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SUMMARY

Tumour necrosis factor (TNF)-receptor-associated periodic syndrome (TRAPS) is a hereditary

autoinflammatory disorder involving autosomal-dominant missense mutations in TNF receptor

superfamily 1A (TNFRSF1A) ectodomains. To elucidate the molecular effects of TRAPS-

related mutations, we transfected HEK-293 cells to produce lines stably expressing high levels

of either wild-type (WT) or single mutant recombinant forms of TNFRSF1A. Mutants with

single amino acid substitutions in the first cysteine-rich domain (CRD1) were produced both as

full-length receptor proteins and as truncated forms lacking the cytoplasmic signalling domain

(Dsig). High-level expression of either WT or mutant full-length TNFRSF1A spontaneously

induced apoptosis and interleukin-8 production, indicating that the mutations in CRD1 did not

abrogate signalling. Consistent with this, WT and mutant full-length TNFRSF1A formed

cytoplasmic aggregates that co-localized with ubiquitin and chaperones, and with the signal

transducer TRADD, but not with the inhibitor, silencer of death domain (SODD). Furthermore,

as expected, WT and mutant Dsig forms of TNFRSF1A did not induce apoptosis or interleukin-8

production. However, whereas the WT full-length TNFRSF1A was expressed both in the cyto-

plasm and on the cell surface, the mutant receptors showed strong cytoplasmic expression but

reduced cell-surface expression. The WT and mutant Dsig forms of TNFRSF1A were all

expressed at the cell surface, but a proportion of the mutant receptors were also retained in the

cytoplasm and co-localized with BiP. Furthermore, the mutant forms of surface-expressed Dsig
TNFRSF1A were defective in binding TNF-a. We conclude that TRAPS-related CRD1 mutants

of TNFRSF1A possess signalling properties associated with the cytoplasmic death domain, but

other behavioural features of the mutant receptors are abnormal, including intracellular traf-

ficking and TNF binding.
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INTRODUCTION

Tumour necrosis factors (TNF-a and TNF-b) are import-
ant inflammatory cytokines that exert a wide range of
effects on tissues throughout the body by interacting with

two cell-surface receptors: TNF receptor I (TNFRSF1A,
TNFR1, p55 ⁄p60-TNFR, CD120a) and TNF receptor II
(TNFRSF1B, TNFR2, p75 ⁄p80-TNFR, CD120b).1 TNF-

receptor-associated periodic syndrome (TRAPS; MIM no.
142680), originally termed familial hibernian fever in the
prototype family,2,3 is a hereditary autoinflammatory dis-

order recently shown to involve autosomal-dominant mis-
sense mutations in the TNFRSF1A gene4 (reviewed in
ref. 5). Both the clinical and the genetic features of TRAPS

are distinct from those of familial mediterranean fever
(FMF), hyperimmunoglobulinaemia D syndrome (HIDS)
and other periodic fever syndromes.5 Diagnostic indicators
of TRAPS are recurrent episodes of inflammatory symp-

toms, often lasting longer than 5 days, which include fever,
abdominal pain, myalgia with migratory erythematous
macular rashes, conjunctivitis and periorbital oedema, chest

pain, arthralgia or monoarticular synovitis; » 15% of pati-
ents develop amyloidosis.5

The cell-surface TNFRSF1A protein is a single poly-

peptide consisting of four cysteine-rich ectodomains
(CRD1-4), each of which contains three cysteine–cysteine
disulphide bonds, a transmembrane region and a large
intracellular region that interacts with signalling molecules

(reviewed in ref. 5). The intracellular region includes a
death domain (DD) that can initiate signalling cascades for
both apoptosis (via caspase activation), and cytokine pro-

duction and other inflammatory effects (via nuclear factor-
jB activation).6 The membrane distal CRD1, also known
as the preligand assembly domain (PLAD), is thought to

undergo homologous interactions to form TNFRSF1A
homotrimers;7 CRD2 and CRD3 interact with homotrim-
ers of TNF-a or TNF-b.8 Over 30 different single nucleotide

mutations of the TNFRSF1A gene have been identified in
patients with TRAPS, which cause single amino acid sub-
stitutions mainly in CRD1, CRD2 or CRD3, about half of
these mutations affect the highly conserved cysteine resi-

dues that are involved in disulphide bond formation, and
one splice mutation has been identified that results in the
insertion of four amino acids in CRD2.4,5,9–22 A TRAPS-

associated missense mutation has also recently been des-
cribed that involves an amino acid mutation at the base of
the extracellular region of TNFRSF1A (I199N), proximal

to the transmembrane region and close to the cleavage site
for induced receptor shedding.23

Patients with TRAPS have low blood levels of soluble
TNFRSF1A (sTNFRSF1A) that do not increase above the

normal range during inflammatory attacks (contrasting
with rheumatoid arthritis, where sTNFRSF1A levels start
in the normal range and can increase twentyfold).4 Also,

the leucocytes of some patients show reduced shedding of
TNFRSF1A upon stimulation.4,9 These findings have led to
the hypothesis that TNF is not adequately neutralized by

the low levels of sTNFRSF1A in TRAPS, resulting in
exaggerated inflammatory effects. However, not all the

TRAPS-related TNFRSF1A mutations result in defective
receptor shedding by leucocytes, indicating that other
pathophysiological mechanisms may also be involved.9 The
importance of understanding these mechanisms extends

beyond TRAPS, as there is evidence that certain of the
TNFRSF1A mutations (e.g. R92Q) are also associated with
much more common inflammatory diseases, such as rheu-

matoid arthritis.9

It is possible that some of the TRAPS-related mutations
have significant structural effects on TNFRSF1A confor-

mation that may affect the subcellular distribution and ⁄or
functional properties of the receptor. Indeed, a growing
number of diseases are now understood to result from the

pathological effects of misfolded proteins. These ‘protein
conformational disorders’ include Alzheimer’s disease,
Huntington’s disease and Parkinson’s disease (that affect
the central nervous system), and a1-antitrypsin deficiency

(affecting the liver).24,25

In order to elucidate the molecular effects of TRAPS-
related mutations in the TNFRSF1A gene, we produced

cell lines stably expressing high levels of either wild-
type (WT) or single-mutant recombinant forms of
TNFRSF1A. Mutants with the following single amino

acid substitutions in CRD1 were produced both as full-
length receptor proteins and as truncated forms repre-
senting the extracellular and transmembrane regions, but
lacking the cytoplasmic signalling domain (Dsig): C33Y,

C52F and T50M. These constructs enabled us to investi-
gate the effects of the mutations on receptor function,
distribution and TNF binding. The results indicate that,

while the mutant receptors retain signalling properties
associated with the cytoplasmic death domain, there are
other profound effects of the mutations on the properties

of the TNFRSF1A protein.

MATERIALS AND METHODS

Production of recombinant WT and mutant TNFRSF1A
DNA clones
The full-length TNFRSF1A coding sequence was poly-
merase chain reaction (PCR) amplified from cDNA using

flanking primers designed from previously published
sequences (GenBank accession number: NM_001065).
DNA was amplified using Elongase (Invitrogen Life

Technologies, Paisley, UK), cloned into vector pcDNA4TO
(Invitrogen) and sequenced using Big Dye 2 terminators on
an ABI Prism 310 (both Applied Biosystems, Warrington,

UK). To remove the cytoplasmic signalling domain, a
mutant (Dsig) was constructed using site-directed muta-
genesis (Qwikchange Kit; Stratagene, Amsterdam, the

Netherlands), with a stop codon introduced at residue 215
(numbered from the start of the mature TNFRSF1A
sequence) leaving a 10-residue cytoplasmic tail. Mutant
receptors (C33Y, C52F, T50M) were produced from both

full-length and Dsig variants, using site-directed mutagen-
esis. All products were sequenced along the full length of
the TNFRSF1A coding region to ensure that only the

desired mutation(s) had been introduced. Plasmid isolation
from bulk cultures for transfection into eukaryotic cells was
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carried out using an Endofree Plasmid maxiprep kit
(Qiagen, Crawley, UK).

Transfection and cloning of cell lines expressing
recombinant TNFRSF1A
The tetracycline-regulated expression (T-RexTM) human

embryonic kidney (HEK)-293 cell line was employed for
transfections. The HEK-293 cell line expresses low levels of
TNF receptors, predominantly TNFRSF1A:26 in our
hands, the expression of TNFRSF1A and TNFRSF1B

by HEK-293 cells was essentially undetectable by flow
cytometry. The HEK-293 cells were stably transfected with
the WT and single-mutation constructs using FuGENE-6

(Roche Diagnostics, Lewes, UK) according to the manu-
facturer’s protocols. A FuGENE 6 Reagent ⁄DNA ratio of
3 : 1 was used. Ninety-six hours post-transfection, the

T-RexTM HEK-293 cells were switched to selective
medium [Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) containing 10% fetal calf serum (FCS),

100 U ⁄ml penicillin, 10 lg ⁄ml streptomycin, 5 lg ⁄ml
Blasticidin S HCl (Invitrogen Life Technologies),
400 lg ⁄ml Zeocin (Invitrogen Life Technologies), 2 mm

l-glutamine and 10 mm HEPES buffer]. Initial transfection

success was assessed using pcDNA4 ⁄TO LacZ control
plasmid expression and detected using a b-galactosidase
staining kit (Invitrogen Life Technologies). Primary selec-

tion of transfected cells was for 21 days, after which the
cells were induced to express receptor. Cultured cells were
split 1 : 2 and 1 lg ⁄ml doxycycline (a tetracycline deriv-

ative) (Sigma, Poole, UK) was added. Twenty hours post-
induction, the cells were assayed for surface-expressed
TNFRSF1A by flow cytometry using mouse anti-human

TNFRSF1A-conjugated phycoerythrin (PE) (R & D Sys-
tems, Abingdon, UK), or mouse IgG1-PE negative control
(Dako, Ely, UK), and assayed on an EPICS-XL flow
cytometer (Beckman Coulter, High Wycombe, UK). Clones

of the WT and mutant full-length and Dsig transfectants
were produced by limiting dilution and subsequent selec-
tion of individual colonies.

Induction and detection of surface and intracellular
TNFRSF1A expression

WT and mutant cell lines were induced to express
TNFRSF1A as described above. All the following proce-
dures were performed on ice where possible. Cells were

harvested and washed in DMEM containing 1% FCS, then
in phosphate-buffered saline (PBS) containing 0Æ5% bovine
serum albumin (BSA), and resuspended in PBS containing

0Æ5% BSA. Cells were mixed with mouse anti-human
TNFRSF1A-PE or mouse IgG1-PE negative control and
incubated on ice for 30 min in the dark. Cells were subse-
quently washed twice with PBS containing 0Æ5% BSA,

resuspended in 0Æ5% formaldehyde fixative and analysed by
flow cytometry.

In order to determine the cytoplasmic expression of WT

and mutant TNFRSF1A, cell lines were induced with
doxycycline as described above. Cells were then harvested
and washed in PBA (PBS containing 0Æ5% BSA and 0Æ1%
sodium azide) and fixed in 2% formaldehyde fixative for

5 min at room temperature. Cells were then washed in
saponin buffer [PBA containing 0Æ1% saponin (Sigma) and
10 mm glucose], centrifuged at 300 g for 5 min, then
washed in saponin buffer (10% FCS), centrifuged and

resuspended. Cells were mixed with mouse anti-human
TNFRSF1A-PE or mouse IgG1-PE negative control and
incubated on ice for 2 hr in the dark, with periodic mixing.

Cells were subsequently washed three times with saponin
buffer, resuspended in 0Æ5% formaldehyde fixative and
analysed by flow cytometry. Duplicate cells were stained for

the surface expression of TNFRSF1A for comparison with
intracellular levels.

Examination of cell death
HEK-293 cell lines transfected with WT or mutant full-
length or Dsig TNFRSF1A were split 1 : 2 and either left

untreated or 1 lg ⁄ml doxycycline added. Duplicate samples
were also incubated with 10 mm Z-Val-Ala-Asp-CH2F
(Z-VAD.fmk), a caspase inhibitor (CN Biologicals, Not-

tingham, UK) or 5 mm dimethyl sulphoxide (DMSO), the
solvent for Z-VAD.fmk. Twenty hours postinduction, the
cells were harvested, washed with PBA and fixed with ice-
cold 70% ethanol and stored at )20� until use. The cells

were then washed twice with PBA, resuspended in PBA
containing 100 mg ⁄ml RNAse A (Sigma) and 50 mg ⁄ml
propidium iodide solution (Sigma), and incubated at 37�
for 20 min. Cell samples were then assayed on an EPICS-
XL flow cytometer. Propidium iodide fluorescence is emit-
ted at 600–700 nm and was detectable in the FL3 detector

of the EPICS-XL. The FL3 peak and integrated signals
using linear amplification were collected. Plotting FL3 area
versus FL3 peak was then used to gate single cells to pro-

duce an FL3 histogram showing cell cycle peaks and sub-
diploid DNA-containing cells.

Investigating cytokine production
HEK-293 cell lines transfected with WT or mutant full-
length or Dsig TNFRSF1A were split 1 : 2 and either left

untreated or 1 lg ⁄ml doxycycline added, and then incuba-
ted with 10 mm Z-VAD.fmk or 5 mm DMSO. Seventy-two
hours postinduction, the culture supernatants were collec-
ted for analysis. Samples were assayed using a human

inflammation cytometric bead array (CBA) (BD Bio-
sciences, Oxford, UK) according to the manufacturer’s
protocol. The beads were analysed on an EPICS-Altra flow

cytometer ⁄sorter (Beckman Coulter, High Wycombe, UK).

Confocal microscopy

Dual indirect staining was performed using primary anti-
bodies of different isotypes and the appropriate Alexa
Fluor-conjugated anti-isotype secondary antibodies. HEK-

293 cell lines transfected with WT or mutant full-length or
Dsig TNFRSF1A were induced to express TNFRSF1A, as
described above. Cells were washed in PBA and fixed in 4%

formaldehyde fixative for 5 min at room temperature. Cells
were then washed in PBA, followed by washing in saponin
buffer [PBA containing 0Æ1% saponin (Sigma) and 10 mm

glucose] and then in saponin buffer containing 10% FCS.
The first primary antibody was added to the cells and
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incubated for 30 min at room temperature in the dark.
Cells were then washed twice in saponin buffer. The cor-
responding Alexa Fluor-conjugated anti-isotype (Mole-
cular Probes Europe, Leiden, the Netherlands) was added

to the cells and incubated for 30 min at room temperature
in the dark. Cells were then washed twice in saponin buffer.
Cells were incubated with 10% mouse serum (Sigma) in

PBA for 10 min at room temperature in the dark. They
were then washed twice in saponin buffer. The second pri-
mary antibody was added to the cells and incubated for

30 min at room temperature in the dark. Cells were washed
twice in saponin buffer. The corresponding Alexa Fluor
conjugated anti-isotype was added to the cells and incu-

bated for 30 min in the dark. Cells were then washed twice
in saponin buffer. If nuclear staining was required, cells
were incubated with Hoechst 33258 (Sigma) for 10 min at
room temperature in the dark. Cells were then washed twice

in saponin buffer and stored in PBS before being viewed on
a Leica SP2 confocal laser scanning microscope using a ·63
objective. The primary monoclonal antibodies (mAbs) and

the Alexa Fluor anti-isotype conjugates employed are listed
in Table 1. For staining with monodansylcadaverine
(MDC) (Sigma), following indirect staining with antibody

and washing, cells were incubated with 0Æ05 mm MDC in
PBS at 37� for 10 min and then washed four times with
PBS.

Analysis of TNF-a binding
WT and mutant Dsig-TNFRSF1A cell lines were induced

with doxycyclin to express TNFRSF1A, as described
above. Recombinant human TNF-a (R & D Systems,
Abingdon, UK) was added at a final concentration of

50 ng ⁄ml and the cells incubated at 37� for 2 hr. Cells were
harvested and washed in PBS containing 0Æ5% BSA and
stained with primary antibodies [mouse anti-human TNF-a

(Biosource International, Nivelles, Belgium), mouse IgG2a
negative control (Dako)] for 30 min on ice. Cells were
washed twice with PBS containing 0Æ5% BSA and mixed
with goat anti-mouse immunoglobulin F(ab¢)2–fluorescein
isothiocyanate (FITC) (Dako) for 30 min on ice. Cells were
washed twice, resuspended in 0Æ5% formaldehyde fixative
and analysed by flow cytometry. Duplicate cells were

stained for the surface expression of TNFRSF1A, as des-
cribed above, to confirm doxycycline induction. Controls
showed very little non-specific staining of the cells by anti-

human TNF-a if TNF-a was not added, or if TNF-a was
added but TNFRSF1A expression was not induced with
doxycyclin.

RESULTS

High expression of both WT and mutant recombinant

forms of full-length TNFRSF1A induce apoptosis

and cytokine production

HEK-293 cells with T-RexTM were transfected with WT
and mutant forms of the full-length TNFRSF1A gene (i.e.
including the cytoplasmic signalling region) in the plasmid

vector pcDNA4TO (see the Materials and methods for
details). HEK-293 cells naturally express a low level of
TNF receptors, predominantly TNFRSF1A:26 in our

hands, TNFRSF1A and TNFRSF1B expression by HEK-
293 cells was essentially undetectable by flow cytometry.
Thus, the vast majority of TNFRSF1A expressed in the
transfected cell lines was derived from the recombinant WT

or mutant constructs upon induction with doxycyclin (see
below for detection of receptor expression).

The transfected HEK-293 cell lines were induced to

express recombinant full-length TNFRSF1A by treatment
with doxycyclin for 16–18 hr, and then stained with

Table 1. Antibodies employed for confocal microscopy

Primary

antibody

Species and

isotype ⁄preparation Source Secondary conjugate*

Anti-TNFRSF1A Mouse mAb� IgG1 R & D Systems Europe Ltd,

Abingdon, Oxon, UK

Alexa Fluor 555 goat anti-mouse IgG1

Anti-HLA-ABC Mouse mAb IgG2a Serotec, Oxford, UK Alexa Fluor 488 goat anti-mouse IgG2a

Anti-Hsc70 Mouse mAb IgM Affinity Bioreagents (through

Cambridge Biosciences, Cambridge, UK)

Alexa Fluor 647 goat anti-mouse IgM

Anti-BiP ⁄GRP78 Mouse mAb IgG2a BD Biosciences, Cowley, Oxford, UK Alexa Fluor 488 goat anti-mouse IgG2a

Anti-HDJ2 Mouse mAb IgG1 Abcam, Cambridge, UK Alexa Fluor 488 goat anti-mouse

IgG (HþL)

Anti-TCP1 Rat mAb IgG2a Abcam, Cambridge, UK Alexa Fluor 647 goat anti-rat

IgG (HþL)

Anti-Ubiquitin Rabbit Ig fraction Dakocytomation Ltd, Ely, Cambs, UK Alexa Fluor 488 goat anti-rabbit

IgG (HþL)

Anti-SODD Rabbit polyclonal

IgG

Upstate Biotechnologies UK,

Milton Keynes, UK

Alexa Fluor 647 goat anti-rabbit

IgG (HþL)

Anti-TRADD Mouse mAb IgG2a Upstate Biotechnologies UK,

Milton Keynes, UK

Alexa Fluor 488 goat anti-mouse IgG2a

*All Alexa Fluor conjugates were purchased from Molecular Probes Europe, the Netherlands.

�mAb, monoclonal antibody.

SODD, silencer of death domain; TNFRSF1A, tumour necrosis factor receptor superfamily 1A; TRADD, TNF receptor-associated death domain.
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propidium iodide and analysed by flow cytometry to detect
the cellular DNA content. Dying and dead cells (early and

late apoptotic cells) were defined as those with a subdiploid
fractional DNA content, i.e. with fluorescence intensity less
than the dominant, sharp G1 peak (Fig. 1a–1f). For non-

doxycyclin-induced transfected cells (i.e. not expressing the
TNFRSF1A transgene), typically 9–15% of cells were in
the subdiploid fraction (Fig. 1a and Table 2). However,

following treatment with doxycyclin, the proportion of cells
in the subdiploid fraction increased substantially in the cell
lines expressing either the WT form or any of the mutant
forms (C33Y, C52F, T50M) of TNFRSF1A (Fig. 1d and

Table 2). This induction of cell death by high-level
expression of WT or mutant recombinant TNFRSF1A was
inhibited by the addition of Z-VAD.fmk to the cultures at

the same time as doxycyclin (Fig. 1e and Table 2). Cell
death was not inhibited by the solvent for Z-VAD.fmk,
DMSO (Fig. 1f and Table 2); conversely, death was not

induced by Z-VAD.fmk or DMSO alone in the absence of
doxycyclin (Fig. 1b,1c and Table 2). Doxycyclin did not
induce the death of non-transfected HEK-293 cells (data

not shown), indicating that death was a consequence of
TNFRSF1A expression.

Z-VAD is a highly specific, cell-permeable, irreversible
inhibitor of caspases-1, -3, -6 and -7.27 Therefore, both the

WT and mutant recombinant forms of TNFRSF1A spon-
taneously induce apoptosis when expressed at high levels in
the transfected HEK-293 cells. Z-VAD.fmk does not inhi-

bit the TNFRSF1A expression induced by doxycyclin
(Fig. 1k), which might otherwise be an explanation for the
reduction of cell death by Z-VAD.fmk; indeed, expression

of either WT or mutant forms of TNFRSF1A was
enhanced in the presence of Z-VAD.fmk, presumably
because the reduction of TNFRSF1A expression that
would accompany apoptosis did not occur (Fig. 1k).

Another caspase inhibitor, Boc-Asp(OMe)-CH2F, had a
very similar inhibitory effect on cell death induced by WT
or mutant TNFRSF1A expession to that of Z-VAD.fmk

described above (data not shown): this further supports the
conclusion that high-level expression of either WT or
mutant forms of TNFRSF1A induces apoptosis.

As TNFRSF1A can signal for cell activation and cyto-
kine production as well as apoptosis,6 we tested culture
supernatants from the TNFRSF1A-transfected HEK-293

cell lines for secreted cytokines by flow cytometry using the
Becton Dickinson inflammatory CBA system (see the
Materials and methods for details). Induction of a high-
level expression of either WT, or any of the mutant, forms

of recombinant TNFRSF1A resulted in greatly augmented
production of the chemokine interleukin-8 (IL-8) (Table 3).

Recombinant full-length TNFRSF1A has the appearance

of inclusion bodies, or aggregates, in transfected cell lines

The finding that high-level expression of recombinant

TNFRSF1A in transfected cell lines spontaneously induced
both apoptosis and IL-8 production is consistent with
previous reports.28,29 Our findings, that these effects were

induced by expression of the C33Y, C52F and T50M
mutants, as well as the WT receptor, indicate that these
mutations in CRD1 do not abrogate the signalling poten-
tial of the DD. Indeed, Boldin et al. observed that over-

expression of just the DD per se induced apoptosis and
IL-8 production, and this ligand-independent signalling
was proposed to result from spontaneous self-association

of DDs when expressed at high levels.28 In order to visu-
alize whether similar self-association of WT or mutant
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Figure 1. Detection of apoptosis and tumour necrosis factor

receptor superfamily 1A (TNFRSF1A) expression by HEK-293

cells transfected with wild-type (WT), full-length TNFRSF1A.

Figure 1(a)–1(f) shows the flow cytometry profiles of cells stained

with propidium iodide to indicate DNA content: cells with a sub-

diploid DNA content (to the left of the sharp G1 peak) were

defined as apoptotic. Figure 1(g)–1(l) shows flow cytometry profiles

of permeabilized cells stained for the expression of TNFRSF1A

(solid line) compared with the isotype-control staining (dashed

line). DMSO, dimethyl sulphoxide; ZVAD, Z-Val-Ala-Asp-CH2F.

� 2004 Blackwell Publishing Ltd, Immunology, 113, 65–79

Abnormal behaviour of TRAPS-related TNFRSF1A mutants 69



forms of TNFRSF1A might explain the induction of
apoptosis and IL-8 production in our experiments, the

HEK-293 cell lines transfected with full-length WT or
mutant TNFRSF1A were induced with doxycyclin to give
high-level expression of recombinant TNFRSF1A and

were fluorescently stained, following permeabilization, for
detection of constituents by confocal microscopy. mAbs
were used to detect TNFRSF1A, golgin as a marker of the
Golgi apparatus, HLA class I as a cell-surface protein, and

several markers of protein processing (see the Materials
and methods for details). In most cases, TNFRSF1A
induction was performed in the presence of Z-VAD.fmk to

inhibit apoptosis so that a greater number of cells remained
available for staining and visualization: the treatment with
Z-VAD.fmk was shown not to alter the pattern of staining

with anti-TNFRSF1A. The results shown in Fig. 2 indi-
cate that the recombinant WT and mutant forms of
TNFRSF1A were detected as discrete cytoplasmic particles

that were distinct from the Golgi apparatus (Fig. 2a–2d).
These cytoplasmic particles had the appearance of inclu-
sion bodies or aggregates that are formed by misfolded
proteins.24,25 Such aggregates have been extensively studied

in other transfection systems. For example, some misfolded
mutant proteins that are associated with protein conform-
ational disorders dislocate from the endoplasmic reticulum

(ER) and form cytoplasmic aggregates that coalesce into
‘aggresomes’.30,31 These misfolded proteins become labelled
with ubiquitin, as found with mutant cystic fibrosis trans-
membrane conductance regulator,30 and ⁄or associate with

chaperone proteins of the heat shock protein (HSP)-40 and
HSP-70 series, as observed with mutant p115 membrane
transport factor.31 These modifications mark the mutant

proteins for degradation by 26S proteasomes (although the
aggregated proteins are resistant to degradation). Staining
of the HEK-293 transfectants, expressing the mutant forms

of TNFRSF1A, with anti-ubiquitin showed some
co-localization of TNFRSF1A and ubiquitin, although not
all of the TNFRSF1A aggregates appeared to be ubiqui-

tinated (Fig. 2m–2p). However, it has been observed pre-
viously that some misfolded protein aggregates show little,
or no, association with ubiquitin, but are strongly associ-
ated with HSP chaperones.31 Consistent with this, we

observed that the aggregates of WT or mutant TNFRSF1A

Table 2. Percentage apoptotic transfected HEK-293 cells not induced, or induced with doxycyclin to express wild-type (WT) or mutant

tumour necrosis factor receptor superfamily 1A (TNFRSF1A) as either the full-length (F-L) or Dsig constructs: inhibition of apoptosis is

shown with Z-Val-Ala-Asp-CH2F (Z-VAD.fmk) [dimethylsulphoxide (DMSO) was used as the solvent control]

Cell line No treatment ZVAD only DMSO only Doxycyclin only DoxycyclinþZVAD DoxycyclinþDMSO

WT (F-L) 17Æ1 15Æ2 16Æ9 39Æ9 16Æ0 38Æ4
C33Y (F-L) 10Æ9 8Æ0 16Æ2 19Æ7 11Æ5 18Æ9
C52F (F-L) 11Æ4 10Æ0 13Æ5 41Æ2 10Æ4 39Æ1
T50M (F-L) 16Æ0 16Æ2 15Æ1 23Æ6 14Æ2 27Æ4
WT (Dsig) 20Æ9 19Æ8 21Æ7 26Æ4 25Æ2 22Æ5
C33Y (Dsig) 8Æ3 5Æ3 5Æ8 8Æ3 5Æ9 6Æ1
C52F (Dsig) 24Æ5 9Æ9 21Æ7 16Æ9 12Æ2 18Æ3
T50M (Dsig) 24Æ6 15Æ9 24Æ8 18Æ9 13Æ6 16Æ2

Table 3. Interleukin-8 production (pg ⁄ml) by transfected HEK-293

cells not induced, or induced with doxycyclin to express wild-type

(WT) or mutant tumour necrosis factor receptor superfamily 1A

(TNFRSF1A) as either the full-length (F-L) or Dsig constructs

Cell line No doxycyclin

With

doxycyclin

WT (F-L) 104Æ8 3914Æ1
C33Y (F-L) 86Æ9 1435Æ7
C52F (F-L) 112Æ4 5000Æ0
T50M (F-L) 117Æ7 4920Æ2
WT (Dsig) 150Æ9 184Æ1
C33Y (Dsig) 122Æ5 126Æ0
C52F (Dsig) 33Æ8 33Æ1
T50M (Dsig) 93Æ4 81Æ3

IL-8 levels were measured by flow cytometry using the Cytokine

Bead Array in culture supernatants collected 3 days after the addition of

doxycyclin.

Figure 2. Detection of immunofluorescent staining by confocal

microscopy in permeabilized HEK-293 cells transfected with full-

length constructs of wild-type (WT) or mutant tumour necrosis

factor receptor superfamily 1A (TNFRSF1A): WT TNFRSF1A,

panels (a), (e), (i), (m), (q), (u); C33Y TNFRSF1A, panels (b), (f),

(j), (n), (r), (v); C52F TNFRSF1A, panels (c), (g), (k), (o), (s), (w);

T50M TNFRSF1A, panels (d), (h), (l), (p), (t), (x). Figure 2(a)–2(d)

shows cells stained with anti-Golgin (green), anti-TNFRSF1A

(red) and anti-Hsc70 (blue); in these overlay images the pur-

ple ⁄magenta staining of aggregates indicates co-staining for

TNFRSF1A and Hsc-70. Figure 2(e)–2(h) shows cells stained with

anti-HDJ-2 (green, left panels), and the same cells stained with

anti-TNFRSF1A (red, right panels), indicating that aggregates co-

stain for both markers. Figure 2(i)–2(l) shows cells stained with

anti-HLA class I (green), anti-TNFRSF1A (red) and anti-TCP-1

(blue); in these overlay images, co-staining of aggregates for

TNFRSF1A and TCP-1 is purple ⁄magenta. Figure 2(m))2(p)
shows cells stained with anti-TNFRSF1A (red), anti-ubiquitin

(green) and nucleus (blue); in these overlay images, aggregates

co-stained for TNFRSF1A and ubiquitin are yellow ⁄orange.
Figure 2(q))2(t) shows cells stained with anti-TNFRSF1A (red)

and anti-silencer of death domain (anti-SODD) (green).

Figure 2(u))2(x) shows cells stained with anti-TNFRSF1A (red)

anti-TNF receptor-associated death domain (anti-TRADD)

(green); in these overlay images, aggregates co-stained for

TNFRSF1A and TRADD are yellow.
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were strongly stained by antibodies to Hsc-70 (a member of
the HSP-70 family) (Fig. 2a–2d) and HDJ-2 (a member of
the HSP-40 family) (Fig. 2e–2h). On the other hand, the

TNFRSF1A aggregates did not consistently co-stain with
the chaperonin TCP-1 (Fig. 2i–2l). Hence, the aggregated
TNFRSF1A presumably has exposed hydrophobic regions,

� 2004 Blackwell Publishing Ltd, Immunology, 113, 65–79

Abnormal behaviour of TRAPS-related TNFRSF1A mutants 71



resulting in interactions with chaperones, but is not always

amenable to refolding in the cage-like structures formed by
chaperonins.

Addition of the proteasome inhibitor, acetyl-leucyl-leu-

cyl-norleucinal (ALLN), to the transfected cell lines during
the induction of TNFRSF1A expression was found to
increase the size of the TNFRSF1A aggregates formed,
suggesting that a proportion of the misfolded receptor may

undergo proteasomal degradation (Fig. 3).
Some misfolded proteins (e.g. mutants of a1-antitrypsin

and huntingtin) have been found to be targeted for disposal

by autophagy (i.e. the intracytoplasmic formation of
phagosomes) rather than by proteasomal degradation.32,33

Autophagosomes are stained by MDC.32 However,

there was no clear staining by MDC in the transfectants
expressing the full-length mutant forms of TNFRSF1A
(data not shown).

Although we detected a small proportion of WT
TNFRSF1A on the cell surface by flow cytometry (see
below), this was not readily seen by confocal microscopy,
presumably because of the lower sensitivity of this latter

technique.
Thus, high-level production of full-length TNFRSF1A

by the transfected HEK-293 cells led to the formation of

cytoplasmic receptor aggregates that appeared to sponta-
neously trigger the signalling pathways for apoptosis and
cytokine production. Both WT and TRAPS-related mutant

forms of TNFRSF1A have these signalling properties. This
signalling is presumably initiated by DD interactions in the
receptor aggregates.28 Under normal circumstances, the
DDs of TNFRSF1A are associated with silencer of death

domain (SODD) that prevents spontaneous aggregation
and binding of the signal transducer TNF receptor-associ-
ated death domain (TRADD): the interaction of the TNF

ligand with the receptor trimer induces the release of
SODD, allowing binding of TRADD.34 We therefore
investigated, by using confocal microscopy, whether there
was co-localization of SODD and ⁄or TRADD with the

receptor aggregates in the full-length TNFRSF1A trans-
fectants. The results shown in Fig. 2(q))2(t) indicate that
there was no co-localization of staining for TNFRSF1A

and SODD in the transfectants. By contrast, Fig. 2(u))2(x)
show strong co-localization of TNFRSF1A and TRADD
in both the WT and mutant transfectants. This apparent

interaction of TNFRSF1A and TRADD is consistent
with the spontaneous signalling for apoptosis and cyto-
kine production described above. Interestingly, TRADD

co-localized mainly with the larger aggregates of
TNFRSF1A: this is particularly apparent in Fig. 2(u).

WT and mutant forms of Dsig-TNFRSF1A do not induce

apoptosis or cytokine production

As the cytoplasmic region of TNFRSF1A influences both
its subcellular localization29,35–37 and its signalling proper-

ties,28,29 we examined the properties of WT and mutant
(C33Y, C52F, T50M) receptors lacking the cytoplasmic
signalling region (here referred to as Dsig-TNFRSF1A).

Recombinant WT and mutant TNFRSF1A clones were
prepared in pcDNA4TO with a stop codon introduced at
residue 215 (numbered from the start of the mature
TNFRSF1A sequence), leaving a 10-residue cytoplasmic

tail. These were transfected into the T-RexTM HEK-293
cells. Clones of these cell lines were selected on the basis of
showing surface expression of the Dsig-TNFRSF1A upon

induction with doxycyclin (see below).
Unlike the HEK-293 cells transfected with full-length

TNFRSF1A, induction of Dsig-TNFRSF1A expression

(either WT or mutant) by treatment with doxycyclin for
16–18 hr did not stimulate apoptosis, as judged by propi-
dium iodide staining (Table 2), or IL-8 production

(Table 3). Thus, as expected, expression of the cytoplasmic
region is necessary for functional activity of both the WT
and mutant receptors. These findings also exclude the
possibility that the induction of either apoptosis or cytokine

production is a consequence of doxycyclin treatment per se,
or the induction of high-level transgene expression, irres-
pective of the nature of the recombinant protein.

Recombinant WT and mutant forms of full-length

TNFRSF1A show differences in surface and intracellular

expression in transfected cell lines

Following induction of recombinant full-length
TNFRSF1A expression by treatment of the transfected cell

lines with doxycyclin for 16–18 hr, staining with fluoro-
chrome-labelled anti-TNFRSF1A mAb and flow cytomet-
ric analysis revealed the surface expression of only the WT
receptor by a minority of the cells; no surface expression of

TNFRSF1A with the T50M, C33Y or C52F mutations was
observed (Fig. 4a). We therefore stained transfected cells
with anti-TNFRSF1A mAb following permeabilization to

detect intracellular TNFRSF1A. As expected, the WT line

(a) (c)

(d)(b)

WT C33Y

Figure 3. Detection of immunofluorescent staining by confocal

microscopy in doxycyclin-treated HEK-293 cells transfected with

full-length constructs of wild-type (WT) or C33Y mutant tumour

necrosis factor receptor superfamily 1A (TNFRSF1A). Cells

stained with anti-human leucocyte antigen (HLA) class I (green)

and with anti-TNFRSF1A (red). Panels (a) and (b) are WT

transfectants treated without (a), or with (b), acetyl-leucyl-leucyl-

norleucinal (ALLN). Panels (c) and (d) are C33Y transfectants

treated without (c), or with (d), ALLN.
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showed enhanced staining following permeabilization,
indicating detection of both surface and cytoplasmic
TNFRSF1A (Fig. 4a). However, even stronger staining for
intracellular TNFRSF1A was detected in the C33Y and

T50M cell lines, and to a lesser extent in the C52F line,
despite their complete lack of surface TNFRSF1A expres-
sion (Fig. 4a). [This detection of intracellular WT and

mutant TNFRSF1A by flow cytometry is consistent with
the confocal microscopy results described above (Fig. 2).]

In order to obtain a more detailed picture of the surface

and cytoplasmic expression of full-length TNFRSF1A,
clones of the cell lines that gave the results shown
in Fig. 4(a) were produced and analysed in the same way.

The results obtained with representative clones are shown
in Fig. 4(b). In the clone expressing full-length WT
TNFRSF1A, surface expression of the receptor was obser-
ved by the majority of cells, with only a slight increase in

fluorescence when the intracellular receptor was also
stained. As in the cell lines, the clones expressing the C33Y
and C52F mutant receptors showed intracellular expres-

sion, but essentially no surface expression. Interestingly, the
clone expressing T50M mutant TNFRSF1A showed strong
intracellular expression and also a low level of surface

expression, although substantially less than WT (Fig. 4b).
Thus, full-length WT TNFRSF1A was definitely expressed
on the cell surface, whereas T50M showed much less sur-
face expression and the cysteine mutants were only detected

in the cytoplasm.

Mutant, as well as WT, forms of Dsig-TNFRSF1A

are expressed on the cell surface

If the abnormalities indicated above were caused by the
mutations in CRD1 of the mutant forms of TNFRSF1A,

then these would be expected to affect the Dsig forms of
the receptor, as well as full-length TNFRSF1A. Thus, the
cellular distribution of WT and mutant forms of Dsig-
TNFRSF1A was examined. Following induction of
recombinant Dsig-TNFRSF1A expression by treatment of
the transfected cell clones with doxycyclin for 16–18 hr,
staining with fluorochrome-labelled anti-TNFRSF1A

mAb and flow cytometric analysis revealed surface
expression of not only WT, but also the mutant recep-
tors – i.e. C33Y, C52F and T50M – by a proportion of

the cells (Fig. 5). Staining of permeabilized cells to detect
both cytoplasmic and surface TNFRSF1A expression,
revealed a level of staining only slightly greater than that

seen for just surface expression with WT and T50M, but
generally higher expression than for surface alone with
the C33Y and C52F mutants (Fig. 5). Thus, in contrast

to the full-length receptor, the absence of the cytoplasmic
signalling region facilitates the surface expression of the
TNFRSF1A mutants as well as the WT receptor. This
suggests that the mutations in CRD1 inhibit surface

expression only of receptors with intact cytoplasmic
regions in the transfected HEK-293 cells. However, the
cysteine mutant receptors lacking the cytoplasmic region

still showed a higher proportion of intracellular expres-
sion than the WT receptors.

Recombinant mutant, but not WT, forms of

Dsig-TNFRSF1A show evidence of retention in the

cytoplasm in transfected cell clones

The cellular distribution of WT and mutant forms of Dsig-
TNFRSF1A was examined further by confocal microscopy
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Figure 4. Surface and intracellular expression of recombinant

full-length tumour necrosis factor receptor superfamily 1A

(TNFRSF1A). Transfected HEK-293 cell lines (a), or clones (b),

induced with doxycyclin to express the wild-type (WT) or different

mutant full-length TNFRSF1A were stained with phycoerythrin-

labelled anti-TNFRSF1A, without permeabilization, for surface

staining, or with permeabilization for surface plus cytoplasmic

staining, followed by flow cytometric analysis. Thin solid line, IgG1

isotype control; dashed line, surface staining with anti-

TNFRSF1A; bold solid line, staining of permeabilized cells with

anti-TNFRSF1A.
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following induction with doxycyclin. Staining with anti-

TNFRSF1A indicated that the WT receptors were detected
only on the cell surface (Fig. 6a). However, the C33Y,
C52F and T50M mutant receptors were stained both at

the cell surface and in the cytoplasm, giving both dif-
fuse cytoplasmic and distinctive perinuclear staining
(Fig. 6b–6d). The Dsig staining pattern seen by confocal

microscopy is clearly different from that described above

for the full-length TNFRSF1A, indicating that the presence
of the cytoplasmic region influences the subcellular distri-
bution of the receptor. However, the mutant Dsig receptors
show a somewhat different distribution from the WT Dsig.
The diffuse cytoplasmic and perinuclear staining pattern
given by the mutant forms of Dsig-TNFRSF1A is sug-
gestive of localization to the ER. Indeed, mutant a1-anti-
trypsin has been reported to show prolonged retention in
the ER and therefore give co-localization of staining with
the ER chaperone BiP ⁄GRP78.38 We similarly observed

some co-localization of staining of mutant Dsig-
TNFRSF1A and BiP (Fig. 6n–6p), but not WT Dsig-
TNFRSF1A and BiP (Fig. 6m).

Recombinant mutant forms of Dsig-TNFRSF1A show

evidence of defects in binding TNF-a

As the WT Dsig-TNFRSF1A, and a proportion of the

mutant forms of Dsig-TNFRSF1A, are expressed at the cell
surface, we investigated their ability to bind TNF-a. This
was assessed by incubating the doxycyclin-induced HEK-

293 transfectants with TNF-a, followed by fluorochrome-
labelled anti-TNF-a, and flow cytometric analysis. High
levels of TNF-a binding were observed with the doxycyclin-

induced WT cell clone (Fig. 7a). However, TNF-a binding
to the T50M mutant clone was greatly reduced and very
little TNF-a binding was detected on the C33Y and C52F
mutant clones (Fig. 7a), even though they had high levels of

surface TNFRSF1A expression (Fig. 7b). This is consistent
with conformational defects in the C33Y, C52F and T50M
mutant receptors inhibiting TNF-a binding.

DISCUSSION

The findings presented in this study indicate that TRAPS-

associated mutations within the CRD1 of TNFRSF1A
result in the receptor displaying defective behaviour, but the
signalling properties of the cytoplasmic DD of the mutant

receptors are not abrogated.
The defects of the CRD1 mutants of TNFRSF1A that

we observed in the high-expression HEK-293 transfection
system were reduced translocation to the cell surface of the

full-length receptor and retention within the cytoplasm
(possibly within the ER) of a proportion of the Dsig
receptor lacking the cytoplasmic region. In addition, the

Dsig mutant receptors that were expressed on the cell sur-
face showed a greatly reduced ability to bind TNF-a.
Clearly, the high-level expression of recombinant

TNFRSF1A in the HEK-293 transfection system cannot be
regarded as physiological and cannot precisely reproduce
the subtle, fluctuating cellular disturbances in TRAPS

patients. However, it is the subtlety of TRAPS patho-
physiology that makes it difficult to investigate in patients,
and therefore the model system we have employed is useful
to highlight abnormalities in the behaviour of TRAPS-

related mutants of TNFRSF1A.
Differences in the behaviour of the full-length and Dsig

TNFRSF1A, in terms of their subcellular distribution, were

not unexpected because it has been well described that

Figure 5. Surface and intracellular expression of recombinant Dsig-
tumour necrosis factor receptor superfamily 1A (TNFRSF1A).

Transfected HEK-293 cell lines induced with doxycyclin to express

the wild-type (WT) or different mutant Dsig-TNFRSF1A were

stained with phycoerythrin-labelled anti-TNFRSF1A without

permeabilization for surface staining, or with permeabilization for

surface plus cytoplasmic staining, followed by flow cytometric

analysis. Thin unbroken line, IgG1 isotype control; dashed line,

surface staining with anti-TNFRSF1A; bold unbroken line, stain-

ing of permeabilized cells with anti-TNFRSF1A.
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elements of the receptor’s cytoplasmic region influence its
distribution within the cell and, in particular, the cyto-
plasmic region is required for accumulation of the receptor
in the trans-Golgi apparatus.29,35–37

The cytoplasmic aggregates that were formed by the full-
length TNFRSF1A in the transfected cell lines were not
associated with the Golgi apparatus, and both WT and

mutant receptors formed similar aggregates that were
associated with chaperones and whose formation appeared
to be enhanced by the inhibition of proteasome function.

Thus, the formation of these aggregates, which may be
related to the ‘aggresomes’ described for other proteins,30

was not specifically related to the mutations, as the WT

receptor behaved similarly. It is probable that the forma-
tion of aggregates is a consequence of overloading the

transfected cells by the high levels of TNFRSF1A produced
upon expression of the transfected gene. Indeed, it is
recognized that protein overexpression can itself lead to
misfolding.38 However, a key difference in behaviour that

we observed between the WT and the mutant full-length
receptors was that little or no mutant receptor was
expressed at the cell surface. Little is known about how

TNFRSF1A trafficks from the cytoplasm to the surface
membrane, 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.39 Thus, it is
possible that some of the WT, but little of the mutant,
TNFRSF1A expressed in the transfectants trafficks to the

cell surface via the trans-Golgi apparatus rather than
accumulating in the cytoplasmic aggregates.

Figure 6. Detection of immunofluorescent staining by confocal microscopy in permeabilized HEK-293 cells transfected

with Dsig constructs of wild-type (WT) or mutant tumour necrosis factor receptor superfamily 1A (TNFRSF1A): WT

TNFRSF1A, panels (a), (e), (i), (m); C33Y TNFRSF1A, panels (b), (f), (j), (n); C52F TNFRSF1A, panels (c), (g), (k), (o);

T50M TNFRSF1A, panels (d), (h), (l), (p). Panels (a)–(d) show cells stained with anti-TNFRSF1A (red), panels (e)–(h) show

cells stained with anti-BiP (green), and panels (i)–(l) show the same cells stained with anti-TNFRSF1A (red). Panels (m)–(p)

show the overlay of the corresponding images, i.e. panels (e) ⁄ (i), (f) ⁄ (j), (g) ⁄ (k), (h) ⁄ (l), where orange ⁄yellow indicates

co-staining for TNFRSF1A and BiP. (Nuclei are stained blue in panels m, o and p.)
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The spontaneous triggering of apoptosis and IL-8 pro-
duction upon induction of either WT or mutant full-length

TNFRSF1A expression is presumably a result of signalling
initiated by DD interactions in the receptor aggregates, as
previously observed by others.28 This is strongly supported

by our observation that TRADD, but not SODD,
co-localized with the large cytoplasmic aggregates of
TNFRSF1A. Thus, the reason why the overexpressed

receptor aggregates cause spontaneous, ligand-independ-
ent, signalling is presumably the result of insufficient
interaction with SODD and spontaneous binding of
TRADD: it could be the location, conformation, or sheer

quantity of TNFRSF1A in the aggregates that results in
a lack of inhibition by SODD. Whatever the mechanism,
our findings show that, although the mutant forms of

TNFRSF1A show certain abnormalities of behaviour
(i.e. reduced surface translocation in the transfected cells),
they can perform signalling functions for apoptosis and

cytokine production by interaction with TRADD.
The experiments with Dsig-TNFRSF1A provide

evidence suggestive of conformational abnormalities of the

extracellular portion of the mutant receptor as a result of
misfolding. Thus, retention in the ER and association with
BiP ⁄Grp78, as suggested here for the mutants of
Dsig-TNFRSF1A, has been noted in studies of misfolded

mutant proteins, including mutants of a1-antitrypsin,
40

low-density lipoprotein receptor41 and the receptor tyro-
sine kinase RET.42 Furthermore, the greatly reduced

TNF-a binding observed for surface-expressed mutant
Dsig-TNFRSF1A compared with WT is most probably
caused by conformational defects that inhibit effective

interactions with the ligand. This could be because the
mutations in CRD1, which is also the preligand assembly
domain, prevent the receptor trimerisation required for
TNF binding and ⁄or result in conformational defects in

the TNF-binding site in CRD2 and CRD3. This is the
subject of further investigation. More generally, misfolding
of mutant TNFRSF1A may have functional consequences

relevant to the pathophysiology of TRAPS. Misfolding
of mutant proteins can result in either gain- or loss-
of-function in different protein conformational disorders,

including periodic fever syndromes. In the recessive auto-
inflammatory disorder FMF, there is strong evidence that
loss-of-function mutations in pyrin ⁄marenostrin result in

loss of its activitiy as a negative regulator of interleukin-1
(IL-1) activation.43 Also, in HIDS, the activity of mutated
mevalonate kinase is particularly temperature sensitive,
with loss of function associated with increasing tempera-

ture and decreased production of anti-inflammatory
isoprenoids.44 Thus, in both FMF and HIDS, the loss of
function of proteins with anti-inflammatory activities ap-

pears to facilitate autoinflammation. A similar scenario in
TRAPS seems unlikely given the pro-inflammatory effects
of TNFRSF1A and the observations that TNFRSF1A

knockout mice have a greatly reduced capacity to
generate inflammatory reactions.45,46 We hypothesize a
gain-of-function pro-inflammatory consequence of the
TNFRSF1A mutations: thus, TNFRSF1A aggregation

and ligand-independent signalling may occur under certain
circumstances, as is well known to occur for certain
growth factor receptors in tumorigenesis.47 The nature of

these circumstances remains to be elucidated and is being
investigated. In the current study, we have presented
evidence that TRAPS-related mutants of TNFRSF1A are

conformationally abnormal, but retain signalling func-
tions, although, in the experimental system used here,
both mutant and WT TNFRSF1A showed spontaneous

Figure 7. Tumour necrosis factor-a (TNF-a) binding to recom-

binant Dsig-tumour necrosis factor receptor superfamily 1A

(TNFRSF1A). Transfected HEK-293 cell clones induced with

doxycyclin to express wild-type (WT) or different mutant

Dsig-TNFRSF1A were either stained with phycoerythrin-labelled

anti-TNFRSF1A (b), or were incubated with recombinant TNF-a
followed by staining with anti-TNF-a and fluoresceinated anti-

immunoglobulin (a). (a) Thin line, isotype control; bold line, sur-

face staining of bound TNF-a. (b) Bold line, isotype control; thin

line, surface staining with anti-TNFRSF1A.
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signalling, probably as a result of the overexpression of
recombinant TNFRSF1A in the transfected cells. Not
surprisingly, in view of our current findings, it was previ-
ously reported that the peripheral blood mononuclear cells

(PBMCs) of patients with TRAPS were not hypersensitive
to stimulation by TNF4 and, indeed, we have observed,
with both PMBCs and dermal fibroblasts, that the cells of

patients with TRAPS tend to actually produce less inter-
leukin-6 (IL-6) than those of normal healthy controls when
stimulated with TNF (M. Huggins et al., unpublished

observations).
The proposed conformational abnormalities that pre-

vent the interaction of mutant TNFRSF1A with TNF lig-

and may also prevent interaction with other proteins – for
example, the ARTS-1 protein (aminopeptidase regulator of
TNFR1 shedding), which is a membrane protein that binds
to the extracellular region of TNFRSF1A and promotes

shedding.48 Indeed, reduced interaction of mutant
TNFRSF1A with ARTS-1 may explain the reduced shed-
ding of TNFRSF1A in TRAPS to produce the TNF-

inhibiting soluble receptor.4 On the other hand, our
observations, that the mutants of TNFRSF1A show
reduced surface expression in the HEK-293 transfectants,

could appear to be at odds with the shedding hypothesis. It
is possible that the mutant receptors are surface expressed
in vivo as distinct from the transfectants. However, others
have demonstrated that reduced levels of soluble

TNFRSF1A can occur in periodic fever patients who do
not have TNFRSF1A mutations,22 suggesting that
TNFRSF1A mutations per se are not responsible for

reduced shedding of the receptor. Furthermore, the thera-
peutic benefits in TRAPS of the TNF-binding agent,
etanercept,5,49 could be caused by the general anti-inflam-

matory effects of TNF neutralization (as seen in other
inflammatory disease such as rheumatoid arthritis) rather
than because it specifically compensates for low levels of

soluble TNFRSF1A.
The aim of the current study was to identify specific

functional abnormalities of the TNFRSF1A monomer
resulting from TRAPS-associated CRD1 mutations, as

these have previously not been clearly defined. Thus, the
transfections were performed with just the mutant forms of
the receptor, and compared with transfectants expressing

just the WT receptor, in order to define the functional
abnormalities of the mutants, as demonstrated in the
experiments described above. (Although the HEK-293 cells

spontaneously express very low levels of TNFRSF1A,26

this would be insignificant relative to the amount of
transfected receptor expressed.) As the TNFRSF1A muta-
tions in TRAPS are autosomal dominant, patients’ cells will

express both WT and mutant receptors, presumably
at similar levels (although this has not been formally
demonstrated). Thus, future studies will involve co-trans-

fections of WT and mutant TNFRSF1A to examine the
effects of both being present.

It is of interest to note in the present study that the

abnormalities of behaviour were less severe for the T50M
mutant TNFRSF1A than the C33Y and C52F mutants.
Thus, the T50M mutant receptor showed some surface

expression (Figs 4b and 5) and was not totally devoid of
TNF-binding capacity (Fig. 7a). This is understandable in
structural terms, as the T50M mutation disrupts a non-
covalent hydrogen bond, whereas the cysteine mutations

remove covalent disulphide bridges. It also appears to relate
to clinical severity as most cases of amyloidosis associated
with TRAPS are in patients with cysteine, rather than non-

cysteine, mutations.5
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