNN’N- tetramethylethylenediamine (TEMED) (Fischer)

6x DNA loading dye (MBI Fermentas)

Poly(dI-dC) Poly(dl-dC) (Amersham Biosciences)
Made up to 1 pg/ul and stored in 200 pl aliquots at -20°C.

X-omat LS Kodak film 18 x 24 cm (Amersham Biosciences)

Hypercassette with HyperScreen (Amersham Biosciences)
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2.6.2 End-labelling of oligonucleotide probes

4.375 pmol of the appropriate oligonucleotides (Promega) was incubated with 25 U
T4 polynucleotide kinase, 1x kinase buffer and 9.25 MBq Redivue [y-**P] ATP at 37°C
for 2.5 hours. The reaction was stopped by the addition of 2 ul of 0.5 M EDTA pH 8. One
volume of phenol: chloroform was added and the solution centrifuged at 13000 rpm for 1
minute in a microcentrifuge to separate the aqueous and organic phases. The upper,
aqueous phase was removed into a fresh tube. A 1/25 volume of 5M NaCl and 2 volumes
of 100% ethanol AR quality (Fischer) were added to the sample and mixed. The solution
was left at -20°C for at least 1 hour and the DNA pelleted by centrifugation at 13000 rpm
for 10 minutes in a microcentrifuge. The supernatant was removed and the pellet was

resuspended in 50 pl of TE buffer.

2.6.3 EMSA

A 4% polyacrylamide gel was made using 5 ml 40% acrylamide, 0.1 g APS, 15 pl
TEMED, 10 ml 5x TBE and 35 ml distilled water. This solution was pipetted into a
Hoefer Sturdier SE400 vertical gel unit, a comb inserted and allowed to set for at least 45
minutes. Equal amounts of the nuclear extracts (Section 2.5.2) were incubated with 32p.
labelled oligonucleotides containing the consensus sequence for either NF-xB or AP-1
(Promega). This reaction was carried out in binding buffer and poly(dI-dC)-poly(dI-dC) at
room temperature for 30 minutes. The reaction was stopped by the addition of 6x DNA
loading dye. The samples were separated on 4% polyacrylamide gel that was run in 0.5x
TBE at 180 V for 1.5 hours. The gel was then vacuum-dried onto Whatman filter paper at
80°C for 2 hours. The gel was then exposed to autoradiograph film at -80°C overnight.

Analysis of gels for densitometry was performed using Scion Image (Scion Corporation).

2.6.4 Supershift EMSA

For the NF-xB supershift assays, the nuclear extracts were first incubated on ice for
30 minutes with antibodies to the various subunits of NF-xB (kindly provided by Prof.
NR Rice, Center for Cancer Research, National Cancer Institute at Frederick, MD, USA
(Rice et al., 1992; Koski et al., 2001) (Table 2.3), prior to the binding reaction. The

remainder of the process was as described above for the EMSAs.
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Table 2.3 Antibodies used for NF-xB supershift assays

NF-xB subunit Region of NF-kB recognised | Antisera
Antibody by antibody names
p50 N-terminal 1141
p52 N-terminal 1267
RelA N-terminal 1207
RelB C-terminal 1319
cRel Internal region 1136

2.7 SDS-PAGE and Immunoblotting

2.7.1 Reagents and buffers

2x GSB (Gel Sample Buffer)

100 mM Tris-HCI pH 6.8, 20% glycerol, 0.2 M DTT, 4% SDS, 0.02% bromophenol blue.
Aliquots of 2x GSB were stored at -20°C.

Acrylamide solution (BD Bioscience)
Ready-mixed 40% stock containing acrylamide and bis-acrylamide at a ratio of 37.5:1

was stored at 4°C.

Ammonium persulphate (APS) (Fischer)
A 15% of APS (w/v) was prepared in diluted water.
Aliquots of 15% APS were stored at — 20°C.

Resolving gel buffer
A 4x solution was prepared using 1.5 M Tris-HCI pH 8.8, 0.24% TEMED (v/v), 0.4%

SDS (w/v). This 4x stock solution was stored for up to one month at 4°C
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Stacking gel buffer
A 2x solution was prepared using 0.25 M Tris-HCI pH 6.8, 0.12% TEMED (v/v), 0.4%

SDS (w/v). This 2x stock solution was stored for up to one month at 4°C

Electrophoresis running buffer
A 10x solution was prepared 0.25 M Tris-base, 1.92 M glycine (Fischer), 1% SDS. The
running buffer was at pH 8.3 and not adjusted with HCI. This 10x stock solution was

stored at room temperature.

Transfer buffer
25 mM Tris-base, 192 mM glycine, 20% analysis-grade methanol (Fischer). The transfer

buffer was stored at room temperature.

10x Phosphate-buffered saline (PBS)
50 PBS tablets (Oxoid) per 500 mi distilled water. 10x PBS was stored at room

temperature.

PBS-Tween (PBS with Tween-20)

0.2% Tween-20 (v/v) in 1x PBS. PBS-Tween was stored at room temperature.

Blocking buffer

0.2% I-block (w/v) (Tropix), 0.1% Tween-20 (v/v), 0.02% NaN, (v/v) in PBS.

500 ml of distilled water was heated in a microwave until boiling and 5 PBS tablets
added. 1 g I-block purified casein was dissolved in the hot 1x PBS solution by stirring on
a magnetic mixer. After the I-block had dissolved and the solution had cooled, 500 ul of

Tween-20 and 500 pl of 20% sodium azide were added. The blocking buffer was stored

for up to one month at 4°C.

Alkaline phosphatase (AP) assay buffer
A 10x solution was prepared using 1 M diethanolamine pH 9.5, 10 mM MgCl,. 10x AP

assay buffer was stored for up to one month at 4°C.
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CPD-Star development reagent; ready to use (Tropix)

CPD-Star is an alkaline phosphatase substrate for use in chemiluminescent detection
protocols. The chemical name for CPD-Star is: Disodium 2-chloro-5-(4-methoxyspiro{-
dioxetane-3,2’-(5’-chloro)-tricyclo[3.3.1.1]decan} -4-yl-1-phenyl phosphate. CPD-Star

was stored at 4°C.

MESNA stripping buffer
62.5 mM Tris-HCI pH 6.8, 2% SDS (w/v), 50 mM sodium 2-mercaptoethansulfonate
(MESNA) (Sigma). MESNA stripping buffer kept for up to one month at 4°C.

SDS wash buffer
62.5 mM Tris-HCI pH 6.8, 2% SDS (w/v). SDS wash buffer was stored at room

temperature.

Polyethylene lay flat film 204 mm (Jencons)

Hybond-P PVDF membrane (Amersham Biosciences)

Pre-stained molecular weight markers (Sigma)

X-omat LS Kodak film 18 x 24 cm (Amersham Biosciences)

2.7.2 SDS-PAGE

Volumes stated here are sufficient to pour two polyacrylamide gels in the mini-gel
apparatus used. 8% SDS-PAGE resolving gels were made up with 2.8 ml resolving gel
buffer, 2.25 ml acrylamide (40%), 44 ul 15% APS and 6.1 ml distilled water, and pipetted
into mini protean gel apparatus (BioRad). The resolving gel was overlayed with water-

saturated butan-2-ol, and allowed to set for at least 45 minutes.

The butan-2-ol layer was poured off and the surface of the resolving gel washed

with distilled water. Excess water was removed with paper tissues. The stacking gel was
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made up with 3.9 ml stacking gel buffer, 0.8 ml acrylamide solution, 78 ul 15% APS, 3.1
ml distilled water and 8 ul TEMED. The stacking gel was poured over the set resolving

gel, a comb inserted, and left to set for at least 20 minutes. Gels were run at 180 V for 45

minutes.

2.7.3 Blotting of polyacrylamide gels

Gels were blotted onto Hybond-P PVDF membranes, which had been pre-soaked in
methanol and equilibrated in transfer buffer. The gel was placed onto the PVDF
membrane between two pieces of Whatman filter paper soaked in transfer buffer, in a
blotting cassette. Blotting was carried out at 100 V for 1 hour in mini-transblot apparatus,

cooled with an ice bucket. The blots were then washed three times in PBS-Tween.

2.7.4 Immunostaining of western blotted filters

The blots were blocked with 15 ml blocking buffer overnight on a rocker at 4°C in a
sealed polyethylene bag. The blocking buffer was discarded and replaced with 12.5 ml of
primary antibody diluted in blocking buffer (see Table 2.4), and incubated on a rocker for
at least 1 hour at room temperature. The immunoblot was washed three times, for 10
minutes each, with PBS-Tween, and then incubated with 12.5 ml AP-conjugated
secondary antibody, diluted 1/ 10,000 in blocking buffer for 1 hour at room temperature.
The blot was washed three times in PBS-Tween and once with 1x AP assay buffer, for 10
minutes each at room temperature. Excess AP assay buffer was drained off and the blot
incubated with CPD-Star for 20 minutes, before removal of the excess liquid and

exposure to autoradiograph film through a polyethylene envelope.

2.8 Enzyme linked immunosorbent assays (ELISA)

TNFRSF1A DuoSet (R&D Systems), IL-6 and IL-8 CytoSet (Biosource) ELISA

kits were used according to the manufacturers’ instructions.
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2.8.1 Reagents and buffers
Phosphate-Buffered Saline (PBS)

5 PBS tablets (Oxoid) per 500 ml of distilled water. PBS was stored at room temperature.

PBS-Tween (PBS with Tween-20) Wash buffer

0.1% Tween-20 (Sigma) in PBS. PBS-Tween was stored at room temperature.

Coating buffer
Coating buffer was prepared immediately prior to use and made up to the required

concentration in PBS.

Blocking Solution

The blocking solutions for the two ELISA kits were made up with different amounts of
BSA, as per manufacturer’s instructions. 1% BSA (w/v) in PBS (DuoSet). 0.5% BSA
(w/v) in PBS (CytoSet).

Standard diluent/ Assay buffer

Different standard diluents/ assay buffers were used for the two ELISA Kits, as per
manufacturer’s instructions. 1% BSA in PBS (DuoSet). 0.5% BSA in PBS-Tween
(CytoSet). The appropriate dilution of streptavidin/ HRP was added to the assay buffer

prior to use.

TMB (tetramethyl benzidine) Substrate

Stop solution

12.5% H,SO4 (Sigma)

Standard dilutions
Doubling dilutions of the standard were prepared in growth medium with 10% FCS prior

to use.
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2.8.2 TNFRSFIA DuoSet ELISA (R&D Systems)
The supernatants of neutrophils stimulated with PMA (Section 2.4) were removed

and stored at -70°C until used. The samples were only thawed once and then discarded.

ELISA microplates (Nunc) were incubated with 100 ul/well of coating buffer,
containing 4 pug/ml coating antibody, overnight at 4°C. The supernatant was decanted, the
plate washed four times with PBS-Tween wash buffer and incubated with 300 ul/well of
blocking solution (1% BSA (w/v) in PBS) for 1 hour at room temperature. The plate was
washed four times with PBS-Tween wash buffer, 100 ul/well of sample or standard
dilutions, in RPMI-1640 containing 10% FCS, added and incubated on a rocker for 2
hours at room temperature. The plate was washed four times with PBS-Tween, 100
ul/well of biotinylated detection antibody, diluted to 0.2 pug/ml in 1% BSA in PBS, added

and incubated for 2 hours at room temperature. The plate was washed four times with
PBS-Tween. Streptavidin-HRP conjugate was diluted 1/200 with assay buffer, then 100

ul/well added to the microplate and incubated on a rocker for 30 minutes at room

temperature. The plate was washed four times with PBS-Tween and developed with 100

ul/well TMB substrate for 10-30 minutes. The reaction was stopped by the addition of
100 pl of stop solution and spectrophotometrically measured in a microplate reader using

a wavelength of 450 nm. Sample concentrations were calculated by plotting the sample

optical densities on a standard curve of concentration.

2.8.3 IL-6 and IL-8 Cytoset ELISA (Biosource)
Dermal fibroblasts were seeded at 5 x 10* cells/well in a 48 well plate. The
following day (approximately 70-80% confluence), the culture medium was replaced and

the cells were either mock stimulated with growth medium or stimulated with TNFa (10

ng/ml). After 24 hours incubation, the supernatants were removed and stored at -70°C

until used. The samples were only thawed once and then discarded.

ELISA microplates were incubated with 100 pl/well of coating buffer, containing 1

ug/ml coating antibody, overnight at 4°C. The supernatant was decanted and the plate
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incubated with 300 pl/well of blocking solution (0.5% BSA (w/v) in PBS) for 2 hours at
room temperature. The supernatant was discarded and the plate washed four times with
PBS-Tween wash buffer, 100 ul/well of sample or standard dilutions added and incubated
with 50 pl/well of the appropriate biotinylated detection antibody, diluted 1/1250 with
assay buffer, on a rocker for 2 hours at room temperature. The plate was washed four
times with PBS-Tween. 100 ul/well of Streptavidin-HRP conjugate, diluted with assay
buffer to the appropriate concentration for the specific assay (1/4000 for IL-6, 1/8000 for
IL-8), was added to the microplate and incubated on a rocker for 30 minutes at room
temperature. The plate was washed four times with PBS-Tween and developed with 100
ul/well TMB substrate for 10-30 minutes. The reaction was stopped by the addition of
100 pl of stop solution and spectrophotometrically measured in a microplate reader using
a wavelength of 450 nm. Sample concentrations were calculated by plotting the sample

optical densities on a standard curve of concentration.
2.9 Assays of cell viability

2.9.1 Cell viability by light microscopy
Toluidine Blue Stain (VWR International)
Toluidine blue stain was made to 1% sodium borate petra (w/v) and 1% toluidine blue

(v/v) in distilled water. The solution was then passed through a 0.2 uM filter and stored at

room temperature.

Early passages (passage numbers 5-10) of fibroblasts were seeded at 3 x 10" cells in
1 ml growth medium in a 24 well tissue culture plate. The following day, the culture
medium was replaced and the cells were stimulated with various doses of TNFa and
cycloheximide (CHX, 50 ug/ml), either alone or in combination, under usual conditions
of growth. After 24 hours incubation, the culture medium was removed and filtered 1%
toluidine blue stain was added for 1 minute. Cells were then washed in situ with PBS and
distilled water. Images were acquired using an Olympus BX41 microscope (4x objective)

fitted with an Olympus C-03030 digital camera.
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2.9.2 Alamar blue viability assays
2.9.2.1 Alamar blue assay of fibroblasts

Early passages (passage numbers 5-10) of fibroblasts were seeded at 2 x 10 cells in
200 pl growth medium in a 96 well flat bottom microplate. The following day, the culture
medium was replaced and the cells were stimulated with various doses of TNFa and
CHX (50 ug/ml), either alone or in combination, under usual conditions of growth. 24
hours later, the growth medium was replaced with 200 pl of 10% alamar blue reagent
(Biosource) in growth medium. After 4 hours incubation at 37°C, readings were made on
a FLUOstar Optima (BMG Laboratories) using the fluorescence configuration.
Fluorescence was monitored with excitation wavelength at 530-560 nm and emission

wavelength at 590 nm.

2.9.2.2 Alamar blue assay of transfected lymphoid cell lines

Cells were transfected as described in Section 2.10.2 and then left in growth
medium overnight. The following day 2 x 10* transfected cells were resuspended in fresh
growth medium and placed in a 96 well flat bottom microplate. Cells were then

stimulated TNFo and CHX, and alamar blue assay performed as described for the

fibroblasts (Section 2.9.2.1).

2.9.3 Caspase-3 assays
Caspase-3 activity of the fibroblasts was analysed using the Caspase-3 Colorimetric

Assay (R&D Systems), according to the manufacturer’s instructions.

5 x 10° fibroblasts were seeded in 80cm” tissue culture flasks (Greiner). The
following day, the culture medium was replaced and the cells were stimulated with TNFa
(10 ng/ml) and CHX (50 pg/ml), either alone or in combination, under usual conditions of
growth. At the times indicated, stimulation was terminated by the addition of ice-cold
PBS. The suspension, containing non-adherent cells was removed. The remaining
adherent cells were removed by the addition of trypsin. Unless otherwise indicated, the
following steps were all performed on ice where possible. Both adherent and non-

adherent cells were pelleted together by centrifugation at 2000 rpm for 10 minutes in a
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microcentrifuge. Cold lysis buffer was added at 25 ul per 1 x 10° cells and incubated for
10 minutes on ice. Cell lysate was centrifuged at 10000 rpm in a microcentrifuge. The
supernatant (50 pl) was transferred to a 96 well flat bottom microplate. 10 ul fresh 1 M
DTT was added to 1 ml 2x reaction buffer just before use. 50 ul reaction buffer was then
added to the cell lysate together with 5 ul Caspase-3 substrate (DEVD-pNA). The plate
was incubated for 1 hour at 37°C and then spectrophotometrically measured in a
microplate reader using a wavelength of 405 nm. The level of caspase enzymatic activity
in the cell lysate is directly proportional to the colour reaction. Experimental controls
included non-induced cells, samples without cell lysate (substrate only), samples without

substrate and as positive control, recombinant caspase-3 enzyme (R&D Systems) was
added.

2.9.4 Annexin V apoptosis assays

Apoptosis of PBMCs was analysed using the TACS Annexin V-FITC kit (R&D
Systems), according to the manufacturer’s instructions. Annexin V Incubation Reagent
was prepared, with or without propidium iodide (PI), just prior to use, and contained 1 ul
Annexin V-FITC, 10 ul 10x binding buffer, 10 ul PI (50 ug/ml) (optional) and distilled
water to a total volume of 100 ul. This reagent was kept on ice in the dark, and used

within 1 hour.

PBMCs were isolated from whole blood using a Ficoll gradient (Section 2.2.4). 2 x
10° PBMCs were then placed in 2 ml RPMI-1640 with 10% FCS in a 6 well plate. Cells
were either left untreated, or stimulated with TNFa (10 ng/ml) and CHX (50 pg/ml),
either alone or in combination. Apoptosis assays were performed after 2 and 6 hours
stimulation. A cell scraper was used to remove any adherent monocytes and all cells were
then transferred to a fresh tube. Cells were pelleted by centrifugation at 1500 rpm for 10
minutes in a Megafugel.0R (Heraeus). Cells were washed in cold PBS and pelleted by
centrifugation as above. Cell pellet was gently resuspended in the pre-mixed Annexin V-
FITC incubation reagent at a concentration of 1 x 10° cells/100 pl and incubated in the

dark at room temperature for 15 minutes. 400 pl of 1x binding buffer was then added and
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the samples analysed immediately by flow cytometry, gating on live cells (PI-negative).
Other experimental controls included unstimulated cells, unstained cells and samples

stained with either Annexin V-FITC or PI alone.
2.10 Transient transfection and luciferase assays of lymphoid cell lines

2.10.1 Plasmid constructs

Recombinant TNFRSF1A was cloned into the pcDNA3.1/myc-His B (Invitrogen)
mammalian expression vector (Section 2.1). The pcDNA3.1/myc-His B vector contains
the CMV immediate-early promoter/enhancer as well as the T7 promoter upstream of the
multiple cloning site and the BGH polyadenylation signal downstream of the cloning site.
The vector also contains Ampicillin and Neomycin resistance genes. The EGFP-N1
vector (Clontech) contains the enhanced green fluorescent protein (EGFP) coding
sequence downstream of the CMV immediate early promoter. The 3Enh.xB-ConALuc
reporter (3EnhLuc) contains three tandem repeats of the NF-xB binding sites from the
Igx promoter upstream of a minimal conalbumin promoter, and expresses firefly
luciferase (Arenzana-Seisdedos et al., 1993). The phRL-SV40 luciferase reporter
(Promega), used in the dual-luciferase reporter assays to assess transfection efficiency,

contains the SV-40 early enhancer/promoter region driving Renilla luciferase.

2.10.2 Gene transfection

Cell lines were transiently transfected with plasmid DNA by electroporation as
follows. Cells were washed in pre-warmed growth medium and resuspended at 2 x 10’
cells per ml in RPMI culture medium buffered with 100 mM HEPES (pH 7.2). A 0.5 ml
aliquot of the cell suspension was placed in an electroporation cuvette (BioRad, 0.4 cm
gap) together with the plasmid DNA and electroporated at 270 V and 950 uF, using a
Genepulser II electroporator (BioRad). The cells were then re-seeded in 4 ml of fresh
growth medium in 6 or 24 well plates and cultured under normal conditions. Transfection
efficiency was typically 5-20% for the Eli-BL cell line and 40-50% for the DG75 cell

line.
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For the luciferase reporter assays, the electroporated cell suspension was split into
two and 16 hours post-transfection, one half was mock stimulated with growth medium

and the other half stimulated with of TNFa (10 ng/ml). Luciferase activity was measured

8 hours after stimulation with TNFa as described in section 2.10.3.2.

2.10.3 Luciferase Reporter Assays

2.10.3.1 Reagents

Luciferase Lysis Buffer

100 mM HEPES pH 8, 5 mM DTT, 2 mM MgCl,, 2% Triton X-100 (Fischer).

Luciferase lysis buffer was stored at 4°C.

Luciferin Stock (10mM)
50 mg of luciferin (Amersham Biosciences) was dissolved in 17.85 ml 30 mM

glycylglycine pH 7.9. Aliquots of 500 ul were stored in the dark at -70°C.

Luciferase Assay Reagent (LAR)

20 mM glycylglycine pH 7.9, 5 mM MgCl,, 100 uM EDTA, 3.3 mM DTT, 270 uM
lithium coenzyme A from yeast (Sigma), 0.5 mM ATP (Sigma). LAR was stored in 10 ml
aliquots at -70°C. The reagent buffer was prepared by thawing aliquots of LAR (10ml)

and luciferin (500 ul) in the dark, and mixing them prior to use. The reagent buffer was

stored for up to one month in the dark at -20°C.

2.10.3.2 Luciferase Reporter Assays
Approximately 2.5 x 10° transfected cells were harvested, washed once in chilled

PBS, and lysed in 100 pl Luciferase Lysis Buffer for 30 minutes on ice. The lysate was
clarified by centrifugation at 13000 rpm for 30 seconds in a microcentrifuge and 50 pl

was assayed for luciferase activity. Light release was measured by a Berthold LB9501

luminometer following injection with 100 ul reagent buffer. Light release was integrated

for 10 seconds.
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2.10.4 Transfection efficiency assays

Transfection efficiency was assessed using the dual-luciferase reporter assay system

(Promega), according to the manufacturer’s instructions.

2.10.4.1 Reagents and buffers
Passive lysis buffer (PLB)
PLB is supplied as a 5x concentrate. Sufficient 1x PLB was prepared using distilled water

just before use. 5x PLB was stored at -20°C.

Luciferase Assay Reagent II (LAR II)
Lypophilized Luciferase Assay Substrate was resuspended in 10 ml Luciferase Assay

Buffer IL. 10 ml aliquots of LAR II were stored at -70°C.

Stop & Glo Reagent
Sufficient Stop & Glo Reagent was prepared just prior to use by adding 1 volume of

supplied 50x Stop & Glo Substrate to 50 volumes of Stop & Glo Buffer.

2.10.4.2 Dual-luciferase reporter assays
Approximately 2.5 x 10° transfected cells were harvested, washed once in chilled

PBS, and passively lysed in 100 ul PLB for 15 minutes at room temperature on a rocker.

The lysate was clarified by centrifugation at 13000 rpm for 30 seconds in a

microcentrifuge. 45 ul of cell lysate was assayed for Renilla luciferase activity. Light
release was measured by a Berthold LB9501 luminometer following injection with 100 ul
LAR 1I reagent. The luminometer was then washed twice with distilled water and 5 ul of
cell lysate assayed for firefly luciferase activity following injection with 100 ul Stop &

Glo reagent.
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2.11 Immunofluorescent techniques

2.11.1 Reagents

2% Paraformaldehyde (2% PFA) (Arcos Organics)

2% paraformaldehyde (w/v) was prepared by dissolving 10 g paraformaldehyde in 500 ml
PBS overnight in a 50°C water bath in a fume cupboard. Paraformaldehyde may release
formaldehyde when dissolved and care was taken not to heat it above 60°C because of its

flashpoint. 2% PFA was protected from light and stored at 4°C.

Normal rabbit serum (NRS), heat-inactivated
Aliquots of NRS were stored at -20°C.

10% NRS/PBS
10% NRS (v/v) in PBS was prepared fresh on the day of use.

0.1% Triton X-100 (Fischer)
A 0.1% solution of Triton X-100 (v/v) was prepared in PBS and stored at room

temperature.

DABCO (1.4-Diazabicyclo[2,2,2]octane) anti-fade mounting solution
2.5% DABCO (Sigma) in 90% glycerol/109%PBS, pH 8.6 was stored at 4°C.

2.11.2 Immunofluorescent staining for flow cytometry
All flow cytometry results were acquired using a FACS calibur (BD Biosciences)

and results obtained were analysed using Cellquest Pro (BD Bioscience).

2.11.2.1 TNFRSF1A expression on neutrophils (for shedding experiments)
Neutrophils stimulated with PMA (Section 2.4) were washed twice with PBS and
either stained with PE-conjugated CD120a (TNFRSF1A) antibody (Caltag) or IgG1-

conjugated PE negative control (Serotec) for 30 minutes. Cells were washed with PBS,
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resuspended in 2% paraformaldehyde and analyzed by flow cytometry, gating on

neutrophils.

2.11.2.2 TNFRSF1A expression in transfected DG75 cells

DG75 cells were co-transfected with the expression vectors for EGFP-N1 and
recombinant TNFRSF1A. Cells were harvested 24 hours after transfection, washed with
cold PBS and fixed in 2% PFA for 20 minutes on ice. Cells were then either left

unpermeabilised or permeabilised prior to staining.

Unpermeabilised cells (for surface expression of TNFRSF1A)

Cells were washed twice with PBS and incubated in 10% NRS/PBS for 20 minutes
to block non-specific binding. Cells were either stained with unconjugated mouse anti-
human TNFRSF1A monoclonal antibody (Ab-1, Oncogene) or mouse IgG1-conjugated
PE negative control (Serotec) for 30 minutes. The cells were washed twice with PBS and
the TNFRSF1A-stained cells were stained with a rabbit anti-mouse R-phycoerythrin
(RPE)-conjugated F(ab’), fragment (Dako). Cell were washed with PBS, resuspended in
2% paraformaldehyde and analysed by flow cytometry, gating on EGFP positive cells.

Permeabilised cells (for total expression of TNFRSF14)

Cells were incubated in 0.1% Triton X-100/PBS for 20 minutes, washed twice with
PBS and then incubated in 109% NRS/PBS for 20 minutes. Cells were stained with an
unconjugated primary antibody as for the unpermeabilised cells, and then washed once
with 0.1% Triton X-100/PBS and twice with PBS. Cells were stained with RPE-
conjugated secondary antibody, washed with PBS, resuspended in 2% PFA and analysed

as for the unpermeabilised cells.

2.11.3 Immunostaining of fixed cell smears for fluorescence microscopy
Localisation of recombinant TNFRSF1A was assessed by immunofluorescent
staining of fixed cell smears, followed by confocal microscopy. DG75 cells were

transfected with 10 ug recombinant TNFRSF1A, harvested 24 hours after transfection,

washed three times with cold PBS and fixed in 2% PFA for 15 minutes. Cells were
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washed a further two times with PBS and resuspended at a concentration of 2 x 10’
cells/ml in PBS. Approximately 10 pl of the cell suspension was applied to the wells of
multiwell slide (Hendley Ltd) and the excess fluid carefully aspirated to leave a thin layer
of cells, which was allowed to air-dry. The cells were permeabilised with 10 ul of 0.1%
Triton X-100/PBS for 30 minutes, washed twice with PBS and incubated in 10%
NRS/PBS for 20 minutes. Cells were either stained with 15 ul a monoclonal anti-
TNFRSF1A antibody (Table 2.4) or an isotype control diluted in 109% NRS/PBS for 30
minutes, and then washed once with 0.1% Triton X-100/PBS and twice with PBS. Cells
were stained with the appropriate anti-mouse secondary antibody (Table 2.4) for 30
minutes, washed once with 0.1% Triton X-100/PBS and twice with PBS. If nuclear
staining was required, cells were incubated with DRAQ5 (Biostatus Ltd) 10 uM for 10
minutes, and washed twice with PBS. Drops of DABCO mounting solution were added to

each well on the slide and a coverslip applied and immobilised with nail varnish.

Single optical slice images were acquired using a confocal laser scanning
microscope (BioRad), equipped with a krypton/argon ion laser and attached to an inverted
Zeiss Axiovert 135. Alexa Fluor 488 (TNFRSF1A) was visualised using 488 nm
excitation and detected at 520 nm. DRAQ5 (DNA) was excited at 647 nm and detected at

680/30 nm. Images were merged and formatted using Confocal Assistant version 4.02.

2.12 Statistical Analysis

As the data could not be assumed to follow a Gaussian distribution, and the sample
sizes were too small to allow for normality tests to be performed, non-parametric tests
were used to analyse the statistical significance of the results. The Mann-Whitney U test
was performed using GraphPad Prism version 4.0 (GraphPad Software, San Deigo,
California). For the dose response curves, nonlinear regression was performed using

GraphPad Prism version 4.0.
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Table 2.4 Antibodies
Specificity/ | Conjugate | Catalogue # | Species | Application | Working Supplier
name dilution
TNFRSF1A -- GR28L Mouse FACS, IF 1/10 (IF) Oncogene
(IgGy) 1/25 (FACS) | (Calbiochem)
CD120a RPE MG104 Mouse FACS 1/100 Caltag
(TNFR1)
TGN 46 - AHP500 Sheep IF 1/250 Serotec
V5 -- R960-25 Mouse WB 1/2,000 Invitrogen
c-myc (9E10) -- M5546 Mouse WB 1 pug/ml Sigma
IxBa -- Sc-371 Rabbit WB 1/500 Santa Cruz
(C-21)
Actin - A2066 Rabbit WB 1/1,000 Sigma
IgG, negative RPE MCA928PE | Mouse FACS, IF 1/100 Serotec
control
Mouse IgG RPE R0439 Rabbit FACS 1750 Dako
Mouse IgG Alexa A11001 Goat IF 1/300 Molecular
Fluor 488 probes
Sheep IgG Alexa A21099 Donkey IF 1/300 Molecular
Fluor 564 probes
Rabbit IgG AP 170-6518 Goat WB 1/ 10,000 BioRad
Mouse IgG AP 170-6520 Goat WB 1/10,000 BioRad
Abbreviations

FACS = flow cytometry; IF = immunofluorescence; WB = Western blot;

RPE = phycoerythrin; AP = alkaline phosphatase
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CHAPTER 3

THE FUNCTIONAL CHARACTERISATION OF PRIMARY HUMAN DERMAL
FIBROBLASTS CONTAINING A NOVEL TNFRSF1A MUTATION

A patient with an undefined hereditary periodic fever had been attending the
Department of Rheumatology in Cardiff for many years. In 1999 TRAPS was described
as a new autoinflammatory syndrome associated with mutations in the gene that encodes
TNFRSF1A (McDermott ef al., 1999a). The clinical features of our patient were
consistent with the described TRAPS phenotype, and we subsequently demonstrated that
the patient had a novel TNFRSF1A mutation (C43S).

Initial reports suggested that the TRAPS mutations impair activation-induced
shedding of TNFRSF1A (McDermott et al., 1999a; Galon et al., 2000), although this does
not appear to be the case for all mutations (Aksentijevich et al., 2001; Aganna et al.,
2003) and may be dependent on cell type (Huggins et al., 2004). The mechanisms by
which these TNFRSF1A point mutations result in the inflammatory phenotype remain
unclear. At the time of starting this work, there were no published studies on the effects of

these TNFRSF1A mutations on TNFa-induced activation of transcription factors or

apoptosis.

Our first hypothesis was that the TRAPS phenotype could result from enhanced
TNFa-mediated signalling, particularly increased NF-xB activation. Ideally this would be
analysed in cells of haemopoeitic lineage, but full analysis of NF-«kB activation in these
cells is rendered extremely difficult due to the inability to culture these cells for sustained
periods. For this reason, we chose to perform our analysis by generating a patient-derived
dermal fibroblast line. This approach would allow us to study TNFa-induced activation
of NF-xB in primary cells and to compare this to healthy age-matched volunteers, the
first time such an analysis was performed for a TRAPS patient. This chapter describes the
TRAPS patient with the novel C43S TNFRSF1A mutation and the investigation of the

signalling effects of this mutation using samples from the patient.
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3.1 Identification of a patient with a novel TNFRSF1A mutation

3.1.1 Clinical observation

The index patient, a 50-year old woman of Welsh origin, has experienced recurrent
attacks of fever accompanied by features of systemic inflammation since the age of 18
months. Stereotypic attacks occur every four to five weeks, lasting for one to two weeks.
The duration of the attacks has gradually increased with age. In addition to fever, the
attacks are characterised by pharyngitis, localised myalgia, arthritis/arthralgia and a
migratory erythematous skin rash. Her usual attack starts with tenderness and induration
of a localised muscle group, accompanied by an overlying skin rash. The myalgia and
rash tend to migrate centrifugally over the next few days, followed by the onset of the
fever and her other symptoms. She has been noted to have swelling of both large and
small joints at some time but there is no evidence of residual joint damage. On occasion
these attacks are of sufficient severity to render her bed-bound. Apart from generalised

fatigue, she is largely asymptomatic between attacks.

The patient’s deceased father is reported to have had similar life-long recurrent,
episodic fevers accompanied by abdominal pain, skin rash, arthralgia and migratory
myalgia. These attacks occurred every few months and were partially relieved by
administration of oral corticosteroids but not by colchicine. He is documented as having
had increased acute phase markers. He died of renal failure at the age of 54 years, at
which time a renal biopsy showed non-specific sclerosis secondary to vascular changes,
although it is unknown whether the biopsy sample was stained for amyloid. The index
patient has a 28 year-old daughter who is asymptomatic but has not undergone any

genetic testing.

The index patient was referred to our rheumatology clinic with a provisional
diagnosis of “possible familial Hibernian fever”, based on her clinical symptoms, lack of
response to colchicine and a negative metaraminol provocation test. The patient has
longstanding, stable chronic renal impairment (creatinine clearance of 24 ml/min),

presumed to be the result of a combination of previous pyelonephritic and drug-induced
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damage. Two previous renal biopsies have shown chronic tubulointerstitial disease with
no evidence of amyloid deposition. Rectal biopsy was also negative for amyloid. She has
a chronic microcytic anaemia (haemoglobin between 6-8 g/dl) and persistent neutrophilia
with an average total white cell count of 13.3 x 10°/ ml and neutrophil count of 10.9 x
10°/ ml. Tests for autoantibodies have been persistently negative. Even between attacks
she has persistently elevated acute phase markers, with an erythrocyte sedimentation rate
(ESR) consistently above 90 mm/hr and C-reactive protein (CRP) above 70 mg/dl.
During her febrile attacks, these levels increase dramatically, with typical ESR around
140 mm/hr and CRP around 180 mg/dl. Immunoglobulin levels are largely within normal
limits. Biopsy of her skin rash revealed granulomatous dermatitis/ panniculits but no
frank vasculitis. She has had a single episode of non-infective ascites, while aspiration of
her joint effusions has also been sterile, with numerous polymorphonuclear cells. Since
the age of 12 years, the patient has received intermittent courses of low dose
corticosteroids, which reduce the duration and severity of her attacks, but do not prevent
them. Her symptoms have been unresponsive to treatment with azathioprine and

thalidomide in the past.

3.1.2 Identification of the TNFRSF1A mutation

In 1999 TRAPS was described as a novel autoinflammatory disorder (McDermott
et al., 1999a) and it became apparent that our patient’s clinical features were consistent
with this condition. While plasma soluble TNFRSF1A levels are usually low in TRAPS,
this patient’s plasma soluble TNFRSF1A levels were elevated at 3839 + 131 pg/ml

(normal range is 746-1966 pg/ml). These levels are however in keeping with the elevated
levels reported in TRAPS patients with renal impairment (Aganna et al., 2003). To
support the clinical diagnosis of TRAPS, investigations were undertaken to establish
whether the patient had a mutation in the gene for TNFRSF1A. The patient’s blood
samples were kindly analysed by Dr I. Aksentijevich (Genetics Section, Arthritis and
Rheumatism Branch, National Institute of Arthritis and Musculoskeletal and Skin
Diseases, National Institutes of Health, Bethesda, USA), with whose permission these
results are shown. Briefly, DNA was extracted from the patient’s whole blood and PCR

amplifications of exons and flanking intronic sequences were performed as described
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previously (McDermott et al., 1999a). PCR products were then sequenced by dye primer
chemistry (Amersham) on an ABI 377 automated sequencer. The patient was found to
have a novel TNFRSF1A mutation (C43S) in exon 3 of the TNFRSF1A gene (Figure
3.1A). The G—C transition results in the substitution of serine for cysteine at position 43.
This substitution involves a highly conserved cysteine and disrupts the disulphide bond at
this position in the first extracellular domain of TNFRSF1A (Figure 3.1B-C). This
substitution was not observed in any of the 734 control subjects who were screened using
the Sequenom Mass Array high throughput genotyping system. Two other mutations
(C43R and C43Y) have subsequently been reported at this position, in addition to a
deletion of the preceding aspartic acid (AD42) (Aganna et al., 2003), suggesting a critical

role for this site.

3.1.3 Treatment with anti-TNF o therapy

Following the identification of the association of TRAPS with TNFRSF1A
mutations, inhibition of TNFa signalling was seen as a logical therapeutic approach.
Treatment of patients with etanercept, a soluble p75TNFR:Fc fusion protein, has
subsequently been shown to decrease the frequency, duration and severity of attacks
(Galon et al., 2000; Hull et al., 2002b). In light of the debilitating effect of her attacks,
and the steroid-induced osteoporosis complicating her previous treatment, she was
commenced her on a trial of anti-TNFa therapy. As etanercept was unavailable in the
United Kingdom at the time, she was initially treated with the monoclonal TNFa
antibody, infliximab (3 mg/kg). Within a day of her first infusion of infliximab, she
became acutely unwell with high fever. This episode was significantly worse than her
usual febrile attacks. There was however no evidence of infection and the episode settled
spontaneously within a week. During this episode, her ESR and CRP both increased
dramatically, to 147 mm/hr and 356 mg/dl respectively. Longitudinal measurements of
her leucocyte counts and acute phase response over a 50 week period, including the onset
of anti-TNFc therapy, are shown in Figure 3.2. She was subsequently treated with
subcutaneous etanercept (25 mg twice weekly), which she tolerated well. This treatment

significantly decreased the frequency, severity and duration of her febrile episodes but did
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not prevent these episodes, even when the dose was increased to 25 mg three times per

week.

While both infliximab and etanercept neutralise TNFa efficiently, there is
increasing evidence that these agents have different mechanisms of action (Van den
Brande et al., 2003) (Section 1.1.7). As infliximab, but not etanercept, is capable of
binding mTNFa (Van den Brande et al., 2003; Shen et al., 2005), it is tempting to
speculate that the deterioration of our patient’s clinical condition and inflammatory
markers was as a result of infliximab-induced reverse signalling through mTNFa. This
suggests that signalling through mTNFa may be involved in the pathogenesis of TRAPS.
While we were unable to pursue this hypothesis further in the context of the current work,

it is clearly worthy of further study and is discussed more fully in Chapter 5.

3.2 Effect of the C43S mutation on TNFRSF1A shedding by neutrophils

The actions of TNFa may be constrained in part by cleavage of TNF receptors from
cell membranes, which can occur in response to a number of pro-inflammatory stimuli
(Loetscher et al., 1991; Higuchi and Aggarwal, 1992; Van Zee et al., 1992). Receptor
cleavage may have homeostatic effects both by reducing the number of receptors on cell
membranes available for interaction with TNFa, and by producing a pool of soluble
receptors that can compete for TNFo with membrane receptors. Several TRAPS
mutations have been reported to impair activation-induced shedding of the receptor
(McDermott et al., 1999a; Galon et al., 2000; Kriegel et al., 2003), although this has not
been the case for all mutations (Aksentijevich et al., 2001; Aganna et al., 2003). We
therefore undertook to investigate whether neutrophil shedding of TNFRSF1A was
affected by the C43S mutation. The following experiments were performed with Dr Eddie
Wang, Section of Infection and Immunity, and Nick Amos, Department of
Rheumatology, and are shown with their permission. Following local ethics committee
permission, neutrophils were isolated from the patient’s whole blood by dextrose
sedimentation followed by gradient centrifugation using Ficoll-hypaque (Boyum, 1974).

Neutrophils were either left unstimulated or stimulated with 10 ng/ml of phorbol-
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myristate-acetate (PMA) for 1 hour, following which they were stained with a PE-
conjugated CD120a (TNFRSF1A) antibody. Stained cells were analyzed by flow
cytometry, gating on neutrophils. Following stimulation with PMA, membrane
TNFRSFI1A on the patient’s neutrophils decreased to levels comparable to normal
controls (Figure 3.3A), suggesting that activation-induced clearance of TNFRSF1A from
the surface of neutrophils is not impaired. To establish whether this decrease in surface
TNFRSF1A was as a result of internalisation or cleavage of the receptor, levels of soluble
TNFRSF1A were measured in the supernatant of the cells by ELISA. The patient’s
soluble TNFRSF1A levels increased in response to PMA stimulation, indicating that the
loss of surface TNFRSF1A was a result of receptor shedding (Figure 3.3B). The PMA-
induced increase in soluble TNFRSF1A levels was similar to that seen with the control
samples. As we wanted to compare our results to previously published reports that had
demonstrated impaired receptor shedding (McDermott et al., 1999a), these experiments
were carried out using the same PMA dose and time points. PMA dose-response curves
and time course experiments were not performed, and a kinetic abnormality in receptor
shedding cannot therefore be excluded. However, unlike some other TRAPS mutations
(McDermott et al., 1999a; Galon et al., 2000; Kriegel et al., 2003), activation-induced
cleavage in neutrophils is not impaired by the C43S mutation under the conditions tested,

and does not appear to account for the inflammatory phenotype in this patient.

3.3 Functional characterization of the C43S TRAPS mutation

3.3.1 Generation of primary dermal fibroblast line from a patient with TRAPS

In light of the unimpaired TNFRSF1A shedding, we wanted to test our hypothesis
that TNFa signalling was enhanced in TRAPS using samples from the patient with the
C43S TRAPS mutation. While it was possible to perform some of the experiments using
the patient’s peripheral blood leucocytes, their short lifespan limits their usefulness for
signalling experiments. To facilitate study of the functional effects of the C43S
TNFRSF1A mutation, a primary dermal fibroblast cell line was therefore generated from
the patient with TRAPS. The skin is an accessible site for obtaining fibroblasts and is also

the site of the prototypic rash that characterises TRAPS. Fibroblasts are relatively long-
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lived cells capable of producing inflammatory cytokines and chemokines in response to
TNFa (Elias and Lentz, 1990; Brouty-Boye et al., 2000; Parsonage et al., 2003). In
addition, fibroblasts have been shown to regulate the switch from acute to chronic

inflammation by promoting the inappropriate survival and retention of leukocytes within

inflamed tissue (Buckley et al., 2001).

Permission was obtained from the local ethics committee for skin biopsies to be
performed on the patient with TRAPS, as well as on healthy age- and sex-matched
volunteers. Written, informed consent was obtained from all participants (see Appendix
ID). The biopsy was taken from an area of normal skin during an asymptomatic period.
Primary dermal fibroblast lines were established using an adapted method of a previously
described protocol (Borysiewicz et al., 1983). Early passage fibroblasts were stored in
liquid nitrogen for later use. The various fibroblast lines grew at similar rates and were
maintained by the same methods. Equivalent, early passage numbers (passages 5-10) of
the various fibroblast lines were used in all experiments. Figure 3.4 shows confocal
microscopy images of TRAPS derived and normal fibroblasts, stained for TNFRSF1A.
As TRAPS is an autosomal dominant condition, this cell line contains both normal
TNFRSF1A and TNFRSF1A containing the C43S mutation, in addition to TNFRSF1B,

reflecting the situation in the patient.

The dermal fibroblast lines were all found to have high levels of autofluorescence
when analysed by flow cytometry. Several other groups, including one studying TRAPS
(Huggins et al., 2004), have previously reported that primary human dermal fibroblasts
exhibit high levels of autofluorescence (Kahari et al., 1988; Rattan, 1998). This
autofluorescence varies among strains, but appears to be associated with lipofuscin
accumulation (von Zglinicki et al., 1995) and in vitro ageing of the primary fibroblasts
(Rattan et al., 1982; Poot et al., 1985). In contrast, autofluorescence is negligible in virus-
transformed cell lines (Rattan ez al., 1982). It appears that this autofluorescence can be
minimised by using very early passage numbers (passages 1-2) but unfortunately these
were not available to us. There were also technical issues in analysis of the fibroblasts by

flow cytometry. As TNFRSF1A has several trypsin cleavage sites, there were concerns
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about harvesting the fibroblast using trypsinisation. The fibroblasts were therefore
harvested using a cell scraper, and despite repeated resuspension, there was still
considerable clumping of cells and it was not possible to obtain a satisfactory single cell

suspension for analysis by flow cytometry.

3.3.2 Effect of the C43S TNFRSF1A mutation on NF-xB activation in fibroblasts
NF-xB is the best studied TNFa-activated transcription factor and is critical for the
induction of inflammation by TNFa (Locksley et al., 2001; Aggarwal, 2003). NF-xB
dysfunction has been implicated in a variety of inflammatory conditions including
rheumatoid arthritis and inflammatory bowel disease (Tak and Firestein, 2001;
Yamamoto and Gaynor, 2001). We hypothesised that, as the C43S mutation appeared to
have no receptor shedding defect, the effects of this mutation could be due to enhanced
TNFo-induced NF-xB activation. Activation of NF-kB was investigated using the dermal
fibroblast lines established from the patient and healthy controls. Cells were stimulated
with 10 ng/ml of TNFa for 1 hour, following which nuclear extracts were generated. NF-
kB DNA-binding was measured by electrophoretic mobility shift assay using
radiolabelled DNA corresponding to a specific NF-xB site. All the fibroblast lines were
able to activate NF-xB in response to TNFa. However, the activation was consistently
less in the fibroblasts from the patient with TRAPS compared with fibroblasts from
normal controls (Figure 3.5A). This difference was seen both in unstimulated cells and

cells stimulated with TNFo, with no evidence of constitutive activation of NF-kB in the

TRAPS fibroblasts.

The electrophoresis mobility shift assay is established as a sensitive method for
studying the DNA-binding properties of a protein (Carey and Smale, 2000), and NF-xB
was first detected using electrophoretic mobility shift assay (Sen and Baltimore, 1986).
The NF-kB consensus sequence used in this project has been validated previously
(Lenardo and Baltimore, 1989; Brennan and O'Neill, 1995). However, there are several
factors that influence band intensities (Fried, 1989), and while attempts were made to

minimize the effect of these factors where possible, they can still impact on the
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reproducibility of this system. Intensity of the DNA-protein complex bands was
quantified by densitometry (Scion image software) and revealed that the mean reduction
in the patient’s TNFa-induced NF-kB activation compared to the controls was 65 + 3 %
over eight separate experiments (Figure 3.5B). However, there are limitations to this
method of quantification, particularly as this was not calibrated to known standards,
making comparison of bands on different gels unreliable. The densitometry quantification
is shown here to illustrate the consistent difference between the control and TRAPS

samples.

The standard dose of TNFa traditionally used in experiments is 10 ng/ml, although
NF-kB can be activated by low picomolar concentrations of TNFa (Chan and Aggarwal,
1994; Grell et al., 1998). The TRAPS phenotype could conceivably result from increased
sensitivity of cells to TNFa. In order to test the hypothesis that C43S TRAPS fibroblasts
are able to activate NF-xB at lower doses of TNFa than the normal controls, TNFa dose
response experiments were performed. In contrast to the hypothesis, NF-xB activation
was consistently lower in the TRAPS fibroblasts at all doses of TNFo tested (Figure
3.6A). The mean reduction in NF-xB activation in the C43S TRAPS fibroblasts was 60.2
1 7.6% over the range of TNFa doses in five experiments. Time course studies were
performed to determine whether the C43S mutation resulted in more prolonged activation
of NF-xB. However, the duration of TNFa-induced NF-xB activation was significantly
shorter in the C43S TRAPS fibroblasts compared to the control fibroblasts (Figure 3.6B).
The above results indicate that contrary to the initial hypotheses, the C43S TRAPS
mutation results in decreased NF-xB activation in dermal fibroblasts, at all doses of
TNFa and time points tested, compared to control samples. There may also be differences
in DNA binding at time zero which have not been characterised at this time but which we
intend to study in future as these may imply the involvement of other DNA binding

proteins.

NF-kB activation requires the degradation of IkB to allow NF-kB to translocate to

the nucleus. TNFa-induced degradation of IkBa was investigated by SDS-PAGE western
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blot analysis of fibroblast cytosolic extracts using an anti-IkBa antibody. TNFo results in
marked reduction of IkBa in the cytosol of control fibroblasts (Figure 3.7). While IxBa
also reduces in the TRAPS fibroblasts in response to TNFa, this reduction is consistently
less than that seen in the control fibroblasts. The reduced degradation of IxBa in the
TRAPS fibroblasts is consistent with the reduced NF-xB activation seen in these cells. To
confirm that the differences in NF-xB activation were mediated by TNFa, the ability of
IL-1 to activate NF-xB in the three fibroblast lines was also measured. All the fibroblast
lines activated NF-xB in response to IL-1 stimulation (Figure 3.8). In fact, the activation
in the TRAPS fibroblasts in response to IL-1 may be greater than that seen in the normal

controls, raising the possibility of compensatory pro-inflammatory pathways. This is an

interesting observation that we will be studying further in future.

The mammalian NF-xB family consists of five members, which combine as a
variety of homo- or heterodimers that are associated with specific biological responses
(Hayden and Ghosh, 2004). The classic form of NF-kB in activated cells is a heterodimer
of the RelA and p50 subunits. In order to establish whether the composition of the NF-xB
complexes in the various fibroblast lines differed, supershift assays were performed.
TNFa-activated nuclear extracts were incubated with antibodies to the various subunits of
NF-xB prior to incubation with the radiolabelled oligonucleotides probe. The data
indicates that the complexes are very similar, with both the TRAPS and control
fibroblasts activating an NF-xB complex containing p50 and RelA (p65) subunits (Figure
3.9).

3.3.3 Effect of the C43S TNFRSF1A mutation on AP-1 activation in fibroblasts

In addition to activating NF-kB, TNFa ligation to TNFRSF1A can also induce the
activation of the transcription factor AP-1 (Locksley et al., 2001; Aggarwal, 2003). As
TRAPS mutations could enhance AP-1 activation, the effect of the C43S mutation on AP-
1 activation was investigated. AP-1 activation was determined by electrophoretic mobility
shift assay using nuclear extracts from the fibroblast lines incubated with radiolabelled

DNA corresponding to a specific AP-1 site. As was the case with NF-kB activation, the
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C43S TRAPS-derived fibroblasts had consistently less AP-1 activation, across a range of
TNFa doses, compared to the fibroblasts from the healthy controls (Figure 3.10). The
C43S TNFRSF1A mutation therefore results in decreased activation of both of the major
TNFa-induced transcription factors, NF-kB and AP-1, in primary dermal fibroblasts.

TNFa-induced activation of AP-1 is regulated by members of the MAPK family
(Section 1.3.2.2). We therefore investigated the effects of the TRAPS mutation on p38
MAPK and SAPK, as well as on phosphorylation of these kinases, in the dermal

fibroblasts. Fibroblasts were either left unstimulated or stimulated with TNFe, and cell

extracts were then generated as before. These extracts were then investigated by SDS-
PAGE and immunoblotting using commercially available antibodies (Cell Signaling,
NEB). However, for technical reasons, the quality of the immunoblot results was very
poor and it was not possible to obtain any useful or consistent data from these
experiments. The major limiting factors related to the sensitivity of the antibodies and the
small amounts of protein that could be obtained from the primary dermal fibroblasts and

loaded onto the gels.

3.3.4 Effect of the C43S TNFRSF1A mutation on the production of pro-inflammatory
cytokines

While transcriptional activation is generally required for inflammatory gene
expression, TNFa also controls the expression of these genes at a post-transcriptional
level, by mechanisms such as the regulation of mRNA stability (Winzen et al., 1999;
Saklatvala et al., 2003). We were particularly interested in the effects of the C43S
TRAPS mutation on IL-6 and IL-8 production. The pro-inflammatory cytokine IL-6 is a
potent pyrogen (Luheshi and Rothwell, 1996; Conti et al., 2004), and high levels of serum
amyloid A and CRP, surrogate markers for serum IL-6 (Ganapathi et al., 1988) have been
noted in our and other TRAPS patients (McDermott et al., 1999a; Aganna et al., 2003).
TRAPS is also associated with high levels of circulating neutrophils (McDermott et al.,
1997; Galon et al., 2000), so the chemokine IL-8, a potent neutrophil recruiting and
activating factor (Mukaida, 2000; Pease and Sabroe, 2002) may be implicated. To
determine whether the C43S TRAPS mutation altered TNFa-induced production of the
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inflammatory cytokines IL-6 and IL-8, the levels of these cytokines in the culture
supernatants of the primary dermal fibroblasts were measured by ELISA. While absolute
values varied, the induction of IL-6 (Figure 3.11A) and IL-8 (Figure 3.11B) in response
to TNFa in the C43S TRAPS fibroblast line was not statistically different to that
observed in the controls. Baseline levels of the cytokines were also similar in the
fibroblast lines. Thus, in spite of the reduced NF-xB and AP-1 activation, the C43S
TRAPS fibroblast line was able to produce IL-6 and IL-8 in response to TNFa.. However,
while no differences in IL-6 and IL-8 production were seen at these time points, it is
possible that time course or dose response experiments could identify more subtle
phenotypic differences. The results were also not corrected for cell death, which further

limits the interpretation of these data.

3.3.5 Effect of the C43S TNFRSF1A mutation on TNF a-induced apoptosis

Another important TNFRSF1A-mediated effect in cells is the induction of
apoptosis. TNFa also induces anti-apoptotic genes and therefore the apoptotic response to
TNFa is usually dependent on inhibition of protein synthesis (Polunovsky et al., 1994;
Rath and Aggarwal, 1999). To investigate the induction of apoptosis by TNFa, dermal
fibroblasts were stimulated with TNF (10 ng/ml) either alone or in the presence of the
protein synthesis inhibitor, cycloheximide (CHX) (Hess et al., 1998). Three distinct
assays for cell survival were used. Firstly, cells were examined by light microscopy after
24 and 48 hours. Dramatic differences were observed at both time points, with more
TRAPS-derived fibroblasts surviving than wild type cells following stimulation with
TNFa and CHX in combination (Figure 3.12). Cell death in the presence of CHX alone
was similar in both fibroblast lines, while TNFa alone resulted in minimal cell death in
either fibroblast line. These figures are illustrative only and the differences observed by
light microscopy were quantified using an alamar blue assay (Nakayama et al., 1997).
This non-toxic dye is chemically reduced by the innate metabolic activity of cells, which
allows quantification of cell viability by fluorometry. Figure 3.13 shows the effect of a
range of doses of TNFa on the survival of C43S TRAPS fibroblasts and a control

fibroblast line. The TRAPS derived fibroblasts were markedly less sensitive to TNFa-
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induced cell death than the fibroblasts from the control subject. Comparing the curves by
nonlinear regression analysis, using GraphPad Prism 4.0 software, indicates that the
curves are statistically different (p<0.05). Even with the addition of high doses of TNFa
(100 ng/ml) in the presence of CHX, over 80% of the C43S TRAPS derived fibroblasts
remained viable after 24 hours, compared to approximately 30% of the control

fibroblasts. Cell death following incubation with CHX alone was not statistically different

between the fibroblast lines.

TNFa can induce apoptosis by more than one pathway. Both the extrinsic and
intrinsic pathways of caspase activation converge on the activation of the common
executioner caspase-3 (Stennicke and Salvesen, 2000). To confirm that the observed
difference in cell viability was as a result of altered apoptosis, caspase-3 activity was
assayed using a caspase-3 colorimetric assay (R&D Systems). Once activated, caspase-3
cleaves a variety of cellular molecules that contain the amino acid motif DEVD
(Casciola-Rosen et al., 1996), which forms the basis for this assay. The combination of
TNFa and CHX induced significantly less (by Mann-Whitney U test) caspase-3 activity
in the TRAPS fibroblasts than the control fibroblasts at all time points measured (Figure
3.14). However, these changes could represent differences in the time course of apoptosis

in TRAPS as it is not known what happens at other time points.

As the effects of TNFa can vary in different cells (Rath and Aggarwal, 1999), we

undertook to investigate whether the C43S TNFRSF1A mutation also results in decreased
sensitivity to TNFoa-induced apoptosis in circulating inflammatory cells, as was the case
in the dermal fibroblasts. Peripheral blood mononuclear cells (PBMCs) from the patient
with the C43S TRAPS mutation and from healthy volunteers were isolated by Ficoll-
gradient. The PBMCs were stimulated with TNFa and CHX for either 2 or 6 hours. Cells
were stained with annexin V and propidium iodide (PI), and analysed immediately by
flow cytometry. Cells in the live gate (PI negative) were analysed for annexin V staining.
Although similar percentages of unstimulated cells were positive for annexin V,

following stimulation with TNFa and CHX, less PBMCs from the patient with TRAPS

were annexin V positive at both time points (Figure 3.15-16). The difference observed at
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6 hours was statistically significant (p<0.05) as calculated by the Mann-Whitney U test.
The C43S TNFRSF1A mutation therefore results in decreased TNFa-induced apoptosis

in both fibroblasts and PBMC:s at the time points tested.

3.4. Discussion

This chapter describes a patient with a novel TNFRSF1A mutation (C43S)
associated with TRAPS, and characterises the signalling abilities of this mutation in a
primary dermal fibroblast line established from the patient. TNFa activates the
transcription factors NF-kB and AP-1 at reduced levels in C43S TRAPS fibroblasts but is
able to induce the pro-inflammatory cytokines IL-6 and IL-8 to levels similar to normal
controls. TNFa-induced apoptosis is significantly decreased in the fibroblasts bearing the
C43S TNFRSF1A mutation. This defect in TNFa-induced apoptosis is also seen in
PBMC:s isolated from the patient. Thus, these results demonstrate that this TRAPS
mutation results in reduced TNFa-induced nuclear signalling and apoptosis in this

patient.

The initial studies of TRAPS cells proposed a mechanism of impaired activation-
induced cleavage of TNFRSF1A that could cause the systemic inflammation associated
with this syndrome (McDermott et al., 1999a; Galon et al., 2000). However, impaired
shedding of TNFRSF1A does not appear to be the case for all TRAPS mutations
(Aksentijevich et al., 2001; Aganna et al., 2003). Our results support the hypothesis that
TRAPS does not appear to require impaired activation-induced shedding of TNFRSF1A
from neutrophils, although a kinetic abnormality in receptor shedding remains a

possibility.

Our data shows that the C43S TRAPS fibroblasts exhibit reduced NF-xB and AP-1
activation, and decreased apoptosis in response to stimulation with TNFa. However, no
significant difference in the induction of pro-inflammatory cytokines was observed,
similar to a previous report (McDermott et al., 1999a). This suggests a possible

hypothesis to explain the inflammatory pathology: cells survive longer, because of
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impaired apoptosis, but remain capable of producing pro-inflammatory cytokines,
therefore the levels of these cytokines would be expected to accumulate and could result
in an inflammatory phenotype. Apoptosis of inflammatory cells is an important
homeostatic mechanism for limiting an inflammatory response once it is established
(Lenardo et al., 1999). Our hypothesis is also compatible with the high levels of serum
amyloid A and CRP, surrogate markers for serum IL-6, noted in our and other TRAPS
patients (McDermott ez al., 1999a). This hypothesis is however based on results from a
single patient, and it remains to be established whether this is also the case for other

TRAPS patients.

As TNFo-induced activation of both IL-6 and IL-8 is mediated by NF-xB and AP-
1, the question remains of how the induction of these pro-inflammatory cytokines is
normal, despite the reduced transcription factor activation. We can propose several
possible explanations. The first is that the threshold for TNFa-induced cytokine
production is lower than that for apoptosis. Thus, reduced NF-kB still generates a
sufficient signal to allow induction of both IL-6 and IL-8. A second explanation is that the
C43S TRAPS mutation results in decreased gene expression but that the mRNA of these
cytokines is more stable, preventing mRNA degradation and maintaining the cytokines at
relatively normal levels. A further alternative explanation is that signalling via
TNFRSF1B or reverse signalling through mTNFa may play a role. TNFRSF1B is able to
activate NF-xB and AP-1, but does not contain a death domain (Baud and Karin, 2001),
and thus could induce IL-6 and IL-8 without causing apoptosis. Soluble TNFa generally
results in less activation of TNFRSF1B than TNFRSF1A in vitro (Grell et al., 1995),
which may explain the reduced NF-kB activation observed in our experiments. Reverse
signalling through mTNFa has been shown to be pro-apoptotic in some cells types
(Lugering et al., 2001; Waetzig et al., 2003) and anti-apoptotic in others (Papadaki et al.,
2002; Zeissig et al., 2004). It is however unknown whether reverse signalling occurs in
fibroblasts. It will be important to determine whether other TRAPS mutations have

similarly reduced TNFa nuclear signalling and apoptosis, as is the case with the C43S

mutation.
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Figure 3.2
Serial laboratory results for the index patient with C43S TRAPS mutation
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Figure 3.3
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Figure 3.4
Immunofluorescence of dermal fibroblasts

Normal Control C43S TRAPS

Primary dermal fibroblast cell lines generated from the patient with the C43S mutation (right) and age-
and sex-matched healthy volunteers (left). Cells were stained with mouse anti-human TNFRSF1A and
then with a secondary Alexa Fluor 488 goat anti-mouse antibody (green). Nuclei were stained with
DRAQS5 (blue). Single optical slice images were acquired using a confocal laser scanning microscope
(BioRad Microsciences), equipped with a krypton/argon ion laser and attached to a Zeiss Axiovert 135.
Images shown are representative of three experiments.
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Densitometry of TNFa-stimulated ceils from eight experiments. Densitromtric analysis of the DNA-
protein complex bands, performed using Scion Image (NIH Image) and expressed as arbitrary units,
revealed a mean + SEM reduction of 65.6 £ 2.8 % in the TRAPS fibroblasts compared with the controls
over 8 separate experiments.
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Dose response and time course studies of NF-<B activation in dermal fibroblasts

Control TRAPS

THF N3 0.0 00 003 ©
(ngimy O 0003003 03 3 0 0003 003 03 3

= N“H : U&

e .

'S

Control TRAPS

Time O
(hours)

=
=

(A) EMSA of nuclear exiracis showing TNFa dose response, at 1 hour, for NF-xB activation in control
is revealed a 60.2 + 7.6 % reduction in NF-x

and C438 TRAPS fibroblasts. Densitometric analysi
activation in the TRAPS fibroblasts over a range of TNFq doses in 5 separate experiments. (B) EMSA

showing the nme course of NF-xB activation after stimulation of fibroblasts with TNFa { 10 ng/ml)
DNA-protein complexes are indicated by the arrows. Free (unbound) radiolabelled DN vas distinct
from these c'\mplew‘“ and is not shown in this or any of f the ‘;ubseq uent nghre% EMS 55 shown h

are representative of at least 5 separate experiments, and were similar in both controls.




101

Figure 3.7
TNFca-induced IkBo degradation in fibroblasts
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Cytosolic extracts of fibroblasts, stimulated with TNFa (10 ng/ml) for 1 hour, were separated on an 8%
polyacrylamide gel and transferred onto a PVDF membrane. Western blot analysis was performed using
anti-IkBa, antibody. The result shown is representative of three independent experiments.
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Figure 3.8
[L-1-induced NF-xB activation in dermal fibroblasts
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EMSA showing NF-xB activation in dermal fibroblasts stimulated with IL-1 (5 ng/ml) for | hour. DNA-
protein complexes are indicated by the arrows. Free (unbound) radiolabelled DNA was distinct from these
complexes and is not shown. The result shown is representative of three independent experiments.
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Figure 3.9
NF-xB supershift assay in dermal fibroblasts
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TNFa-activated nuclear extracts were incubated with antibodies to the various subunits of NF-xB prior to

incubation with the radio-labelled oligonucleotide probe. DNA-protein complexes (solid arrow) and

antibody-DNA-protein complexes (open arrow) are indicated. The result shown is representative of three

independent experiments.
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Figure 3.10
AP-1 activation in dermal fibroblasts
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EMSA showing AP-1 activation in fibroblasts from a control and the patient with C43S TRAPS,
stimulated for 1 hour with a range of TNFa doses. DNA-protein complexes are indicated by the arrows.
Free (unbound) radiolabelled DNA was distinct from these complexes and is not shown. The result
shown is representative of three independent experiments.



Figure 3.11
TNFa-induced IL-6 and IL-8 production by dermal fibroblasts
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(A) Production of interleukin-6 (IL-6) and (B} production of interleukin-8 (IL-8) by the primary dermal
fibroblasts, as measured by ELISA of the culture supernatants 24 hours after stimulation with TNFa (10
ng/ml). ELISA results are the mean + SEM of 9 observations from 3 independent experiments for IL-6
and 6 observations from 2 independent experiments for IL-8. The standard curves for (C) IL-6 and (D)
IL-8 are shown. Samples were assayed over several dilutions and the concentration determined from those

dilutions that fell in the linear portion of the standard curve.
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Figure 3.12
Assessment of cell viability of fibroblasts by light microscopy
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Fibroblasts (3 x 10%) were stimulated with TNFa (10 ng/ml) and cycloheximide (CHX; 50 pg/ml), either
alone or in combination. Light microscopy images of fibroblasts after 24 hours of stimulation, acquired
with Olympus BX41 microscope using the 4x objective. Cells were stained with toluidine blue to aid
visualization. Results shown are representative of 5 separate experiments.
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Figure 3.13
Cell viability of dermal fibroblasts
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Cell viability of C43S TRAPS and normal control fibroblasts after 24 hours incubation with varying doses
of TNFa in the presence of cycloheximide (CHX), as measured by alamar blue assay. Values are the
mean + SEM percentage of baseline levels (CHX alone) from five independent experiments.
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Figure 3.14
TNFa-induced apoptosis of fibroblasts
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Fibroblasts (5 x 10%) were stimulated with TNFa (10 ng/ml) and cycloheximide (50 pg/ml), after which
they were analysed for caspase-3 activity at the time points shown. Caspase-3 activity was tested using a
capspase-3 colourimetric assay (R&D Systems). The level of caspase enzymatic activity in the cell lysate
is directly proportional to the colour reaction at a wavelength of 405 nm. Values are the mean + SEM of 5
independent experiments. * = P < 0.05 versus controls, by Mann-Whitney U test.
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Peripheral biood mononuclear cells (PBMCs) from the patient and 2 healthy volunteers (Con A & B)

0
were incubated with TNFa and cycloheximide {(CHX) for the times indicated. Cells were stained with

Annexin V-FITC and propidium iodide, and analysed by flow cytometry, excluding cell debris by
gating. Results are shown as dot plots of propidium iodide fluorescence against annexin V-FITC
fluorescence, and are representative of two independent experiments performed in duplicate.
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Figure 3.16
INFa-induced apoptosis of PBMCs

[:] Control A

949 .
¥4 Control B

7 B TrRAPS !
74 %
6
54
4 4
34

2+

% cells annexin V positive with TNF

2

Time (hours)

Peripheral blood mononugclear cells (PBMCs) from the patient and 2 healthy volunteers were incubated
with TNFa and cycloheximide (CHX) for the times indicated. Annexin V activity was determined by
flow cytometry, gating on live (propidium iodide-negative) cells. Results shown are the difference
between the mean in cells stimulated with TNFa and CHX and the mean in unstimulated cells. Values
are the mean + SEM of 2 independent experiments performed in duplicate. * = P < 0.05 versus controls,
by Mann-Whitney U test.
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CHAPTER 4

THE CLONING AND FUNCTIONAL CHARACTERISATION OF MUTANT
RECOMBINANT FORMS OF TNFRSF1A

The work using the patient-derived dermal fibroblast line (Chapter 3) indicates that
the C43S TRAPS mutation results in decreased NF-kB production and TNFa-induced
apoptosis, although IL-6 and IL-8 production is normal. The work in this chapter was
initiated to investigate whether other TRAPS mutations also resulted in reduced
TNFRSF1A signalling, suggesting this is a general feature of TRAPS, or whether this is
specific to the C43S TRAPS mutation. As TRAPS has a dominant inheritance pattern,
cells from patients will contain both mutated and wild-type TNFRSF1A. In order to study
the effects of the mutated TRAPS receptors in isolation, a number of clinically relevant
recombinant forms of TNFRSF1A were generated. These were then transfected into Eli-
BL and DG75 cells in order to investigate their effects on receptor function, in terms of

NF-xB activation and cell death, and on receptor expression.

4.1 Cloning of recombinant TNFRSF1A

4.1.1 Strategy for cloning recombinant full-length and truncated TNFRSFIA

A schematic of the cloning strategy for full-length wild-type (WT) TNFRSF1A is
shown in Figure 4.1. The same cloning strategy was used for the truncated TNFRSF1A
form (WTA218). The vector p-TARGET-TNFR1 WT (provided by Dr Michael Lenardo,
National Institute of Health, Bethesda, USA (Chan et al., 2000a)) was previously used by
Dr Fielding to amplify the entire human TNFRSF1A coding region and shorter
sequences. This purified PCR product was then directly cloned into the pcDNA3.1/V5-
His directional TOPO cloning vector using the TOPO-TA cloning kit (Invitrogen)
(Fielding et al., 2004). Full-length WT TNFRSF1A and the truncated form WTA218,
lacking the intracytoplasmic domain of the receptor, were generated using a common
forward primer with different reverse primers. As it had not proved possible to detect

expression using the V5 antibody, the TNFRSF1A coding region was cloned into the
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pcDNA3.1/myc-His B vector (Invitrogen). Essentially, the full-length and truncated
TNFRSF1A coding regions were released from the pcDNA3.1/V5-His cloning vector by
restriction digestion with BamH I and Xba I (Figure 4.2). The expected size of the excised
TNFRSF1A coding regions is approximately 1400 bp for full-length WT TNFRSF1A and
800 bp for WTAZ218, while the vector is approximately 5500 bp. The TNFRSF1A-
containing regions were then extracted from the agarose gel using the QIAquick Gel
Extraction and Purification Kit (Quiagen). In parallel, the pcDNA3.1/myc-His vector was
restriction digested with BamH I and Xba I, treated with alkaline phosphatase and then
purified using the QIAquick PCR Purification kit (Quiagen). Controls in the restriction
digest process included single-digests of pcDNA3.1/myc-His (with either BamH I or Xba
I) and uncut vector. The approximate amounts of pcDNA3.1/myc-His vector and excised
TNFRSF1A were calculated using Hyperladder I DNA standards (Bioline). Ligation of
appropriate amounts of insert and vector was then performed. Controls included vector or
insert alone, and samples without ligase. The products were then transformed into One
Shot Top10 competent cells (Invitrogen) by “heat shock”. As the plasmid contains an
ampicillin resistance cassette, the cells were plated overnight on growth media containing
ampicillin. Clones obtained from the ligation reaction were amplified by PCR and then
screened by digestion with BamH I and Xba I in combination, to release the TNFRSF1A
gene inserts if present, or with Hind Il alone. The cloned TNFRSF1A constructs were
sequenced with the ABI Big Dye sequencing kit (Perkins-Elmer Applied Biosystems)
using various primers for the pcDNA3.1 vector and the TNFRSF1A gene, to give the
complete overlapping nucleotide sequences of the entire TNFRSF1A coding region. This

was then checked against the published sequence for TNFRSFI1A.

4.1.2 Generation of mutant recombinant forms of TNFRSFIA

Clinically relevant TRAPS mutants were generated from WT TNFRSF1A, using
the Quikchange site-directed mutagenesis kit (Stratagene) to alter a single nucleotide
base. The following TRAPS mutations were generated: C30R, C43S, T50M and C52F.
The numbering of amino acids for TNFRSF1A has traditionally started after the leader
sequence (i.e. leucine at residue 30) rather than following the general rule of starting with

the translation initiator methionine. The C43S mutation is the TRAPS mutation present in
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the patient detailed in Chapter 3, which was identified and described by our group. The
other three mutations have all previously been reported in patients with TRAPS
(McDermott et al., 1999a). The location of these four mutants, which are all situated in
CRD1 of TNFRSF1A, is shown in Figure 4.3. The C43S and C30R mutations share a
disulphide bond, which these cysteine mutations would be predicted to disrupt. C52F, a
cysteine mutation involving a different disulphide bond in CRD1, was the first TRAPS
mutation shown to have diminished receptor shedding (McDermott et al., 1999a). As
there may be differences between cysteine and non-cysteine mutations, a non-cysteine
mutation in close proximity, T50M, was chosen to complete the set of mutants for
investigation. This latter mutation has been shown to impair TNFRSF1A shedding from
leucocytes (Aksentijevich et al., 2001), and would be predicted to disrupt hydrogen-bond
stability.

The clones obtained from the site-directed mutagenesis were screened by restriction
digestion with either BamH I and Xba I, or Hind I1I. Digestion with BamH I and Xba I
released the TNFRSF1A coding regions, resulting in bands of approximately 1400 bp
(TNFRSF1A insert) and 5500 bp (pcDNA3.1/myc-His vector) (Figure 4.4A). The
presence of TNFRSF1A introduces a second Hind III restriction site, resulting in bands of
approximately 6100 bp and 800 bp following digestion with Hind III (Figure 4.4B). In
addition, the C52F mutation removes a Pst I restriction site present in WT TNFRSFIA.
The cloned TNFRSF1A genes were all sequenced with the ABI Big Dye sequencing kit
(Perkins-Elmer Applied Biosystems), using various primers for the pcDNA3.1 vector and
the TNFRSF1A gene, to ensure that only the desired mutation had been introduced.
Figure 4.5 shows the alignment of the relevant nucleotide and amino acid sequences of
the recombinant forms of TNFRSF1A, confirming the desired mutations. Maps for the

recombinant TNFRFS1A vectors are shown in Appendix L.

4.2 Effects of the recombinant forms of TNFRSF1A on NF-kB activation

NF-kB is the most studied TNFo-activated transcription factor and is critical for the

induction of inflammation by TNFa (Baud and Karin, 2001; Locksley ez al., 2001). As
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differences in NF-xB activation could conceivably account for the inflammatory
phenotype of TRAPS, the effects of the TRAPS mutants on NF-xB activation were
studied. The work in Chapter 3 indicates that the C43S TRAPS mutation results in
reduced NF-xB activation in patient-derived dermal fibroblasts. In order to establish
whether this is also a feature of other TRAPS mutants, NF-xB activation by WT and

mutant recombinant forms of TNFRSF1A was assessed by luciferase assay in transiently

transfected cells.

4.2.1 Determining the appropriate cells in which to study NF-xB activation

TNFRSF1A is widely expressed on the surface of most cells, and it is currently not
known which cells are responsible for the TRAPS phenotype. In order to detect
alterations in NF-xB activity as a result of transient transfection with recombinant
TNFRSF1A, the transfected cells should have low endogenous responses to TNFca. The
NF-xB activity of following cell lines was therefore tested: K562 (chronic myeloid
leukaemia cell line), Jurkat (T-cell leukaemia line), Eli-BL and DG75 (B-cell Burkitt’s
lymphoma cell lines). The cells were transiently co-transfected with an NF-xB luciferase
reporter plasmid (3EnhLuc), and either empty mammalian vector or a mammalian
expression vector for WT TNFRSF1A. The samples were then split into two, and 16
hours after transfection, one half was mock stimulated and the other was stimulated with
TNFa (10 ng/ml). After 8 h of incubation, the cells were harvested and luciferase activity
was assayed. The Eli-BL cell line had a low level of endogenous NF-xB activity that did
not increase significantly following stimulation with TNFa (Figure 4.6A). Following
transfection with recombinant WT TNFRSF1A, there was a detectable increase in NF-xB
activity of Eli-BL cells above baseline levels, which increased further in response to
stimulation with TNFa. In contrast, the K562 and Jurkat cell lines transfected with empty
vector were able to respond to TNFa, with little or no additional increase in NF-xB
activity following overexpression of WT TNFSRSF1A (Figure 4.6C&D). The DG75 cell
line had a high level of constitutive endogenous NF-kB activity that did not increase
significantly following stimulation with TNFa, (Figure 4.6B). We and others have also

previously shown that basal TNFo production by Eli-BL and DG75 cells is <20 pg/ml
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(Gibbons et al., 1994; Fielding et al., 2004). As the Eli-BL cell line allowed detection of
changes in NF-xB activity following transfection with WT TNFRSF1A, and had low

levels of basal TNFa production, this cell line was used in all subsequent experiments

investigating NF-xB activation.

4.2.2 Determining optimal NF-xB luciferase reporter dose

The optimal dose of the 3EnhLuc reporter plasmid capable of demonstrating the
TNFa-induced increase in NF-xB activity in Eli-BL cells had to be determined. Eli-BL
cells were co-transfected with a fixed dose of WT TNFRSF1A and a range of doses of the
3EnhLuc reporter plasmid. The samples were split in two, either mock stimulated or
stimulated with TNFa, and luciferase activity was assayed as before. Good separation
between the NF-kB activity of mock and TNFa stimulated cells occurred when the Eli-
BL cells were transfected with 3 ug of the 3EnhLuc reporter plasmid (Figure 4.7). This
dose of the 3EnhLuc plasmid was therefore used as NF-kB luciferase reporter for all

subsequent experiments.

4.2.3 NF-xB activation by mutant recombinant forms of TNFRSF1A4

The effect of WT and mutant recombinant forms of TNFRSF1A on NF-xB
activation was assessed by luciferase reporter assay in transiently transfected Eli-BL cells.
Eli-BL cells were co-transfected with the NF-xB luciferase reporter plasmid and a range
of doses mammalian expression vectors for either WT or mutant TNFRSF1A. The total
amount of DNA was kept constant by the addition of appropriate amounts of empty
pcDNAZ3.1 vector. Following transfection, the samples were split into two, and 16 h later
one half was mock stimulated and the other stimulated with TNFa (10 ng/ml). After 8 h

of TNFa treatment, the cells were harvested and assayed for luciferase activity.

Overexpression of TNFRSF1A resulted in increased NF-kB activity, which was
dependent on the amount of DNA transfected (Figure 4.8A). The NF-kB activation curve
for the plasmid expressing WT TNFRSF1A was consistently, and significantly (by
nonlinear regression analysis), higher than the curves for any of the four TRAPS mutants.

In addition, there appear to be differences in NF-kB activity between these TRAPS
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mutants themselves, with the C30R mutation in particular displaying minimal NF-kB

activation above baseline levels. When the cells were stimulated with TNF¢, the

differences in NF-xB activity between WT and the TRAPS mutants became more

pronounced and remained statistically significant by nonlinear regression analysis (Figure
4.8B).

To investigate whether the TRAPS mutations had a different dose response curve,
WT and two of the TRAPS mutants were stimulated with a range of TNFa
concentrations. Eli-BL cells were co-transfected with the NF-xB luciferase reporter and
either empty pcDNA3.1 vector, WT or mutant TNFRSF1A. 16 h post-transfection, the
cells were stimulated with a range of TNFa doses for 8 h and then assayed for luciferase
activity. Reduced NF-xB activity was seen with the two TRAPS mutants over the full
range of TNFa doses (Figure 4.9A). Specifically, there was no evidence that NF-xB was

activated at lower doses of TNFa by the TRAPS mutants than WT TNFRSF1A.

Nonlinear regression analysis shows the NF-kB activation curve for the plasmid
expressing WT TNFRSF1A was significantly higher than the curves for either of the
TRAPS mutants. However, when the luciferase assay is normalised for unstimulated
TNFa and expressed as fold-induction with TNFa (Figure 4.9B), comparing the curves
by nonlinear regression analysis shows that the C30R and WT TNFRSF1A curves are no
longer statistically different. The WT TNFRSF1A and C43S curves remain statistically
different by nonlinear regression. This suggests that, unlike C43S, the C30R mutant
remains capable of responding to TNFa to a similar extent to WT TNFRSF1A, despite
having lower NF-xB luciferase activity than C43S. This supports the impression that
there may be differences between the various TRAPS mutants themselves and may

account for the reported heterogeneity of the TRAPS phenotype (Aganna et al., 2003).

Differences in transfection efficiency of the recombinant forms of TNFRSF1A
could alter the functional effects of the constructs. Therefore, transfection efficiency of
the expression vectors was assessed by dual luciferase assays. Eli-BL cells were

transfected with the NF-kB luciferase reporter expressing firefly luciferase, and an SV40
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promoter driving Renilla luciferase, in addition to the TNFRSF1A constructs or empty
pcDNA3.1 vector. Firefly and Renilla luciferase activities were measured after 8 h of
stimulation with TNFa. Figure 4.10 shows data with normalised NF-xB activity for WT
TNFRSF1A and two TRAPS mutants. Both TRAPS mutants show reduced NF-xB

activity even when normalised for transfection efficiency.

4.2.4 Effect of the TRAPS mutants on cell death

As overexpression of TNFRSF1A itself can result in spontaneous cell death (Boldin
etal., 1995a; Todd et al., 2004), cell viability assays were performed on the transfected
cells used for the luciferase assays. Alamar blue, a non-toxic dye that is chemically
reduced by the innate metabolic activity of cells, was used to quantify cell viability by
fluorometry (Nakayama et al., 1997). Cell viability was consistently lower in the cells
transfected with WT TNFRSF1A than those transfected with the mutant recombinant
forms of TNFRSF1A (Figure 4.11A). The degree of cell death was dependent on the
amount of WT TNFRSF1A DNA transfected but was independent of the TNFa dose
(Figure 4.11B).The differences in cell viability curves between WT TNFRSF1A and the
TRAPS mutants were significant by nonlinear regression analysis. The decreased cell
death seen with the mutant recombinant forms of TNFRSF1A demonstrates that the
reduced NF-kB activity of these mutants is not as a result of differences in cell death. In
fact, when the percentage of viable cells is taken into account, the difference in NF-xB
activity between WT TNFRSF1A and the TRAPS mutants increases further (Figure 4.12).
The data thus far therefore suggests that when the TRAPS mutants are expressed in
isolation, they result in reduced NF-xB activity and cell death compared to WT

TNFRSF1A.

4.2.5 Cell surface expression of recombinant TNFRSFI1A4

TNFRSF1A expression is a highly regulated process (Bradley et al., 1995; Jones et
al., 1999; Cottin et al., 2002; Wang et al., 2003). Expression of the four TRAPS mutants
was therefore analysed in order to investigate whether differences in cell surface
expression were responsible for the observed differences in NF-xB activity and cell

death. It had previously not proved possible to detect expression of the V5 epitope by
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western blotting and TNFRSF1A was therefore cloned into a vector containing a myc
epitope, as described above. However, as DG75 and Eli-BL cells constitutively express c-
myc (Spender et al., 2001), transiently transfected myc epitope could not be distinguished

above baseline levels by western blotting.

TNFRSF1A expression was therefore assessed by flow cytometry using an anti-
TNFRSF1A antibody. Both the Eli-BL and DG75 cell lines express undetectable levels of
endogenous membrane TNFRSF1A by flow cytometry (Fielding et al., 2004). The levels
of transfected WT TNFRSF1A detected by flow cytometry at the surface of Eli-BL cells
are low (Fielding et al., 2004), making comparisons of expression levels difficult.
Therefore, the highly transfectable DG75 B-cell line was used as this allowed more
sensitive analysis of TNFRSF1A expression than the Eli-BL cell line that was used for
the NF-xB signalling analysis. The DG75 cell line was unsuitable for the signalling

assays as it has high levels of constitutive NF-kB activity (Figure 4.6B).

The expression of TNFRSF1A constructs on the surface of viable transfected cells
was measured by flow cytometry (Figure 4.13). Cells were stained with a mouse
monoclonal antibody against human TNFRSF1A and an RPE-conjugated secondary
antibody. Transfected cells were indicated by the expression of GFP. Untransfected cells,
cells transfected with empty pcDNA3.1 vector and EGFP, and cells transfected with WT
TNFRSF1A stained with an isotype control antibody were also analysed in parallel. The
basal level of TNFRSF1A staining (pcDNA3.1) in GFP positive cells was similar to that
obtained using an irrelevant isotype control, indicating that the DG75 cell line expresses
low levels of surface TNFRSF1A. While WT TNFRSF1A could be detected easily on the
surface of cells transfected with this construct, surface expression of the TRAPS mutants
remained consistently low, with very little increase above basal levels (Figure 4.13), even
when the cells were transfected with 20 pg of plasmid DNA. As was the case in with the
Eli-BL cells, alamar blue cell viability assays indicate that there was more cell death in
DG?75 cells transfected with WT TNFRSF1A than in those transfected with the TRAPS
mutants at the DNA dose used for the receptor expression studies (Figure 4.14). The lack
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of surface expression of the TRAPS mutants cannot therefore be attributed to increased

cell death.

4.2.6 Total (surface and intracellular) expression of recombinant TNFRSF1A

The lack of surface expression of the TRAPS mutants may be due to low general
expression or altered localisation of TNFRSF1A. In order to determine the extent of
intracellular expression of the TRAPS mutants following transient transfection, cells were
permeabilised with 0.1% Triton X-100 prior to staining with the anti-TNFRSF1A mAb.
This was performed in parallel with staining of unpermeabilised cells, allowing
comparison of surface and cytoplasmic TNFRSF1A levels. Following permeabilisation,
cells transfected with WT TNFRSF1A showed enhanced staining, indicating detection of
both surface and intracellular TNFRSF1A. Despite the lack of surface expression of the
TRAPS mutants, all four mutants were detected following permeabilisation of cells
transfected with these constructs (Figure 4.15). Thus, these mutant recombinant forms of
TNFRSF1A appear to be localised predominantly intracellularly, in contrast to the
predominantly surface expression of WT TNFRSF1A. The average mean fluorescence
intensities, from five experiments, of TNFRSF1A staining of unpermeabilised and
permeabilised transfected DG75 cells are shown in Figure 4.16. In addition to the
differences between WT and the TRAPS mutants, there also appear to be more subtle
differences between the various TRAPS mutants themselves. The C30R mutation in

particular was expressed at lower levels than the other TRAPS mutants.

4.2.7 Localisation of recombinant TNFRSF1A

The distribution of WT and mutant forms of TNFRSF1A was further characterised
by confocal microscopy. Following transfection, DG75 cells were permeabilised and then
stained with anti-human TNFRSF1A mAb and Alexa Fluor 488 secondary antibody, prior
to detection by confocal microscopy. Cells transfected with empty pcDNA3.1 vector and
transfected cells stained with isotype antibody were used as controls. The results confirm
that the localisation of the TRAPS mutants differs from that of WT TNFRSF1A (Figure
4.17). WT TNFRSF1A (Fig 4.17 b-c) was detected both on the surface of cells, with a

punctate staining pattern consistent with lipid raft distribution (Cottin et al., 2002), and
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intracellularly. In contrast, the TRAPS mutants (Fig 4.17 d-k) were detected
predominantly intracellularly. These microscopy results are in keeping with the results
obtained by flow cytometry. While in the vast majority of cells the staining of the TRAPS
mutants was intracellular and localised to one portion of the cell (Fig 4.17 d-f, h, j), in a
few cases there was also detectable membrane staining (Fig 4.17 g, i, k). These latter cells
were infrequently seen but are shown here to give a more complete overview of the
staining patterns observed by confocal microscopy. Interestingly, in the cells transfected
with T50M, there appeared to be punctate staining on the cell surface (Fig 4.17 h-i),

suggesting lipid raft distribution.

Furthermore, the mutant forms of TNFRSF1A were occasionally detected as
discrete cytoplasmic particles (Fig 4.17 e). The appearance of these intracytoplasmic
particles is consistent with inclusion bodies or aggregates formed by misfolded proteins
(Kopito and Ron, 2000; Carrell and Lomas, 2002; Todd et al., 2004). While these
aggregates were occasionally seen with all four TRAPS mutants, they were most
commonly observed with the C30R mutant. The more restricted expression and
localisation of C30R detected by confocal microscopy is consistent with the lower
expression of the C30R mutant detected by flow cytometry (Figure 4.16), and correlates

with the low levels of NF-xB luciferase activity detected with this mutant (Figure 4.8).

TNFRSF1A has been shown to be localised to the trans-Golgi network in several
cell types (Bradley et al., 1995; Gaeta et al., 2000; Wang et al., 2003). In order to
determine whether the intracellular mutant TNFRSF1A was localised to the Golgi
apparatus, cells transfected with the expression vectors for C43S or T50M mutants were
permeabilised and then stained with both anti-TNFRSF1A mAb and a Golgi apparatus
stain (TGN46), followed by the appropriate secondary antibodies. In keeping with the
prominent surface expression of WT TNFRSF1A demonstrated previously, the majority
of this receptor was distinct from the trans-Golgi network (Figure 4.18, top panel). A
proportion of the WT receptor did however co-localise with the trans-Golgi network

stain. In contrast, the majority of the mutant receptor staining was noted in close
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proximity to the Golgi apparatus, with evidence of co-localisation (Figure 4.18, lower two

panels).

4.2.8 Effect of intracellular domain removal on membrane expression of TRAPS
mutants

Various portions of the intracellular domain of TNFRSF1A have been shown to
alter cellular localisation of the receptor (Hsu and Chao, 1993; Gaeta et al., 2000; Cottin
etal., 2002; Storey et al., 2002; Fielding et al., 2004). In particular, deletion of the death
domain results in increased, uniform surface expression of TNFRSF1A with a uniform
staining pattern (Cottin et al., 2002). To test whether deletion of the intracytoplasmic
domain restores the surface expression of the mutant recombinant forms of TNFRSF1A,
truncated forms of the C43S (C43SA218) and T50M (T50MA218) mutants were
generated by site-directed mutagenesis of WTA218. As expected, removal of the
intracytoplasmic domain of TNFRSF1A (WTA218, C43SA218, T50MA218), which

contains the docking sites required for receptor signalling (Hsu et al., 1995), resulted in
lack of NF-kB activation in response to TNFa (Figure 4.19). The WTAZ218 construct
demonstrated markedly increased surface expression by flow cytometry (Figures 4.20 &
4.21) and a uniform staining pattern on confocal microscopy (Figure 4.22), in keeping
with results of previous studies (Cottin et al., 2002; Fielding ez al., 2004). A population of
TNFRSF1A positive but GFP negative cells is seen with WTA218 (Figure 4.20, top right
panel). This represents cells in which TNFRSF1A but not GFP could be detected, and is
almost certainly because WTA218 is expressed at higher levels than GFP, which is
exacerbated by the higher doses of the TNFRSF1A constructs used compared to GFP
(ratio 5:1). This therefore reflects a good TNFRSF1A positive control. In contrast, the
truncated TRAPS mutants had low levels of surface expression, and predominantly
cytoplasmic staining patterns, similar to that seen with the full-length TRAPS mutants
(Figures 4.20-4.22). Thus, removal of the intracytoplasmic portions of TNFRSF1A
cannot rescue the reduced expression of the receptor caused by the C43S and T50M

TRAPS mutations in the extracellular domain of TNFRSF1A.
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4.2.9 Effect of co-transfection of WT and the C43S TRAPS mutant on NF-xB
activation

As TRAPS has an autosomal dominant inheritance pattern, the cells of patients with
TRAPS will contain both WT and mutated TNFRSF1A, which can potentially interact
although it is currently unknown whether this occurs. In order to determine the effects of
the C43S TRAPS mutation in the presence of WT TNFRSF1A on NF-kB activation,
luciferase assays were performed in Eli-BL cells co-transfected with the mammalian
expression vectors for both full-length WT and C43S. Co-transfection of WT and C43S
TNFRSF1A resulted in a level of NF-xB activation intermediate between that seen with
either construct alone (Figure 4.23). Co-transfection with 2.5 ug of each WT and C43S
resulted in significantly less NF-kB activation than 2.5 ug and 5 ug of WT alone by the
Mann-Whitney U test. These results are consistent with the reduced NF-xB activation

demonstrated in the primary fibroblast line established from the patient with the C43S
TRAPS mutation in Chapter 3.

4.3 Discussion

The results in this chapter indicate that four different TRAPS mutations, namely
C30R, C43S, T50M and C52F, have decreased NF-kB activity relative to WT
TNFRSF1A. This reduced NF-xB activity is seen both at baseline and following
stimulation with TNFa. These TRAPS mutants also appear to be associated with reduced
cell death compared to WT TNFRSF1A. The reduced signalling correlates with the

reduced surface expression of the four TRAPS mutants.

However, this issue of expression raises a fundamental difficulty with these
signalling experiments; namely that of studying signalling in cells when it is not clear that
the receptor is ever expressed in the membrane. This represents a “20-20 hindsight” issue:
if we had known that these mutants were not expressed sufficiently on the cell surface, we
would not have chosen to do the receptor assay experiments. The receptor assay

experiments were designed to test a clear hypothesis that the reduced NF-xB transcription
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activity observed in the patient-derived dermal fibroblasts in Chapter 3 would also be

seen with TRAPS mutants other than C43S.

Despite these limitations, the reductions in NF-xB activity and cell death seen with
the transient transfection experiments appear to be consistent with the results in Chapter 3
which suggested that the C43S TRAPS mutation results in decreased NF-xB production
and TNFa-induced cell death in a patient-derived dermal fibroblast line. Furthermore,
this work shows that reduced TNFRSF1A signalling is not just a feature of the C43S
TRAPS mutation but also of at least three other TRAPS mutations, suggesting it may be a
more general feature of this inflammatory syndrome. It does however appear that that
there may be more subtle differences between the TRAPS mutations themselves. As
TRAPS has an autosomal dominant pattern of inheritance, patients’ cells will contain
both WT and mutated TNFRSF1A. The co-transfection of WT and mutated TNFRSF1A
showed reduced NF-xB activity compared to equivalent amounts of the WT receptor
expressed in isolation, as was the case for the experiments using the patient-derived

dermal fibroblast samples.

The cytoplasmic localisation and reduced cell surface expression of the TNFRSF1A
mutants seen in this work agrees with a study using HEK-293 cells published while this
work was in progress (Todd et al., 2004). However, in contrast to our work, Todd et al
(2004) showed spontaneous apoptosis and cytokine production suggesting no abrogation
of signalling. Some of the difference observed in the two studies is likely to be due to the
high levels of expression that can be tolerated when stable HEK-293 cell lines are
generated. High level expression of recombinant WT TNFRSF1A in transfected Hela
cells has previously been shown to spontaneously trigger signalling of both apoptosis and
IL-8 production (Boldin ez al., 1995a). Indeed, Boldin et al observed that overexpression
of the DD itself induced apoptosis and IL-8 production, and proposed that the ligand-
independent signalling may result from spontaneous self-association of the DD when
expressed at high levels (1995). TNFRSF1A expression is tightly regulated and is low in
fibroblasts and leucocytes, the cell types from the TRAPS patient studied in Chapter 3. In
these cells, reduced TNFRSF1A signalling was observed. Thus, when TNFRSF1A
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expression is limited, reduced signalling is observed. Interestingly, Todd et a/ (2004) also

show that mutant receptors are unable to bind TNFa, suggesting a further mechanism

whereby signalling could be inhibited.

Both this work and that of Todd et a/ (2004) demonstrate that the extracellular
domain of TNFRSF1A plays a role in cellular localisation, with the TRAPS mutations
predominantly localised intracellularly. Previous work has shown that deletion of the
intracellular domain increases surface expression of the receptor. However, our data
shows that this does not occur for the C43S and T50M TNFRSF1A mutants. Thus,
mutation of the extracellular domain appears to be a dominant factor in the regulation of
expression. It is possible that formation of the trimeric receptor, through the pre-ligand-
binding assembly domain, is required for the trafficking of the molecule from the Golgi
apparatus, or retention of the receptor at the surface. Alternatively, misfolding of the
receptor, caused by disruption of the disulphide bonds and other secondary structural
changes as a result of the mutations, may be sufficient to inhibit membrane expression.
While protein overexpression itself can lead to misfolding (Sanders and Nagy, 2000;
Todd et al., 2004), overexpression on its own cannot explain the differences in staining
patterns seen in this work, as WT and WTA218 TNFRSF1A were expressed at higher
levels than the TRAPS mutants, but could still be detected on the cell surface of
transfected cells. It is likely that the TRAPS-associated mutations themselves are

inducing structural changes preventing receptor translocation to the cell surface.

The B cell lines used for the transient transfection experiments were chosen for
their low basal production of TNFa and low endogenous expression of TNFRSF1A.
However, the biology of TNFa in B cells is not fully known as most published data
regarding TNFa signalling has been obtained using macrophages/ monocytes and T
lymphocytes. The importance of various TNF superfamily members appears to vary in
different cell types. In particular, two other TNF ligands, BAFF and APRIL, have been
shown to be crucial in regulating B cell homeostasis (Schneider, 2005). These issues
therefore reduce the interpretation possible from the results in this chapter and it remains

to be seen whether similar effects are seen in other immune cells.
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This work characterises the NF-kB activation for a variety of TRAPS mutants and
indicates decreased NF-xB when mutated receptors are expressed alone and in
combination with WT receptor. Taken together with the findings in Chapter 3, this
suggests that the loss of specific TNFRSF1A signals is likely to be a general feature of
the TRAPS phenotype. Furthermore, the findings in this chapter are important as they
suggest that altered TNFRSF1A localisation may be a mechanism for the reduced NF-xB

signalling, and that this mechanism may have relevance in vivo.



Figure 4.1
Schematic of the cloning strategy
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Figure 4.2
INFRSF1A mserts and pcDNAo 1/myc-His vector obtained by restriction enzyme
dg tion (B H ! and Xba

L  pcDNA3.1/mycHis WT WTA218

The TNFRSF1A WT and WTA218 genes were released from the pcDNA3.1/VS-His vector by restriction
enzyme digestion with BamH I and Xba I at 37°C for 1 hour. The digests were analysed on a 1% agarose
gel and the recombinant TNFRSF1A isolated by gel extraction and purification. In conjunction, the
pcDNA3.1/myc-His vector was digested with BamH ! and Xba I at 37°C for 1 hour, CIP-treated and PCR
purified. The purified TNFRSF1A genes and CIP-treated pcDNA3.1/myc-His vector were then analysed
on a 1% agarose gel along with a DNA ladder (L) allowing quantification of DNA, stained with ethidium
bromide solution and visualised by UV light. The size of selected bands of the DNA ladder are indicated

in base pairs at the side of the figure.
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Figure 4.3
Crystallographically determined structure of TNFRSF1A extracellular cysteine rich
domain 1 (CRD1)
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The four TRAPS mutations that were generated are shown as circled amino acids. The three disulphide
bonds that characterise CRD1 are depicted by thick black bars. Thicker lines represent structurally
conserved regions of the CRD; “B” indicates the B-turn positions; “L17-“L3” denote loop domains.
Adapted from Aksentijevich (2001).
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Figure 4.4
Restriction enzyme digests of the recombinant TNFRSF1A expression vectors
(BamH I and Xba I; Hind Ilf)

L Con WT C30R C43S T50M C52F Emp

Recombinant TNFRSF1A pcDNA3.1/myc-His vectors and the empty pcDNA3.1/myc-His vector (Emp)
were digested with (A) BamH [ and Xba I or (B) Hind I1I at 37°C for 1 hour. The digests were analysed on
a 1% agarose gel along with a DNA ladder (L), stained with ethidium bromide solution and visualised by
UV light. The positive control (Con) was pcDNA3.1/V5-His WT TNFRSF1A. The size of selected bands
of the DNA ladder are indicated in base pairs at the side of the figures.



Figure 4. 5
Alignment of nucleotide and amino acid sequences
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Alignment of the nucleotide and amino acid sequences of WT TNFRSF1A and the four mutant forms of
TNFRSF1A. The numbering of aming acids for TNFRSF1A in TRAPS has started after the leader sequence
(i.e. with the leucine at residue 30) and has not followed the general rule of starting with the translation
initiator methionine. The sequence for the first 60 amino acids of WT TNFRSF1A is shown in single letier
amino acid code and triplet nucleotide codons at the DNA level. Nucleotide and amino acid numbering are
indicated on the right. Nucleotide substitutions are indicated by shaded boxes. Substituted amino acids are
shown in red, with arrows indicating the changes in the aming acid code for each of the TNFRSF1 Amutants.
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figure 4.7
NF-xB reporter dose response in Eli-BL cells
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Eli-BL cells were transiently transfected with 20 pg of WT TNFRSF1A and a variety of doses of the
3EnhLuc reporter. Transfections were split into two. Sixteen hours post-transfection, one half was mock
stimulated with culture medium and the other was stimulated with TNFo (10 ng/ml). After 8 h
stimulation, luciferase activity was assayed. The results shown are the mean + SD of two independent
experiments.
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Figure 4.8
NF-xB activation by WT and mutant recombinant forms of TNFRSFiA

16000
9000
8000
7000
6006
50006
4000
3000
2000
1000

(light units)

NF«B Luciferase Activity

B 16000
14000
12000
10000
8000
6000
4000 gt
2000 gl —a

0

3Q%
S w
Zo»

(o]

NF-xB Luciferase Activity
(light units)

Eli-BL cells were transiently transfected with the NF-xB luciferase reporter (3 pg) and varying amounts
of each TNFRSFiA construct. Total DNA amount added to the luciferase reporter was kept constant at
20 pg by the addition of appropriate amounts of empty pcDNA3. 1/myc-His vector. Transfections were
split into two. 16 h later one half was mock stimulated and the other was stimulated with TNFo (10
ng/mi). After 8 h stimulation, luciferase activity was assayed. The results are shown for (A) mock
stimulated cells and (B) TNFa stimulated cells. The results shown are the mean of at least five
independent experiments.
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NFc dose response for Eli-BL cells transfected with TNFRSF1A constructs
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iose response, Eli-BL cells were transfected as before. Cells transfected with the same
TNFRSF1A construct (10 ug DNA per transfection) were pooled and then split into samples of equal size
(0.5 x 107 cells). 16 h post- transfectlo the transfected cells were stimulated with a variety of TNFa
doses, as indicated. Luciferase activity was measured 8 h afier stimulation. The results shown are the
mean + SEM of three inde pelld‘ﬁt xperiments. (B) Fold-induction with TNFa. This was calculated by

e
dividing TNFe stimulated values by unstimulated {TNFo = 0) for each construct.
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figure 4.10
NF-kB activity adjusted for transfection efficiency
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Eli-BL cells were transfected with an NF-xB firefly luciferase reporter (3 ug), a Renilla luciferase
reporter (1 pug) and TNFRSFI1A constructs (10 pg) or empty pcDNA3.1. Firefly and Renilla luciferase
activities were measured after 8 h of TNFa (10 ng/ml) stimulation, according to the manufacturer’s
instructions (Promega). Results shown are NF-xB luciferase activity normalised for transfection
efficiency. The results shown are the mean + SD of two independent experiments.
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figure 4.11
Viability of Eli-BL cells transfected with TNFRSF1A constructs
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(A) ELi-BL cells wer: trnnaipntlv transfected with varying amounts of each TNFRSF1A construct. 16 h
post-transfection, 2 x 16* transfected cells were resuspended in 200 pl of 10% alamar blue reagent in

growth medium on a 96 well plate. After 4 hours incubation at 37°C, absorption was measured by
ﬂuommctrv The results are shown relative to cells transfected with empty pcDNA3.1 vector, expressed
as a percentage. Results shown are the mean + SEM of three independent experiments. * =P < 0.05
versus TRAPS constructs, by Student’s #~test, (B} Cell viability in response to TNFa dose. Eli-BL cells
were transfected with the TNFRSF1 A constructs (10 pg) and then stimulated with a range of TNFet doses
for 8 h. Alamar blue assay was then performed as before.
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Figure 4.12
NF-kB activation adjusted for cell viability
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NF-xB activation by TNFRSF1A constructs adjusted for cell viability. Eli-BL cells were transiently
transfected with the NF-kB luciferase reporter (3 ig) and varying amounts of each TNFRSFIA construct.
Total DNA amount added to the luciferase reporter was kept constant at 20 ng by the addition of
appropriate amounts of empty pcDNA3.1/myc-His vector, NF-kB activity and cell viability were
measured by luciferase and alamar blue assays respectively. NF-xB activity was then divided by the
percentage of viable cells. All results shown are the mean + SEM of three independent experiments.
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Figure 4.13
Surface expression of TNFRSF1iA constructs
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DG75 cells were transfecied with 2 ug GFP-N1 and 10 pg of empty pcDNA3.1 vecior or
TNFRSF1A expression vectors. Cells were stained with either anti-TNFRSF1A antibody followed by
PE-conjugaied secondary Fab fragmenis, or with an irrelevant PE-conjugated IgG1 antibody. (A) Dot
plots of anti-TNFRSF1A-PE fluorescence against EGFP fluorescence are shown, and are representative
of five independent experiments. Untransfected cells are shown for comparison. {B) Results, shown in
graph form, are the average mean fluorescence iniensity (mfi) £ SEM of TNFRSF1A staining of
transfected (GFP positiv ) cells from five independent experiments.
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Figure 4.14
Viability of DG75 cells transfected with TNFRSF1A constructs
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DG75 cells were transiently transfected with 10 pg of empty pcDNA3.1 vector or one of the TNFRSFIA
expression vectors. 16 h post-transfection, 2 x 104 transfected cells were resuspended in 200 ul of 10%
alamar blue reagent in growth medium on a 96 well plate. After 4 hours incubation at 37°C, absorption
was measured by fluorometry. The results are shown relative to cells transfected with empty pcDNA3. 1
vector, expressed as a percentage. Results shown are the mean + SD of two independent experiments,
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DG75 cells were transfected with 2 pg of EGFP-N1 and 10 ng of empty pcDNA3.1 vector or one of the

anti-TNFRSF1 A antibody followed by PE-conjugated secondary Fab fragments. Stained celis were
analysed by flow cytometry, Results are shown as det plots of anti-TNFRSF1A-PE fluorescence against
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Figure 4.16
Expression of TNFRSF1A constructs in transfected DG75 cells
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DG75 cells were transfected with 2 g of EGFP-NI1 and 10 g of empty pcDMNA3.1 vector or one of the
TNFRSF1A expression vectors. Cells were stained with anti-TNFRSF1A antibody followed by PE-
conjugated secondary Fab fragments, either without permeabilisation, for surface staining, or following
permeabilisation with 0.1% Triton X-100, for surface and intracellular expression. Stained cells were
analysed by flow cytometry. Mean fluorescence intensity of GFP positive cells, as gated on Figure 4.15,
was determined by CellQuest (Becton Dickinson). Results, shown in (A) graph and (B) table form to aid
comparison, are the average mean fluorescence iniensity (mfij = SEM of TNFRSFIA staining of
transfected (GFP positive) cells from five independent experiments. WT TNFRSF1A transfecied cells

were also stained with an isotype IgG 1 antibody as a control (average mfi 7 + 1),

‘!’II
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Figure 4.17
INFRSF1A immunofluorescent staining by confocal microscopy
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DG75 cells were transiently transfected with WT or mutant TNFRSF1A (10pg). Cells were permeabilised
and stained with anti-TNFRSF1A antibody and Alexa Fluor 488 goat anti-mouse IgG secondary antibody
(green). Nuclei were stained with DRAQS5 (blue). Single optical slice images were acquired using a
confocal laser scanning microscope (BioRad), equipped with a krypton/argon ion laser and attached to a
Zeiss Axiovert 135. Two examples from one experiment, representative of at least five independent
experiments, are shown
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Figure 4.18
Detection of immunofluorescent staining by confocal microscopy
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DG75 cells were transfected with recombinant TNFRSF1A (10ug). Cells were permeabilised, stained
with anti-TNFRSF1A (green, a-¢) and anti-TGN46 (red, d-f) antibodies, followed by the appropriate
secondary antibodies. Nuclei were stained with DRAQS5 (blue). Single optical slice images were
acquired using a confocal laser scanning microscope. The panel on the right (g-i) shows an overlay of
the corresponding images to the left, where orange/yellow indicates co-staining for TNFRSF1A and
TGN46.
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Figure 4.19
NF-xB activation of full-length and truncated recombinant forms of TNFRSF1A
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Bli-BL cells were transfected with the NF-xB luciferase reporter (3 pg) and full-length or truncated
TNFRSFI1A constructs (10 pg). Transfections were split into two, 16 h later one half was mock stimulated
and the other was stimulated with TNFa (10 ng/ml). After 8 h stimulation, luciferase activity was assayed.
The results shown are the mean + SEM of three independent experiments.
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Figure 4.20
Surface expression of full-length and truncated recombinant forms of TNFRSF1A
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DG75 cells were transfected with 2 ug of EGFP-N1 and 10 pg of empty pcDNA3.1 vector or one of the
mammalian expression vectors for full-length and truncated TNFRSF1A mutants. Unpermeabilised cells
were stained with anti-TNFRSF1A antibody followed by PE-conjugated sccondary Fab fragments.
Stained cells were analysed by flow cytometry. Dot plots of TNFRSF1A-PE fluorescence against EGFP
fluorescence are shown, and are representative of four independent experiments.



Figure 4.21

Expression of full-length and truncated recombinant forms of TNFRSF1A
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DG75 cells were transfected with 2 ug of EGFP-NI1 and 10 pg of empty pcDNA3.1 vector or one of
the TNFRSF1A expression vectors. Cells were stained with anti-TNFRSF1A antibody foliowed by PE-
conjugated secondary Fab fragments, either without permeabilisation, for surface staining, or following
permeabilisation with 0.1% Triton X-100, for surface and intraceliular expression. Stained cells were
analysed by flow cytometry. Results shown are the average mean fluorescence intensity (mfi) of
TNFRSF1A staining of transfected (GFP positive) cells from four independent experiments. WT
TNFRSFI1A transfected cells were also stained with an isotype IgG1 antibody as a control (average mfi
9+ 1.5).
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Figure 4.22
Detection of full-length and truncated recombinant forms of TNFRSF1A by
confocal microscopy
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DG75 cells were transiently transfected with WT or mutant TNFRSF1A (10 pg). Cells were

permeabilised and stained with anti-TNFRSF1A antibody and Alexa Fluor 488 goat anti-mouse [gG
secondary antibody (green). Nuclei were stained with DRAQS5 (blue). Single optical slice images were
acquired using a confocal laser scanning microscope, equipped with a krypton/argon ion laser and

attached to a Zeiss Axiovert 135. Single examples, representative of at least five independent experiments,
are shown.
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¢ 4.23

NF-xB activation following co-transfection of WT and the C43S TRAPS mutant
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Eli-BL cells were transiently transfected with 3 Lig of NF-kB luciferase reporter and the TNFRSFIA

constructs indicated. The total DNA amount added to the luciferase reporter was kept constant at 10 pg by
the addition of appropriate amounts of pcDNA3.1. Transfections were split into two, and 16 h post-
transfection, one half was mock stimulated and the other half was stimulated with TNFa (10 ng/ml). After
8 b, Iuciferase activity was assayed. The results shown are the means + SEM of three experiments. * =P <
0.05 by the Mann-Whitney U test.
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CHAPTER 5

FINAL DISCUSSION

The purpose of this study was to investigate the effects of TRAPS-associated
TNFRSF1A mutants on TNFa signalling. Impaired TNFRSF1A shedding was reported
for several TRAPS mutations (McDermott et al., 1999a; Galon et al., 2000), although this
does not appear to be the case for all mutations (Aksentijevich ez al., 2001; Aganna et al.,
2003) and may be dependent on cell type (Huggins et al., 2004). Our results support the
hypothesis that TRAPS does not require impaired activation-induced shedding of
TNFRSF1A from neutrophils. At the time of starting this work, there were no published
studies on the effects of these TNFRSF1A mutations on TNFa-induced activation of
transcription factors or apoptosis. The initial hypothesis for this work was that the TRAPS

mutations would enhance TNFa-mediated signalling, particularly NF-xB activation,

resulting in the clinical inflammatory phenotype that characterises TRAPS.

Two complementary strategies were used to test this hypothesis and investigate

TNFa signalling. Firstly a dermal fibroblast line was established from a patient with the

novel C43S TRAPS mutation (Chapter 3). To broaden the study, the second strategy
involved the generation and analysis of plasmids expressing recombinant TRAPS-
associated TNFRSF1A mutants (Chapter 4). These studies revealed that, contrary to the
initial hypothesis, these TRAPS mutations resulted in reduced TNFRSF1A-mediated

signalling, which was associated with reduced receptor expression on the cell membrane.

Generating a patient-derived primary cell line afforded us the opportunity to study
the effects of the C43S TRAPS mutation on signalling in cells derived from a patient with
this syndrome. The principal cell types involved in the pathogenesis of TRAPS are still
unknown. Fibroblasts are easily accessible to biopsy, produce cytokines in response to
TNFa and are relatively long-lived compared to circulating inflammatory cells, making
them attractive cells for the functional characterisation of TRAPS mutations. The studies

using these patient-derived cells indicated that the C43S TRAPS mutation results in
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reduced NF-xB and AP-1 activation, and decreased apoptosis in response to TNFa. The
defect in TNFa-induced apoptosis was also observed in the patient’s peripheral blood

mononuclear cells. However, the dermal fibroblasts were able to produce normal levels of

the pro-inflammatory cytokines IL-6 and IL-8.

The episodic nature of the inflammatory attacks in TRAPS, and their periodicity,
suggest that the principal cells involved in this condition are likely to be circulating
immune cells, rather than more long-lived tissue-based cells (Rosen and Nishiyama,
1965; Whitelaw, 1966; Homburg and Roos, 1996). While we assessed receptor shedding
and apoptosis in the patient’s PBMCs, in hindsight it might have been better to also study
the effects of this TRAPS mutation on signalling using these cells. Recent advances, such
as multiplex cytokine bead arrays and luminex, have made the study of cytokine
production by these peripheral haemopoeitic cells significantly easier. We intend to

pursue this in future as outlined later in this chapter.

It is important to remember that as TRAPS has an autosomal dominant mode of
inheritance, cells from patients will contain both wild-type and mutated TNFRSF1A.
While a recent report suggests that these two forms of the receptor are capable of
interacting (Yousaf et al., 2005), the nature of this interaction remains unknown and adds
a further level of complexity to functional studies of the mutated receptor in patient-
derived material. Furthermore, the index patient reported in this study remains the only
known patient with the C43S TRAPS mutation, while attempts to obtain samples from
patients with different TRAPS mutations, through collaboration with other centres,

proved unsuccessful.

In order to investigate whether other TRAPS mutations had similar functional
effects to those seen in the fibroblasts bearing the C43S mutation, the work was extended
by generating and expressing plasmids for four recombinant TNFRSF1A TRAPS
mutants, including C43S, in B-cell lines by transient transfection. B-cell lines with low

basal TNFa production and undetectable levels of endogenous TNFRSF1A expression by

flow cytometry were used, allowing the mutated receptors to be studied in relative
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isolation. While this kind of genetic modification is not without its problems, the transient
transfection approach avoids some of the issues of overexpression that can occur with the
generation of stable transfectants or inducible expression systems. TNFRSF1A expression
is normally tightly regulated and expression of TNFRSF1A at high levels can trigger
spontaneous signalling (Boldin et al., 1995a; Todd et al., 2004).

The results of the transient transfection experiments indicate that four different
TRAPS mutations, namely C30R, C43S, T50M and C52F, have decreased NF-xB
activity relative to WT TNFRSF1A. The decreased NF-kB activity in the TRAPS mutants
is seen both at baseline and following stimulation with TNFa. These TRAPS mutants
also appear to be associated with reduced cell death compared to WT TNFRSF1A. These
results are consistent with those obtained using the C43S patient-derived dermal
fibroblasts, suggesting that reduced TNFRSF1A signalling may be general feature of
TRAPS, and not just restricted to the C43S mutation. However, there did also appear to
be subtle differences in TNFRSF1A-mediated signalling between the TRAPS mutants
studied. The C30R TRAPS mutation in particular resulted in minimal NF-xB activation
above baseline levels but still appeared to be capable of responding to stimulation with
TNFa. As mentioned previously, the TNF signal transduction pathways in B cells may
differ from those in other inflammatory cells and it remains to be seen whether the same

effects are seen in other cell types.

The TRAPS mutants used in the transient transfection experiments all had reduced
surface expression and altered localisation of TNFRSF1A. The reduced surface
expression of these mutants was associated with reduced TNFRSF1A signalling,
suggesting a possible mechanism for the signalling defect. However, the results of these
reporter assays have to be interpreted in the context of the subsequent expression
experiments. As mentioned previously, there are fundamental limitations in studying
TNFRSF1A signalling in cells on whose surface it is not clear that the TNFRSF1A
receptor has been expressed. Reduced membrane expression of stably expressed TRAPS
mutants was also recently reported by another group (Todd et al., 2004). The surface

expression of TNFRSF1A on the patient-derived cells could not be accurately assessed as
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no specific antibodies are available that distinguish between WT and mutated
TNFRSF1A. In addition, for the technical reasons outlined previously, it was not possible
to analyse the fibroblasts by flow cytometry. The surface expression of the two
recombinant TRAPS mutants investigated could not be restored by deletion of the
intracellular domain, which has previously been shown to control receptor localisation
(Hsu and Chao, 1993; Cottin et al., 2002; Fielding et al., 2004), suggesting that the

effects of these extracellular domain mutations on cellular localisation are dominant.

The observed effects of the mutations on TNFRSF1A localisation may be due to
structural effects of the mutations on receptor conformation, thereby interfering with
processes such as protein folding or receptor trimerisation. Different TRAPS mutations
may induce different structural changes, which could alter the interaction of some
receptors with metalloproteinases, thereby reducing their shedding but not that of other
mutants. In addition to altering receptor localisation, structural changes could account for
the defective TNFa binding of recombinant TRAPS receptors reported by Todd et al
(2004). Reduced surface expression of TNFRSF1A could also help explain the reduced
circulating soluble TNFRSF1A levels reported in patients with TRAPS, particularly those
where receptor shedding is normal. For these reasons, TRAPS may represent another
member of the group of “protein conformational disorders”, which include alpha;-
antitrypsin deficiency, Alzheimer’s disease, Huntington’s disease and Parkinson’s
disease, and are characterised by protein misfolding (Kopito and Ron, 2000; Carrell and

Lomas, 2002).

TNFa-induced IL-6 and IL-8 production by the C43S TRAPS fibroblasts was
similar to that seen with normal controls at the time point and TNFa dose tested, despite

the reduced NF-xB and AP-1 activation. In contrast, CRP and serum amyloid A,
surrogate markers for serum IL-6 (Ganapathi et al., 1988), are elevated in patients with
TRAPS. It is possible that different cell types, other than fibroblasts, produce increased
amounts of IL-6, thereby accounting for the elevated serum IL-6. An alternative
possibility is that an increase in the number of cells producing relatively normal amounts

of IL-6 could lead to increased serum IL-6 levels. Taken together, it appears that IL-6
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may be important to the pathology of the disease and so targeting IL-6 may be important
therapeutically.

Taken together, this work suggests an alternative hypothesis. Namely, despite the
inflammatory phenotype, the TRAPS mutations act as loss-of-function mutations. We
have demonstrated defective TNFRSF1A signalling for four TRAPS mutations and
evidence to suggest that one of the mechanisms responsible for this may be reduced
TNFRSF1A expression on the surface of cells. It may be that the resultant defect in
TNFRSF1A-mediated apoptosis results in impaired clearance of activated inflammatory
cells, which remain capable of producing pro-inflammatory cytokines, thereby resulting

in a systemic inflammatory phenotype.

TRAPS may therefore have parallels with the autoimmune lymphoproliferative
syndrome (ALPS), an inflammatory condition associated with impaired apoptosis due to
mutations of a different death domain-containing TNFR superfamily member. Reports
have shown that mutations in the gene that encodes Fas (TNFRSF6), or molecules in the
Fas apoptotic pathway, are associated with ALPS (Rieux-Laucat et al., 1995; Rieux-
Laucat et al., 2003). Most patients with ALPS have heterozygous mutations of Fas that
encode abnormal Fas proteins which exhibit dominant interference with normal Fas
molecules in trimeric apoptosis-signalling complexes (Sneller et al., 1997). Fas-mediated
apoptosis is a prominent mechanism for eliminating activated lymphocytes (Lenardo et
al., 1999), therefore lymphocytes with Fas defects accumulate causing lymphadenopathy,
splenomegaly, autoimmunity and increased risk of lymphoma (Rieux-Laucat et al., 2003).
The kinetics of apoptosis induced by Fas and TNFRSF1A vary, and are likely to be
important in different cell types. This could explain the differences in the clinical
presentations of these two syndromes. Interestingly, it was recently demonstrated that
heterozygous Fas mutations can activate NF-xB normally but have impaired apoptosis as
a result of different thresholds required to activate the two signalling pathways (Legembre
et al., 2004). This suggests that activation threshold levels play a role in the presentation

of genetic conditions.
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Interestingly, it appears that mutations in several other hereditary periodic fevers
may also affect apoptosis and NF-kB activation. Pyrin, the familial Mediterranean fever
(FMF) gene product, modulates ASC-(apoptosis-associated speck-like protein containing
a CARD) dependent apoptosis, interleukin-1 production (Chae et al., 2003) and NF-xB
activation (Stehlik et al., 2002). These interactions are complex and it still remains to be
determined how mutations of MEFV, the gene encoding pyrin, affect these interactions
(Grateau, 2004). Cryopyrin, the gene product of Muckle-Wells syndrome and familial
cold autoinflammatory syndrome, also contains a PYRIN domain that has been shown to
interact with ASC-mediated activation of NF-xB (Manji et al., 2002) and is therefore
theoretically also capable of interfering with ASC-mediated apoptosis. There is thus a
precedent in the autoinflammatory syndromes for defects in apoptotic pathways being

implicated in systemic inflammation.

Our results, using the primary fibroblast line established from the patient with
TRAPS, have suggested that TNFa-induced signalling may be reduced, despite the
inflammatory phenotype. We hypothesise that this is a general feature of TRAPS and
intend to characterise the effect on cytokine production using peripheral blood leucocytes
from the patient with TRAPS. These future experiments will allow us to confirm our
findings in a population of cells directly involved in mediating the immune response. The
production of cytokines (TNFa, IL-1, IL-6, IL-8) by leucocytes will be measured by
cytokine multiplex assay, using cytometric bead array. Samples from the patient will be
compared to samples from normal controls and RA patients attending our rheumatology
clinic. There was some suggestion that NF-xB activation in response to IL-1 might be
higher in the TRAPS fibroblasts than in the normal controls (Figure 3.8), raising the
possibility that there may be compensatory increase in response to IL-1. Cytokine
production in the leucocytes will therefore be assayed in response to a range of pro-
inflammatory stimuli, including TNFea, IL-1, PMA and LPS, to determine if any

alterations are limited to TNFa-mediated signalling or are global defects, and whether

there is any compensatory increase in response to other stimulants.
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The primary cell type responsible for the periodicity of the systemic inflammation
in TRAPS remains unknown but circulating immune cells are likely to play a role. We
intend to analyse the cell specific responses to TNFa in the TRAPS patient and RA
patients. Analytical flow cytometry will be used to study the major leucocyte populations
to determine whether there are differences in number, size or cell surface protein
expression. We will also investigate the cell survival of distinct leucocyte populations to
TNFa, and IL-1 over time ex vivo. This knowledge, together with analysis of the cytokine
production by the leucocyte subpopulations, will help identify the cell population most
likely to be responsible for the TRAPS phenotype. These experiments will ensure the
appropriate cells are used for further investigation and may ultimately have therapeutic

implications if more targeted, cell-specific therapies become available in future.

Based on the periodicity of the TRAPS phenotype and the high levels of circulating
neutrophils in patients with TRAPS, we hypothesis that neutrophils play a central role in
this inflammatory syndrome. While the cytokine multiplex assays may help to determine
if this is indeed the case, the cytotoxic potential of neutrophils is mainly determined by
the capacity of the respiratory burst. Therefore, we intend to assess the effects of this

TRAPS mutation on neutrophil respiratory burst, in response to stimulation with TNFa,

FMLP and PMA, by flow cytometry using dihydrorhodamine.

One intriguing result that became available during the course of this work was the
patient’s divergent response to the two different anti-TNFa agents (Figure 3.2). It was not
possible to pursue this as part of the current work but we intend to characterise these
observations further in future. Not only do these findings suggest an alternative
hypothesis for the effects seen with this TRAPS mutation, but they also yield valuable
insights into the anti-TNFa agents themselves. It has become increasingly clear that the
monoclonal antibody infliximab, but not the soluble receptor fusion protein etanercept, is
capable of binding mTNFe, resulting in reverse signalling through this ligand (Van den
Brande et al., 2003; Mitoma et al., 2005). This difference has been proposed as the reason

for the observed differences in efficacy between the various anti-TNFa agents in the

treatment of Crohn’s disease (Van den Brande et al., 2003; Shen et al., 2005). It is
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possible that the rapid worsening of the patient’s inflammatory condition was as a result
of infliximab-induced reverse signalling through mTNFa. This suggests that mMTNFa
reverse signalling may play a role in the inflammatory process in our patient and could
help explain the pro-inflammatory phenotype in the presence of apparent reduced soluble
TNFa-mediated signalling. Reverse signalling through mTNFa can have pro- and anti-
inflammatory effects, depending on cell type. It is therefore possible that TNFRSF1A on
certain cells interacts with mTNFa to control an inflammatory response, possibly by the
induction of apoptosis of immune cells. If this interaction were reduced, as a result of
decreased membrane TNFRSF1A expression associated with this TRAPS mutation, then
this control would be lost. This could account for the reduced apoptosis seen in the
fibroblasts and PBMCs from the TRAPS patient. The mTNFa may then also be more
available for further interactions, which on certain cells could result in a pro-
inflammatory effect, and which would explain the inflammatory response seen following

infliximab treatment.

We postulate that infliximab will result in increased cytokine production in
leucocytes from the patient with TRAPS. In contrast, we would expect reduced cytokine
production in these cells in response to etanercept, as well as in cells from normal
controls or RA patients. The above cytokine multiplex experiments in the leucocytes will
therefore be extended to assess the effects of treatment with infliximab and etanercept.
These experiments will provide valuable information on the role of reverse signalling
through mTNFa in TRAPS, and provide an insight into its importance for the therapeutic
anti-inflammatory benefits of the different anti-TNFa agents used in clinical practice.
Most previous studies have looked at the effects of mTNFa reverse signalling in
monocytes/ macrophages and T lymphocytes, but it is not known whether reverse
signalling occurs in neutrophils and what the effects are. These experiments will also help

address this issue.

One of the poorly understood features of TRAPS, and the hereditary periodic fevers
in general, is the presence of intermittent clinical inflammatory episodes in the face of a

permanent underlying genetic defect. There may be influencing factors, other than the
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actual genetic defects, such as modifying genes and/or environmental factors that affect
the timing and severity of inflammatory episodes (Dipple and McCabe, 2000). A variety
of non-genetic triggering factors, such as stress, exercise (McDermott et al., 1997) and
hormonal changes (Rosen-Wolff et al., 2001) have been reported, although none are
constant. However, it is noteworthy that despite the episodic symptoms, patients with
TRAPS have laboratory evidence of persistent inflammatory activity during clinically
asymptomatic episodes (Hull ez al., 2002b). It may be that critical rate-limiting thresholds

have to be achieved before inflammation becomes clinically apparent.

In addition to the differences between the TRAPS mutants and WT TNFRSF1A,
there also appear to be more subtle differences between the various TRAPS mutants. The
C30R mutant in particular resulted in lower NF-xB activation and more restricted
receptor expression than the other TRAPS mutants. Interestingly, unlike the C43S mutant,
C30R appeared to be capable of responding to TNFa. This raises the possibility that the
primary defect associated with the C30R mutation may be impaired TNFRSF1A receptor
expression, while the C43S mutation may interfere primarily with ligand binding, and
affect receptor expression to a lesser extent. Taken together with the reported differences
in shedding (Aganna et al., 2003; Huggins et al., 2004), this suggests that the various
TRAPS mutations may have a number of different effects, acting alone or in combination,
accounting for the heterogeneity of the clinical manifestations of TRAPS. However, as
mentioned previously, a kinetic abnormality in TNFRSF1A shedding cannot be fully
excluded at this stage. The possible mechanisms of the TRAPS mutations may therefore
include impaired receptor shedding (McDermott et al., 1999a), reduced TNFRSF1A-
mediated signalling with defective apoptosis, and possibly ligand-independent signalling
(Todd et al., 2004; Yousaf et al., 2005), in addition to the alternative hypotheses relating
to reverse signaling outlined above. Investigation of other TRAPS mutations will help
determine the predominant processes involved. Some of the effects of the mutations may
be cell type specific, which may help explain the predilection of TRAPS for certain
anatomic sites. The generation of transgenic or knock-in mice with TRAPS mutations
will provide further valuable information in determining the effects of these mutations on

TNFRSF1A signalling.
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In summary, these studies have suggested that certain TRAPS mutations are
associated with reduced TNFRSF1A signalling, as a result of reduced surface expression
of TNFRSF1A. The results suggest a new hypothesis whereby cytokine synthesis is
maintained but cell apoptosis is reduced. Reduced clearance of inflammatory cells with
defective TNFRSF1A-mediated apoptosis could lead to an increase in serum IL-6 levels
in vivo, which is suggested by the clinical data, and suggests that IL-6 could be an
important therapeutic target for treatment. If reduced TNFa signalling is also
subsequently demonstrated for other TRAPS mutations, then approaches to block
downstream pro-inflammatory cytokines (such as IL-6 and IL-1), in addition to current
attempts to block TNFa, might prove beneficial. It is also possible that strategies to
induce apoptosis in relevant cell types may be desirable. The data also suggests other
alternative hypotheses worthy of further study. In addition, this study also demonstrates a
previously unknown role for the proper formation of the extracellular domain of
TNFRSF1A for the expression of the receptor on the cell surface, showing how the study
of rare diseases can reveal new information about important molecules. Therefore, the
importance of understanding the mechanisms involved in this syndrome extends beyond
TRAPS and will reveal new insights about both physiological and pathological
inflammatory processes, as well as yielding valuable information about the mechanisms

of the increasingly used anti-TNFa agents.



159

REFERENCES

Adam-Klages, S., Adam, D., Wiegmann, K., Struve, S., Kolanus, W., Schneider-
Mergener, J. and Kronke, M. (1996) FAN, a novel WD-repeat protein, couples the p55
TNF-receptor to neutral sphingomyelinase. Cell, 86, 937-47.

Aderka, D., Engelmann, H., Maor, Y., Brakebusch, C. and Wallach, D. (1992)
Stabilization of the bioactivity of tumor necrosis factor by its soluble receptors. J Exp

Med, 175, 323-9.

Aganna, E., Hammond, L., Hawkins, P. N., Aldea, A., McKee, S. A., van Amstel, H. K.,
Mischung, C., Kusuhara, K., Saulsbury, F. T., Lachmann, H. J., Bybee, A., McDermott,
E. M,, La Regina, M., Arostegui, J. I., Campistol, J. M., Worthington, S., High, K. P.,
Molloy, M. G., Baker, N., Bidwell, J. L., Castaner, J. L., Whiteford, M. L., Janssens-
Korpola, P. L., Manna, R., Powell, R. J., Woo, P., Solis, P., Minden, K., Frenkel, J.,
Yague, J., Mirakian, R. M., Hitman, G. A. and McDermott, M. F. (2003) Heterogeneity
among patients with tumor necrosis factor receptor-associated periodic syndrome

phenotypes. Arthritis Rheum, 48, 2632-44.

Aganna, E., Hawkins, P. N,, Ozen, S., Pettersson, T., Bybee, A., McKee, S. A,
Lachmann, H. J., Karenko, L., Ranki, A., Bakkaloglu, A., Besbas, N., Topaloglu, R.,
Hoffman, H. M., Hitman, G. A., Woo, P. and McDermott, M. F. (2004) Allelic variants in
genes associated with hereditary periodic fever syndromes as susceptibility factors for

reactive systemic AA amyloidosis. Genes Immun, 5, 289-93.

Aggarwal, B. B., Moffat, B. and Harkins, R. N. (1984) Human lymphotoxin. Production
by a lymphoblastoid cell line, purification, and initial characterization. J Biol Chem, 259,

686-91.

Aggarwal, B. B., Henzel, W. J., Moffat, B., Kohr, W. J. and Harkins, R. N. (1985a)
Primary structure of human lymphotoxin derived from 1788 lymphoblastoid cell line. J

Biol Chem, 260, 2334-44.



160

Aggarwal, B. B., Kohr, W. ], Hass, P. E., Moffat, B., Spencer, S. A., Henzel, W. J.,
Bringman, T. S., Nedwin, G. E., Goeddel, D. V. and Harkins, R. N. (1985b) Human

tumor necrosis factor. Production, purification, and characterization. J Biol Chem, 260,

2345-54.

Aggarwal, B. B., Eessalu, T. E. and Hass, P. E. (1985¢) Characterization of receptors for
human tumour necrosis factor and their regulation by gamma-interferon. Nature, 318,
665-7.

Aggarwal, B. B. and Eessalu, T. E. (1987) Effect of phorbol esters on down-regulation
and redistribution of cell surface receptors for tumor necrosis factor-alpha. J Biol Chem,

262, 16450-5.

Aggarwal, B. B. (2000) Tumour necrosis factors receptor associated signalling molecules
and their role in activation of apoptosis, JNK and NF-kappaB. Ann Rheum Dis, 59 Suppl
1,i6-16.

Aggarwal, B. B. (2003) Signalling pathways of the TNF superfamily: a double-edged
sword. Nat Rev Immunol, 3, 745-56.

Aksentijevich, L., Galon, J., Soares, M., Mansfield, E., Hull, K., Oh, H. H., Goldbach-
Mansky, R., Dean, J., Athreya, B., Reginato, A. J., Henrickson, M., Pons-Estel, B.,
O'Shea, J. J. and Kastner, D. L. (2001) The tumor-necrosis-factor receptor-associated
periodic syndrome: new mutations in TNFRSF1A, ancestral origins, genotype-phenotype

studies, and evidence for further genetic heterogeneity of periodic fevers. Am J Hum

Genet, 69, 301-14.

Allen, R. D. (1999) Polymorphism of the human TNF-alpha promoter--random variation
or functional diversity? Mol Immunol, 36, 1017-27.

Arenzana-Seisdedos, F., Fernandez, B., Dominguez, 1., Jacque, J. M., Thomas, D., Diaz-
Meco, M. T., Moscat, J. and Virelizier, J. L. (1993) Phosphatidylcholine hydrolysis
activates NF-kappa B and increases human immunodeficiency virus replication in human

monocytes and T lymphocytes. J Virol, 67, 6596-604.



161

Arostegui, J. 1., Solis, P., Aldea, A., Cantero, T., Rius, J., Bahillo, P., Plaza, S., Vives, J.,
Gomez, S. and Yague, J. (2005) Etanercept plus colchicine treatment in a child with
tumour necrosis factor receptor-associated periodic syndrome abolishes auto-

inflammatory episodes without normalising the subclinical acute phase response. Eur J

Pediatr, 164, 13-6.

Aversa, G., Punnonen, J. and de Vries, J. E. (1993) The 26-kD transmembrane form of
tumor necrosis factor alpha on activated CD4+ T cell clones provides a costimulatory

signal for human B cell activation. J Exp Med, 177, 1575-85.

Baeuerle, P. A. and Baltimore, D. (1988) Activation of DNA-binding activity in an
apparently cytoplasmic precursor of the NF-kappa B transcription factor. Cell, 53, 211-7.

Baeuerle, P. A. and Henkel, T. (1994) Function and activation of NF-kappa B in the

immune system. Annu Rev Immunol, 12, 141-79.

Banner, D. W., D'Arcy, A., Janes, W., Gentz, R., Schoenfeld, H. J., Broger, C., Loetscher,
H. and Lesslauer, W. (1993) Crystal structure of the soluble human 55 kd TNF receptor-
human TNF beta complex: implications for TNF receptor activation. Cell, 73, 431-45.

Barnes, P. J. and Karin, M. (1997) Nuclear factor-kappaB: a pivotal transcription factor in
chronic inflammatory diseases. N Engl J Med, 336, 1066-71.

Barnhart, B. C. and Peter, M. E. (2003) The TNF receptor 1: a split personality complex.
Cell, 114, 148-50.

Barton, A., John, S., Ollier, W. E., Silman, A. and Worthington, J. (2001) Association
between rheumatoid arthritis and polymorphism of tumor necrosis factor receptor II, but

not tumor necrosis factor receptor I, in Caucasians. Arthritis Rheum, 44, 61-5.

Baud, V., Liu, Z. G., Bennett, B., Suzuki, N., Xia, Y. and Karin, M. (1999) Signaling by
proinflammatory cytokines: oligomerization of TRAF2 and TRAF®6 is sufficient for JNK
and IKK activation and target gene induction via an amino-terminal effector domain.

Genes Dev, 13, 1297-308.



162

Baud, V. and Karin, M. (2001) Signal transduction by tumor necrosis factor and its

relatives. Trends Cell Biol, 11, 372-7.

Baxter, G. T., Kuo, R. C., Jupp, O. J., Vandenabeele, P. and MacEwan, D. J. (1999)
Tumor necrosis factor-alpha mediates both apoptotic cell death and cell proliferation in a
human hematopoietic cell line dependent on mitotic activity and receptor subtype

expression. J Biol Chem, 274, 9539-47.

Bayley, J. P., Ottenhoff, T. H. and Verweij, C. L. (2004) Is there a future for TNF

promoter polymorphisms? Genes Immun, 5, 315-29.
Bazan, J. F. (1993) Emerging families of cytokines and receptors. Curr Biol, 3, 603-6.

Bazzoni, F., Gatto, L., Lenzi, L., Vinante, F., Pizzolo, G., Zanolin, E. and De Gironcoli,
M. (2000) Identification of novel polymorphisms in the human TNFR1 gene: distribution

in acute leukemia patients and healthy individuals. Immunogenetics, 51, 159-63.

Beg, A. A., Ruben, S. M., Scheinman, R. 1., Haskill, S., Rosen, C. A. and Baldwin, A. S.,
Jr. (1992) I kappa B interacts with the nuclear localization sequences of the subunits of

NF-kappa B: a mechanism for cytoplasmic retention. Genes Dev, 6, 1899-913.

Beg, A. A., Finco, T. S., Nantermet, P. V. and Baldwin, A. S., Jr. (1993) Tumor necrosis
factor and interleukin-1 lead to phosphorylation and loss of I kappa B alpha: a mechanism

for NF-kappa B activation. Mol Cell Biol, 13, 3301-10.

Beltinger, C. P., White, P. S., Maris, J. M., Sulman, E. P., Jensen, S. J., LePaslier, D.,
Stallard, B. J., Goeddel, D. V., de Sauvage, F. J. and Brodeur, G. M. (1996) Physical
mapping and genomic structure of the human TNFR2 gene. Genomics, 35, 94-100.

Bemelmans, M. H., Gouma, D. J. and Buurman, W. A. (1994) Tissue distribution and

clearance of soluble murine TNF receptors in mice. Cyfokine, 6, 608-15.

Ben-Bassat, H., Goldblum, N., Mitrani, S., Goldblum, T., Yoffey, J. M., Cohen, M. M.,
Bentwich, Z., Ramot, B., Klein, E. and Klein, G. (1977) Establishment in continuous



163

culture of a new type of lymphocyte from a "Burkitt like" malignant lymphoma (line
D.G.-75). Int J Cancer, 19, 27-33.

Ben-Chetrit, E. and Levy, M. (1998) Familial Mediterranean fever. Lancet, 351, 659-64.

Beyaert, R. and Fiers, W. (1994) Molecular mechanisms of tumor necrosis factor-induced

cytotoxicity. What we do understand and what we do not. FEBS Lett, 340, 9-16.

Beyaert, R., Vanhaesebroeck, B., Declercq, W., Van Lint, J., Vandenabele, P., Agostinis,
P., Vandenheede, J. R. and Fiers, W. (1995) Casein kinase-1 phosphorylates the p75
tumor necrosis factor receptor and negatively regulates tumor necrosis factor signaling for

apoptosis. J Biol Chem, 270, 23293-9.

Beyaert, R., Cuenda, A., Vanden Berghe, W, Plaisance, S., Lee, J. C., Haegeman, G.,
Cohen, P. and Fiers, W. (1996) The p38/RK mitogen-activated protein kinase pathway

regulates interleukin-6 synthesis response to tumor necrosis factor. Embo J, 15, 1914-23.

Birmboim, H. C. and Doly, J. (1979) A rapid alkaline extraction procedure for screening
recombinant plasmid DNA. Nucleic Acids Res, 7, 1513-23.

Black, R. A., Rauch, C. T., Kozlosky, C. J., Peschon, J. J., Slack, J. L., Wolfson, M. F.,
Castner, B. J., Stocking, K. L., Reddy, P., Srinivasan, S., Nelson, N., Boiani, N.,
Schooley, K. A., Gerhart, M., Davis, R., Fitzner, J. N., Johnson, R. S., Paxton, R. J.,
March, C.J. and Cerretti, D. P. (1997) A metalloproteinase disintegrin that releases

tumour-necrosis factor-alpha from cells. Nature, 385, 729-33.

Boldin, M. P., Mett, I. L., Varfolomeev, E. E., Chumakov, 1., Shemer-Avni, Y., Camonis,
J. H. and Wallach, D. (1995a) Self-association of the "death domains" of the p55 tumor
necrosis factor (TNF) receptor and Fas/APO1 prompts signaling for TNF and Fas/APO1
effects. J Biol Chem, 270, 387-91.

Boldin, M. P., Varfolomeeyv, E. E., Pancer, Z., Mett, I. L., Camonis, J. H. and Wallach, D.
(1995b) A novel protein that interacts with the death domain of Fas/APO1 contains a
sequence motif related to the death domain. J Biol Chem, 270, 7795-8.



164

Boldin, M. P., Goncharov, T. M., Goltsev, Y. V. and Wallach, D. (1996) Involvement of
MACH, a novel MORT1/FADD-interacting protease, in Fas/APO-1- and TNF receptor-
induced cell death. Cell, 85, 803-15.

Bonizzi, G. and Karin, M. (2004) The two NF-kappaB activation pathways and their role

in innate and adaptive immunity. Trends Immunol, 25, 280-8.

Borysiewicz, L. K., Morris, S., Page, J. D. and Sissons, J. G. (1983) Human
cytomegalovirus-specific cytotoxic T lymphocytes: requirements for in vitro generation

and specificity. Eur J Immunol, 13, 804-9.

Boyum, A. (1968) Isolation of mononuclear cells and granulocytes from human blood.
Isolation of monuclear cells by one centrifugation, and of granulocytes by combining

centrifugation and sedimentation at 1 g. Scand J Clin Lab Invest Suppl, 97, 77-89.

Boyum, A. (1974) Separation of blood leucocytes, granulocytes and lymphocytes. Tissue
Antigens, 4, 269-74.

Bradford, M. M. (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem, 72,
248-54.

Bradley, J. R., Thiru, S. and Pober, J. S. (1995) Disparate localization of 55-kd and 75-kd

tumor necrosis factor receptors in human endothelial cells. Am J Pathol, 146, 27-32.

Brakebusch, C., Nophar, Y., Kemper, O., Engelmann, H. and Wallach, D. (1992)
Cytoplasmic truncation of the p55 tumour necrosis factor (TNF) receptor abolishes

signalling, but not induced shedding of the receptor. Embo J, 11, 943-50.

Brakebusch, C., Varfolomeev, E. E., Batkin, M. and Wallach, D. (1994) Structural
requirements for inducible shedding of the p55 tumor necrosis factor receptor. J Biol

Chem, 269, 32488-96.



165

Brennan, F. M., Chantry, D., Jackson, A. M., Maini, R. N. and Feldmann, M. (1989a)

Cytokine production in culture by cells isolated from the synovial membrane. J

Autoimmun, 2 Suppl, 177-86.

Brennan, F. M., Chantry, D., Jackson, A., Maini, R. and Feldmann, M. (1989b) Inhibitory
effect of TNF alpha antibodies on synovial cell interleukin-1 production in rheumatoid

arthritis. Lancet, 2, 244-7.

Brennan, P. and O'Neill, L. A. (1995) Effects of oxidants and antioxidants on nuclear
factor kappa B activation in three different cell lines: evidence against a universal

hypothesis involving oxygen radicals. Biochim Biophys Acta, 1260, 167-75.

Brockhaus, M., Schoenfeld, H. J., Schlaeger, E. J., Hunziker, W., Lesslauer, W. and
Loetscher, H. (1990) Identification of two types of tumor necrosis factor receptors on

human cell lines by monoclonal antibodies. Proc Natl Acad Sci U S A, 87, 3127-31.

Brockman, J. A., Scherer, D. C., McKinsey, T. A., Hall, S. M., Qi, X., Lee, W. Y. and
Ballard, D. W. (1995) Coupling of a signal response domain in I kappa B alpha to
multiple pathways for NF-kappa B activation. Mol Cell Biol, 15, 2809-18.

Brook, M., Sully, G., Clark, A. R. and Saklatvala, J. (2000) Regulation of tumour
necrosis factor alpha mRNA stability by the mitogen-activated protein kinase p38

signalling cascade. FEBS Lett, 483, 57-61.

Brouty-Boye, D., Pottin-Clemenceau, C., Doucet, C., Jasmin, C. and Azzarone, B. (2000)
Chemokines and CD40 expression in human fibroblasts. Eur J Immunol, 30, 914-9.

Brown, K., Park, S., Kanno, T., Franzoso, G. and Siebenlist, U. (1993) Mutual regulation
of the transcriptional activator NF-kappa B and its inhibitor, I kappa B-alpha. Proc Nat!
Acad Sci U S A, 90, 2532-6.

Brown, K., Gerstberger, S., Carlson, L., Franzoso, G. and Siebenlist, U. (1995) Control of
I kappa B-alpha proteolysis by site-specific, signal-induced phosphorylation. Science,
267, 1485-8.



166

Bruns, P. (1868) Die Heilwirkung des Erysipels auf Geschwulste. Beitr Klin Chir, 3, 443-
6.

Buchan, G., Barrett, K., Turner, M., Chantry, D., Maini, R. N. and Feldmann, M. (1988)
Interleukin-1 and tumour necrosis factor mRNA expression in rheumatoid arthritis:

prolonged production of IL-1 alpha. Clin Exp Immunol, 73, 449-55.

Buckley, C. D, Pilling, D., Lord, J. M., Akbar, A. N., Scheel-Toellner, D. and Salmon,
M. (2001) Fibroblasts regulate the switch from acute resolving to chronic persistent

inflammation. Trends Immunol, 22, 199-204.

Carballo, E., Lai, W. S. and Blackshear, P. J. (1998) Feedback inhibition of macrophage

tumor necrosis factor-alpha production by tristetraprolin. Science, 281, 1001-5.

Carey, M. and Smale, S.T. (2000) "Electrophoretic Mobility Shift Assays," in
Transcriptional Regulation in Eukaryotes: Concepts, Strategies, and Techniques. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York, USA, Chapter 13,
Protocol 13.5, 493—496.

Carrell, R. W. and Lomas, D. A. (2002) Alphal-antitrypsin deficiency--a model for
conformational diseases. N Engl J Med, 346, 45-53.

Carswell, E. A., Old, L. J., Kassel, R. L., Green, S., Fiore, N. and Williamson, B. (1975)
An endotoxin-induced serum factor that causes necrosis of tumors. Proc Natl Acad Sci U

S 4,72, 3666-70.

Casciola-Rosen, L., Nicholson, D. W., Chong, T., Rowan, K. R., Thornberry, N. A.,
Miller, D. K. and Rosen, A. (1996) Apopain/CPP32 cleaves proteins that are essential for
cellular repair: a fundamental principle of apoptotic death. J Exp Med, 183, 1957-64.

Castanos-Velez, E., Maerlan, S., Osorio, L. M., Aberg, F., Biberfeld, P., Orn, A. and
Rottenberg, M. E. (1998) Trypanosoma cruzi infection in tumor necrosis factor receptor

p55-deficient mice. Infect Immun, 66, 2960-8.



167

Chadee, D. N., Yuasa, T. and Kyriakis, J. M. (2002) Direct activation of mitogen-
activated protein kinase kinase kinase MEKK1 by the Ste20p homologue GCK and the
adapter protein TRAF2. Mol Cell Biol, 22, 737-49.

Chae, J. J., Komarow, H. D., Cheng, J., Wood, G., Raben, N., Liu, P. P. and Kastner, D.
L. (2003) Targeted disruption of pyrin, the FMF protein, causes heightened sensitivity to
endotoxin and a defect in macrophage apoptosis. Mol Cell, 11, 591-604.

Chan, F. K., Chun, H. J., Zheng, L., Siegel, R. M., Bui, K. L. and Lenardo, M. J. (2000a)
A domain in TNF receptors that mediates ligand-independent receptor assembly and

signaling. Science, 288, 2351-4.

Chan, F. K. and Lenardo, M. J. (2000b) A crucial role for p80 TNF-R2 in amplifying p60
TNF-R1 apoptosis signals in T lymphocytes. Eur J Immunol, 30, 652-60.

Chan, H. and Aggarwal, B. B. (1994) Role of tumor necrosis factor receptors in the
activation of nuclear factor kappa B in human histiocytic lymphoma U-937 cells. J Bio/
Chem, 269, 31424-9.

Chen, F. E. and Ghosh, G. (1999) Regulation of DNA binding by Rel/NF-kappaB

transcription factors: structural views. Oncogene, 18, 6845-52.

Chen, P. C., DuBois, G. C. and Chen, M. J. (1995a) Mapping the domain(s) critical for
the binding of human tumor necrosis factor-alpha to its two receptors. J Biol Chem, 270,

2874-8.

Chen, Z., Hagler, J., Palombella, V. J., Melandri, F., Scherer, D., Ballard, D. and
Maniatis, T. (1995b) Signal-induced site-specific phosphorylation targets I kappa B alpha
to the ubiquitin-proteasome pathway. Genes Dev, 9, 1586-97.

Chinnaiyan, A. M., O'Rourke, K., Tewari, M. and Dixit, V. M. (1995) FADD, a novel
death domain-containing protein, interacts with the death domain of Fas and initiates

apoptosis. Cell, 81, 505-12.



168

Coffman, F. D., Green, L. M. and Ware, C. F. (1988) The relationship of receptor
occupancy to the kinetics of cell death mediated by tumor necrosis factor. Lymphokine

Res, 7, 371-83.
Coley, W. B. (1891) Contribution to the knowledge of Sarcoma. Ann Surg, 14, 199-220.

Conti, B., Tabarean, 1., Andrei, C. and Bartfai, T. (2004) Cytokines and fever. Front
Biosci, 9, 1433-49.

Corcoran, A. E., Barrett, K., Turner, M., Brown, A., Kissonerghis, A. M., Gadnell, M.,
Gray, P. W., Chernajovsky, Y. and Feldmann, M. (1994) Characterization of ligand
binding by the human p55 tumour-necrosis-factor receptor. Involvement of individual

cysteine-rich repeats. Eur J Biochem, 223, 831-40.

Cornelis, F., Faure, S., Martinez, M., Prud’homme, J. F., Fritz, P., Dib, C., Alves, H.,
Barrera, P., de Vries, N., Balsa, A., Pascual-Salcedo, D., Maenaut, K., Westhovens, R.,
Migliorini, P., Tran, T. H., Delaye, A., Prince, N., Lefevre, C., Thomas, G., Poirier, M.,
Soubigou, S., Alibert, O., Lasbleiz, S., Fouix, S., Bouchier, C., Liote, F., Loste, M. N.,
Lepage, V., Charron, D., Gyapay, G., Lopes-Vaz, A., Kuntz, D., Bardin, T. and
Weissenbach, J. (1998) New susceptibility locus for rheumatoid arthritis suggested by a
genome-wide linkage study. Proc Natl Acad Sci U S 4, 95, 10746-50.

Cottin, V., Van Linden, A. and Riches, D. W. (1999) Phosphorylation of tumor necrosis
factor receptor CD120a (p55) by p42(mapk/erk2) induces changes in its subcellular
localization. J Biol Chem, 274, 32975-87.

Cottin, V., Doan, J. E. and Riches, D. W. (2002) Restricted localization of the TNF
receptor CD120a to lipid rafts: a novel role for the death domain. J Immunol, 168, 4095-
102.

Cui, X., Hawari, F., Alsaaty, S., Lawrence, M., Combs, C. A., Geng, W., Rouhani, F. N,
Miskinis, D. and Levine, S. J. (2002) Identification of ARTS-1 as a novel TNFR1-binding
protein that promotes TNFR1 ectodomain shedding. J Clin Invest, 110, 515-26.



169

Dadgostar, H. and Cheng, G. (2000) Membrane localization of TRAF 3 enables JNK
activation. J Biol Chem, 275, 2539-44.

D'Alessio, A., Al-Lamki, R. S., Bradley, J. R. and Pober, J. S. (2005) Caveolae participate
in tumor necrosis factor receptor 1 signaling and internalization in a human endothelial

cell line. Am J Pathol, 166, 1273-82.

Darnay, B. G., Reddy, S. A. and Aggarwal, B. B. (1994) Identification of a protein kinase

associated with the cytoplasmic domain of the p60 tumor necrosis factor receptor. J Bio/
Chem, 269, 20299-304.

Dean, J. L., Wait, R., Mahtani, K. R., Sully, G., Clark, A. R. and Saklatvala, J. (2001) The
3' untranslated region of tumor necrosis factor alpha mRNA is a target of the mRNA-

stabilizing factor HuR. Mol Cell Biol, 21, 721-30.

Deckert-Schluter, M., Bluethmann, H., Rang, A., Hof, H. and Schluter, D. (1998) Crucial
role of TNF receptor type 1 (p55), but not of TNF receptor type 2 (p75), in murine
toxoplasmosis. J Immunol, 160, 3427-36.

Declercq, W., Denecker, G., Fiers, W. and Vandenabeele, P. (1998) Cooperation of both
TNF receptors in inducing apoptosis: involvement of the TNF receptor-associated factor

binding domain of the TNF receptor 75. J Immunol, 161, 390-9.

Delhase, M., Hayakawa, M., Chen, Y. and Karin, M. (1999) Positive and negative
regulation of IkappaB kinase activity through IKKbeta subunit phosphorylation. Science,
284, 309-13.

Deloukas, P., Schuler, G. D., Gyapay, G., Beasley, E. M., Soderlund, C., Rodriguez-
Tome, P., Hui, L., Matise, T. C., McKusick, K. B., Beckmann, J. S., Bentolila, S.,
Bihoreau, M., Birren, B. B., Browne, J., Butler, A., Castle, A. B., Chiannilkulchai, N.,
Clee, C., Day, P. J,, Dehejia, A., Dibling, T., Drouot, N., Duprat, S., Fizames, C., Fox, S.,
Gelling, S., Green, L., Harrison, P., Hocking, R., Holloway, E., Hunt, S., Keil, S.,
Lijnzaad, P., Louis-Dit-Sully, C., Ma, J., Mendis, A., Miller, J., Morissette, J., Muselet,
D., Nusbaum, H. C., Peck, A., Rozen, S., Simon, D., Slonim, D. K., Staples, R., Stein, L.



170

D., Stewart, E. A., Suchard, M. A,, Thangarajah, T., Vega-Czarny, N., Webber, C., Wu,
X., Hudson, J., Auffray, C., Nomura, N., Sikela, J. M., Polymeropoulos, M. H., James, M.
R., Lander, E. S., Hudson, T. J., Myers, R. M., Cox, D. R., Weissenbach, J., Boguski, M.
S. and Bentley, D. R. (1998) A physical map of 30,000 human genes. Science, 282, 744-
6.

Dembic, Z., Loetscher, H., Gubler, U., Pan, Y. C., Lahm, H. W., Gentz, R., Brockhaus,
M. and Lesslauer, W. (1990) Two human TNF receptors have similar extracellular, but

distinct intracellular, domain sequences. Cytokine, 2, 231-7.

Dempsey, P. W., Doyle, S. E., He, J. Q. and Cheng, G. (2003) The signaling adaptors and
pathways activated by TNF superfamily. Cytokine Growth Factor Rev, 14, 193-209.

Dendorfer, U., Oettgen, P. and Libermann, T. A. (1994) Multiple regulatory elements in
the interleukin-6 gene mediate induction by prostaglandins, cyclic AMP, and

lipopolysaccharide. Mol Cell Biol, 14, 4443-54.

Deng, Y., Ren, X., Yang, L., Lin, Y. and Wu, X. (2003) A JNK-dependent pathway is
required for TNFalpha-induced apoptosis. Cell, 115, 61-70.

Derijard, B., Raingeaud, J., Barrett, T., Wu, 1. H., Han, J., Ulevitch, R. J. and Davis, R. J.
(1995) Independent human MAP-kinase signal transduction pathways defined by MEK
and MKK isoforms. Science, 267, 682-5.

Devin, A., Cook, A., Lin, Y., Rodriguez, Y., Kelliher, M. and Liu, Z. (2000) The distinct
roles of TRAF2 and RIP in IKK activation by TNF-R1: TRAF2 recruits IKK to TNF-R1
while RIP mediates IKK activation. Immunity, 12, 419-29.

Devin, A., Lin, Y. and Liu, Z. (2003) The role of the death-domain kinase RIP in tumour-
necrosis-factor-induced activation of mitogen-activated protein kinases. EMBO Rep, 4,

623-7.

Dieude, P., Petit, E., Cailleau-Moindrault, S., Osorio, J., Pierlot, C., Martinez, M., Faure,
S., Alibert, O., Lasbleiz, S., De Toma, C., Bardin, T., Prum, B. and Cornelis, F. (2002)



171

Association between tumor necrosis factor receptor II and familial, but not sporadic,

rheumatoid arthritis: evidence for genetic heterogeneity. Arthritis Rheum, 46, 2039-44.

Dieude, P., Osorio, J., Petit-Teixeira, E., Moreno, S., Garnier, S., Cailleau-Moindrault, S.,
Stalens, C., Lasbleiz, S., Bardin, T., Prum, B. and Cornelis, F. (2004) A TNFR1 genotype

with a protective role in familial rheumatoid arthritis. Arthritis Rheum, 50, 413-9.

Diez-Ruiz, A., Tilz, G. P, Zangerle, R., Baier-Bitterlich, G., Wachter, H. and Fuchs, D.
(1995) Soluble receptors for tumour necrosis factor in clinical laboratory diagnosis. Eur J

Haematol, 54, 1-8.

Dipple, K. M. and McCabe, E. R. (2000) Phenotypes of patients with "simple" Mendelian
disorders are complex traits: thresholds, modifiers, and systems dynamics. Am J Hum

Genet, 66, 1729-35.

Dode, C., Andre, M., Bienvenu, T., Hausfater, P., Pecheux, C., Bienvenu, J., Lecron, J.
C., Reinert, P., Cattan, D., Piette, J. C., Szajnert, M. F., Delpech, M. and Grateau, G.
(2002) The enlarging clinical, genetic, and population spectrum of tumor necrosis factor

receptor-associated periodic syndrome. Arthritis Rheum, 46, 2181-8.

Douni, E. and Kollias, G. (1998) A critical role of the p75 tumor necrosis factor receptor
(p75TNF-R) in organ inflammation independent of TNF, lymphotoxin alpha, or the
p55TNF-R. J Exp Med, 188, 1343-52.

Drenth, J. P., Haagsma, C. J. and van der Meer, J. W. (1994) Hyperimmunoglobulinemia
D and periodic fever syndrome. The clinical spectrum in a series of 50 patients.

International Hyper-IgD Study Group. Medicine (Baltimore), 73, 133-44.

Drenth, J. P., Cuisset, L., Grateau, G., Vasseur, C., van de Velde-Visser, S. D., de Jong, J.
G., Beckmann, J. S., van der Meer, J. W. and Delpech, M. (1999) Mutations in the gene
encoding mevalonate kinase cause hyper-IgD and periodic fever syndrome. International

Hyper-IgD Study Group. Nat Genet, 22, 178-81.

Drenth, J. P. and van der Meer, J. W. (2001) Hereditary periodic fever. N Engl J Med,
345, 1748-57.



172

Drewe, E., McDermott, E. M., Powell, P. T., Isaacs, J. D. and Powell, R. J. (2003)
Prospective study of anti-tumour necrosis factor receptor superfamily 1B fusion protein,
and case study of anti-tumour necrosis factor receptor superfamily 1A fusion protein, in
tumour necrosis factor receptor associated periodic syndrome (TRAPS): clinical and

laboratory findings in a series of seven patients. Rheumatology (Oxford), 42, 235-9.

Dri, P., Gasparini, C., Menegazzi, R., Cramer, R., Alberi, L., Presani, G., Garbisa, S. and
Patriarca, P. (2000) TNF-Induced shedding of TNF receptors in human
polymorphonuclear leukocytes: role of the 55-kDa TNF receptor and involvement of a

membrane-bound and non-matrix metalloproteinase. J Immunol, 165, 2165-72.

Eck, M. J. and Sprang, S. R. (1989) The structure of tumor necrosis factor-alpha at 2.6 A
resolution. Implications for receptor binding. J Biol Chem, 264, 17595-605.

Eissner, G., Kirchner, S., Lindner, H., Kolch, W., Janosch, P., Grell, M., Scheurich, P.,
Andreesen, R. and Holler, E. (2000) Reverse signaling through transmembrane TNF

confers resistance to lipopolysaccharide in human monocytes and macrophages. J

Immunol, 164, 6193-8.

Eissner, G., Kolch, W. and Scheurich, P. (2004) Ligands working as receptors: reverse
signaling by members of the TNF superfamily enhance the plasticity of the immune

system. Cytokine Growth Factor Rev, 15, 353-66.

Elias, J. A. and Lentz, V. (1990) IL-1 and tumor necrosis factor synergistically stimulate

fibroblast IL-6 production and stabilize IL-6 messenger RNA. J Immunol, 145, 161-6.

Ellerin, T., Rubin, R. H. and Weinblatt, M. E. (2003) Infections and anti-tumor necrosis
factor alpha therapy. Arthritis Rheum, 48, 3013-22.

Erickson, S. L., de Sauvage, F. J., Kikly, K., Carver-Moore, K., Pitts-Meek, S., Gillett,
N., Sheehan, K. C., Schreiber, R. D., Goeddel, D. V. and Moore, M. W. (1994) Decreased
sensitivity to tumour-necrosis factor but normal T-cell development in TNF receptor-2-

deficient mice. Nature, 372, 560-3.



173

Erikstein, B. K., Smeland, E. B., Blomhoff, H. K., Funderud, S., Prydz, K., Lesslauer, W.
and Espevik, T. (1991) Independent regulation of 55-kDa and 75-kDa tumor necrosis

factor receptors during activation of human peripheral blood B lymphocytes. Eur J

Immunol, 21, 1033-7.

Eugster, H. P., Muller, M., Karrer, U., Car, B. D., Schnyder, B., Eng, V. M., Woerly, G.,
Le Hir, M., di Padova, F., Aguet, M., Zinkernagel, R., Bluethmann, H. and Ryffel, B.
(1996) Multiple immune abnormalities in tumor necrosis factor and lymphotoxin-alpha

double-deficient mice. Int Immunol, 8, 23-36.

Evans, T. J., Moyes, D., Carpenter, A., Martin, R., Loetscher, H., Lesslauer, W. and
Cohen, J. (1994) Protective effect of 55- but not 75-kD soluble tumor necrosis factor

receptor-immunoglobulin G fusion proteins in an animal model of gram-negative sepsis. J
Exp Med, 180, 2173-9.

Feldmann, M. and Maini, R. N. (2001) Anti-TNF alpha therapy of rheumatoid arthritis:

what have we learned? Annu Rev Immunol, 19, 163-96.

Fesik, S. W. (2000) Insights into programmed cell death through structural biology. Cell,
103, 273-82.

Fielding, C. A., Siebert, S., Rowe, M. and Brennan, P. (2004) Analysis of human tumour
necrosis factor receptor 1 dominant-negative mutants reveals a major region controlling

cell surface expression. FEBS Lett, 570, 138-42.

Fiers, W. (1991) Tumor necrosis factor. Characterization at the molecular, cellular and in

vivo level. FEBS Lett, 285, 199-212.

Fischer, U., Janicke, R. U. and Schulze-Osthoff, K. (2003) Many cuts to ruin: a
comprehensive update of caspase substrates. Cell Death Differ, 10, 76-100.

Fried, M. G. (1989) Measurement of protein-DNA interaction parameters by
electrophoresis mobility shift assay. Electrophoresis, 10, 366-76.



174

Fuchs, P., Strehl, S., Dworzak, M., Himmler, A. and Ambros, P. F. (1992) Structure of
the human TNF receptor 1 (p60) gene (TNFR1) and localization to chromosome 12p13
[corrected]. Genomics, 13, 219-24.

Gaeta, M. L., Johnson, D. R., Kluger, M. S. and Pober, J. S. (2000) The death domain of
tumor necrosis factor receptor 1 is necessary but not sufficient for Golgi retention of the

receptor and mediates receptor desensitization. Lab Invest, 80, 1185-94.

Galon, J., Aksentijevich, 1., McDermott, M. F., O'Shea, J. J. and Kastner, D. L. (2000)
TNFRSF1A mutations and autoinflammatory syndromes. Curr Opin Immunol, 12, 479-
86.

Ganapathi, M. K., May, L. T., Schultz, D., Brabenec, A., Weinstein, J., Sehgal, P. B. and
Kushner, 1. (1988) Role of interleukin-6 in regulating synthesis of C-reactive protein and

serum amyloid A in human hepatoma cell lines. Biochem Biophys Res Commun, 157,

271-7.

Gang, N., Drenth, J. P., Langevitz, P., Zemer, D., Brezniak, N., Pras, M., van der Meer, J.
W. and Livneh, A. (1999) Activation of the cytokine network in familial Mediterranean
fever. J Rheumatol, 26, 890-7.

Garg, A. K. and Aggarwal, B. B. (2002) Reactive oxygen intermediates in TNF signaling.
Mol Immunol, 39, 509-17.

Gearing, A. J., Beckett, P., Christodoulou, M., Churchill, M., Clements, J., Davidson, A.
H., Drummond, A. H., Galloway, W. A., Gilbert, R., Gordon, J. L. and et al. (1994)

Processing of tumour necrosis factor-alpha precursor by metalloproteinases. Nature, 370,

555-7.

Ghosh, S. and Karin, M. (2002) Missing pieces in the NF-kappaB puzzle. Cell, 109
Suppl, S81-96.

Gibbons, D. L., Rowe, M., Cope, A. P., Feldmann, M. and Brennan, F. M. (1994)
Lymphotoxin acts as an autocrine growth factor for Epstein-Barr virus-transformed B

cells and differentiated Burkitt lymphoma cell lines. Eur J Immunol, 24, 1879-85.



175

Granger, G. A. and Williams, T. W. (1968) Lymphocyte cytotoxicity in vitro: activation

and release of a cytotoxic factor. Nature, 218, 1253-4.

Grateau, G. (2004) Clinical and genetic aspects of the hereditary periodic fever
syndromes. Rheumatology (Oxford), 43, 410-5.

Gray, P. W., Aggarwal, B. B, Benton, C. V., Bringman, T. S., Henzel, W. J., Jarrett, J.
A., Leung, D. W., Moffat, B., Ng, P., Svedersky, L. P. and et al. (1984) Cloning and
expression of cDNA for human lymphotoxin, a lymphokine with tumour necrosis

activity. Nature, 312, 721-4.

Gray, P. W, Barrett, K., Chantry, D., Turner, M. and Feldmann, M. (1990) Cloning of
human tumor necrosis factor (TNF) receptor cDNA and expression of recombinant

soluble TNF-binding protein. Proc Natl Acad Sci U S A, 87, 7380-4.

Grell, M., Douni, E., Wajant, H., Lohden, M., Clauss, M., Maxeiner, B., Georgopoulos,
S., Lesslauer, W., Kollias, G., Pfizenmaier, K. and et al. (1995) The transmembrane form

of tumor necrosis factor is the prime activating ligand of the 80 kDa tumor necrosis factor

receptor. Cell, 83, 793-802.

Grell, M., Wajant, H., Zimmermann, G. and Scheurich, P. (1998) The type 1 receptor
(CD120a) is the high-affinity receptor for soluble tumor necrosis factor. Proc Natl Acad
Sci US A, 95, 570-5.

Gullberg, U., Lantz, M., Lindvall, L., Olsson, I. and Himmler, A. (1992) Involvement of
an Asn/Val cleavage site in the production of a soluble form of a human tumor necrosis
factor (TNF) receptor. Site-directed mutagenesis of a putative cleavage site in the p55

TNF receptor chain. Eur J Cell Biol, 58, 307-12.

Han, J., Lee, J. D., Bibbs, L. and Ulevitch, R. J. (1994) A MAP kinase targeted by

endotoxin and hyperosmolarity in mammalian cells. Science, 265, 808-11.

Harashima, S., Horiuchi, T., Hatta, N., Morita, C., Higuchi, M., Sawabe, T., Tsukamoto,
H., Tahira, T., Hayashi, K., Fujita, S. and Niho, Y. (2001) Outside-to-inside signal



176

through the membrane TNF-alpha induces E-selectin (CD62E) expression on activated
human CD4+ T cells. J Immunol, 166, 130-6.

Harper, N., Hughes, M., MacFarlane, M. and Cohen, G. M. (2003) Fas-associated death
domain protein and caspase-8 are not recruited to the tumor necrosis factor receptor 1
signaling complex during tumor necrosis factor-induced apoptosis. J Biol Chem, 278,

25534-41.
Hayden, M. S. and Ghosh, S. (2004) Signaling to NF-kappaB. Genes Dev, 18, 2195-224.

Heller, R. A., Song, K., Onasch, M. A., Fischer, W. H., Chang, D. and Ringold, G. M.
(1990) Complementary DNA cloning of a receptor for tumor necrosis factor and

demonstration of a shed form of the receptor. Proc Natl Acad Sci U S A, 87, 6151-5.

Hess, S., Gottfried, E., Smola, H., Grunwald, U., Schuchmann, M. and Engelmann, H.
(1998) CD40 induces resistance to TNF-mediated apoptosis in a fibroblast cell line. Eur J
Immunol, 28, 3594-604.

Higuchi, M. and Aggarwal, B. B. (1992) Modulation of two forms of tumor necrosis
factor receptors and their cellular response by soluble receptors and their monoclonal

antibodies. J Biol Chem, 267, 20892-9.

Higuchi, M. and Aggarwal, B. B. (1994) TNF induces internalization of the p60 receptor
and shedding of the p80 receptor. J Immunol, 152, 3550-8.

Hildt, E. and Oess, S. (1999) Identification of Grb2 as a novel binding partner of tumor
necrosis factor (TNF) receptor 1. J Exp Med, 189, 1707-14.

Hober, D., De Groote, D., Vanpouille, N., Dehart, I., Shen, L., Wattre, P. and Maniez-
Montreuil, M. (1994) Tumor necrosis factor receptor expression in HIV-1-infected CD4+

T cells. Microbiol Immunol, 38, 1005-8.

Hoffman, H. M., Mueller, J. L., Broide, D. H., Wanderer, A. A. and Kolodner, R. D.
(2001) Mutation of a new gene encoding a putative pyrin-like protein causes familial cold

autoinflammatory syndrome and Muckle-Wells syndrome. Nat Genet, 29, 301-5.



177

Hoffmann, A., Levchenko, A., Scott, M. L. and Baltimore, D. (2002) The IkappaB-NF-
kappaB signaling module: temporal control and selective gene activation. Science, 298,
1241-5.

Hohmann, H. P., Remy, R., Brockhaus, M. and van Loon, A. P. (1989) Two different cell
types have different major receptors for human tumor necrosis factor (TNF alpha). J Biol

Chem, 264, 14927-34.

Hohmann, H. P., Brockhaus, M., Baeuerle, P. A., Remy, R., Kolbeck, R. and van Loon,
A. P. (1990) Expression of the types A and B tumor necrosis factor (TNF) receptors is
independently regulated, and both receptors mediate activation of the transcription factor
NF-kappa B. TNF alpha is not needed for induction of a biological effect via TNF
receptors. J Biol Chem, 265, 22409-17.

Homburg, C. H. and Roos, D. (1996) Apoptosis of neutrophils. Curr Opin Hematol, 3,
94-9,

Horiuchi, T., Tsukamoto, H., Mitoma, H., Miyagawa, H., Tamimoto, Y., Yoshizawa, S.,
Harada, M., Hayashi, K., Hashimura, C., Oribe, M. and Okamura, S. (2004) Novel
mutations in TNFRSF1A in patients with typical tumor necrosis factor receptor-
associated periodic syndrome and with systemic lupus erythematosus in Japanese. Int J

Mol Med, 14, 813-8.

Houten, S. M., Kuis, W., Duran, M., de Koning, T. J., van Royen-Kerkhof, A., Romeijn,
G. J., Frenkel, J., Dorland, L., de Barse, M. M., Huijbers, W. A_, Rijkers, G. T.,
Waterham, H. R., Wanders, R. J. and Poll-The, B. T. (1999) Mutations in MVK,
encoding mevalonate kinase, cause hyperimmunoglobulinaemia D and periodic fever

syndrome. Nat Genet, 22, 175-7.

Hsu, H., Xiong, J. and Goeddel, D. V. (1995) The TNF receptor 1-associated protein
TRADD signals cell death and NF-kappa B activation. Cell, 81, 495-504.



178

Hsu, H., Shu, H. B., Pan, M. G. and Goeddel, D. V. (1996) TRADD-TRAF2 and
TRADD-FADD interactions define two distinct TNF receptor 1 signal transduction
pathways. Cell, 84, 299-308.

Hsu, K. C. and Chao, M. V. (1993) Differential expression and ligand binding properties

of tumor necrosis factor receptor chimeric mutants. J Biol Chem, 268, 16430-6.

Huggins, M. L., Radford, P. M., Mclntosh, R. S., Bainbridge, S. E., Dickinson, P.,
Draper-Morgan, K. A., Tighe, P. J., Powell, R. J. and Todd, 1. (2004) Shedding of mutant
tumor necrosis factor receptor superfamily 1A associated with tumor necrosis factor

receptor-associated periodic syndrome: Differences between cell types. Arthritis Rheum,

50, 2651-9.

Hull, K. M., Wong, K., Wood, G. M., Chu, W. S. and Kastner, D. L. (2002a) Monocytic
fasciitis: a newly recognized clinical feature of tumor necrosis factor receptor

dysfunction. Arthritis Rheum, 46, 2189-94.

Hull, K. M., Drewe, E., Aksentijevich, 1., Singh, H. K., Wong, K., McDermott, E. M.,
Dean, J., Powell, R. J. and Kastner, D. L. (2002b) The TNF receptor-associated periodic

syndrome (TRAPS): emerging concepts of an autoinflammatory disorder. Medicine

(Baltimore), 81, 349-68.

Hull, K. M., Kastner, D. L. and Balow, J. E. (2002c) Hereditary periodic fever. N Engl J
Med, 346, 1415-6; author reply -6.

Ichijo, H., Nishida, E., Irie, K., ten Dijke, P., Saitoh, M., Moriguchi, T., Takagi, M.,
Matsumoto, K., Miyazono, K. and Gotoh, Y. (1997) Induction of apoptosis by ASK1, a
mammalian MAPKKK that activates SAPK/INK and p38 signaling pathways. Science,
275, 90-4.

Ida, H., Kawasaki, E., Miyashita, T., Tanaka, F., Kamachi, M., Izumi, Y., Huang, M.,
Tamai, M., Origuchi, T., Kawakami, A., Migita, K., Motomura, M., Yoshimura, T. and
Eguchi, K. (2004) A novel mutation (T61]) in the gene encoding tumour necrosis factor

receptor superfamily 1A (TNFRSF1A) in a Japanese patient with tumour necrosis factor



179

receptor-associated periodic syndrome (TRAPS) associated with systemic lupus

erythematosus. Rheumatology (Oxford), 43, 1292-9.

Idriss, H. T. and Naismith, J. H. (2000) TNF alpha and the TNF receptor superfamily:

structure-function relationship(s). Microsc Res Tech, 50, 184-95.

Irmler, M., Thome, M., Hahne, M., Schneider, P., Hofmann, K., Steiner, V., Bodmer, J.
L., Schroter, M., Burns, K., Mattmann, C., Rimoldi, D., French, L. E. and Tschopp, J.
(1997) Inhibition of death receptor signals by cellular FLIP. Nature, 388, 190-5.

Ito, A., Uehara, T., Tokumitsu, A., Okuma, Y. and Nomura, Y. (1999) Possible
involvement of cytochrome c release and sequential activation of caspases in ceramide-

induced apoptosis in SK-N-MC cells. Biochim Biophys Acta, 1452, 263-74.

Jadoul, M., Dode, C., Cosyns, J. P., Abramowicz, D., Georges, B., Delpech, M. and
Pirson, Y. (2001) Autosomal-dominant periodic fever with AA amyloidosis: Novel

mutation in tumor necrosis factor receptor 1 gene Rapid Communication. Kidney Int, 59,
1677-82.

Jansen, J., van der Poll, T., Levi, M., ten Cate, H., Gallati, H., ten Cate, J. W. and van
Deventer, S. J. (1995) Inhibition of the release of soluble tumor necrosis factor receptors

in experimental endotoxemia by an anti-tumor necrosis factor-alpha antibody. J Clin

Immunol, 15, 45-50.

Janssen-Heininger, Y. M., Poynter, M. E. and Baeuerle, P. A. (2000) Recent advances
towards understanding redox mechanisms in the activation of nuclear factor kappaB. Free

Radic Biol Med, 28, 1317-27.

Jawaheer, D., Seldin, M. F., Amos, C. I, Chen, W. V_, Shigeta, R., Monteiro, J., Kern,
M., Criswell, L. A., Albani, S., Nelson, J. L., Clegg, D. O., Pope, R., Schroeder, H. W_,
Jr., Bridges, S. L., Jr., Pisetsky, D. S., Ward, R., Kastner, D. L., Wilder, R. L., Pincus, T\,
Callahan, L. F., Flemming, D., Wener, M. H. and Gregersen, P. K. (2001) A genomewide
screen in multiplex rheumatoid arthritis families suggests genetic overlap with other

autoimmune diseases. Am J Hum Genet, 68, 927-36.



180

Jiang, X., Huang, F., Marusyk, A. and Sorkin, A. (2003) Grb2 regulates internalization of
EGF receptors through clathrin-coated pits. Mol Biol Cell, 14, 858-70.

Jiang, Y., Woronicz, J. D., Liu, W. and Goeddel, D. V. (1999) Prevention of constitutive
TNF receptor 1 signaling by silencer of death domains. Science, 283, 543-6.

Jobin, C., Holt, L., Bradham, C. A., Streetz, K., Brenner, D. A. and Sartor, R. B. (1999)
TNF receptor-associated factor-2 is involved in both IL-1 beta and TNF-alpha signaling

cascades leading to NF-kappa B activation and IL-8 expression in human intestinal

epithelial cells. J Immunol, 162, 4447-54.

Jones, E. Y., Stuart, D. I. and Walker, N. P. (1989) Structure of tumour necrosis factor.
Nature, 338, 225-8.

Jones, S. J., Ledgerwood, E. C., Prins, J. B., Galbraith, J., Johnson, D. R., Pober, J. S. and
Bradley, J. R. (1999) TNF recruits TRADD to the plasma membrane but not the trans-
Golgi network, the principal subcellular location of TNF-R1. J Immunol, 162, 1042-8.

Kahari, V. M., Eerola, E. and Vuorio, E. (1988) Flow cytometry of fibroblasts cultured

from skin of patients with localized scleroderma. Dermatologica, 177, 348-53.

Kalb, A., Bluethmann, H., Moore, M. W. and Lesslauer, W. (1996) Tumor necrosis factor
receptors (Tnfr) in mouse fibroblasts deficient in Tnfrl or Tnfr2 are signaling competent
and activate the mitogen-activated protein kinase pathway with differential kinetics. J

Biol Chem, 271, 28097-104.

Kallinich, T., Briese, S., Roesler, J., Rudolph, B., Sarioglu, N., Blankenstein, O., Keitzer,
R., Querfeld, U. and Haffner, D. (2004) Two familial cases with tumor necrosis factor
receptor-associated periodic syndrome caused by a non-cysteine mutation (T50M) in the

TNFRSF1A gene associated with severe multiorganic amyloidosis. J Rheumatol, 31,

2519-22.

Kalthoff, H., Roeder, C., Brockhaus, M., Thiele, H. G. and Schmiegel, W. (1993) Tumor
necrosis factor (TNF) up-regulates the expression of p75 but not p55 TNF receptors, and

both receptors mediate, independently of each other, up-regulation of transforming



181

growth factor alpha and epidermal growth factor receptor mRNA. J Biol Chem, 268,
2762-6.

Karin, M. (1995) The regulation of AP-1 activity by mitogen-activated protein kinases. J
Biol Chem, 270, 16483-6.

Karin, M,, Liu, Z. and Zandi, E. (1997) AP-1 function and regulation. Curr Opin Cell
Biol, 9, 240-6.

Karin, M. and Ben-Neriah, Y. (2000) Phosphorylation meets ubiquitination: the control of
NF-[kappa]B activity. Annu Rev Immunol, 18, 621-63.

Kasahara, T., Mukaida, N., Yamashita, K., Yagisawa, H., Akahoshi, T. and Matsushima,
K. (1991) IL-1 and TNF-alpha induction of IL-8 and monocyte chemotactic and
activating factor (MCAF) mRNA expression in a human astrocytoma cell line.

Immunology, 74, 60-7.

Kastner, D. L. and O'Shea, J. J. (2001) A fever gene comes in from the cold. Nat Genet,
29, 241-2.

Khabar, K. S., Siddiqui, S. and Armstrong, J. A. (1995) WEHI-13VAR: a stable and
sensitive variant of WEHI 164 clone 13 fibrosarcoma for tumor necrosis factor bioassay.

Immunol Lett, 46, 107-10.

Kinkhabwala, M., Sehajpal, P., Skolnik, E., Smith, D., Sharma, V. K., Vlassara, H.,
Cerami, A. and Suthanthiran, M. (1990) A novel addition to the T cell repertory. Cell
surface expression of tumor necrosis factor/cachectin by activated normal human T cells.

J Exp Med, 171, 941-6.

Kirchner, S., Boldt, S., Kolch, W., Haffner, S., Kazak, S., Janosch, P., Holler, E.,
Andreesen, R. and Eissner, G. (2004a) LPS resistance in monocytic cells caused by
reverse signaling through transmembrane TNF (mTNF) is mediated by the MAPK/ERK
pathway. J Leukoc Biol, 75, 324-31.



182

Kirchner, S., Holler, E., Haffner, S., Andreesen, R. and Eissner, G. (2004b) Effect of
different tumor necrosis factor (TNF) reactive agents on reverse signaling of membrane

integrated TNF in monocytes. Cytokine, 28, 67-74.

Ko, Y. G, Lee, J. S., Kang, Y. S., Ahn, J. H. and Seo, J. S. (1999) TNF-alpha-mediated

apoptosis is initiated in caveolae-like domains. J Immunol, 162, 7217-23.

Kohno, T., Brewer, M. T., Baker, S. L., Schwartz, P. E., King, M. W., Hale, K. K.,
Squires, C. H., Thompson, R. C. and Vannice, J. L. (1990) A second tumor necrosis

factor receptor gene product can shed a naturally occurring tumor necrosis factor

inhibitor. Proc Nat{ Acad Sci U S A, 87, 8331-5.

Kontoyiannis, D., Pasparakis, M., Pizarro, T. T., Cominelli, F. and Kollias, G. (1999)
Impaired on/off regulation of TNF biosynthesis in mice lacking TNF AU-rich elements:

implications for joint and gut-associated immunopathologies. Immunity, 10, 387-98.
Kopito, R. R. and Ron, D. (2000) Conformational disease. Nat Cell Biol, 2, E207-9.

Korner, H., Cook, M., Riminton, D. S., Lemckert, F. A., Hoek, R. M., Ledermann, B.,
Kontgen, F., Fazekas de St Groth, B. and Sedgwick, J. D. (1997) Distinct roles for
lymphotoxin-alpha and tumor necrosis factor in organogenesis and spatial organization of

lymphoid tissue. Eur J Immunol, 27, 2600-9.

Koski, G. K., Lyakh, L. A., Cohen, P. A. and Rice, N. R. (2001) CD14+ monocytes as
dendritic cell precursors: diverse maturation-inducing pathways lead to common

activation of NF-kappab/RelB. Crit Rev Immunol, 21, 179-89.

Kracht, M. and Saklatvala, J. (2002) Transcriptional and post-transcriptional control of

gene expression in inflammation. Cytokine, 20, 91-106.

Kriegel, M. A., Huffmeier, U., Scherb, E., Scheidig, C., Geiler, T., Kalden, J. R., Reis, A.
and Lorenz, H. M. (2003) Tumor necrosis factor receptor-associated periodic syndrome
characterized by a mutation affecting the cleavage site of the receptor: implications for

pathogenesis. Arthritis Rheum, 48, 2386-8.



183

Krippner-Heidenreich, A., Tubing, F., Bryde, S., Willi, S., Zimmermann, G. and
Scheurich, P. (2002) Control of receptor-induced signaling complex formation by the

kinetics of ligand/receptor interaction. J Biol Chem, 277, 44155-63.

Kuida, K., Haydar, T. F., Kuan, C. Y., Gu, Y., Taya, C., Karasuyama, H., Su, M. S.,
Rakic, P. and Flavell, R. A. (1998) Reduced apoptosis and cytochrome c-mediated

caspase activation in mice lacking caspase 9. Cell, 94, 325-37.

Kyriakis, J. M., Banerjee, P., Nikolakaki, E., Dai, T., Rubie, E. A., Ahmad, M. F.,
Avruch, J. and Woodgett, J. R. (1994) The stress-activated protein kinase subfamily of c-
Jun kinases. Nature, 369, 156-60.

Kyriakis, J. M. and Avruch, J. (1996) Sounding the alarm: protein kinase cascades
activated by stress and inflammation. J Biol/ Chem, 271, 24313-6.

Lai, W. S., Carballo, E., Strum, J. R., Kennington, E. A., Phillips, R. S. and Blackshear,
P. J. (1999) Evidence that tristetraprolin binds to AU-rich elements and promotes the

deadenylation and destabilization of tumor necrosis factor alpha mRNA. Mol Cell Biol,

19, 4311-23.

Lamprecht, P., Moosig, F., Adam-Klages, S., Mrowietz, U., Csernok, E., Kirrstetter, M.,
Ahmadi-Simab, K., Schroder, J. O. and Gross, W. L. (2004) Small vessel vasculitis and
relapsing panniculitis in tumour necrosis factor receptor associated periodic syndrome

(TRAPS). Ann Rheum Dis, 63, 1518-20.

Lantz, M., Malik, S., Slevin, M. L. and Olsson, 1. (1990) Infusion of tumor necrosis factor

(TNF) causes an increase in circulating TNF-binding protein in humans. Cyfokine, 2, 402-
6.

Lee, S. Y., Reichlin, A., Santana, A., Sokol, K. A., Nussenzweig, M. C. and Choi, Y.
(1997) TRAF2 is essential for JNK but not NF-kappaB activation and regulates

lymphocyte proliferation and survival. Immunity, 7, 703-13.



184

Lee, T. H., Shank, J., Cusson, N. and Kelliher, M. A. (2004) The kinase activity of Rip1
is not required for tumor necrosis factor-alpha-induced IkappaB kinase or p38 MAP

kinase activation or for the ubiquitination of Rip1 by Traf2. J Biol Chem, 279, 33185-91.

Leeuwenberg, J. F., Dentener, M. A. and Buurman, W. A. (1994a) Lipopolysaccharide
LPS-mediated soluble TNF receptor release and TNF receptor expression by monocytes.
Role of CD14, LPS binding protein, and bactericidal/permeability-increasing protein. J
Immunol, 152, 5070-6.

Leeuwenberg, J. F., Jeunhomme, T. M. and Buurman, W. A. (1994b) Slow release of
soluble TNF receptors by monocytes in vitro. J Immunol, 152, 4036-43.

Legembre, P., Barnhart, B. C., Zheng, L., Vijayan, S., Straus, S. E., Puck, J., Dale, J. K.,
Lenardo, M. and Peter, M. E. (2004) Induction of apoptosis and activation of NF-kappaB
by CD95 require different signalling thresholds. EMBO Rep, 5, 1084-9.

Legler, D. F., Micheau, O., Doucey, M. A., Tschopp, J. and Bron, C. (2003) Recruitment
of TNF receptor 1 to lipid rafts is essential for TNFalpha-mediated NF-kappaB activation.
Immunity, 18, 655-64.

Leist, M., Gantner, F., Jilg, S. and Wendel, A. (1995) Activation of the 55 kDa TNF
receptor is necessary and sufficient for TNF-induced liver failure, hepatocyte apoptosis,

and nitrite release. J Immunol, 154, 1307-16.

Lenardo, M., Chan, K. M., Hornung, F., McFarland, H., Siegel, R., Wang, J. and Zheng,
L. (1999) Mature T lymphocyte apoptosis--immune regulation in a dynamic and

unpredictable antigenic environment. Annu Rev Immunol, 17, 221-53.

Lenardo, M. J. and Baltimore, D. (1989) NF-kappa B: a pleiotropic mediator of inducible

and tissue-specific gene control. Cell, 58, 227-9.

Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S. M., Ahmad, M., Alnemri, E. S. and
Wang, X. (1997) Cytochrome ¢ and dATP-dependent formation of Apaf-1/caspase-9

complex initiates an apoptotic protease cascade. Cell, 91, 479-89.



185

Lin, A., Minden, A., Martinetto, H., Claret, F. X., Lange-Carter, C., Mercurio, F.,
Johnson, G. L. and Karin, M. (1995) Identification of a dual specificity kinase that
activates the Jun kinases and p38-Mpk2. Science, 268, 286-90.

Locksley, R. M., Killeen, N. and Lenardo, M. J. (2001) The TNF and TNF receptor
superfamilies: integrating mammalian biology. Cell, 104, 487-501.

Loetscher, H., Pan, Y. C., Lahm, H. W., Gentz, R., Brockhaus, M., Tabuchi, H. and
Lesslauer, W. (1990) Molecular cloning and expression of the human 55 kd tumor

necrosis factor receptor. Cell, 61, 351-9.

Loetscher, H., Gentz, R., Zulauf, M., Lustig, A., Tabuchi, H., Schlaeger, E. J., Brockhaus,
M., Gallati, H., Manneberg, M. and Lesslauer, W. (1991) Recombinant 55-kDa tumor
necrosis factor (TNF) receptor. Stoichiometry of binding to TNF alpha and TNF beta and
inhibition of TNF activity. J Biol Chem, 266, 18324-9.

Lugering, A., Schmidt, M., Lugering, N., Pauels, H. G., Domschke, W. and Kucharzik, T.
(2001) Infliximab induces apoptosis in monocytes from patients with chronic active

Crohn's disease by using a caspase-dependent pathway. Gastroenterology, 121, 1145-57.

Luheshi, G. and Rothwell, N. (1996) Cytokines and fever. Int Arch Allergy Immunol, 109,
301-7.

Macchia, D., Almerigogna, F., Parronchi, P., Ravina, A., Maggi, E. and Romagnani, S.
(1993) Membrane tumour necrosis factor-alpha is involved in the polyclonal B-cell

activation induced by HIV-infected human T cells. Nature, 363, 464-6.

MacEwan, D. J. (2002) TNF ligands and receptors--a matter of life and death. Br J
Pharmacol, 135, 855-75.

Maini, R., St Clair, E. W., Breedveld, F., Furst, D., Kalden, J., Weisman, M., Smolen, J.,
Emery, P., Harriman, G., Feldmann, M. and Lipsky, P. (1999) Infliximab (chimeric anti-
tumour necrosis factor alpha monoclonal antibody) versus placebo in rheumatoid arthritis
patients receiving concomitant methotrexate: a randomised phase III trial. ATTRACT

Study Group. Lancet, 354, 1932-9.



186

Majeed, H. A., Quabazard, Z., Hijazi, Z., Farwana, S. and Harshani, F. (1990) The
cutaneous manifestations in children with familial Mediterranean fever (recurrent

hereditary polyserositis). A six-year study. Q J Med, 75, 607-16.

Malinin, N. L., Boldin, M. P., Kovalenko, A. V. and Wallach, D. (1997) MAP3K-related
kinase involved in NF-kappaB induction by TNF, CD95 and IL-1. Nature, 385, 540-4.

Manji, G. A., Wang, L., Geddes, B. J., Brown, M., Merriam, S., Al-Garawi, A., Mak, S.,
Lora, J. M., Briskin, M., Jurman, M., Cao, J., DiStefano, P. S. and Bertin, J. (2002)
PYPAFI, a PYRIN-containing Apafl-like protein that assembles with ASC and regulates
activation of NF-kappa B. J Biol Chem, 277, 11570-5.

Marsters, S. A., Frutkin, A. D., Simpson, N. J., Fendly, B. M. and Ashkenazi, A. (1992)
Identification of cysteine-rich domains of the type 1 tumor necrosis factor receptor

involved in ligand binding. J Biol Chem, 267, 5747-50.

Matsushima, K. and Oppenheim, J. J. (1989) Interleukin 8 and MCAF: novel
inflammatory cytokines inducible by IL 1 and TNF. Cytokine, 1, 2-13.

McDermott, E. M., Smillie, D. M. and Powell, R. J. (1997) Clinical spectrum of familial
Hibernian fever: a 14-year follow-up study of the index case and extended family. Mayo

Clin Proc, 72, 806-17.

McDermott, M. F., Ogunkolade, B. W., McDermott, E. M., Jones, L. C., Wan, Y., Quane,
K. A., McCarthy, J., Phelan, M., Molloy, M. G., Powell, R. J., Amos, C. I. and Hitman,
G. A. (1998) Linkage of familial Hibernian fever to chromosome 12p13. Am J Hum
Genet, 62, 1446-51.

McDermott, M. F., Aksentijevich, 1., Galon, J., McDermott, E. M., Ogunkolade, B. W.,
Centola, M., Mansfield, E., Gadina, M., Karenko, L., Pettersson, T., McCarthy, J., Frucht,
D. M., Aringer, M., Torosyan, Y., Teppo, A. M., Wilson, M., Karaarslan, H. M., Wan, Y.,
Todd, 1., Wood, G., Schlimgen, R., Kumarajeewa, T. R., Cooper, S. M., Vella, J. P.,

Kastner, D. L. and et al. (1999a) Germline mutations in the extracellular domains of the



187

55 kDa TNF receptor, TNFR1, define a family of dominantly inherited autoinflammatory
syndromes. Cell, 97, 133-44.

McDermott, M. F. (1999b) Autosomal dominant recurrent fevers. Clinical and genetic

aspects. Rev Rhum Engl Ed, 66, 484-91.

McFarlane, S. M., Pashmi, G., Connell, M. C,, Littlejohn, A. F., Tucker, S. J.,
Vandenabeele, P. and MacEwan, D. J. (2002) Differential activation of nuclear factor-

kappaB by tumour necrosis factor receptor subtypes. TNFR1 predominates whereas

TNFR2 activates transcription poorly. FEBS Lett, 515, 119-26.

Meager, A., Sampson, L. E., Grell, M. and Scheurich, P. (1993) Development of
resistance to tumour necrosis factor (TNF alpha) in KYM-1 cells involves both TNF

receptors. Cytokine, 5, 556-63.

Medvedev, A. E., Espevik, T., Ranges, G. and Sundan, A. (1996) Distinct roles of the two
tumor necrosis factor (TNF) receptors in modulating TNF and lymphotoxin alpha effects.

J Biol Chem, 271, 9778-84.

Micheau, O. and Tschopp, J. (2003) Induction of TNF receptor I-mediated apoptosis via
two sequential signaling complexes. Cell, 114, 181-90.

Mitoma, H., Horiuchi, T., Hatta, N., Tsukamoto, H., Harashima, S., Kikuchi, Y., Otsuka,
J., Okamura, S., Fujita, S. and Harada, M. (2005) Infliximab induces potent anti-
inflammatory responses by outside-to-inside signals through transmembrane TNF-alpha.

Gastroenterology, 128, 376-92.

Miyazawa, K., Mori, A., Miyata, H., Akahane, M., Ajisawa, Y. and Okudaira, H. (1998)
Regulation of interleukin-1beta-induced interleukin-6 gene expression in human
fibroblast-like synoviocytes by p38 mitogen-activated protein kinase. J Biol/ Chem, 273,
24832-8.

Moreland, L. W., Baumgartner, S. W., Schiff, M. H., Tindall, E. A., Fleischmann, R. M.,
Weaver, A. L., Ettlinger, R. E., Cohen, S., Koopman, W. J., Mohler, K., Widmer, M. B.



188

and Blosch, C. M. (1997) Treatment of rheumatoid arthritis with a recombinant human

tumor necrosis factor receptor (p75)-Fc fusion protein. N Engl J Med, 337, 141-7.

Moss, M. L., Jin, S. L., Milla, M. E., Bickett, D. M., Burkhart, W., Carter, H. L., Chen,
W.J,, Clay, W. C., Didsbury, J. R., Hassler, D., Hoffman, C. R., Kost, T. A., Lambert, M.
H., Leesnitzer, M. A., McCauley, P., McGeehan, G., Mitchell, J., Moyer, M., Pahel, G.,
Rocque, W., Overton, L. K., Schoenen, F., Seaton, T., Su, J. L., Becherer, J. D. and et al.
(1997) Cloning of a disintegrin metalloproteinase that processes precursor tumour-

necrosis factor-alpha. Nature, 385, 733-6.

Mukaida, N. (2000) Interleukin-8: an expanding universe beyond neutrophil chemotaxis

and activation. Int J Hematol, 72, 391-8.

Mukhopadhyay, A., Suttles, J., Stout, R. D. and Aggarwal, B. B. (2001) Genetic deletion
of the tumor necrosis factor receptor p60 or p80 abrogates ligand-mediated activation of
nuclear factor-kappa B and of mitogen-activated protein kinases in macrophages. J Biol

Chem, 276, 31906-12.

Mullberg, J., Durie, F. H., Otten-Evans, C., Alderson, M. R., Rose-John, S., Cosman, D.,
Black, R. A. and Mohler, K. M. (1995) A metalloprotease inhibitor blocks shedding of
the IL-6 receptor and the p60 TNF receptor. J Immunol, 155, 5198-205.

Mulley, J., Saar, K., Hewitt, G., Ruschendorf, F., Phillips, H., Colley, A., Sillence, D.,
Reis, A. and Wilson, M. (1998) Gene localization for an autosomal dominant familial

periodic fever to 12p13. Am J Hum Genet, 62, 884-9.

Munker, R. and Koeffler, P. (1987) In vitro action of tumor necrosis factor on myeloid

leukemia cells. Blood, 69, 1102-8.

Muppidi, J. R., Tschopp, J. and Siegel, R. M. (2004) Life and death decisions: secondary
complexes and lipid rafts in TNF receptor family signal transduction. Immunity, 21, 461-

5.

Murray, J., Barbara, J. A., Dunkley, S. A., Lopez, A. F., Van Ostade, X., Condliffe, A.
M., Dransfield, 1., Haslett, C. and Chilvers, E. R. (1997) Regulation of neutrophil



189

apoptosis by tumor necrosis factor-alpha: requirement for TNFR55 and TNFR75 for
induction of apoptosis in vitro. Blood, 90, 2772-83.

Naismith, J. H., Devine, T. Q., Brandhuber, B. J. and Sprang, S. R. (1995)
Crystallographic evidence for dimerization of unliganded tumor necrosis factor receptor.

J Biol Chem, 270, 13303-7.

Naismith, J. H., Devine, T. Q., Kohno, T. and Sprang, S. R. (1996) Structures of the

extracellular domain of the type I tumor necrosis factor receptor. Structure, 4, 1251-62.

Naismith, J. H. and Sprang, S. R. (1998) Modularity in the TNF-receptor family. Trends
Biochem Sci, 23, 74-9.

Nakano, H., Sakon, S., Koseki, H., Takemori, T., Tada, K., Matsumoto, M., Munechika,
E., Sakai, T., Shirasawa, T., Akiba, H., Kobata, T., Santee, S. M., Ware, C. F., Rennert, P.
D., Taniguchi, M., Yagita, H. and Okumura, K. (1999) Targeted disruption of Traf5 gene
causes defects in CD40- and CD27-mediated lymphocyte activation. Proc Natl Acad Sci
US A4, 96, 9803-8.

Nakayama, G. R., Caton, M. C., Nova, M. P. and Parandoosh, Z. (1997) Assessment of
the Alamar Blue assay for cellular growth and viability in vitro. J Immunol Methods, 204,

205-8.

Natoli, G., Costanzo, A., lanni, A., Templeton, D. J., Woodgett, J. R., Balsano, C. and
Levrero, M. (1997) Activation of SAPK/JNK by TNF receptor 1 through a noncytotoxic
TRAF2-dependent pathway. Science, 275, 200-3.

Neven, B., Callebaut, I., Prieur, A. M., Feldmann, J., Bodemer, C., Lepore, L., Derfalvi,
B., Benjaponpitak, S., Vesely, R., Sauvain, M. J., Oertle, S., Allen, R., Morgan, G.,
Borkhardt, A., Hill, C., Gardner-Medwin, J., Fischer, A. and de Saint Basile, G. (2004)
Molecular basis of the spectral expression of CIAS1 mutations associated with
phagocytic cell-mediated autoinflammatory disorders CINCA/NOMID, MWS, and FCU.
Blood, 103, 2809-15.



190

Nishitoh, H., Saitoh, M., Mochida, Y., Takeda, K., Nakano, H., Rothe, M., Miyazono, K.
and Ichijo, H. (1998) ASK1 is essential for INK/SAPK activation by TRAF2. Mol Cell,
2, 389-95.

Nophar, Y., Kemper, O., Brakebusch, C., Englemann, H., Zwang, R., Aderka, D.,
Holtmann, H. and Wallach, D. (1990) Soluble forms of tumor necrosis factor receptors
(TNF-Rs). The cDNA for the type I TNF-R, cloned using amino acid sequence data of its
soluble form, encodes both the cell surface and a soluble form of the receptor. Embo J, 9,

3269-78.

O'Brien, D. P., Briles, D. E., Szalai, A. J.,, Tu, A. H., Sanz, I. and Nahm, M. H. (1999)
Tumor necrosis factor alpha receptor I is important for survival from Streptococcus

pneumoniae infections. Infect Immun, 67, 595-601.

O'Malley, W. E., Achinstein, B. and Shear, M. J. (1962) Action of bacterial
polysaccharide on tumors. II. Damage of Sarcoma 37 by serum of mice treated with

Serratia marcescens polysaccharide, and induced tolerance. J Natl Cancer Inst, 29, 1169-
75.

Palombella, V. J., Rando, O. J., Goldberg, A. L. and Maniatis, T. (1994) The ubiquitin-
proteasome pathway is required for processing the NF-kappa B1 precursor protein and the
activation of NF-kappa B. Cell, 78, 773-85.

Papadaki, H. A., Kritikos, H. D., Valatas, V., Boumpas, D. T. and Eliopoulos, G. D.
(2002) Anemia of chronic disease in rheumatoid arthritis is associated with increased

apoptosis of bone marrow erythroid cells: improvement following anti-tumor necrosis

factor-alpha antibody therapy. Blood, 100, 474-82.

Parsonage, G., Falciani, F., Burman, A,, Filer, A,, Ross, E., Bofill, M., Martin, S.,
Salmon, M. and Buckley, C. D. (2003) Global gene expression profiles in fibroblasts
from synovial, skin and lymphoid tissue reveals distinct cytokine and chemokine

expression patterns. Thromb Haemost, 90, 688-97.



191

Pasparakis, M., Kousteni, S., Peschon, J. and Kollias, G. (2000) Tumor necrosis factor
and the p55TNF receptor are required for optimal development of the marginal sinus and

for migration of follicular dendritic cell precursors into splenic follicles. Cell Immunol,

201, 33-41.

Patestos, N. P., Haegeman, G., Vandevoorde, V. and Fiers, W. (1993) Activation of the
nuclear factor kappa B is not sufficient for regulation of tumor necrosis factor-induced

interleukin-6 gene expression. Biochimie, 75, 1007-18.

Pawlowski, K., Pio, F., Chu, Z., Reed, J. C. and Godzik, A. (2001) PAAD - a new protein
domain associated with apoptosis, cancer and autoimmune diseases. Trends Biochem Sci,

26, 85-7.

Pease, J. E. and Sabroe, 1. (2002) The role of interleukin-8 and its receptors in

inflammatory lung disease: implications for therapy. Am J Respir Med, 1, 19-25.

Peiretti, F., Canault, M., Bernot, D., Bonardo, B., Deprez-Beauclair, P., Juhan-Vague, 1.
and Nalbone, G. (2005) Proteasome inhibition activates the transport and the ectodomain

shedding of TNF-alpha receptors in human endothelial cells. J Cell Sci, 118, 1061-70.

Pennica, D., Nedwin, G. E., Hayflick, J. S., Seeburg, P. H., Derynck, R., Palladino, M.
A., Kohr, W.J.,, Aggarwal, B. B. and Goeddel, D. V. (1984) Human tumour necrosis

factor: precursor structure, expression and homology to lymphotoxin. Nature, 312, 724-9.

Peschon, J. J., Torrance, D. S., Stocking, K. L., Glaccum, M. B,, Otten, C., Willis, C. R.,
Charrier, K., Morrissey, P. J., Ware, C. B. and Mohler, K. M. (1998) TNF receptor-
deficient mice reveal divergent roles for p55 and p75 in several models of inflammation.

J Immunol, 160, 943-52.

Pfeffer, K., Matsuyama, T., Kundig, T. M., Wakeham, A., Kishihara, K., Shahinian, A.,
Wiegmann, K., Ohashi, P. S., Kronke, M. and Mak, T. W. (1993) Mice deficient for the
55 kd tumor necrosis factor receptor are resistant to endotoxic shock, yet succumb to L.

monocytogenes infection. Cell, 73, 457-67.



192

Pinckard, J. K., Sheehan, K. C., Arthur, C. D. and Schreiber, R. D. (1997) Constitutive
shedding of both p55 and p75 murine TNF receptors in vivo. J Immunol, 158, 3869-73.

Pitts, S. A., Olomolaiye, O. O., Elson, C. J., Westacott, C. I. and Bidwell, J. L. (1998a)
An MspA1 I polymorphism in exon 1 of the human TNF receptor type I (p55) gene. Eur J
Immunogenet, 25, 269-70.

Pitts, S. A., Olomolaiye, O. O., Elson, C. J., Westacott, C. I. and Bidwell, J. L. (1998b)
Identification of a rare Bg/Il polymorphism in the promoter region of the human TNF

receptor type I (p55) gene. Eur J Immunogenet, 25, 271-2.

Poirier, O., Nicaud, V., Gariepy, J., Courbon, D., Elbaz, A., Morrison, C., Kee, F., Evans,
A., Arveiler, D., Ducimetiere, P., Amarenco, P. and Cambien, F. (2004) Polymorphism
R92Q of the tumour necrosis factor receptor 1 gene is associated with myocardial
infarction and carotid intima-media thickness--the ECTIM, AXA, EVA and GENIC
Studies. Eur J Hum Genet, 12, 213-9.

Polunovsky, V. A., Wendt, C. H., Ingbar, D. H., Peterson, M. S. and Bitterman, P. B.
(1994) Induction of endothelial cell apoptosis by TNF alpha: modulation by inhibitors of
protein synthesis. Exp Cell Res, 214, 584-94.

Pombo, C. M., Kehrl, J. H,, Sanchez, 1., Katz, P., Avruch, J., Zon, L. I., Woodgett, J. R.,
Force, T. and Kyriakis, J. M. (1995) Activation of the SAPK pathway by the human
STE20 homologue germinal centre kinase. Nature, 377, 750-4.

Poot, M., Visser, W. J., Verkerk, A. and Jongkind, J. F. (1985) Autofluorescence of
human skin fibroblasts during growth inhibition and in vitro ageing. Gerontology, 31,

158-65.

Porteu, F. and Nathan, C. (1990) Shedding of tumor necrosis factor receptors by activated
human neutrophils. J Exp Med, 172, 599-607.

Prichett, W., Hand, A., Sheilds, J. and Dunnington, D. (1995) Mechanism of action of
bicyclic imidazoles defines a translational regulatory pathway for tumor necrosis factor

alpha. J Inflamm, 45, 97-105.



193

Raingeaud, J., Whitmarsh, A. J., Barrett, T., Derijard, B. and Davis, R. J. (1996) MKK3-
and MKK6-regulated gene expression is mediated by the p38 mitogen-activated protein

kinase signal transduction pathway. Mol Cell Biol, 16, 1247-55.

Rath, P. C. and Aggarwal, B. B. (1999) TNF-induced signaling in apoptosis. J Clin
Immunol, 19, 350-64.

Rattan, S. I, Keeler, K. D., Buchanan, J. H. and Holliday, R. (1982) Autofluorescence as

an index of ageing in human fibroblasts in culture. Biosci Rep, 2, 561-7.

Rattan, S. I. (1998) Repeated mild heat shock delays ageing in cultured human skin
fibroblasts. Biochem Mol Biol Int, 45, 753-9.

Reddy, P., Slack, J. L., Davis, R., Cerretti, D. P., Kozlosky, C. J., Blanton, R. A., Shows,
D., Peschon, J. J. and Black, R. A. (2000) Functional analysis of the domain structure of

tumor necrosis factor-alpha converting enzyme. J Biol Chem, 275, 14608-14.

Reinhard, C., Shamoon, B., Shyamala, V. and Williams, L. T. (1997) Tumor necrosis
factor alpha-induced activation of c-jun N-terminal kinase is mediated by TRAF2. Embo

J, 16, 1080-92.

Rennert, P. D., Browning, J. L., Mebius, R., Mackay, F. and Hochman, P. S. (1996)
Surface lymphotoxin alpha/beta complex is required for the development of peripheral

lymphoid organs. J Exp Med, 184, 1999-2006.

Rice, N. R., MacKichan, M. L. and Israel, A. (1992) The precursor of NF-kappa B p50
has I kappa B-like functions. Cell, 71, 243-53.

Rieux-Laucat, F., Le Deist, F., Hivroz, C., Roberts, I. A., Debatin, K. M., Fischer, A. and
de Villartay, J. P. (1995) Mutations in Fas associated with human lymphoproliferative

syndrome and autoimmunity. Science, 268, 1347-9.

Rieux-Laucat, F., Le Deist, F. and Fischer, A. (2003) Autoimmune lymphoproliferative
syndromes: genetic defects of apoptosis pathways. Cell Death Differ, 10, 124-33.



194

Roger, T., Out, T., Mukaida, N., Matsushima, K., Jansen, H. and Lutter, R. (1998)
Enhanced AP-1 and NF-kappaB activities and stability of interleukin 8 (IL-8) transcripts

are implicated in IL-8 mRNA superinduction in lung epithelial H292 cells. Biochem J,
330 (Pt 1), 429-35.

Rosen, R. B. and Nishiyama, H. (1965) Leucocyte Life-Span and Leucocyte Alkaline
Phosphatase. Lancet, 19, 554.

Rosenblum, M. G. and Donato, N. J. (1989) Tumor necrosis factor alpha: a multifaceted

peptide hormone. Crit Rev Immunol, 9, 21-44.

Rosen-Wolff, A., Kreth, H. W., Hofmann, S., Hohne, K., Heubner, G., Mobius, D., Zintl,
F., Gahr, M. and Roesler, J. (2001) Periodic fever (TRAPS) caused by mutations in the
TNFalpha receptor 1 (TNFRSF1A) gene of three German patients. Eur J Haematol, 67,
105-9.

Rothe, J., Lesslauer, W., Lotscher, H., Lang, Y., Koebel, P., Kontgen, F., Althage, A.,
Zinkernagel, R., Steinmetz, M. and Bluethmann, H. (1993) Mice lacking the tumour
necrosis factor receptor 1 are resistant to TNF-mediated toxicity but highly susceptible to

infection by Listeria monocytogenes. Nature, 364, 798-802.

Rothe, M., Wong, S. C., Henzel, W. J. and Goeddel, D. V. (1994) A novel family of
putative signal transducers associated with the cytoplasmic domain of the 75 kDa tumor

necrosis factor receptor. Cell, 78, 681-92.

Rothe, M., Sarma, V., Dixit, V. M. and Goeddel, D. V. (1995) TRAF2-mediated
activation of NF-kappa B by TNF receptor 2 and CD40. Science, 269, 1424-7.

Rowe, M., Rowe, D. T., Gregory, C. D., Young, L. S,, Farrell, P. J., Rupani, H. and
Rickinson, A. B. (1987) Differences in B cell growth phenotype reflect novel patterns of

Epstein-Barr virus latent gene expression in Burkitt's lymphoma cells. Embo J, 6, 2743-

51.

Rutault, K., Hazzalin, C. A. and Mahadevan, L. C. (2001) Combinations of ERK and p38
MAPK inhibitors ablate tumor necrosis factor-alpha (TNF-alpha ) mRNA induction.



195

Evidence for selective destabilization of TNF-alpha transcripts. J Biol Chem, 276, 6666-
74.

Saklatvala, J., Dean, J. and Clark, A. (2003) Control of the expression of inflammatory
response genes. Biochem Soc Symp, 95-106.

Salvesen, G. S. and Dixit, V. M. (1999) Caspase activation: the induced-proximity model.
Proc Natl Acad Sci U S A, 96, 10964-7.

Sanchez, I., Hughes, R. T., Mayer, B. J., Yee, K., Woodgett, J. R., Avruch, J., Kyriakis, J.
M. and Zon, L. I. (1994) Role of SAPK/ERK kinase-1 in the stress-activated pathway

regulating transcription factor c-Jun. Nature, 372, 794-8.

Sandborn, W. J., Hanauer, S. B., Katz, S., Safdi, M., Wolf, D. G., Baerg, R. D., Tremaine,
W. J., Johnson, T., Diehl, N. N. and Zinsmeister, A. R. (2001) Etanercept for active

Crohn's disease: a randomized, double-blind, placebo-controlled trial. Gastroenterology,
121, 1088-94.

Sanders, C. R. and Nagy, J. K. (2000) Misfolding of membrane proteins in health and
disease: the lady or the tiger? Curr Opin Struct Biol, 10, 438-42.

Sarrauste de Menthiere, C., Terriere, S., Pugnere, D., Ruiz, M., Demaille, J. and Touitou,
I. (2003) INFEVERS: the Registry for FMF and hereditary inflammatory disorders
mutations. Nucleic Acids Res, 31, 282-5.

Schall, T. J., Lewis, M., Koller, K. J., Lee, A,, Rice, G. C., Wong, G. H., Gatanaga, T.,
Granger, G. A., Lentz, R., Raab, H. and et al. (1990) Molecular cloning and expression of

a receptor for human tumor necrosis factor. Cell, 61, 361-70.

Schmitz, M. L., Mattioli, 1., Buss, H. and Kracht, M. (2004) NF-kappaB: a multifaceted

transcription factor regulated at several levels. Chembiochem, 5, 1348-58.

Schneider, P. (2005) The role of APRIL and BAFF in lymphocyte activation. Curr Opin
Immunol, 17, 282-9.



196

Schneider-Brachert, W., Tchikov, V., Neumeyer, J., Jakob, M., Winoto-Morbach, S.,
Held-Feindt, J., Heinrich, M., Merkel, O., Ehrenschwender, M., Adam, D., Mentlein, R.,
Kabelitz, D. and Schutze, S. (2004) Compartmentalization of TNF receptor 1 signaling:

internalized TNF receptosomes as death signaling vesicles. Immunity, 21, 415-28.

Schotte, P., Declercq, W., Van Huffel, S., Vandenabeele, P. and Beyaert, R. (1999) Non-
specific effects of methyl ketone peptide inhibitors of caspases. FEBS Lett, 442, 117-21.

Schutze, S., Machleidt, T., Adam, D., Schwandner, R., Wiegmann, K., Kruse, M. L.,
Heinrich, M., Wickel, M. and Kronke, M. (1999) Inhibition of receptor internalization by
monodansylcadaverine selectively blocks p55 tumor necrosis factor receptor death

domain signaling. J Biol Chem, 274, 10203-12.

Schweickhardt, R. L., Jiang, X., Garone, L. M. and Brondyk, W. H. (2003) Structure-
expression relationship of tumor necrosis factor receptor mutants that increase expression.
J Biol Chem, 278, 28961-7.

Sen, R. and Baltimore, D. (1986) Multiple nuclear factors interact with the

immunoglobulin enhancer sequences. Cell, 46, 705-16.

Senftleben, U., Cao, Y., Xiao, G., Greten, F. R., Krahn, G., Bonizzi, G., Chen, Y., Hu, Y.,
Fong, A., Sun, S. C. and Karin, M. (2001) Activation by IKKalpha of a second,
evolutionary conserved, NF-kappa B signaling pathway. Science, 293, 1495-9.

Shakhov, A. N., Collart, M. A., Vassalli, P., Nedospasov, S. A. and Jongeneel, C. V.
(1990) Kappa B-type enhancers are involved in lipopolysaccharide-mediated

transcriptional activation of the tumor necrosis factor alpha gene in primary macrophages.

J Exp Med, 171, 35-47.

Shakibaei, M., Schulze-Tanzil, G., Takada, Y. and Aggarwal, B. B. (2005) Redox
regulation of apoptosis by members of the TNF superfamily. Antioxid Redox Signal, 7,
482-96.

Shaulian, E. and Karin, M. (2002) AP-1 as a regulator of cell life and death. Nat Cell
Biol, 4, E131-6.



197

Shear, M. J. and Turner, F. C. (1943) Chemical treatment of tumors. V. Isolation of the

hemorrhage-producing fraction from Serratia marcescens (Bacillus prodigiosus) culture

filtrate. J Natl Cancer Inst, 4, 81-97.

Shen, C., Assche, G. V., Colpaert, S., Maerten, P., Geboes, K., Rutgeerts, P. and
Ceuppens, J. L. (2005) Adalimumab induces apoptosis of human monocytes: a

comparative study with infliximab and etanercept. Aliment Pharmacol Ther, 21, 251-8.

Shimizu, H., Mitomo, K., Watanabe, T., Okamoto, S. and Yamamoto, K. (1990)
Involvement of a NF-kappa B-like transcription factor in the activation of the interleukin-

6 gene by inflammatory lymphokines. Mo/ Cell Biol, 10, 561-8.

Shiozawa, S., Hayashi, S., Tsukamoto, Y., Goko, H., Kawasaki, H., Wada, T., Shimizu,
K., Yasuda, N., Kamatani, N., Takasugi, K., Tanaka, Y., Shiozawa, K. and Imura, S.

(1998) Identification of the gene loci that predispose to rheumatoid arthritis. /nt Immunol,
10, 1891-5.

Smith, C. A., Davis, T., Anderson, D., Solam, L., Beckmann, M. P., Jerzy, R., Dower, S.
K., Cosman, D. and Goodwin, R. G. (1990) A receptor for tumor necrosis factor defines

an unusual family of cellular and viral proteins. Science, 248, 1019-23.

Smith, C. A., Farrah, T. and Goodwin, R. G. (1994) The TNF receptor superfamily of

cellular and viral proteins: activation, costimulation, and death. Cell, 76, 959-62.

Smith, R. A. and Baglioni, C. (1987) The active form of tumor necrosis factor is a trimer.

J Biol Chem, 262, 6951-4.

Sneller, M. C., Wang, J., Dale, J. K., Strober, W., Middelton, L. A., Choi, Y., Fleisher, T.
A., Lim, M. S, Jaffe, E. S., Puck, J. M., Lenardo, M. J. and Straus, S. E. (1997) Clincial,
immunologic, and genetic features of an autoimmune lymphoproliferative syndrome

associated with abnormal lymphocyte apoptosis. Blood, 89, 1341-8.

Sohar, E., Gafni, J., Pras, M. and Heller, H. (1967) Familial Mediterranean fever. A
survey of 470 cases and review of the literature. Am J Med, 43, 227-53.



198

Spender, L. C., Cornish, G. H., Rowland, B., Kempkes, B. and Farrell, P. J. (2001) Direct
and indirect regulation of cytokine and cell cycle proteins by EBNA-2 during Epstein-
Barr virus infection. J Virol, 75, 3537-46.

Spriggs, D. R., Deutsch, S. and Kufe, D. W. (1992) Genomic structure, induction, and
production of TNF-alpha. Immunol Ser, 56, 3-34.

Stanger, B. Z., Leder, P., Lee, T. H., Kim, E. and Seed, B. (1995) RIP: a novel protein
containing a death domain that interacts with Fas/APO-1 (CD95) in yeast and causes cell

death. Cell, 81, 513-23.

Stehlik, C., Fiorentino, L., Dorfleutner, A., Bruey, J. M., Ariza, E. M., Sagara, J. and
Reed, J. C. (2002) The PAAD/PYRIN-family protein ASC is a dual regulator of a
conserved step in nuclear factor kappaB activation pathways. J Exp Med, 196, 1605-15.

Steinshamn, S., Bemelmans, M. H., van Tits, L. J., Bergh, K., Buurman, W. A. and
Waage, A. (1996) TNF receptors in murine Candida albicans infection: evidence for an

important role of TNF receptor p55 in antifungal defense. J Immunol, 157, 2155-9.

Stennicke, H. R., Jurgensmeier, J. M., Shin, H., Deveraux, Q., Wolf, B. B, Yang, X.,
Zhou, Q., Ellerby, H. M., Ellerby, L. M., Bredesen, D., Green, D. R., Reed, J. C,,
Froelich, C. J. and Salvesen, G. S. (1998) Pro-caspase-3 is a major physiologic target of
caspase-8. J Biol Chem, 273, 27084-90.

Stennicke, H. R. and Salvesen, G. S. (2000) Caspases - controlling intracellular signals by
protease zymogen activation. Biochim Biophys Acta, 1477, 299-306.

Storey, H., Stewart, A., Vandenabeele, P. and Luzio, J. P. (2002) The p55 tumour
necrosis factor receptor TNFR1 contains a trans-Golgi network localization signal in the

C-terminal region of its cytoplasmic tail. Biochem J, 366, 15-22.

Sugarman, B. J., Aggarwal, B. B, Hass, P. E,, Figari, I. S., Palladino, M. A., Jr. and
Shepard, H. M. (1985) Recombinant human tumor necrosis factor-alpha: effects on

proliferation of normal and transformed cells in vitro. Science, 230, 943-5.



199

Suzuki, M., Tetsuka, T., Yoshida, S., Watanabe, N., Kobayashi, M., Matsui, N. and
Okamoto, T. (2000) The role of p38 mitogen-activated protein kinase in IL-6 and IL-8
production from the TNF-alpha- or IL-1beta-stimulated rheumatoid synovial fibroblasts.
FEBS Lett, 465, 23-7.

Tada, K., Okazaki, T., Sakon, S., Kobarai, T., Kurosawa, K., Yamaoka, S., Hashimoto,
H., Mak, T. W, Yagita, H., Okumura, K., Yeh, W. C. and Nakano, H. (2001) Critical
roles of TRAF2 and TRAFS5 in tumor necrosis factor-induced NF-kappa B activation and
protection from cell death. J Biol Chem, 276, 36530-4.

Tak, P. P. and Firestein, G. S. (2001) NF-kappaB: a key role in inflammatory diseases. J
Clin Invest, 107, 7-11.

Takekawa, M., Posas, F. and Saito, H. (1997) A human homolog of the yeast Ssk2/Ssk22
MAP kinase kinase kinases, MTK1, mediates stress-induced activation of the p38 and

INK pathways. Embo J, 16, 4973-82.

Tang, G., Minemoto, Y., Dibling, B., Purcell, N. H., Li, Z., Karin, M. and Lin, A. (2001)
Inhibition of JNK activation through NF-kappaB target genes. Nature, 414, 313-7.

Tang, P., Hung, M. C. and Klostergaard, J. (1996) Human pro-tumor necrosis factor is a
homotrimer. Biochemistry, 35, 8216-25.

Targan, S. R., Hanauer, S. B., van Deventer, S. J., Mayer, L., Present, D. H., Braakman,
T., DeWoody, K. L., Schaible, T. F. and Rutgeerts, P. J. (1997) A short-term study of
chimeric monoclonal antibody cA2 to tumor necrosis factor alpha for Crohn's disease.

Crohn's Disease cA2 Study Group. N Engl J Med, 337, 1029-35.

Tartaglia, L. A., Weber, R. F., Figari, I. S, Reynolds, C., Palladino, M. A., Jr. and
Goeddel, D. V. (1991) The two different receptors for tumor necrosis factor mediate

distinct cellular responses. Proc Natl Acad Sci U S A, 88, 9292-6.

Tartaglia, L. A., Ayres, T. M., Wong, G. H. and Goeddel, D. V. (1993a) A novel domain
within the 55 kd TNF receptor signals cell death. Cell, 74, 845-53.



200

Tartaglia, L. A., Pennica, D. and Goeddel, D. V. (1993b) Ligand passing: the 75-kDa
tumor necrosis factor (TNF) receptor recruits TNF for signaling by the 55-kDa TNF
receptor. J Biol Chem, 268, 18542-8.

Tchernitchko, D., Chiminggi, M., Galacteros, F., Prehu, C., Segbena, Y., Coulibaly, H.,
Rebaya, N. and Loric, S. (2005) Unexpected high frequency of P46L TNFRSF1A allele
in sub-Saharan West African populations. Eur J Hum Genet, 13, 513-5.

Telliez, J. B., Xu, G. Y., Woronicz, J. D., Hsu, S., Wu, J. L., Lin, L., Sukits, S. F.,
Powers, R. and Lin, L. L. (2000) Mutational analysis and NMR studies of the death

domain of the tumor necrosis factor receptor-1. J Mol Biol, 300, 1323-33.

ten Hove, T., van Montfrans, C., Peppelenbosch, M. P. and van Deventer, S. J. (2002)

Infliximab treatment induces apoptosis of lamina propria T lymphocytes in Crohn's

disease. Gut, 50, 206-11.

The French FMF Consortium. (1997) A candidate gene for familial Mediterranean fever.
Nat Genet, 17, 25-31.

The International FMF Consortium. (1997) Ancient Missense Mutations in a New
Member of the RoRet Gene Family Are Likely to Cause Familial Mediterranean Fever.
Cell, 90, 797-807.

Ting, A. T., Pimentel-Muinos, F. X. and Seed, B. (1996) RIP mediates tumor necrosis
factor receptor 1 activation of NF-kappaB but not Fas/APO-1-initiated apoptosis. Embo J,
15, 6189-%6.

Todd, 1., Radford, P. M., Draper-Morgan, K. A., Mclntosh, R., Bainbridge, S., Dickinson,
P., Jamhawi, L., Sansaridis, M., Huggins, M. L., Tighe, P. J. and Powell, R. J. (2004)
Mutant forms of tumour necrosis factor receptor I that occur in TNF-receptor-associated
periodic syndrome retain signalling functions but show abnormal behaviour. Immunology,

113, 65-79.



201

Toro, J. R., Aksentijevich, 1., Hull, K., Dean, J. and Kastner, D. L. (2000) Tumor necrosis
factor receptor-associated periodic syndrome: a novel syndrome with cutaneous

manifestations. Arch Dermatol, 136, 1487-94.

Tournier, C., Whitmarsh, A. J., Cavanagh, J., Barrett, T. and Davis, R. J. (1997) Mitogen-
activated protein kinase kinase 7 is an activator of the c-Jun NH2-terminal kinase. Proc

Natl Acad Sci U S A, 94, 7337-42.

Tsujimoto, M., Yip, Y. K. and Vilcek, J. (1985) Tumor necrosis factor: specific binding

and internalization in sensitive and resistant cells. Proc Natl Acad Sci U S A, 82, 7626-30.

Van den Brande, J. M., Braat, H., van den Brink, G. R., Versteeg, H. H., Bauer, C. A,
Hoedemaeker, 1., van Montfrans, C., Hommes, D. W., Peppelenbosch, M. P. and van
Deventer, S. J. (2003) Infliximab but not etanercept induces apoptosis in lamina propria

T-lymphocytes from patients with Crohn's disease. Gastroenterology, 124, 1774-85.

van der Meer, J. W., Vossen, J. M., Radl, J., van Nieuwkoop, J. A., Meyer, C. J., Lobatto,
S. and van Furth, R. (1984) Hyperimmunoglobulinaemia D and periodic fever: a new

syndrome. Lancet, 1, 1087-90.

Van Linden, A. A., Cottin, V., Leu, C. and Riches, D. W. (2000) Phosphorylation of the
membrane proximal region of tumor necrosis factor receptor CD120a (p55) at ERK

consensus sites. J Biol Chem, 275, 6996-7003.

Van Zee, K. J., Kohno, T., Fischer, E., Rock, C. S., Moldawer, L. L. and Lowry, S. F.
(1992) Tumor necrosis factor soluble receptors circulate during experimental and clinical
inflammation and can protect against excessive tumor necrosis factor alpha in vitro and in

vivo. Proc Natl Acad Sci U S A, 89, 4845-9.

Vanden Berghe, W., Plaisance, S., Boone, E., De Bosscher, K., Schmitz, M. L., Fiers, W.
and Haegeman, G. (1998) p38 and extracellular signal-regulated kinase mitogen-activated
protein kinase pathways are required for nuclear factor-kappaB p65 transactivation

mediated by tumor necrosis factor. J Biol Chem, 273, 3285-90.



202

Vandevoorde, V., Haegeman, G. and Fiers, W. (1992) TNF-mediated IL6 gene
expression and cytotoxicity are co-inducible in TNF-resistant 1.929 cells. FEBS Lett, 302,
235-8.

Varfolomeeyv, E. E., Schuchmann, M., Luria, V., Chiannilkulchai, N., Beckmann, J. S.,
Mett, I. L., Rebrikov, D., Brodianski, V. M., Kemper, O. C., Kollet, O., Lapidot, T.,
Soffer, D., Sobe, T., Avraham, K. B., Goncharov, T., Holtmann, H., Lonai, P. and
Wallach, D. (1998) Targeted disruption of the mouse Caspase 8 gene ablates cell death
induction by the TNF receptors, Fas/Apol, and DR3 and is lethal prenatally. Immunity, 9,
267-76.

Varfolomeev, E. E. and Ashkenazi, A. (2004) Tumor necrosis factor: an apoptosis

JuNKie? Cell, 116, 491-7.

Vilcek, J. and Lee, T. H. (1991) Tumor necrosis factor. New insights into the molecular

mechanisms of its multiple actions. J Biol Chem, 266, 7313-6.

Vincenz, C. and Dixit, V. M. (1997) Fas-associated death domain protein interleukin-
1beta-converting enzyme 2 (FLICE2), an ICE/Ced-3 homologue, is proximally involved
in CD95- and p55-mediated death signaling. J Biol Chem, 272, 6578-83.

Vogelstein, B. and Gillespie, D. (1979) Preparative and analytical purification of DNA
from agarose. Proc Natl Acad Sci U S A, 76, 615-9.

von Zglinicki, T., Nilsson, E., Docke, W. D. and Brunk, U. T. (1995) Lipofuscin
accumulation and ageing of fibroblasts. Gerontology, 41 Suppl 2, 95-108.

Vudattu, N. K., Holler, E., Ewing, P., Schulz, U., Haffner, S., Burger, V., Kirchner, S.,
Andreesen, R. and Eissner, G. (2005) Reverse signalling of membrane-integrated tumour
necrosis factor differentially regulates alloresponses of CD4+ and CD8+ T cells against

human microvascular endothelial cells. Immunology, 115, 536-43.

Waetzig, G. H., Rosenstiel, P., Nikolaus, S., Seegert, D. and Schreiber, S. (2003)
Differential p38 mitogen-activated protein kinase target phosphorylation in responders

and nonresponders to infliximab. Gastroenterology, 125, 633-4; author reply 5-6.



203

Waetzig, G. H., Rosenstiel, P., Arlt, A., Till, A., Brautigam, K., Schafer, H., Rose-John,
S., Seegert, D. and Schreiber, S. (2005) Soluble tumor necrosis factor (TNF) receptor-1

induces apoptosis via reverse TNF signaling and autocrine transforming growth factor-
betal. Faseb J, 19, 91-3.

Wallach, D., Boldin, M., Varfolomeev, E., Beyaert, R., Vandenabeele, P. and Fiers, W.
(1997) Cell death induction by receptors of the TNF family: towards a molecular
understanding. FEBS Lett, 410, 96-106.

Wang, J., Chun, H. J., Wong, W., Spencer, D. M. and Lenardo, M. J. (2001) Caspase-10
is an initiator caspase in death receptor signaling. Proc Natl Acad Sci U S A, 98, 13884-8.

Wang, J., Al-Lamki, R. S., Zhang, H., Kirkiles-Smith, N., Gaeta, M. L., Thiru, S., Pober,
J. S. and Bradley, J. R. (2003) Histamine antagonizes tumor necrosis factor (TNF)
signaling by stimulating TNF receptor shedding from the cell surface and Golgi storage
pool. J Biol Chem, 278, 21751-60.

Ward, R. and McLeish, K. R. (1996) Soluble TNF alpha receptors are increased in
chronic renal insufficiency and hemodialysis and inhibit neutrophil priming by TNF

alpha. Artif Organs, 20, 390-5.
Ware, C. F. (2003) The TNF superfamily. Cytokine Growth Factor Rev, 14, 181-4.

Watts, A. D., Hunt, N. H., Hambly, B. D. and Chaudhri, G. (1997) Separation of tumor
necrosis factor alpha isoforms by two-dimensional polyacrylamide gel electrophoresis.

Electrophoresis, 18, 1086-91.

Watts, A. D., Hunt, N. H., Wanigasekara, Y., Bloomfield, G., Wallach, D., Roufogalis, B.
D. and Chaudhri, G. (1999) A casein kinase I motif present in the cytoplasmic domain of
members of the tumour necrosis factor ligand family is implicated in 'reverse signalling'.

Embo J, 18, 2119-26.

Weinblatt, M. E., Keystone, E. C., Furst, D. E., Moreland, L. W., Weisman, M. H.,
Birbara, C. A., Teoh, L. A., Fischkoff, S. A. and Chartash, E. K. (2003) Adalimumab, a

fully human anti-tumor necrosis factor alpha monoclonal antibody, for the treatment of



204

rheumatoid arthritis in patients taking concomitant methotrexate: the ARMADA trial.

Arthritis Rheum, 48, 35-45.

Weinshenker, B. G., Hebrink, D., Wingerchuk, D. M., Klein, C. J., Atkinson, E., O'Brien,
P. C. and McMurray, C. T. (1999) Genetic variants in the tumor necrosis factor receptor 1

gene in patients with MS. Neurology, 52, 1500-3.

Weiss, T., Grell, M., Siemienski, K., Muhlenbeck, F., Durkop, H., Pfizenmaier, K.,
Scheurich, P. and Wajant, H. (1998) TNFR80-dependent enhancement of TNFR60-
induced cell death is mediated by TNFR-associated factor 2 and is specific for TNFR60. J
Immunol, 161, 3136-42.

Westwick, J. K., Weitzel, C., Minden, A., Karin, M. and Brenner, D. A. (1994) Tumor
necrosis factor alpha stimulates AP-1 activity through prolonged activation of the c-Jun
kinase. J Biol Chem, 269, 26396-401.

Whitelaw, D. M. (1966) The intravascular lifespan of monocytes. Blood, 28, 455-64.

Whitmarsh, A. J. and Davis, R. J. (1996) Transcription factor AP-1 regulation by
mitogen-activated protein kinase signal transduction pathways. J Mol Med, 74, 589-607.

Whitmarsh, A. J., Cavanagh, J., Tournier, C., Yasuda, J. and Davis, R. J. (1998) A
mammalian scaffold complex that selectively mediates MAP kinase activation. Science,

281, 1671-4.

Williamson, L. M., Hull, D., Mehta, R., Reeves, W. G., Robinson, B. H. and Toghill, P. J.
(1982) Familial Hibernian fever. Q J Med, 51, 469-80.

Winzen, R., Kracht, M., Ritter, B., Wilhelm, A., Chen, C. Y., Shyu, A. B., Muller, M.,
Gaestel, M., Resch, K. and Holtmann, H. (1999) The p38 MAP kinase pathway signals
for cytokine-induced mRNA stabilization via MAP kinase-activated protein kinase 2 and

an AU-rich region-targeted mechanism. Embo J, 18, 4969-80.

Wolf, B. B. and Green, D. R. (1999) Suicidal tendencies: apoptotic cell death by caspase
family proteinases. J Biol Chem, 274, 20049-52.



205

Xanthoulea, S., Pasparakis, M., Kousteni, S., Brakebusch, C., Wallach, D., Bauer, J.,
Lassmann, H. and Kollias, G. (2004) Tumor necrosis factor (TNF) receptor shedding
controls thresholds of innate immune activation that balance opposing TNF functions in

infectious and inflammatory diseases. J Exp Med, 200, 367-76.

Xia, Y., Makris, C., Su, B., Li, E., Yang, J., Nemerow, G. R. and Karin, M. (2000) MEK
kinase 1 is critically required for c-Jun N-terminal kinase activation by proinflammatory

stimuli and growth factor-induced cell migration. Proc Natl Acad Sci U S 4, 97, 5243-8.

Xu, S., Robbins, D. J., Christerson, L. B., English, J. M., Vanderbilt, C. A. and Cobb, M.
H. (1996) Cloning of rat MEK kinase 1 cDNA reveals an endogenous membrane-

associated 195-kDa protein with a large regulatory domain. Proc Natl Acad Sci U S 4, 93,
5291-5.

Yamada, T. (1999) Serum amyloid A (SAA): a concise review of biology, assay methods
and clinical usefulness. Clin Chem Lab Med, 37, 381-8.

Yamamoto, Y. and Gaynor, R. B. (2001) Role of the NF-kappaB pathway in the
pathogenesis of human disease states. Curr Mol Med, 1, 287-96.

Yamazaki, T., Zaal, K., Hailey, D., Presley, J., Lippincott-Schwartz, J. and Samelson, L.
E. (2002) Role of Grb2 in EGF-stimulated EGFR internalization. J Cell Sci, 115, 1791-
802.

Yao, J., Mackman, N., Edgington, T. S. and Fan, S. T. (1997) Lipopolysaccharide
induction of the tumor necrosis factor-alpha promoter in human monocytic cells.
Regulation by Egr-1, c-Jun, and NF-kappaB transcription factors. J Biol Chem, 272,
17795-801.

Yeh, W. C., Shahinian, A., Speiser, D., Kraunus, J., Billia, F., Wakeham, A., de la
Pompa, J. L., Ferrick, D., Hum, B., Iscove, N., Ohashi, P., Rothe, M., Goeddel, D. V. and
Mak, T. W. (1997) Early lethality, functional NF-kappaB activation, and increased
sensitivity to TNF-induced cell death in TRAF2-deficient mice. Immunity, 7, 715-25.



206

Yeh, W. C., Pompa, J. L., McCurrach, M. E,, Shu, H. B,, Elia, A. J., Shahinian, A, Ng,
M., Wakeham, A., Khoo, W., Mitchell, K., El-Deiry, W. S., Lowe, S. W., Goeddel, D. V.
and Mak, T. W. (1998) FADD: essential for embryo development and signaling from

some, but not all, inducers of apoptosis. Science, 279, 1954-8.

Yin, L., Wu, L., Wesche, H., Arthur, C. D., White, J. M., Goeddel, D. V. and Schreiber,
R. D. (2001) Defective lymphotoxin-beta receptor-induced NF-kappaB transcriptional
activity in NIK-deficient mice. Science, 291, 2162-5.

Yoshie, O., Tada, K. and Ishida, N. (1986) Binding and crosslinking of 125I-1abeled
recombinant human tumor necrosis factor to cell surface receptors. J Biochem (Tokyo),
100, 531-41.

Young, P., McDonnell, P., Dunnington, D., Hand, A., Laydon, J. and Lee, J. (1993)
Pyridinyl imidazoles inhibit IL-1 and TNF production at the protein level. Agents Actions,
39 Spec No, C67-9.

Yousaf, N., Gould, D. J., Aganna, E., Hammond, L., Mirakian, R. M., Turner, M. D.,
Hitman, G. A., McDermott, M. F. and Chernajovsky, Y. (2005) Tumor necrosis factor
receptor I from patients with tumor necrosis factor receptor-associated periodic syndrome
interacts with wild-type tumor necrosis factor receptor I and induces ligand-independent

NF-kappaB activation. Arthritis Rheum, 52, 2906-16.

Yuasa, T., Ohno, S., Kehrl, J. H. and Kyriakis, J. M. (1998) Tumor necrosis factor
signaling to stress-activated protein kinase (SAPK)/Jun NH2-terminal kinase (JNK) and
p38. Germinal center kinase couples TRAF2 to mitogen-activated protein kinase/ERK
kinase kinase 1 and SAPK while receptor interacting protein associates with a mitogen-
activated protein kinase kinase kinase upstream of MKKG6 and p38. J Bio/ Chem, 273,
22681-92.

Zeissig, S., Bojarski, C., Buergel, N., Mankertz, J., Zeitz, M., Fromm, M. and Schulzke,
J. D. (2004) Downregulation of epithelial apoptosis and barrier repair in active Crohn's

disease by tumour necrosis factor alpha antibody treatment. Gut, 53, 1295-302.



207

Zemer, D., Pras, M., Sohar, E., Modan, M., Cabili, S. and Gafni, J. (1986) Colchicine in
the prevention and treatment of the amyloidosis of familial Mediterranean fever. N Engl J

Med, 314, 1001-5.

Zhang, R., He, X., Liu, W., Lu, M., Hsieh, J. T. and Min, W. (2003) AIP1 mediates TNF-
alpha-induced ASK1 activation by facilitating dissociation of ASK1 from its inhibitor 14-
3-3.J Clin Invest, 111, 1933-43.

Zhang, Y. H., Lin, J. X. and Vilcek, J. (1990) Interleukin-6 induction by tumor necrosis
factor and interleukin-1 in human fibroblasts involves activation of a nuclear factor

binding to a kappa B-like sequence. Mol Cell Biol, 10, 3818-23.

Zheng, T. S., Hunot, S., Kuida, K. and Flavell, R. A. (1999) Caspase knockouts: matters
of life and death. Cell Death Differ, 6, 1043-53.



APPENDIX 1

Plasmid maps for recombinant TNFRSF1A vectors
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The following plasmids have the same plasmid map as that shown above:
- pcDNA3.1/myc-His WT TNFRSF1A
- pcDNA3.1/myc-His C30R TNFRSF1A
- pcDNA3.1/myc-His C43S TNFRSF1A
- pPcDNAS.1/myc-His TS0M TNFRSF1A

Constructed by: Stefan Siebert
Construction date: 2002
Comments: The TNFRSF1A mutants were generated by site-directed

mutagenesis
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Plasmid name:
- pcDNA3.1/myc-His C52F TNFRSF1A

Constructed by: Stefan Siebert

Construction date: 2002

Comments: The C52F TNFRSF1A mutant was generated by site-directed
mutagenesis. The C52F mutation removes a Pst / site present in WT TNFRSF1A.
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The following plasmids have the same plasmid map as that shown above:
- pcDNA3.1/myc-His WTA218 TNFRSF1A
- pcDNAS3.1/myc-His C43SA218 TNFRSF1A
- pcDNA3.1/myc-His T50MA218 TNFRSF1A

Constructed by: Stefan Siebert
Construction date: 2002

Comments: TNFRSF1A mutants were generated by site-directed mutagenesis
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Patient information and consent forms



ITi

Department of Rheumatology/

Section of Infection and Immunity Contact name:

Division of Medicine Dr Stefan Siebert

Tenovus Building Clinical Research Fellow

Heath Park, Cardiff Tel (029) 20746114

CF14 4XX E-mail: SiebertS@cardiff.ac.uk

Tel +44 (029)20747747

PATIENT INFORMATION SHEET
STUDY: Characterisation of the effects of mutations of the TNF Receptorl

The chemical messenger Tumour Necrosis Factor (TNF) is known to play a central role in the
inflammation of a variety of diseases, best demonstrated in rheumatoid arthritis. As you are aware, a
genetic mutation (alteration) of the one receptor for TNF (TNF Receptor1) has been found to be
responsible for your particular condition, namely the TNF Receptor Associated Periodic Syndrome
(TRAPS).

The exact mechanism by which this minor genetic change accounts the inflammatory illness that
characterises TRAPS is however not known. Members of staff of the Department of Rheumatology and
the Section of Infection and Immunity in Cardiff are studying the effects of alterations in the TNF
Receptor1 on inflammation at a biochemical level. As your cells contain the TNF Receptorl

abnormality, they represent a unique opportunity to study these effects. This would be best studied in
cells (fibroblasts) from a skin biopsy. These cells would be used to generate a primary fibroblast line and

used for in vitro experiments. These cells would however be destroyed on your request at any stage.

We therefore request permission to perform a skin biopsy to obtain this tissue. The biopsy (2-5mm>?) is
performed with local anaesthetic in the outpatient clinic. The biopsy would be on your arm and will
leave a small scar. If you do not wish to have this performed, your treatment will not be affected in any

way. However, if you do agree, thank you for your assistance in helping our research.



ITii

PATIENT CONSENT FORM

STUDY: Characterisation of the effects of mutations of the TNF Receptorl

1. 1 hereby fully and voluntarily agree to having a skin biopsy

performed for research purposes by the Department of Rheumatology and the Section of

Infection and Immunity, Cardiff.

2. T'have read the information document and have been given a full explanation by the supervising

doctor, Dr as to the nature and purpose of the study. I have been

advised about any discomfort which may result from the procedure and have been given the
opportunity to question the supervising doctor on all aspects of the study and procedure. I have

understood the information given to me.

3. T understand that I am free to ask for any cells obtained from the procedure to be immediately

destroyed at any stage, without needing to justify my decision.

Signature of Patient Date

Signature of Supervising Doctor Date

Signature of Witness Date
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Reduced Tumor Necrosis Factor Signaling in
Primary Human Fibroblasts Containing a
Tumor Necrosis Factor Receptor Superfamily 1A Mutant
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Objective. Tumor necrosis factor receptor-
associated periodic syndrome (TRAPS) is an autoin-
flammatory syndrome associated with mutations in
the gene that encodes tumor necrosis factor receptor
superfamily 1A (TNFRSF1A). The purpose of this study
was to describe a novel TNFRSF1A mutation (C43S) in
a patient with TRAPS and to examine the effects of this
TNFRSF1A mutation on tumor necrosis factor o
(TNFa)-induced signaling in a patient-derived primary
dermal fibroblast line.

Methods. TNFRSF1A shedding from neutrophils
was measured by flow cytometry and enzyme-linked
immunosorbent assay (ELISA). Primary dermal fibro-
blast lines were established from the patient with the
C43S TRAPS mutation and from healthy volunteers.
Activation of NF-xB and activator protein 1 (AP-1) was
evaluated by electrophoretic mobility shift assays. Cy-
tokine production was measured by ELISA. Cell viabil-
ity was measured by alamar blue assay. Apoptosis was
measured by caspase 3 assay in the fibroblasts and by
annexin V assay in peripheral blood mononuclear cells.

Results. Activation-induced shedding of the
TNFRSF1A from neutrophils was not altered by the
C43S TRAPS mutation. TNFa-induced activation of
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NF-xB and AP-1 was decreased in the primary dermal
fibroblasts with the C43S TNFRSF1A mutation. Never-
theless, the C43S TRAPS fibroblasts were capable of
producing interleukin-6 (IL-6) and IL-8 in response to
TNFa. However, TNFa-induced cell death and apopto-
sis were significantly decreased in the samples from the
patient with the C43S TRAPS mutation.

Conclusion. The C43S TNFRSF1A mutation re-
sults in decreased TNFa-induced nuclear signaling and
apoptosis. Our data suggest a new hypothesis, in that
the C43S TRAPS mutation may cause the inflammatory
phenotype by increasing resistance to TNFa-induced
apoptosis.

Tumor necrosis factor receptor-associated peri-
odic syndrome (TRAPS; MIM no. 142680) is an
autosomal-dominant inherited autoinflammatory syn-
drome characterized by recurrent fevers and abdominal
pain associated with cutaneous, muscle, and joint inflam-
mation. It is associated with mutations in the gene that
encodes tumor necrosis factor receptor superfamily 1A
(TNFRSF1A) (1). At least 40 TNFRSF1A mutations
associated with TRAPS have been reported on the
INFEVERS (Internet periodic fevers) Web site (http://
fmf.igh.cors.fr/infevers) (2). Initial studies suggested that
the TRAPS mutations impair activation-induced shed-
ding of TNFRSF1A (1,3), although this is not the case
for all mutations (4,5) and may be dependent on cell
type (6). There are no published studies on tumor
necrosis factor o (TNFa)-induced activation of tran-
scription factors or apoptosis in cells derived from
patients with TRAPS. The mechanisms by which these
TNFRSF1A point mutations result in the inflammatory
phenotype remain unclear.

TNFa exerts its proinflammatory effects through
2 receptors, namely, TNFRSF1A (TNFRI p55) and
TNFRSF1B (TNFRII p75). TNFRSF1A is widely ex-
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pressed and appears to be the major receptor for soluble
TNFa-induced signaling (7). Activation of these recep-
tors recruits adapter proteins to the intracellular domain
of the receptor and activates downstream signaling
cascades (8). This causes the activation of NF-«B and
activator protein 1 (AP-1), which regulate the transcrip-
tion of a variety of genes, including interleukin-6 (IL-6)
and IL-8. Many of these TNFa-induced molecules (such
as NF-«B, IL-6, and IL-8) are elevated in inflammatory
conditions, such as rheumatoid arthritis (9), making
them good candidates for investigation in TRAPS. In
addition, the intracellular domain of TNFRSF1A con-
tains a death domain motif, which is involved in TNF-
induced apoptosis via activation of a caspase cascade (8).
We describe a novel TNFRSF1A mutation
(C43S) in a patient with TRAPS that does not impair
activation-induced shedding of TNFRSF1A. We gener-
ated a primary dermal fibroblast line from this patient
that showed decreased TNFa-induced NF-«B and AP-1
activation relative to that in normal controls. However,
TNFa was able to induce IL-6 and IL-8 to levels similar
to those in the controls. TNFa-induced cell death and
apoptosis were markedly decreased in the fibroblasts
with the C43S TRAPS mutation compared with the
control fibroblasts. In addition, we observed decreased
TNFa-induced apoptosis in the patient’s peripheral
blood mononuclear cells (PBMCs). We hypothesize that
this reduced apoptosis in response to TNFa may be a
factor in the inflammatory phenotype of this patient.

MATERIALS AND METHODS

Generation of primary dermal fibroblast cell line.
Primary skin fibroblast lines were established using an adapted
method (10) after ethical permission and informed consent
were granted. Lignocaine (1%) was injected intradermally to
anesthetize and raise the biopsy area. A small biopsy sample
(~2 mm?) was obtained, cut into 8 small fragments, placed into
35-mm surface-modified tissue culture dishes (Primaria Easy
Grip; Becton Dickinson, Mountain View, CA), and covered
with a glass coverslip. Fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 20% (volume/
volume) fetal calf serum (FCS), 100 units/ml penicillin, 100
ug/ml streptomycin, and 2 mM glutamine. The medium was
changed at weekly intervals. When cells were confluent, they
were transferred to tissue culture flasks and maintained in
DMEM containing 10% v/v FCS, 100 units/ml penicillin, 100
ug/ml streptomycin, and 2 mM glutamine. Early-passage fibro-
blasts were stored in liquid nitrogen.

Generation of cell extracts. Early-passage fibroblasts
(passages 5-10) were seeded overnight at 0.3 X 10° cells per
60-mm tissue culture dish. They were stimulated with TNFa
(Calbiochem, La Jolla, CA). Stimulation was terminated by
removal of DMEM and addition of ice-cold phosphate buff-
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ered saline. Cells were harvested using a cell scraper. All
buffers were supplemented with a protease inhibitor (phenyl-
methylsulfonyl fluoride) and phosphatase inhibitor cocktails 1
and 2 (Sigma-Aldrich, St. Louis, MO). Nuclear extracts were
generated and electrophoretic mobility shift assays (EMSAs)
were performed as previously described (11).

Annexin V assay in PBMCs. PBMCs were isolated
from fresh whole blood using a Ficoll gradient. PBMCs (2 X
10°) were placed in 2 ml RPMI 1640 with 10% FCS and were
left untreated or were stimulated with TNFa and cyclohexi-
mide (CHX; 50 pg/ml) either alone or in combination. Apo-
ptosis was assayed using the TACS annexin V-fluorescein
isothiocyanate kit (R&D Systems, Minneapolis, MN) accord-
ing to the manufacturer’s instructions, after which fluorescence
was measured by flow cytometry.

RESULTS

Identification of a novel TNFRSF1A mutation
(C43S). The index patient was a 50-year-old woman of
Welsh origin with recurrent attacks of fever, pharyngitis,
and arthritis accompanied by a migrating skin rash and
myalgia. Her first attack occurred at the age of 18
months, with attacks typically lasting 1-2 weeks. The
patient’s deceased father had similar recurrent episodic
fevers. The patient’s clinical picture was consistent with
the reported TRAPS phenotype (1). Mean = SEM
plasma levels of soluble TNFRSF1A were 3,839 * 131
pg/ml, which is consistent with levels reported in TRAPS
patients with renal impairment (5). DNA was extracted
from the patient’s blood, and polymerase chain reaction
(PCR) amplifications were performed, with subsequent
sequencing of the PCR products. We identified a novel
TNFRSF1A mutation (nucleotide 215 G—C, exon 3)
resulting in the substitution of serine for cysteine at
residue 43 (C43S). This amino acid substitution disrupts
the disulfide bond at this position in the first extracellu-
lar domain of TNFRSF1A. This substitution was not
observed in any of the 734 control chromosomes
screened by genomic sequencing.

Effect of the C43S mutation on shedding of
TNFRSF1A. To investigate whether TNFRSF1A shed-
ding was affected by the C43S mutation, we measured
levels of TNFRSF1A on the surface of the patient’s
neutrophils by flow cytometry. Following phorbol myris-
tate acetate (PMA) treatment, membrane TNFRSF1A
decreased to levels comparable with those of healthy
controls (Figure 1A). To establish whether this decrease
in surface TNFRSF1A was a result of internalization or
cleavage of the receptor, levels of soluble TNFRSF1A
were measured in the supernatant of the cells. Soluble
TNFRSF1A levels increased in response to PMA, indi-
cating that the loss of surface TNFRSF1A was a result of
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Figure 1. Levels of activation-induced shedding of tumor necrosis
factor receptor superfamily 1A (TNFRSF1A) from neutrophiis ob-
tained from a patient with C43S§ TNFR-associated periodic syndrome
(TRAPS). A, Membrane expression of TNFRSF1A (CiDiZ0a) on
neutrophils from a healthy volunieer and from the C435 TRAPS
patient before and after stimulation with phorbol myristate acetate
tPMA‘ Cells were stained with phycoerythrin-conjugated anti-
CD120a and analyzed by flow cytometry. B, After PMA stimulation,
supernatants were collected, and soluble TNFRSFLA levels were
measured by enzyme-linked immunosorbent assay. Values are the
mean * SEM changes in soluble TNFRSF1A levels reiative to baseline
levels in 3 independent experiments. Mean = SEM absolute values at
time 0 were 13.45 = 0.2 pg/ml in the control subject and 4.77 + 0.98
pg/ml in the TRAPS patient.

receptor shedding (Figure ]B). Activation-induced
cleavage was ther f ore not impaired by the C43S muta-
tion, and could not account for the inflaimmatory phe-

=S

notype in this patient.

Generation of a primary TRAPS fibroblast iine.
To facilitate the study of the C438 TNFRSF1A muta-
tion, we generated a primary dermal fibroblast cell line
from a skin biopsy sample taken from the patient. The
skin is an accessibie siie for obiaining fibreblasts and is
also the site of the prototyplcan rash that characterizes
s taken from an area of normal
skin during an asymptomatic period. Similar dermal
fibroblast lines were generated from age- and sex-
matched healthy volunteers and used as controls.

Role of the C435 TNFRSF1A muiation in NF-xB
and AP-1 activation and induction of IL-6 or IL-8.
TNFRSF1A nuclear signaling was investigated using the
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dermal fibroblast lines. Cells were stimulated with 10
ng/mi of TNFa« for 1 hour, after which nuclear extracts
were generated. NF-«B activation was determined hy
EMSA using radiolabeled DNA corresponding to a
specific NF-«B site. All the fibroblast lines were able to
activate NF-xB in response to TNF«a. However, the
activation was consistently less in fibroblasts from the
patient with TRAPS compared with fibroblasts from
healthy controls (Figure 2A). There was no evidence of
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Figure 2. Effect of the C43S TNFRSF1A mutation on NF-«B activa-
tion and cytokine production in dermal fibroblasts. A, Electrophoretic
mobility shift assay (EMSA) showing NF-«B activation in fibroblasts
from 2 controls and the patient with C435 TRAPS, stimulated for 1
hour with TNFe (10 ng/ml). Densitometric analysis revealed a mean =
SEM reduction of 65.6 + 2.8% in the TRAPS fibroblasts compared
with conirols in 5 separate experiments. DNA-protein compiexes are
indicated (arrows). Free (unbound) radiolabeled DNA was disiinct
from these complexes and is not shown in any of the figures. B, NF-«B
supershift assay. TNFa-activated nuclear extracts were incubated with
antibodies to the various subunits of NF-xB prior to incubation with
the radiolabeled oligonucleotide probe. DNA-~protein compiexes
(solid arrow) and antibody-DNA-protein complexes (open arrow) are
indicated. , EMSA of nuclear exiracts showing a TNFa dose response
at 1 hour for NF-«B activation in conirol and C435 TRAPS fibroblasts.
Densitometric analysis revealed a mean = SEM 60.2 + 7.6% reduction
in NF-kB activation in the TRAPS fibroblasts over a range of TNF
doses in § separate me_-r!_mfnt: D, EMSA showing the time course of
NF-«B activation after stimulation of fibroblasts with 10 ng/nl TNFa.
All EMSA results shown are representative of at least 5 separate
experiments and were similar in both controls. E, Production of
interleukin-6 (IL-6) and F, production of IL-8 by the primary dermal
fibroblasts, as measured by enzyme-linked immunoscrbent assay
(ELISA) of the culture supernatants 24 hours after stimulation with 10
ng/m! TNFo. ELISA results are the mean *= SEM of 9 observations
from 3 independent experiments for I1.-6 and of 6 observations from 2
independent experiments for IL-8. See Figure 1 for other definitions.
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consiitutive activation of NF-«B in the TRAPS fibro-
blasts. In response to IL-1 stimulation, the TRAPS
fibroblasis activated NF-«B to levels similar to those of
healthy controls {data not shown). Supershift assays with
antibodies to NF-kB subunits indicated that the com-
plexes are very similar, with both the TRAPS and
conirol] fibroblasts activating an NF-«B complex contain-
ing p50 and RelA subunits (Figure 2B).

To determine whether the NF-«B activation in
(43S TRAPS fibroblasts was more sensitive to TNFa or
more proxonged than in healt‘ry controls, T'NF& dose-

W
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1NFa-muuwu Nr KB activaiion was wnblbtcntly lower
in the TRAPS fibroblasts at all doses of TNFa tested
(Figure 2C). In addition, the duration of TNFa-induced
NF-«B activation was significantly shorter in the 438
TRAPS fibroblasts compared with the control fibro-
blasts (Figure 2T also n ',crc ase in NF-«B

activation at an latur time pomts up to 24 hours (results
not shown}. The C43S fibroblasts also re-u'ted in iess
activation of AP-1 compared with the normal fibroblasts
across a range of TNF« doses and time peints (results

e ) A ol moilie wrmars AAToLe Lo .
ot shown). The above results were consistent for both
fi ines.
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tion altered T NPa—mduced Droductlon ot IL-6 and IL-8,
the levels of these cytokines in the culture supernatants
of the primary dermal fibroblasis were measured by
enzyme-linked immunosorbeni assay. While absolute
vaiues varied with the passage number, the induction of
IL-6 (Figure 2E) and IL-8 (Figure 2F) in response to
TNFe in the C43S TRAPS fibroblast line was not
statistically different from that observed in the controls.
Baseline levels of the cytokines were also similar in the
fibroblast lines. Therefore, in spite of the reduced
NF-«B and AP-1 activation, the C43S TRAPS fibroblast
line was able to produce IL-6

,,,,,,, and TL-8 in response to

TNFa.
Reduction of TNFa-induced apoptosis in dermal
fibroblasts and PBMLs due to C43S TRAPS mutiation.

A.nothﬂr v'npcnant TNFRSFI ed t d eff"ct is the

either alone or in the presence of LHX (1.;) Tmec
assays for cell survival were used. First, cells were
examined by light microscopy (BX41 micro: cope; Olym-
us, Lake Success, NY) after 24 and 48 hours. Dramatic

ere obs\,rvea at both time points, with more
ved fibroblasts than wild-type cells surviving
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Figure 3. TNFa-induced apoptosis in C43S TRAPS fibroblasts and
peripheral blood mononuclear cells (PBMCs). Fibrobiasts (5 X 10%)
were stimulated with TNFa (10 ng/mi) and cycloheximide {CHX; 50
ug/ml), cither alone or in combination. A, Light microscopy images
(4 objective) of fibrobiasts after 24 hours of stimuiation. Cells were
stained with toluidine blue. Results shown are representative of 5

separate experiments, B, Cell viability of C43S TRAPS and control
nDrool..sts afier 24 hours of incubation with varying doses of TNFe in
the presence of CHX, as measured by alamar blue assay. Values are
the mean * SEM percentage of bascline levels (CHX alone). + = P <
0.05 versus controls, by Student’s -test. C, TNFo-induced caspase 3
activity. Fibroblasts (5 X 10°) were stimulated with TNFa (10 ng/ml)
and CHX (50 ug/ml), after which they were analyzed for caspase 3
activity at the time points shown. Values are the mean = SEM of 5
independent experiments. * = P < 0.05 versus controls. D, Annexin V
assay of PBMCs. PBMCs from the patient and 2 healthy volunteers
were incubaied with TNFa and CHX for the times indicaied. Annexin
V activity was determined by flow cytometry, with gating on live
(propidium iodide-negative) cells. Resulis shown are the difference
between the mean in cells stimulated with both TNFa and CHX ;'-nr’
the mean in unstimulated cells. Values arc the mean = SEM of 2
independent experiments. * = P < 0.05 versus controls. See Figure 1
for other definitions.
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and a uOI‘tI’ul Ibrobn
fibroblasts were markedly lcss senamve to TNFa-
induced cell death. Statistically significant (P < 0.05)
differences in cell viability were observed at doses of
TNFa >1 ng/ml. Caspase 3 activity, a measure of
apoptosis, was also assayed. TNFa and CHX induced
significantly l 58 Caspase 3 ctmty in the TRAPS fibro-
points measured (Figure 3C).

Becausc the effects nf TNFa can vary in different
ceills (12), we investigated whether the C43S
TNFRSF1A mutation would also result in decreased
sensitivity to TNFa-induced apoptosis in urculqtmg
inflammatory cells. PBMCs from the patient with the
C43S TRAPS mutation and from healthy volunteers
were isolated. PBMCs were stimulated with TNFa and
CHX for either 2 or 6 hours. Cells were stained with
annexin V and propidium iodide (PI) and analyzed by
flow Lometr" Cells in the live gate (PI negative) were
arlalyzcu for apnexin V staining. Alihough similar per-
ceniages of unstimulated cells were positive for annexin
V, after stimuiation with TNFa and CHX, fewer PBMCs
from the patient with TRAPS were annexin V positive at
both time points (Figure 3D). The difference observed
at 6 hours was statistically significant (P < 0.05). The
C435 TNFRSF1A mutation therefore resulied in de
creased TNFa-induced apoptosis in both fibroblasts and
PBMCs.

DISCUSSICN
This report describes a novel TNFRSFiA muta-

tion {C43S) associated with TRAPS and characterizes
the signaling abilities of this mutation in a primary

iing abilities of this mutation in a prima
dermal fibroblast line established from the patient.
TNF« activated the transcription factors NF—KB and
AP-1 at reduced levels in C43S TRAPS fibroblasts but
was able to induce the proinflammatory cytokines IL-6
and IL-8 to levels similar to those in healthy conirols.
TNFa-induced apoptosis was significantly decreased in
the fibroblasts bearing the C43S TNFRSF1A mutation.
This defect in TNFa-induced apoptosis was also seen in
PBMCs isclaied from ihe patient. Thus, this study
deimonstrates that this TRAPS mutaiion resulis in re-
duced TNFa-induced nuclear signaling and apoptosis in
this patient.

The initial studies of TRAPS cells proposed a
mechanism cf impaired activation-induced cleavage of
TNFRSF1A ihai could cause ihe sysiemic inflammation

TION ON TNFa-INDUCED SIGNALING 1251

for all TR $° mutations (4,5). Our resu11= su pp ort the
hypothesis that TRAPS ‘does not require impaired
activatien-induced shedding of TNFRSF1A from neu-
trophils.

Our data show that the C43S TRAPS fibroblasts
exhibit reduced NF-kB and AP-1 activation and de-
creased apoptosis in response to stimulation with TNFa.
However, no significant difference in the induction of
proinflammatory cytckines was observed, findings con-
sistent with those of a previous study (1). This suggests a
possible hypothesis to explain the inflammatory pathol-
ogy: cells survive longer because of impaired apoptosis,
but remain capable of producing proinflammatory cyto-
kines. The ievels of these cytokines would be expected to
accumulate and could result in an inflammatory pheno-
type. Apoptosis of inflammatory cells is an important
homeostatic mechanism for limiting an inflammaiory
response once it is established (15). Our hypothesis is
also compatible with the high levels of serum amyloid A
and C-reactive protein, surrogate markers for serum
IL-6, noted in our and ot‘l., i (1)
However, this hypothesis is based on resuits from a
single patient, and it remains to be established whether
this is also the case in other TRAPS patients.

Because both IL-6 and IL-8 are regulated by
NF-«B, the question remains of how the induction of
these proinﬂammatO'y cytokine is nor’nal desr}it“ the
nations. The tl.st is t‘lat tﬁe thleshold for TNFa-mdu»ed
cytokine production is lower than that for apoptosis.
Thus, reduced NF-«B still gencrates a sufficient signal to
allow induction of both I1L-6 and IL-8. A second expla-

nation is lha[ signaling via TNFRSF1B (TNFRII) may

play a role. TNFRSFI1B is able to activate NF-«B, but

does not contain a death domain (8) and, thus, couid
uce o

IL 6 and IL-8 without causing apoptosis. TNFa
Euﬂuru“j results in less activation via TNFRSF1B than
TNFRSFI1A in vitro (16), which may explain the reduced
NF-«B activation observed in our experiments.

From the published literature, it appears likely
that the different TNFRSFIA_ mutants may mduce
TRAPS by different mechanisms. Some mutations affect
TNFRSF1A shedding, while others do not Tt will be

1mDorLam ic de[er'mnc whether n[hc

ral

apoptosis, as is t h case with Ih u‘r S muta R

duced TNFa signaling could explain why t reatment mth
TNF blocking agents does not completely abolish acute
attacks in TRAPS patients (i7). If reduced TNF« sig-
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naling is also demonstrated for other TRAPS mutations,
then approaches to block the downstream proinflamma-
tory cytokines (such as IL-6 and IL-1), in addition to
current attempts to block TNFa, might prove beneficial.
It is also possible that strategies to induce apoptosis in
relevant cell types may be beneficial. In summary, this
study suggests that, in some patients, TRAPS may be a
result of defective or reduced TNFa-induced nuclear
signaling and apoptosis.
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Abstract Tumour necrosis factor receptor-associated periodic
syndrome (TRAPS) results from point mutations in the extracel-
Inlar domain of TNF receptor 1 (TNFRSF1A), but the effects of
the mutations are controversial. This study shows that reduced
NF-xB signalling is a feature of four TRAPS mutations. Re-
duced signalling correlates with reduced surface expression, mea-
sured by flow cytometry and microscopy. This suggests that
correct formation of the extracellular domain of TNFRSF1A
is important for localisation and receptor function. Importantly,
our data provides a mechanism for the reduced TNFRSF1 sig-
nalling observed in a patient cell line.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Tumour necrosis factor; TRAPS; NF-xB

1. Introduction

Tumour necrosis factor receptor-associated periodic syn-
drome (TRAPS; MIM 142680) is an autoinflammatory syn-
drome, characterised by recurrent fevers with cutaneous,
muscle and joint inflammation, associated with autosomal
dominantly-inherited mutations in the gene that encodes
tumour necrosis factor (TNF) receptor superfamily 1A
(TNFRSF1A) [1]. TNFa exerts its many pro-inflammatory
effects through two distinct receptors: TNFRSF1A (TNFRI1,
p55/p60-TNFR) and TNFRSFIB (TNFR2, p75/p80-TNFR).
TNFRSFIA is widely expressed and appears to be the major
receptor for soluble TNFa-induced signaling [2]. At least 60
TNFRSF1A mutations associated with TRAPS have been re-
ported on the INFEVERS (Internet periodic fevers) website
(http://fmf.igh.cnrs.fr/infevers/). The majority are located in
the first or second cysteine-rich extracellular domains (CRD1
and CRD?2). The binding site for TNFa is formed by CRD2
and CRD3 of TNFRSFI1A [3], while CRD1, also known as
the pre-ligand assembly binding domain, is thought to mediate
TNFRSFIA self-assembly [4].

The initial study of TRAPS suggested that the TNFRSF1A
mutations impair activation-induced shedding of the receptor

*Corresponding author. Fax: +44 292074 3868.
E-mail address: brennanp@cf.ac.uk (P. Brennan).

Abbreviations: TRAPS, tumour necrosis factor receptor-associated
periodic syndrome; TNFa, tumour necrosis factor alpha; TNFRSF,
TNF receptor superfamily; CRD, cysteine-rich domain

[1]. However, this is not the case for all mutations [5,6] and var-
ies according to cell type [7]. Another study has shown that
overexpression of TRAPS-associated TNFRSF1A mutants
spontaneously induce apoptosis and interleukin-8 production
although TNFa binding to the mutated receptors appears to
be defective [8]. We have recently shown that cells from a patient
with TRAPS, bearing the C43S mutation, have decreased
NF-kB induction and TNFa-induced apoptosis, although
IL-6 and IL-8 production were normal [6] suggesting that
reduced TNFRSF1A signalling may be a feature of TRAPS.

This study was initiated to investigate whether reduced
TNFRSF1A signalling was a general feature of TRAPS muta-
tions. We transfected cells with either wild-type (WT) or the
following mutant recombinant forms of TNFRSF1A: C30R,
C438S, T50M and CS52F. We investigated the effects of these
clinically relevant mutations on receptor function, in terms
of NF-kB activation, on cell death and on receptor expression.
Our work shows that all of these TRAPS mutations result in
decreased TNFRSF1A signalling and that this loss of signal-
ling correlates with reduced expression of the receptor on the
surface of cells.

2. Materials and methods

2.1. Production of recombinant TNFRSF1A DNA clones and plasmids
The TNFRSF1A coding region was ligated into the pcDNA3.1 myc/
His B vector (Clontech). The TRAPS mutations were generated using
the Quikchange site-directed mutagenesis kit (Stratagene). Primers
used: C30R: S5-CGATTTGCCGTACCAAGTGCCAC-3', C43S:
5'-CTTGTACAATGACTCTCCAGGCCCGGGGC-3', T50M 5'-CC-
GGGGCAGGATATGGACTGCAGGGAG-3', C52F: 5-GGCAG-
GATACGGACTTCAGGGAGTGTG AGAG-3' and their reverse
complements. Mutations were confirmed by sequencing. The 3Enh.xB-
ConALuc reporter (3EnhLuc) contains three NF-kB binding [9].

2.2. Cells, transfection, luciferase reporter assay and cell viability assay

Eli-BL and DG75 B-cell lymphoma culture has been described [10].
107 cells in 0.5 ml culture medium with 100 mM HEPES (pH 7.2), were
transfected using a Biorad Genepulser II (270 V/950 uF). Transfection
efficiency was typically 5-20% for the Eli-BL and 40-50% for the
DG75. Luciferase assays were performed in the transfected Eli-BL
cells. Cells were stimulated after 16 h. Luciferase activity was measured
8 h later [11]. Transfection efficiency was assessed using the Promega
Dual-Luciferase reporter system.

Cell viability was assessed by alamar blue assay (Biosource). Briefly,
2 % 10* transfected cells were resuspended in 200 pl of 10% alamar blue
reagent in growth medium on a 96 well plate. After 4 h incubation at
37 °C, readings were made on a FLUOstar Optima (BMG Laborato-
ries) using the fluorescence configuration.

0014-5793/$30.00 © 2005 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.3. Detection of TNERS
im, 'r"naﬂuo' SCenc

Fi1A expression by flow cytometry or

©

T 10% normal rabbit
min. L,e ]s were stained with anti-
TN. rlA monoclonal ..rtlbo"“ (Ab-1, uu]b.o"hem) followed by
an anti-mouse R-phycoerytherin (RPE)-conjugaied F{ab’), fragment
{Dako), or with mouse 1gG1-conjugated PE negative control (Serotec).
Washed cells were resuspended in 2% paraformaldehyde and analysed
using a Becton Dickinson FACScalibur. Total (surface and intracellu-
lar) expression of TNFRSF1A was assayed following permeabilisation
with 0.1% Triton X-100/PBS after fixation and stained as before.

For confocal mxuroscop cells were washed, fixed with 2% parafor-
maldehyde, .eeuspended in PBS and air-dried. Cells were permeabi-
lised with 0.1% Triton X-100/PBS, incubated in 10% NRS/PBS and
stained with the same anti-TNFRSF1A antibody followed by an Alexa
Fluor 488 anti-mouse IgG antibody (excited 488 nm - detected
520 nm). For nuclear staining, cells were incubated with DRAQS
10 uM (Biostatus) for 10 min (excited 647 nm — detected 680730 nm).
Images were acquired using a confocal laser scanning microscope (Bio-
rad), with a krypion/argon ion laser and a Zeiss Axiovert 135. Results
are representative of five experiments.
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by luciferase reporter assay in transiently transfected Eli-BL
cells. Eli-BL cells express undetectable levels of membrane
TNFRSFI1A by flow cytometry and have low endogenous re-
sponses to TNFua [10], allowing measurement of alterations
in NF-«B activity as a result of transfection with recombinant
TNFRSFIA. Eli-BL cells were co-transfected with the NF-xB
luciferase reporter plasmid and f'lfhe!' empty mammalian vec-
tor, mammalian expression vectors for wild-type TNFRSF1A
or a TNFRSFIiA mutant. The mutants used were C30R, C43S,
T50M and CS2F. C43S was the TRAPS mutation identified
and described by us previously [6]. C30R is the cysteine on
the opposite side of the disuifide bond to C43S. C52F was
one of the first mutants described, and ag there may be differ-
cysteine and non-cysteine mutations, we chos

close by non ysteme mutation, T50M.
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was consmentl), and s.gnmcamly, hlgher for WT TNFRSFIA
than for any of the four TRAPS mutants. In addition, there
appear to be differences in NF-xB activity between these
TRAPS mutants themselves, with the C30R mutation display-
ing minimal NF-xB activation. The differences in NF-xB activ-
ity between wild-type and the TRAPS mutants were more
pronounced in ceils stimuiated with TNFx (Fig. 1B). To inves-
tiga‘le whether the TRAPS muiaiions had a different dose re-
receptor and two of the TRAPS
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Fig. 1. NF-xB activation by WT and mutant recombinant forms of T‘N‘:RSF A. Eii-BL cells were transiently transfected with NF-«B luciferase

reporter (3 pg) and TNFRSFI1A

constructs. Total DNA was constant al

AL

3 pg by addition of pcDNA3.1. Transfections were

split into two. 16 h later

one half was stimulated with TNFa (10 ng/mx }. After 8 h, luciferase acnvuy was assayed. Results are shown for (A) mock stimulated and (B} TNFa
stimulated cells. (C) TNFa dose response for cells transfected with TNFRSF1A constructs {10 pg). All resulis are the mean of at least five

experiments. Asterisks (x) indicate P < 0.05 between WT and the TRAPS construct

by Student’s t-test. (D) ELi-BL cells were transfected with NF-

kB ﬁﬂr-.—.ﬂy h.m!erase reporter {3 pg), a Renilla Iuciferase reporter (1 pg) and TNFRSFIA constructs (10 pg) or empiy vecior. Firefly and Renilla
Luciferase activities were measured after 8 h of TNFa (10 ng/m]) stimulation, according to the manufacturer’s instructions (Promega).
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mutants were stimulated with a range of TNFa concentra-
tions. Reduced NF-xB was seen with the TRAPS mutants over
the full range of TNFa doses (Fig. 1C). Transfection efficiency
was assessed by dual luciferase assays. Cells were transfected
with the NF-kB reporter, expressing firefly luciferase, and an
$V40 promoter driving Renilla luciferase. Fig. 1D shows data
with normalised NF-xB activity for WT TNFRSF1A and two
TRAPS mutants. Both mutants show reduced NF-xB activity
even when normalised for transfection efficiency.

3.2. Overexpression of the TRAPS mutants result in less cell
death than WT TNFRSFIA

As overexpression of TNFRSF1A itself can result in sponta-
neous cell death [8,13], cell viability assays were performed on
the transfected cells used for the luciferase assays. Alamar blue,
a non-toxic dye that is chemically reduced by the innate meta-
bolic activity of cells, was used to quantify cell viability [14]. Cell
viability was consistently lower in the Eli-BL cells transfected
with WT TNFRSF1A than those transfected with the mutant
forms of TNFRSF1A (Fig. 2A). The degree of cell death was
dependent on the amount of TNFRSFIA DNA transfected
but was independent of the TNFa dose (Fig. 2B). The decreased
cell death seen with the mutant recombinant forms of
TNFRSFI1A demonstrates that the reduced NF-xB activity seen
with these mutants is not as a result of differences in cell death. In
fact, when the percentage of viable cells is taken into account, the
difference in NF-kB activity between WT TNFRSF1A and the
TRAPS mutants increases further (Fig. 2C).

3.3. The TRAPS mutations restrict cell surface expression of
TNFRSFIA

TNFRSF1A expression is a highly regulated process [15-17].
We analysed the cell surface expression of each of the four
TRAPS mutants to investigate whether differences in cell sur-
face expression were responsible for the reduced NF-kB activ-
ity and cell death. The highly transfectable DG75 B-cell line
was used as this allowed more sensitive analysis of
TNFRSF1A expression than the Eli-BL cell line. The DG75
cell line was unsuitable for the signaling assays as it has high
levels of constitutive NF-xB activity. While WT TNFRSF1A
could be detected easily on the surface of cells transfected with
this construct, surface expression of the TRAPS mutants re-
mained consistently low, with very little increase above basal
levels (Fig. 3A, white bars), even when the cells were transfec-
ted with 20 pg of plasmid. The alamar blue viability assays
indicate that there was significantly more cell death in the cells
transfected with WT TNFRSF1A than in those transfected
with the mutant recombinant forms of TNFRSF1A. The lack
of surface expression of the TRAPS mutants cannot therefore
be attributed to increased cell death. In order to determine the
extent of intracellular expression of the TRAPS mutants,
transfected cells were permeabilised with 0.1% Triton X-100
prior to staining with anti-TNFRSF1A mAb. This was per-
formed in parallel with staining of unpermeabilised transfected
cells, allowing comparison of surface and cytoplasmic
TNFRSFI1A levels. Following permeabilisation, cells transfec-
ted with WT TNFRSF1A showed enhanced staining, indicat-
ing detection of both surface and intracellular TNFRSF1A
(Fig. 3A, grey bars). Despite the lack of surface expression
of the TRAPS mutants, all four mutants were detected follow-
ing permeabilisation. Thus, these mutant recombinant forms
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Fig. 2. Cell viability of the TNFRSF1A constructs. Cell viability was
tested, 16 h post-transfection with TNFRSFI1A constructs (10 pg), in
untreated (A) and TNFa treated (B) in Eli-BL cells. The results are
shown relative to cells transfected with empty pcDNA3.1, expressed as
a percentage. Results are the means + S.E.M. of three experiments.
* = P < (.05 versus TRAPS constructs, by Student’s ¢-test. (C) NF-xB
activation by TNFRSF1A constructs adjusted for cell viability. NF-xB
activity, measured by luciferase assay, was divided by the percentage of
viable cells. All results shown are the means* SE.M. of three
experiments.

of TNFRSF1A appear to be localised intraceltularly, in con-
trast to the surface expression of WT TNFRSFIA.

The distribution of WT and mutant forms of TNFRSFIA
was further characterised by confocal microscopy. Transfec-
ted DG75 cells were permeabilised and then stained with
anti-human TNFRSF1A mAb and Alexa Fluor 488 second-
ary antibody, prior to detection by confocal microscopy.
The results confirm that the TRAPS mutants differ in their
localisation from WT TNFRSFI1A (Fig. 3B). As expected,
WT TNFRSF1A was detected both on the surface of cells,
with a punctate staining pattern consistent with lipid raft dis-
tribution [17], and intracellularly. In contrast, the TRAPS mu-
tants were detected predominantly intracellularly. These
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Fig. 3. Expression of TNFRSFIA mutants in transfected DG75 cells. {A) DG75 cells were iransfected with 2 pg of EGFP-N1 and 10 pg of empty

pcDNA3.1 vector or one of the TNFRSFIA expression vectors. Cells were stained, as described, either without permeabilisation, for surface
staining, or following permeabilisation with 0.1% Triton X-160, for intracellular and surface expression. Results shown are the average (£S$.E.M.)
mean fluorescence intensity (m.f.i.) of transfected (GFP positive) cells. WT TNFRSFIA transfected cells were also stained with an isotype IgGl

antibody as a control {m.f.i. 7 £ 1). (B) DG73 cells were iransiently transfected with WT or mutani TNFRSF1A, TNFRSFIA expression {green) was
analysed using a confocal microscope as described. Nuclei were stained with DRAQS (blue).

microscopy results are in keeping with the results obtained by
flow cytometry.
3.4. Removal of the intracellular domain does not resiore the
surface expression of TRAPS mutants

Various portions of the intracellular domain of TNFRSFI1A
have been shown to alter celiular localisation of the receptor
[10,15,17]. In particular, deletion of the death domain results
in increased, uniform surface expression of TNFRSF1A [17].
To test whether deletion of the intracytoplasmic domain re-
stores the surface expression of the mutated recombinant
forms of TNFRSFIA, truncated forms of the (438
(C435A218) and T50M (T50MAZ218) mutants were generated.
Removal of the intracytoplasmic domain (WTA218,
C438A218, TSOMA21B) resulted in lack of NF-xB activation
(not shown). The WTAZ1S construct demonstrated markedly
increased surface expression by flow cytometry (Fig, 4A) and
a uniform staining pattern on confocal microscopy (Fig. 4B).
In contrast, the truncaied TRAPS mutanis had low levels of
surface expression and a predominanily cytoplasmic staining
pattern, similar to that seen with the full-length TRAPS mu-
tants (Fig. 4A and B). Thus, removal of the intracytoplasmic

portions of TNFRSFIA cannot rescue the reduced expression

of the receptor caused by the TRAPS mutations.

3.5. Co-transfection of WT and the C43S TRAPS mutant
results in reduction of NF-xB activity compared to
transfection of WT alone

As TRAPS has an autosomal dominant inheritance pat-
tern, the cells of patients with TRAPS will contain both

WT and mutated TNFRSF1A, which can potentially interact

although it is currently unknown whether this occurs. In

order to determine the effects on NF-kB activation of the

TR APS mutations in the presence of WT TNFRSF1A, lucif-

¢rase assays were performed in EL-BL cells co-transfecied

with both full-length WT and C438. Co-transfection of WT
and 43S resulted in a level of NF-xB activation intermedi-

ate beiween that seen with either consiruct alone (Fig. 5).

Co-transfection with 2.5 ng of each WT and C43S resulied

Spug of WT alone. These results are consistent with the re-
duced NF-xB activation previously demonstrated in a pri-
mary fibroblast line established from a TRAPS patient with
the C438 mutation [6].
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Fig. 5. NF-xB activation following co-transfection of WT and the
C433 TRAPS muiani. Eli-BL cells were iransiently transfected with
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tus siudy demonstrates, for the first time, that four different

iy t
TRAPS mutations, C30R, C43S, T50M and C32F, have de-
crcased NF-KB activity relatlve toc WT TNFRSFI1A. The re—

of the f'm__r mnmnts Ir‘mnrmnﬂy the re(’uctm NF-
ot '-m_y ara consistent with our recent report demonstrating
the C435 TRAPS mutaiion results in decreased NF-«B
activation in a patieni-derived dermal fibroblast line [6]. Fur-
thermore, this study shows that reduced TNFRSF1A signai-
ling is not just a feature of the C43S TRAPS mutation but
also of at lﬂaut hrﬂ" other mutatlom As TRAPQ has an

, patients’ cells

1 TNF"SFIA. The co-
transfection of WT and mutant TNFRSFIA showed reduced
NF-kB activity .ompare i io equivalent amounts of the WT
l'PCPptOI' expressed in isolation. This s.Ld_y is i 1

-nechanbm for thc rsdu0cd NF--\_, signaliing,
mechanism may have relevance in vivo.

The cytoplasmic localisation and reduced cell surface expres-
sion of the TNRFRI mutants seen in this study agrees with a
previous study using HEK-293 cells [8]. However, they showed
spontancous apoptosis and cytokine production suggesting no
abrogation of signalling. Some of the difference observed in the
two studies is likely to be due to the high levels of expression
that can be tolerated when stable HEK-293 cell lines are gen-
erated. TNFRSFIA expression is tightly regulated and is low
in fibroblasts and leucocytes, the cell types we siudied from

the TRAPS patient. In these cells, reduced TNFRSF1A signal-

ling was observed. Thus, when TNFRSF1A expression is lim-
ited, reduced signaling is observed. Interestingly, Todd et al. [§]
also show that mutant receptors are unable to bind TNFa,
suggesting another mechanism whereby signaling could be
inhibited,

Both studies demonstrate that the extracellular domain of
TNFRSF!A plays a role in cell localisation. Previous work
has shown that deleticn of the iniracellular domain increase
surface expression, However, our data shows thai this does
not occur for C43S or TS0M TNFRSF1A mutants, Thus,
mutation of the extracellular domain appears to be a dominant

factor in the regulation of expression. i is possible that forma-

tion of the trimeric xeoept or, through the pre-ligand-binding

assembly domain, is requi fi
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cule, or retention at the su atlvcly, uu.,ful\.ii‘xg [§)
the receptor, caused by the d isru of disulfide bonds and
other secondary structural changes as a result of the muta-
tions, may be sufficient to inhibit membrane expression. While
protein overexpression itself can lead to misfolding [8,18],
overexpression on its own cannrot explain the differences in
staining patierns seen in this study, as WT TNFRSF1A was
expressed at higher levels than the TRAPS mutants, but could
sull be detected on the cell surface of transfected cells. Tt is

kely that the TRAPS-associated mutations themselves are
inducing siructural changes preventing receptor translocation
o the cell surface.

Our previous study, using TRAPS patient fibroblasts, bear-
ing the C43S mutation, showed reduced NF-«xB activation and
apoptosis, while cytokine production was normal [6]. Qur tran-

sient transfection studies, in this paper, do not address all these
issues, but rather characterise NF-xB activation for a variety
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of TRAPS mutants. The decrease in NF-kB is seen when
receptors are expressed alone and in combination with wild
type receptor. Taken together, this suggests that loss of specific
TNFRSF1A signals is likely to be a general feature of TRAPS

phenotype.
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