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TNF, acting through p55 tumor necrosis factor receptor 1 (TNFR1),
contributes to the pathogenesis of many inflammatory diseases.
TNFR-associated periodic syndrome (TRAPS, OMIM 142680) is an
autosomal dominant autoinflammatory disorder characterized by
prolonged attacks of fevers, peritonitis, and soft tissue inflamma-
tion. TRAPS is caused by missense mutations in the extracellular
domain of TNFR1 that affect receptor folding and trafficking. These
mutations lead to loss of normal function rather than gain of
function, and thus the pathogenesis of TRAPS is an enigma. Here we
show that mutant TNFR1 accumulates intracellularly in peripheral
blood mononuclear cells of TRAPS patients and in multiple cell types
from two independent lines of knockin mice harboring TRAPS-
associated TNFR1 mutations. Mutant TNFR1 did not function as
a surface receptor for TNF but rather enhanced activation of MAPKs
and secretion of proinflammatory cytokines upon stimulation with
LPS. Enhanced inflammation depended on autocrine TNF secretion
and WT TNFR1 in mouse and human myeloid cells but not in
fibroblasts. Heterozygous TNFR1-mutant mice were hypersensitive
to LPS-induced septic shock, whereas homozygous TNFR1-mutant
mice resembled TNFR1-deficient mice and were resistant to septic
shock. Thus WT and mutant TNFR1 act in concert from distinct
cellular locations to potentiate inflammation in TRAPS. These
findings establish a mechanism of pathogenesis in autosomal dom-
inant diseases where full expression of the disease phenotype
depends on functional cooperation between WT and mutant pro-
teins and also may explain partial responses of TRAPS patients to
TNF blockade.

autoinflammatory disease | genetic disease

NF-receptor type 1 (TNFR1, TNFRSF1A, TNFR p55),

a ubiquitously expressed surface receptor in the TNFR super-
family, is mainly responsible for the inflammatory effects of TNF in
mouse and man. TNFR1 mediates an intracellular signaling cascade
through its intracellular death domain and the TNFR-associated
death domain adaptor (TRADD) protein, rapidly triggering acti-
vation of NF-xkB and MAPK. Both of these signaling pathways in-
dependently induce gene expression of inflammatory cytokines and
chemokines. Additionally, genes induced by NF-«xB block secondary
proapoptotic signaling complexes, resulting in a proinflammatory
effect of TNFR1 in most cell types (1, 2).

Missense mutations in TNFRSFIA, the gene encoding TNFR1,
are the cause of the autosomal dominant autoinflammatory disease,
TNFR-associated periodic syndrome (TRAPS) (3, 4). This syn-
drome is characterized by recurrent prolonged episodes of fever
and inflammation, which occur either spontaneously or after minor
triggers. Symptoms include fever, serositis, migratory rashes, and
myalgia associated with inflammatory fasciitis. TRAPS also can be
complicated by systemic amyloidosis (4). TRAPS is part of an
emerging group of diseases termed “autoinflammatory” that involve
abnormal activation of the innate immune system in the absence of
autoantibodies or autoreactive T cells. Other autoinflammatory
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diseases include the cryopyrinopathies (or cryopyrin-associated pe-
riodic syndromes) linked to dominant active mutations in NLRP3/
cryopyrin, a component of the IL-1p—processing inflammasome.
More common diseases, such as gout, systemic-onset juvenile
idiopathic arthritis, and adult-onset Still’s disease, also have been
classified as autoinflammatory (5-7) More than 50 TNFRSFIA
mutations associated with TRAPS have been described in the
INFEVERS database (http://fmf.igh.cnrs.fr/ISSAID/infevers) (8).
They are restricted to the extracellular domain of the receptor, with
a striking absence of mutations that would result in loss of protein
expression or truncation. Mutations disproportionately affect cys-
teine residues critical for folding of the extracellular portion of
the receptor (4). Another class of mutations, exemplified by R92Q
and P46L missense mutations, occurs in 1-5% of the general
population (and for P46L, in up to 10% of a West African pop-
ulation) (9, 10). These two variants are more likely to be functional
polymorphisms thought to synergize with other abnormalities to
cause a milder form of TRAPS with low penetrance (11).
Originally, TRAPS mutations were thought to cause inflamma-
tion by inhibiting metalloprotease-dependent cleavage of TNFR1
that produces soluble “shed” receptors. However, some TRAPS
patients have normal receptor shedding in assays of phorbol 12-
myristate 13-acetate treated peripheral blood mononuclear cells
(PBMC) (12). Treatment with TNF-blocking agents should cause
a dramatic decrease in symptoms if decreased shedding of TNFR1
were the sole abnormality in TRAPS. However, TNF blockade does
not always induce complete remission or normalization of acute-
phase reactants in TRAPS (4, 13-15). All TRAPS-associated
mutations in TNFR1 studied to date that are not found in the gen-
eral population profoundly disrupt receptor trafficking, resulting in
intracellular retention of mutant receptors in the endoplasmic re-
ticulum (ER) (16, 17), likely because of abnormal oligomerization
of mutant receptors through nonphysiological disulfide bonds.
Molecular modeling also predicts misfolding of TRAPS-associated
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mutant receptors (18). Mutant receptors failed to interact physically
with WT receptors through the physiological N-terminal preligand
assembly domain and failed to bind TNF (16). Mutant receptors
were not shed and did not inhibit normal trafficking or shedding of
WT TNFRI1. Because of these abnormalities, we refer to these
mutants as “structural mutations.” In contrast, the R92Q rare
polymorphic variant of TNFR1 behaved like the WT TNFR1 in
terms of receptor trafficking and TNF binding, and we refer to this
and other rare variants as “nonstructural” (16, 19). TRAPS patients
with structural TNFR1 mutations also generally present with more
severe symptoms and greater likelihood of progression to amy-
loidosis. These results suggested that structural mutations lead
to loss of function rather than gain of function of TNFR1. How
these mutations lead to a phenotype of excessive inflammation is
not known.

Results

TRAPS-Associated Mutant TNFR1 Protein Accumulates Intracellularly
and Does Not Function as a Conventional TNF Receptor. To unravel
the pathogenesis of TRAPS, we generated mice in which the
T50M or C33Y TRAPS-associated mutations were engineered
into the endogenous TNFRSF1A locus (Fig. S1). These mutant
receptors fail to traffic to the cell surface in homozygous mutant
mouse neutrophils as shown by FACS (16). However, Western
blotting revealed an increase in total cellular TNFR1 with in-
creasing gene dosage of the mutant allele (Fig. 14). In general the
C33Y mutation resulted in higher levels of TNFR1 than the TSOM
mutation (Fig. 14). This finding is consistent with results from
transfected receptors, in which cysteine mutations had the most
severe trafficking defects (16). To determine whether accumula-
tion of TNFR1 mutants was caused by decreased degradation or
increased synthesis, we treated cells with cycloheximide to block
new protein synthesis and measured levels of TNFR1 over time.
Under these conditions, mutant TNFR1 protein was detectable
for up to 8 h, whereas WT TNFR1 protein disappeared within 2 h
(Fig. 1B). These data indicate that the increases in the steady-state
level of TRAPS-associated mutant TNFR1 probably result from
the reduced turnover of the mutant TNFR1 protein.

To determine whether these observations apply to patients with
TRAPS, we measured total cellular levels of TNFR1 by Western
blotting and found an average of 20-fold higher levels of TNFR1 in
patients heterozygous for structural TRAPS mutations. By con-
trast, TNFR1 was expressed at normal levels in samples from pa-
tients heterozygous for the R92Q or P46L nonstructural TNFR1
variants (Fig. 1C). Although we could not detect mutant TNFR1
on the cell surface by flow cytometry (16), low levels of functional
receptor still may remain. To test this possibility, we added TNF
to peritoneal macrophages from heterozygous or homozygous
TNFR1-mutant knockin mice and measured production of
IL-6 and macrophage-inflammatory protein 2 (MIP-2), which are
strongly induced by TNF in WT cells in a TNFR1-dependent
manner (Fig. 1D). Production of MIP-2 and IL-6 in response to
TNF was reduced in both homozygous TS0M and C33Y TNFR1-
mutant macrophages nearly to the level in TNFR1-deficient mac-
rophages. Therefore, despite accumulation of TNFR1 intracellu-
larly, these two TRAPS-associated mutant receptors appeared to
have little or no ability to function as surface receptors for TNF.
In TNFR1 heterozygous macrophages, responses to TNF were
mildly reduced, with only the reduction in IL-6 production in C33Y
mutants reaching statistical significance. This finding suggests that
in TNFR1 heterozygous mutant macrophages, which model the
genetic state of TRAPS patients, haploinsufficiency of WT TNFR1
results in only a small decrease in TNF responsiveness.

Intracellular accumulation of misfolded mutant TNFR1 in the
ER might be hypothesized to induce inflammation through the
unfolded protein response (UPR), which in some circumstances
can induce production of proinflammatory cytokines (20). How-
ever, we did not find any spontaneous increase in the expression of
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Fig. 1. Intracellular accumulation of TNFR1 protein in TRAPS. (A) Western
blots of TNFR1 in cell lysates from the indicated cell types or organs from
TRAPS-knockin mice harboring the indicated heterozygous (Het) or homo-
zygous (Hom) TNFR1 mutations. WT C57BL/6 or TNFR1 knockout (KO) mice
were used as controls. (B) Increased stability of TNFR1 protein in TRAPS MEF.
Cells were treated with 10 pg/mL of cycloheximide for the indicated times, and
TNFR1 levels were analyzed by Western blot. (C) Quantitation of Western
blots of intracellular TNFR1 in PBMC from TRAPS patients with structural
TNFR1 mutations (n = 23), from patients with R92Q or P46L functional poly-
morphisms (n = 10), and from healthy donor controls (WT; n =9). Fold increase
was calculated by dividing the density of TNFR1 bands from the patient rel-
ative to the average of control samples run on the same gel, after correction
for loading with actin or HSC70. TNFR1 levels were significantly higher in
TRAPS patients than in controls (P = 0.005, by unpaired two-tail Student’s
t test), whereas TNFR1 levels from patients with functional polymorphisms
were not significantly different from controls. Inset shows an example of the
primary Western blot data for three patients heterozygous for the indicated
TNFR1 mutations and two healthy donor controls. (D) Resident peritoneal
macrophages from mice of the indicated genotype were stimulated with
100 ng/mL murine TNF. IL-6, and MIP-2 were measured after 6 h. The data are
averages + SEM of at least three independent experiments, each with values
normalized to the secretion of cytokines by WT cells in each experiment. IL-6
and MIP-2 levels produced by WT macrophages ranged from 933-3,367
pg/mL and 5,957-47,519 pg/mL, respectively. *, comparisons with WT cells
with P < 0.05 by unpaired Student’s t test.

the ER stress-inducible genes BiP or CHOP, and heterozygous
TNFR1-mutant cells responded normally to UPR induced by the
protein folding inhibitor thapsigargin (Fig. S2). Similar results
were observed in monocyte-derived macrophages from TRAPS
patients (Fig. S2). Thus, despite intracellular accumulation, the
mutant TNFR1 in TRAPS does not appear to activate or alter
the classical UPR.

Enhanced Responsiveness to LPS Dependent on JNK and p38 Kinase
Activity in Cells from TNFR1-Mutant Mice. Because the death domain
of all TRAPS-associated TNFR1 mutants is intact, we reasoned
that, rather than triggering ER stress, intracellular accumulation
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of mutant TNFR1 instead may activate intracellular signaling in
a TNF-independent manner. We measured baseline and induced
activation of NF-kB and MAPK, two key proinflammatory sig-
naling pathways activated by TNFR1, in mouse embryonic
fibroblasts (MEF) derived from TNFR1-mutant mice. In MEF
heterozygous for the C33Y TNFR1 mutation, we found signifi-
cantly elevated baseline levels of JNK and p38 MAPK phos-
phorylation at amino acid residues known to correlate with
kinase activation, whereas levels of phosphorylated ERK were
near normal (Fig. 24). The ER stress inducer thapsigargin and
TNF activated JNK and p38 kinases similarly in WT and C33Y
heterozygous MEF relative to the baseline in each cell type
(Fig. 24). However, LPS treatment resulted in enhanced JNK
and ERK phosphorylation in TNFR1-mutant MEF above the
already elevated baseline (Fig. 24). Quantitation of results from
five independent experiments confirmed significant increases in
both baseline and LPS-stimulated phosphorylated JNK (pJNK)
in C33Y TNFR1 heterozygous MEF compared with similarly
treated WT cells, whereas JNK activation after TNF stimulation
was similar in WT and TNFR1 mutant cells. (Fig. 2B). Enhanced
JNK activation appeared to be independent of TNF-TNFR1
interactions, because TNF could not be detected in the superna-
tant of LPS-stimulated MEF, and TNFR2-Fc failed to block either
the enhanced baseline or LPS-induced phosphorylation of INK in
C33Y TRAPS heterozygous MEFs (Fig. 2C). IL-6 production in
response to LPS was greatly enhanced in TNFR1 heterozygous
mutant MEF, and this increase could be blocked with inhibitors of
either JNK and p38 kinases but not TNFR2-Fc, suggesting that
mutant TNFR1 enhances LPS-induced IL-6 production in
a manner dependent on these MAPKSs (Fig. 2 D and E).

In contrast to MAPKSs, basal and LPS-stimulated NF-kB activity
was either normal or slightly decreased in TSOM and C33Y hetero-
zygous TNFR1-mutant MEF (Fig. S3 A and B). Although sustained
activation of JNK has been associated with enhanced cell death,
particularly in the setting of impaired NF-kB activation (21), neither
TNF nor LPS treatment affected viability of TNFR1-mutant cells.
As previously reported (22), TNF treatment readily induced cell
death in c-RelA—deficient MEF (Fig. S3C). Interferon regulatory
factor 3 (IRF3) activation also was normal in cells from C33Y and
T50M TNFRI1 heterozygous mice treated with LPS (Fig. S3D), and
induction of Regulated upon Activation, Normal T-cell Expressed
and Secreted (RANTES) mRNA and protein, which is dependent
on IRF3, also was relatively normal in TNFR1-mutant cells.

To determine whether mutant TNFR1 influenced TLR4 signal-
ing in primary immune cells, we treated splenocytes with LPS and
examined phosphorylation of JNK, which was the most strongly
induced MAPK in these cells. In WT splenocytes, peak levels of
pIJNK were achieved in 15-30 min and then declined to baseline by
60 min (Fig. S44). By contrast, LPS stimulation of heterozygous
T50M TNFRI1-mutant splenocytes progressively activated JNK
over 60 min with no return to baseline, whereas the response in
homozygous TNFR1-mutant cells was more similar to that of WT
cells. In accordance with MAPK hyperactivation, heterozygous
TNFR1-mutant resident peritoneal macrophages secreted more
IL-1B, IL-6, TNF, and MIP-2 than did WT controls, with statistical
significance observed for IL-6 (Fig. S4B). However, enhancement of
IL-6 and IL1P production was reduced in homozygous TNFR1
macrophages, suggesting that signaling through the WT TNFR1 is
required for the enhanced responsiveness of macrophages hetero-
zygous for TNFR1 mutations. TNFR1-deficient macrophages did
not produce less of these cytokines than WT cells, indicating that
autocrine TNF-TNFR1 interactions are not required for normal
acute inflammatory responses to LPS in WT cells. Taken together,
these data suggest that TRAPS-associated TNFR1 mutations can
enhance responses to LPS in fibroblasts without a contribution
of the WT allele, whereas in macrophages, autocrine TNF acting
through the WT TNFRI1 receptor is required for maximally en-
hanced responsiveness to LPS.
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Fig. 2. Enhanced IL-6 production dependent on JNK and p38 kinases in
TNFR1-mutant MEF. (A) WT and C33Y heterozygous TNFR1-mutant MEF
were left untreated (UT) or were treated with thapsigargin (Tg; 10 pM), LPS
(100 ng/mL), or murine TNF (100 ng/mL) for 1 h. Total cell extracts were
prepared and subjected to Western blot analysis to detect the levels of the
indicated proteins. Numbers shown are the density of each phosphoprotein
relative to nonphosphorylated protein normalized to the WT untreated
sample. (B) Quantitation of the data in A for pJNK from at least five in-
dependent experiments with LPS and TNF. pJNK was calculated from the
ratio of density of pJNK/JNK in each sample, and the average of untreated
WT MEF was normalized to 1 for each experiment. **, P = 0.0024; *, P =
0.038 for the indicated comparisons (Student’'s unpaired t test). (C) JNK
hyperphosphorylation is independent of TNF in TNFR1-mutant MEF. Cells of
the indicated genotype were treated with the indicated agents as in A with
or without 10 pg/mL TNFR2-Fc (etanercept) previously added to the cultures.
(D) WT and C33Y TNFR1 heterozygous mutant MEF were pretreated for 30
min with DMSO or with 5 pM ERK inhibitor U0126, 10 pM JNK Il inhibitor, 10
uM p38 inhibitor SB202190, or 10 pM p38 inhibitor SB203580 and then were
stimulated with 100 ng/mL LPS for 6 h before collection of supernatants for
IL-6 measurement. MTT assays confirmed lack of toxicity of these inhibitors
under identical conditions. () WT and T50M and C33Y TNFR1 heterozygous
mutant MEF were plated at 5 x 10° cells/well and left untreated or incubated
with 100 ng/mL LPS for 8 h with or without 10 pg/mL TNFR2-Fc. IL-6 in
supernatants was measured by cytokine bead assay. Data are averages +
SEM of three to five independent experiments.

Enhanced Lethality of LPS in Heterozygous TRAPS-Mutant TNFR1
Knockin Mice. Heterozygous and homozygous T50M and C33Y
TNFR1-mutant mice exhibited normal growth, development, ap-
pearance, and life span in multiple specific-pathogen—free (SPF)
facilities. Consistent with a lack of surface expression of the mutant
TNFRI1 (16), spleens from homozygous knockin mice resembled
those from TNFR1-deficient mice in lacking an intact follicular
dendritic cell network and defined B- and T-cell zones (Fig. 34).
Multiplexed measurement of 23 serum cytokines in TNFR1-mutant
mice failed to show any spontaneous elevation in serum cytokine
concentrations, including TNF, IL-1p, and IL-6 (Fig. S5). Contin-
uous monitoring of body temperature in a cohort of TRAPS-asso-
ciated heterozygous or homozygous mutant mice for periods of up
to 28 days did not reveal any alterations from normal diurnal tem-
perature variations (Fig. S6). Thus, at least under SPF conditions,
the perturbations in cell signaling induced by TNFR1 mutations
homologous to those in TRAPS are not sufficient to induce spon-
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taneous fevers or other obvious inflammatory manifestations in
these two lines of TNFR1-knockin mice.

Given the hyperresponsiveness of cells harboring TRAPS-
associated TNFR1 mutations to TLR4 signaling, we reasoned
that TNFR1-knockin mice might exhibit similar hypersensitivity
to LPS in vivo. After i.p. challenge with LPS, we observed in-
creased serum TNF concentrations in heterozygous T50M and
C33Y TNFR1-mutant mice compared with WT controls. This
increase was greater in homozygous than heterozygous TNFR1-
mutant mice and also was seen in TNFR1- deficient mice (Fig. 3
B and C). Increased serum TNF could be caused either by in-
creased production of TNF or by reduced soluble TNFR1
(STNFR1). Measurement of sSTNFR1 with an ELISA specific
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Fig. 3. Phenotype and altered responsiveness to LPS in knockin mice har-
boring TRAPS-associated TNFR1 mutations. (A) Immunofluorescence images
of the indicated markers in spleens from mice with targeted TNFR1 muta-
tions, performed as previously described (38). Note the lack of well-defined
T-cell zones or complement receptor 1 (CR1)-positive follicular dendritic cells
in TS0M TNFR1 homozygous mutant mice. (B) Serum cytokine concentrations
2 h after i.p. injection with 50 ng/g LPS in mice that were either WT (Wt),
heterozygous for TSOM mutation (T50M Het), homozygous for T50M mu-
tation (T50M Hom), or heterozygous for the TNFR1 T50MC33Y mutation
(C33Y Het). (C) Summary of serum concentrations of IL-6 and TNF 2 h after
i.p. LPS injection from seven independent experiments performed as de-
scribed in B. Ratios are normalized to the average of each cytokine detected
in each experiment + SEM. *, P < 0.05 from t test comparisons vs. WT mice.
Chet, heterozygous C33Y; Chom, homozygous C33Y; R1KO, homozygous
knockout for TNFR1; Thet, heterozygous T50M; Thom, homozygous T50M.
(D) Summary of three independent lethality studies, with survival of mice of
the indicated genotype (either 12956 background or C57BL/6 background)
after i.p. injection of the indicated doses of LPS and D-galactosamine. *, P <
0.05 from t test comparisons vs. WT mice.
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for the WT receptor showed progressively decreased levels of
sTNFRI1 in heterozygous and homozygous TNFR1-knockin mice
treated with LPS (Fig. 3B). Thus, some of the increase in serum
TNF may be caused by decreased sTNFR1, because the soluble
receptor can shorten the circulating half-life of TNF (23, 24). In
contrast to TNF, LPS-induced IL-6 and IL1f production pro-
gressively decreased in heterozygous and homozygous TS0M and
C33Y TNFR1-mutant mice compared with WT controls (Fig. 3
B and C). This decrease may result from impaired sensing of
TNF in the liver, where the bulk of IL-6 is made, in response to
LPS-induced TNF sensed by TNFR1 on hepatocytes (25, 26).
Homozygous T50M- and C33Y-mutant mice produced signifi-
cantly more TNF and less IL-6 than controls, whereas more
modest changes were observed in heterozygous mice (Fig. 3C).

To determine the impact of TNFR1 mutations on the systemic
response to LPS, we examined temperature responses to LPS in-
jection and LPS-induced septic shock in TNFR1-mutant mice.
LPS injection induced acute hypothermia in WT mice, peaking at
2.5 °Cwithin 2 h of injection, similar to previous reports (27) (Fig.
S7). Heterozygous TSOM TNFR1-mutant mice had a significantly
exaggerated and prolonged temperature drop consistent with hy-
perresponsiveness to LPS in vivo, whereas homozygous mice had
a somewhat blunted acute hypothermic response (Fig. S7). After
injection of LPS with D-galactosamine, which sensitizes mice to
TNF-dependent endotoxic shock (26, 28), homozygous TSOM and
C33Y TNFRI1-mutant mice and TNFR1-deficient mice were
completely resistant to LPS-induced lethality (Fig. 3D). However,
in heterozygous TNFR1-mutant mice, lethality was 70% at 5 ng/g
LPS, adose that induced mortality in less than 25% of WT mice. At
higher doses of LPS, where WT mice have a mortality of more than
70%, lethality in heterozygous TNFR1-mutant mice is similar to
that in WT mice. On a 129 genetic background, mice generally
were more sensitive to LPS. C33Y heterozygous mice showed
increased lethality in response to LPS at 1 ng/g, but homozygous
C33Y TNFR1 mice remained completely resistant. TNF-TNFR1
interactions, rather than IL-6 or IL-1p feedback, have been found
to be necessary for the acute hypothermia and lethality induced by
LPS in mice (29, 30). Only the heterozygous TNFR1-mutant mice
produce elevated levels of TNF and have an intact TNFR1 with
which to sense it, illustrating the role of the WT TNFRI1 in com-
pleting the pathogenic loop in TNFR1-mutant mice and paralleling
the need for WT TNFRI1 for maximal cytokine production by
TNFR1-mutant macrophages.

TRAPS Patient PBMC Are Hyperresponsive to Low-Dose LPS. Multi-
plex measurements of serum cytokine levels in a cohort of TRAPS
patients who were not having a clinical flare at the time of sample
collection revealed elevated levels of IL-6, TNF, and the proin-
flammatory chemokine IL-8 (Fig. S84). IL-6 was most consistently
elevated in TRAPS, as has been previously reported (31). These
cytokines were elevated in patients with both structural TNFR1
mutations and nonstructural variants. Many patients with structural
mutations had elevated C-reactive protein (CRP) levels higher than
2 mg/dL, even in the absence of clinical symptoms, and elevation
in CRP did not correlate with serum IL6, TNF, or IL-8 levels
(Fig. S8B).

When PBMC from TRAPS patients were stimulated with LPS,
at 0.1 and 10 ng/mL, comparable amounts of IL-1p, IL-6, and TNF
were produced by cells from TRAPS patients and controls.
However, at 0.01 ng/mL, a dose that did not induce significant
cytokine production by normal cells, LPS induced exaggerated
production of IL-1p, IL-6, and TNF, but not the chemokines IL-8/
CXCL-8 or RANTES/CCLS, in cells from TRAPS patients har-
boring structural TNFR1 mutations (Fig. 44). PBMC from
patients harboring nonstructural TNFR1 variants (R92Q and
P46L) produced levels of IL-1p, IL-6, and TNF similar to those
produced by control cells at all LPS concentrations (Fig. 44).
TRAPS patients who were treated with anticytokine therapy at
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the time of sample collection had a trend toward lower cytokine
production compared with the entire group, although levels in
these patients still were higher than in controls (Fig. 4B). Inter-
estingly, cytokine hyperproduction was blunted in asymptomatic
patients with elevated serum concentrations of CRP (>2 mg/dL)
at the time of sample collection (Fig.4C). Taken together, these
results identify hyperproduction of IL-1p, IL-6, and TNF in re-
sponse to low-dose LPS as a “cytokine signature” in PBMC from
patients harboring structural TFNR1 mutations, consistent with
the results from the TNFR1-knockin mice.

Discussion

These results provide a mechanism by which the mutant TNFR1
can predispose to inflammation in TRAPS (Fig. S9). Although it
does not function as a receptor for TNF, the mutant TNFR1 pro-
tein accumulates intracellularly and activates JNK and p38 sig-
naling (Fig S94). This activation sensitizes cells to the effects of
other innate immune stimuli such as LPS, resulting in enhanced
production of inflammatory cytokines and chemokines at low doses
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Fig. 4. PBMC from TRAPS patients are hyperresponsive to low-dose LPS. (A)
PBMC from patients with TRAPS heterozygous for structural TNFR1 muta-
tions (n = 13, black bars), R92Q or P46L functional polymorphisms (n = 8, gray
bars), or healthy controls (n = 13, white bars) were stimulated with the in-
dicated dose of LPS for 24 h, and cytokine concentrations in supernatants
were measured by cytometric bead array. P values obtained for differences
vs. controls for samples from patients with structural TNFR1 mutations at
0.01 ng/mL LPS were 0.038 for TNF; 0.034 for IL-1p; and 0.011 for IL-6 (Stu-
dent’s unpaired t test). (B) Data from A were reanalyzed in subsets of
patients treated with the indicated biologic agents. (C) Data from A were
reanalyzed for patients having low (<2 mg/dL) or high (>2 mg/dL) CRP at the
time of sample collection. *, P < 0.05 for the indicated comparisons.
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of such stimuli. In cells such as MEF, which do not produce TNF,
cytokine hyperproduction is independent of the WT TNFR1 allele
(Fig S8B). However, in immune cells that produce TNF, full-blown
excessive inflammation is seen only in heterozygous TNFR1-mu-
tant cells that still express the normal TNFR1 allele (Fig. S8C).
Mice challenged with LPS also displayed a requirement for the WT
TNF receptor in the enhanced lethality conferred by the mutant
TNFR1 allele. Our results illustrate aspects of TNFR1 signaling,
including (7) the ability of intracellularly retained receptors to sig-
nal in aligand-independent fashion, and (if) functional cooperation
between a disease-causing mutant receptor and its WT counterpart
in producing a dominantly inherited genetic disease. The cooper-
ativity between WT and mutant receptors must be functional and
indirect because the two receptors do not interact physically (16).

Rather than leading to the degradation of the mutant receptor,
we find here that structural TNFR1 mutants associated with
TRAPS accumulate to abnormally high levels. Some misfolded pro-
teins linked to genetic diseases, such as the cystic fibrosis trans-
membrane receptor AF508 mutant, can be recognized by ER res-
ident chaperones and efficiently degraded, whereas others, such
as the misfolded mutants of superoxide dismutase associated with
amyotrophic lateral sclerosis, accumulate and can cause cellular
toxicity through an increased ER stress response (32). TRAPS-
associated mutant TNFR1 does not appear to elicit either of these
responses but does lead to activation of JNK and p38 MAPK. These
abnormalities may result from spontaneous signaling by the mu-
tated TNFR1 or could be induced indirectly through other medi-
ators such as reactive oxygen species, which can sustain MAPK
signaling through inactivation of MAPK phosphatases (21).

Our data with LPS-induced inflammation in TNFR1-mutant
mice are consistent with a model in which the mutated TNFR1
synergizes with LPS to enhance initial rises in TNF, which then is
sensed by WT TNFR1 in the liver, resulting in IL-6 and IL-1p
production. WT TNFR1 was important in perpetuating a positive
cytokine feedback loop that resulted in lethality, because only
heterozygous, not homozygous, TNFR1-mutant mice exhibited
hypersensitivity to LPS. Reduced levels of soluble TNFR1 also
may play a role in propagating the systemic inflammation in
TRAPS, because the mutant TNFR1 is unable to be secreted (16),
and heterozygous TNFR1-mutant mice appear to be haploin-
sufficient in their production of soluble TNFR1 after LPS chal-
lenge (Fig. 4B). Mice homozygous for TRAPS-associated TNFR1
mutations phenocopy TNFR1-deficient mice in their resistance to
LPS-induced sepsis and lack of germinal centers and follicular
dendritic cell networks in the spleen. The T50M and C33Y
TNFR1-mutant mice that model TRAPS do share some similari-
ties with mice engineered to delete the cleavage site of TNFR1
(33), such as hyperresponsiveness to LPS. However, there are
anumber of important differences, because the cleavage-defective
TNFR1 protein still functions as a surface receptor for TNF,
whereas the TRAPS mutant TNFR1 does not. TSOM or C33Y
TNFR1-mutant mice do not develop the chronic active hepatitis
seen in heterozygous or homozygous cleavage-defective mutant
mice, and homozygotes for the cleavage-defective TNFR1 allele
are more severely affected than heterozygous mice.

Exaggerated responses to low-dose LPS fit with the clinical
features of TRAPS, in which trivial stimuli can provoke a clinical
episode of fever and other inflammatory symptoms. The array of
cytokines produced in excess by the cells in TRAPS patients
exposed to LPS is different from those seen in patients with other
autoinflammatory diseases. For example, patients with NALP3/
cryopyrin mutations associated with the cryopyrinopathies mainly
produce excess IL-1f and IL-1p—dependent cytokines (34). The
blunted hyperinflammatory responses in PBMC from patients with
elevated CRP suggest that counterregulatory antiinflammatory
mechanisms known to occur during acute inflammatory episodes
(35, 36) may still be intact in TRAPS. These mechanisms may aid
in the resolution of TRAPS clinical flares. Taken together, the re-
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sults with TRAPS patient PBMC suggest that the inflammatory
responses seen in TRAPS after minimal stimuli may stem from
heightened sensitivity to initiating agents rather than to the ab-
sence of a ‘brake’ on the inflammatory cascade.

Our findings also may explain the partial responses to TNF
blockade seen in TRAPS patients. We and others have observed
recurrent disease flares and elevated acute-phase markers after
initiation of TNF blockade in some patients (15, 37). TNF blockade
inhibits only the component of inflammation dependent on TNF
feedback through the WT TNFR1 but would not affect the TNF-
independent components of the TRAPS phenotype that we have
identified here. This effect is in contrast to IL-1 blockade in the
cryopyrinopathies, which induces rapid and nearly complete reso-
lution of inflammatory symptoms (34). Although it generally does
not result in complete resolution of symptoms as it does
in cryopyrinopathies, IL-1 blockade also is efficacious in some
TRAPS patients, including those who do not respond to TNF
blockade. Because IL-6 was one of the most consistently elevated
cytokines produced by TNFR1-mutant cells and in the serum of
TNFR1-mutant mice and TRAPS patients, IL-6 blockade might be
an interesting alternative avenue of therapy to consider in TRAPS.
Elucidating the biochemical mechanism by which the mutant
TNFR1 activates MAPK signaling should provide new therapeutic
targets for therapy in TRAPS. If the WT TNFR1 became retained
intracellularly as it is in TRAPS, TNF-independent inflammation
also might ensue in patients without mutations in TNFRI1.

Materials and Methods

A full discussion of methods is given in SI Materials and Methods.
Patients and controls were included after informed consent under the ap-
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(NIAMS) clinical research protocol 94-AR-0105. TNFR1-mutant mice were gen-
erated using a targeting vector containing nucleotide mutations to produce the
T50M and C33Y mutation in the mouse tnfrsfia gene (Fig. S1). PBMC from
patients or peritoneal macrophages harvested from unmanipulated TNFR1-
mutant mice were incubated in DMEM plus 10% heat-inactivated FCS, with or
without indicated concentrations of lipopolysaccharide (Ultrapure Salmonella
Minnesota R595; List Biological Laboratories Inc.). TNFR1-knockout mice on
a C57BL/6 background (tm1lmx) were obtained from Jackson Laboratory. Cy-
tokine analysis was performed using BD Biosciences or Bio-Rad cytokine bead
arrays. For LPS challenge, mice received an i.p. injection of LPS (Escherichia coli
0127:B8 LPS; Sigma L3129), at the indicated concentrations, or a combination of
E. coli LPS and 20 mg/kg D-galactosamine (Sigma G0500). Quantitative RT-PCR
was performed on total RNA on a Prism 7700 ABI sequence detection system
using primers and probes purchased from Applied Biosystems and were nor-
malized to f2-microglobulin or 185 rRNA. NF-kB activation was analyzed and
quantified by measuring ELISA-based DNA binding activity of p65 using
a TransAm transcription factor assay kit (Active Motif). Cell survival was assayed
by measuring mitochondrial dehydrogenase activity via method of transcrip-
tional and translational (MTT) assay (ATCC). For temperature measurement in
mice, body temperature was recorded every 30-60 min, with ambient room
temperature maintained at 30 °C with a 12-h light/dark cycle, using surgically
implanted PDT4000 E-mitter temperature transmitters (Mini Mitter Company).
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