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Monocytes from familial cold autoinflammatory
syndrome patients are activated by mild
hypothermia
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Background: Familial cold autoinflammatory syndrome

(FCAS) is characterized by rash, fever, and arthralgia in

response to cold exposure. CIAS1, the gene that codes for

cryopyrin, is mutated in FCAS. Treatment with anakinra

(IL-1 receptor antagonist) prevents symptoms, indicating a

crucial role for IL-1 in this disease.

Objective: To study cytokine responses to cold exposure in

monocytes from subjects with FCAS.

Methods: Adherence-enriched monocytes were incubated at

328C or 378C. Transcription and release of IL-1b, IL-6, and

TNF-a were monitored by quantitative PCR and ELISA.

Results: The FCAS monocytes but not control cells responded

to 4 h incubation at 328C with significant secretion of IL-1b.

At 16 h, IL-1b, IL-6, and TNF-a were all significantly elevated

in FCAS monocytes at 328C. Increased cytokine transcription

was observed in all monocytes at 4 hours, but at 16 hours it was

only seen in FCAS monocytes incubated at 328C. Incubation at

328C for as little as 1 hour sufficed to induce measurable

IL-1b release. Caspase-1 inhibitors prevented the cold-induced

IL-1b release, whereas a purinergic antagonist did not.

Anakinra had no effect on the early IL-1b release but

significantly reduced the late-phase transcription and release

of all cytokines.

Conclusion: FCAS monocytes respond to mild hypothermia

with IL-1b release, which in turn induces autocrine

transcription and secretion of IL-6 and TNF-a as well as

stimulation of further IL-1b production.

From athe Division of Rheumatology, Allergy and Immunology and bthe

Department of Pediatrics, University of California at San Diego School of

Medicine, La Jolla; and cthe Ludwig Institute of Cancer Research, La Jolla.

Supported by National Institute of Allergy and Infectious Diseases (NIAID)

grant R01 AI52430, Rheumatic Diseases Core Center grant P30

AR47360, University of California at San Diego General Clinical

Research Center grant M01 RR00827, and the Ludwig Institute of Cancer

Research, San Diego Branch.

Disclosure of potential conflict of interest: H. M. Hoffman is a consultant for

Regeneron Pharmaceuticals. The rest of the authors have declared that

they have no conflict of interest.

Received for publication June 25, 2006; revised November 28, 2006; accepted

for publication December 19, 2006.

Reprint requests: Hal M. Hoffman, MD, Division of Rheumatology, Allergy,

and Immunology, UCSD Mail code 0635, 9500 Gilman Drive, La Jolla,

CA 92093-0635. E-mail: hahoffman@ucsd.edu.

0091-6749/$32.00

� 2007 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2006.12.649
Clinical implications: These results confirm the central role of

IL-1b in FCAS and support the use of IL-1 targeted therapy in

these patients. (J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)
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The protein cryopyrin (also known as NALP3 and
PYPAF1) is the product of CIAS1, which was first
described as the gene mutated in a rare genetic disorder,
now termed familial cold autoinflammatory syndrome
(FCAS),1 in which affected individuals respond to cold
temperatures with rash, fever, and arthralgia. Mutations in
CIAS1 are also associated with the more severe disorders
Muckle-Wells syndrome (MWS)1-3 and chronic infan-
tile neurological, cutaneous and articular syndrome
(CINCA).4,5 Whereas MWS and CINCA are characterized
by ongoing systemic inflammation resulting in significant
neurologic or renal sequelae,6 FCAS patients often lead
relatively normal lives with symptoms brought on by
cold exposure.7 Disease-associated mutations in CIAS1
result in the expression of a form of cryopyrin that is
believed to be constitutively activated or more easily
activated than its native form, as illustrated by in vitro
transfection experiments.8,9 Because FCAS patients
express IL-1 in involved skin during a cold-induced attack,
and cryopyrin was demonstrated to be involved in release
of the proinflammatory cytokine IL-1b,10 we previously
conducted a clinical trial in FCAS with the IL-1 receptor
antagonist (IL-1Ra) anakinra after a controlled cold chal-
lenge.11 Anakinra treatment completely prevented devel-
opment of the cold-induced symptoms, such as rash and
fever, and inhibited leukocytosis,11 highlighting the cen-
tral role of IL-1b in FCAS.

IL-1b is produced mainly by cells of the monocytic
lineage. Its synthesis and secretion is regulated by a
multistep process involving transcription and translation
of pro-IL-1b, followed by cleavage of pro-IL-1b to mature
IL-1b by caspase-1, with each process regulated by
separate stimuli.12 For example, bacterial LPS stimulates
transcription and translation of pro-IL-1b, and ATP
activates the purinergic ion channel receptor P2X7,
leading to caspase-1–mediated pro-IL-1b cleavage and

1

mailto:hahoffman@ucsd.edu


J ALLERGY CLIN IMMUNOL

nnn 2007

2 Rosengren et al

ARTICLE IN PRESS
Abbreviations used
CIAS1: Cold-induced autoinflammatory syndrome-1

CINCA: Chronic infantile neurological, cutaneous,

and articular syndrome

FCAS: Familial cold autoinflammatory syndrome

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

IL-1Ra: IL-1 receptor antagonist

MWS: Muckle-Wells syndrome

subsequent IL-1b release.13,14 The IL-1–converting en-
zyme caspase-1 plays a critical role in IL-1 processing.
It is normally found in a protein complex termed the
inflammasome which also contains cryopyrin and other
adaptor proteins.10,15,16 The crucial importance of the in-
flammasome in IL-1b release was recently confirmed by
studies showing that inflammasome-deficient mice dem-
onstrated resistance to lethal endotoxic shock.17,18 Simi-
larly, macrophages from cryopyrin-deficient mice were
unable to activate caspase-1 and release IL-1b in response
to ATP,18 bacterial RNA, and certain bacterial toxins18,19

or to gout-associated crystals.20

Patients with FCAS develop symptoms after cold
exposure, but the underlying mechanism for this cold-in-
duced inflammation has remained elusive. Local dermal
cold stimulus with a diagnostic ice cube test is typically
negative,7 and a more systemic cold exposure appears nec-
essary for development of symptoms. Biopsies of FCAS
skin rash reveal a neutrophilic infiltrate with elevated
levels of IL-1b and other interleukins, such as IL-6 and
IL-8.11 We hypothesized that monocytic cells residing in
the skin were responsible for sensing the cold and initiat-
ing the inflammatory symptoms. We report here the re-
sponse of cold-challenged FCAS monocytes in vitro.

METHODS

Subjects

Study participants included 10 FCAS subjects (9 women, 1 man),

with ages ranging from 21 to 86 years, and 11 age-matched subjects

without CIAS1 mutations and in good general health (6 women,

5 men), with ages ranging from 19 to 83. In the FCAS group,

CIAS1 mutations included L353P (n 5 5), Y563N (n 5 2), M659K

(n 5 2), and E525K/V198M (n 5 1). All of the FCAS patients had

a classic clinical presentation and met diagnostic criteria, as described

previously.7 None of the FCAS or control subjects were experiencing

significant inflammatory symptoms at the time of study, and none

were on regular antiinflammatory medications. Three of the FCAS

patients in the present study were treated previously with 2 doses

of anakinra >12 months before the study. None of the FCAS subjects

had evidence of neurologic symptoms, skeletal abnormalities,

hearing loss, or amyloidosis.

Participants were evaluated in the University of California–San

Diego General Clinical Research Center, and blood samples (20-60

mL) were obtained by venipuncture. The study received the approval

of the University of California Human Research Protection Program

committee, and informed consent was obtained from the subjects

before the study.
Monocyte isolation and culture

Peripheral blood leukocytes were separated by Percoll-gradient

centrifugation (Amersham Biosciences, Piscataway, NJ), and

PBMCs were collected from the upper layer. After washing, cells

were plated at 1 million/well in 12-well plates in serum-free RPMI

at 378C with 5% CO2. Nonadherent cells were removed by mild

washing in RPMI 3-4 hours later, and the remaining monocytes

were cultured in 1 mL RPMI/10% FBS with 5% CO2 at 378 or 328C

for 4 or 16 hours. In one experiment, FCAS monocytes from 2 sub-

jects were incubated at 328C for various time periods (5 min to 4 h)

and were then returned to 378C for a total incubation length of 16

hours. Caspase inhibitors (10 mmol/L z-VAD or z-YVAD; Alexis

Biochemicals/Axxora, San Diego, Calif), the purinergic antagonist

PPADS (pyridoxalphosphate-6-azophenyl-29,49-disulphonic acid tet-

rasodium salt, 100 mmol/L; Alexis Biochemicals) or recombinant IL-

1Ra (Anakinra, 10 mg/mL; C. Dinarello and Amgen Pharmaceuticals,

Thousand Oaks, Calif) were added to the cultures for 1 hour before

incubation. At the end of the incubation time, plates were briefly

centrifuged, supernatants were removed, and adhering cells were dis-

solved in Trizol reagent (Invitrogen, Carlsbad, Calif) and immediately

stored at 2808C along with supernatants. Mononuclear cell purity by

cytospins was consistently >90%. There was no significant difference

between patients and controls in monocyte percentages by manual

white blood cell differential counts. There was also no significant dif-

ference in the number of adherent cells between FCAS subjects and

normal controls at either temperature over the course of 16 hours,

as determined by content of message for the housekeeping gene

GAPDH.

Cytokine assays

Diluted monocyte supernatants were assayed for IL-1b, IL-6, and

TNF-a by colorimetric ELISA (R&D Systems, Minneapolis, Minn).

Sample concentrations were calculated from regression line fitting

on log-log standard results. RNA was isolated from adherent cells

and cDNA synthesized as previously described.21 Transcripts for

IL-1b, IL-6, TNF-a, and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) were quantified by TaqMan qPCR using predeveloped

reagents (Applied Biosystems, Foster City, Calif). Resulting thresh-

old cycle data were normalized to standard curves constructed from

ConA-stimulated PBMC cDNA,21 yielding cell equivalents. The

ratios between the specific cytokine and GAPDH cell equivalents

(relative expression units) are reported.

Statistical analysis

Data are reported as means 6 SEMs. In experiments where 3 or

more subjects were available, paired 2-tailed t tests were used to

compare results. A P value �.05 was considered to be statistically

significant.

RESULTS

We studied adhesion-enriched monocytes in culture to
determine whether they could be induced directly by cold
temperature to synthesize and release cytokines. As seen
in Fig. 1, FCAS monocytes incubated at normal body
temperature of 378C for as much as 16 hours remained rel-
atively quiescent and did not release more IL-1b, IL-6, or
TNF-a than monocytes from control subjects. However,
an incubation temperature of 328C, simulating skin tem-
perature of subjects exposed to cold, led to significantly
enhanced cytokine release by FCAS monocytes. Secretion
of IL-1b was increased at 4 hours and 16 hours (Fig. 1, A),
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and release of IL-6 and TNF-a were increased at 16 hours
only (Fig. 1, B and C). Therefore, cold-induced IL-1b

release appeared to precede release of IL-6 and TNF-a.
Although there was some individual variation between
FCAS subjects, there was no correlation with specific gen-
otype; there was no significant difference in cytokine re-
lease in monocytes from subjects with L353P mutations
(n 5 5) versus other mutations collectively (n 5 5) (data
not shown). There was no relationship between age of
the FCAS subject and the response to cold of his or her
monocytes (correlation coefficient 5 20.31; P 5 .46).
When only female subjects were included in the analysis,
the effect was still evident; IL-1b release after 16 hours at

FIG 1. Cytokine secretion from FCAS and control monocytes at

378C and 328C. Cells were incubated for 4 h or 16 h and cytokine

levels in culture supernatants determined by ELISA. A, IL-1b.

B, IL-6. C, TNF-a. Means and SEMs; n 5 6. *P < .05 by paired t test,

378C versus 328C.
328C was 245 6 52 pg/mL in FCAS and 13 6 6 pg/mL in
unaffected subjects. Control monocytes were not signifi-
cantly activated by cold temperature (Fig 1), although
they were capable of responding to 0.1 ng/mL LPS as
a positive control by releasing 482 6 136 pg/mL IL-
1b over the course of 16 hours.

To determine whether the increase in cytokine release
was accompanied by elevated transcription, cytokine
mRNA was quantified by qPCR (Fig. 2). At the earlier
time point of 4 hours, both FCAS and control monocytes
expressed readily detectable levels of IL-1b and TNF-a
message at both temperatures, and there was no significant

FIG 2. Cytokine mRNA expression by FCAS and control monocytes

at 378C and 328C. Cells were incubated for 4 h or 16 h, cDNA

prepared, and cytokine message levels determined by qPCR.

A, IL-1b. B, IL-6. C, TNF-a. Means and SEMs; n 5 6-7. *P < .05

by paired t test, 378C versus 328C.
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difference between 378C and 328C (Fig. 2, A and C). IL-6
mRNA appeared elevated in FCAS monocytes incubated
at 328C for 4 hours, but the effect did not reach statistical
significance (P 5 .075; Fig 2, B). After 16 hours incuba-
tion at 378C, IL1-b and IL-6 expression in both FCAS
and control cells returned to low levels. In contrast,
FCAS monocytes cultured at 328C, but not control mono-
cytes, showed dramatically increased transcription of all
3 cytokines at 16 hours (Fig 2). The enhanced early (4
hours) IL-1b protein release from FCAS monocytes at
328C was accompanied by slightly elevated, but not statis-
tically significant, IL-1b mRNA transcription, suggesting
that most of the early IL-1b release was not due to in-
creased message. However, the later (16 hours) release
of all 3 cytokines was associated with significantly in-
creased RNA expression.

Next, we investigated the length of cold exposure that
was required to elicit a response. Cold exposure as short as
1 h led to detectable release of IL-1b which comprised
15%-20% of the amount released when cells were kept at
328C for the entire 16 hours (Fig 3, A). These data indicate
that FCAS monocytes responded to cold temperatures by
significant (265%) and rapid secretion of IL-1b, which
was accompanied by modest (75%) and not statistically
significant elevated transcription. Therefore, increased
IL-1b release, even after short cold challenge, is predom-
inately due to post-transcriptional regulation of IL-1b.

FIG 3. Characterization of IL-1b secretion by FCAS monocytes at

328C. A, Time requirement for cold effect. Cells were cultured at

328C for the indicated time and then at 378C for the remainder of

16 h. B, Effect of inhibitors of pan-caspase (z-VAD) and caspase-

1 (z-YVAD) and a P2X7 antagonist (PPADS) on monocytes

incubated 16 h at 328C. Means and SEMs; n 5 2.
IL-1b is formed by cleavage of pro-IL-1 by the
inflammasome-associated caspase-1. To investigate the
involvement of caspase-1 in the cold-induced IL-1b

release, we pretreated monocytes for 1 hour with the
nonspecific caspase inhibitor z-VAD or the caspase-1–
specific inhibitor z-YVAD before 16 hours of culture at
328C. Results (Fig 3, B) indicated that the cold-induced
IL-1b release by FCAS monocytes was substantially
inhibited by either caspase inhibitor compared with the
vehicle 0.1% DMSO, illuminating the crucial role for
the caspase-1 and the inflammasome in the cold response.
On the other hand, the purinergic antagonist PPADS did
not affect the response to cold (Fig 3, B), suggesting that
the ATP-mediated step of caspase-1 activation did not
play a role in the cold-induced inflammasome activation.

If early IL-1b release through aberrant inflammasome/
caspase-1 activation was responsible for further activation
of FCAS monocytes cultured for 16 hours at 328C, an
antagonist of IL-1 should have an inhibitory effect. This
hypothesis was tested by the addition of anakinra, a
recombinant IL-1Ra, to cultures of FCAS monocytes
before cold exposure. At 4 h, anakinra significantly
reduced IL-1b transcription of IL-1b at 328C (Fig 4, A).
Anakinra also appeared to decrease the release of
IL-1b protein (Fig 4, B), but this was not statistically sig-
nificant. In contrast, after 16 h the cold-induced response
was highly dependent on autologous IL-1b receptor stim-
ulation; both mRNA and protein levels were reduced by
90% or more by anakinra (Fig. 4). IL-1 blockade also

FIG 4. Anakinra inhibits cold-induced IL-1b release from FCAS

monocytes only at the later time point. Cells were incubated for 4 h

or 16 h at 378C or 328C with or without anakinra (10 mg/mL). A, IL-

1b message by qPCR. B, [IL-1b] in supernatants by ELISA. Means

and SEMs; n 5 6. *P < .05 by paired t test, vehicle versus anakinra.
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completely normalized the elevated transcription (Fig 5,
A) and release (Fig. 5, B) of IL-6 observed in FCAS mon-
ocytes cultured at 328C for 16 hours, rendering IL-6 levels
similar to those observed in cultures at 378C. Therefore,
the cold-induced response in FCAS monocytes was pri-
marily due to inflammasome activation and release of
IL-1b, which in turn led to autocrine activation and
subsequent release of IL-1b and other monokines, such
as IL-6.

DISCUSSION

Familial cold autoinflammatory syndrome is caused by
mutations in the gene CIAS1, coding for cryopyrin, and is
characterized by an inflammatory response to systemic
cold exposure. The normal function of cryopyrin involves
regulation of IL-1b production through caspase-1 activa-
tion.22 In FCAS, aberrant IL-1b release was shown to be
responsible for the cold-induced systemic inflammation,
because IL-1 blockade by anakinra abrogated all symp-
toms.11 In the present study, we demonstrated for the first
time that the response to cold observed in the skin of
FCAS patients could be replicated in vitro using mono-
cytes derived from FCAS patients. There are several
intriguing parallels between the in vivo and in vitro
models. In subjects exposed to a controlled cold chal-
lenge,11 skin surface temperature reached 308C-328C at
the end of the 45-min exposure time (Hoffman HM,
unpublished data). This exposure was associated with

FIG 5. Anakinra inhibits cold-induced IL-6 release from FCAS

monocytes. Cells were incubated for 16 h at 378C or 328C with or

without anakinra (10 mg/mL). A, IL-6 message by qPCR. B, [IL-6] in

supernatants by ELISA. Means and SEMs; n 5 6 (A) or 3 (B). *P <

.05 by paired t test, vehicle versus anakinra.
the development of clinical symptoms within 1-2 hours,
which could be effectively blocked by anakinra. In
FCAS monocytes, the signal for IL-1b release at 328C
was induced in less than 1 hour, and despite being returned
to 378C, the cells were then sufficiently activated to release
IL-1b over the following 16 hours. In addition, IL-1b re-
lease in vitro, which took place early, was responsible for
induction of synthesis and release of several cytokines
(including IL-1b itself), as demonstrated by the prevention
of increased cytokine release after treatment with anakinra,
as was seen in clinical studies. Therefore, the incubation
of FCAS monocytes at 328C in vitro constitutes a reason-
able experimental model for some of the cold-induced
symptoms in FCAS subjects and provides novel insights
into the mechanisms underlying this disorder.

Unlike with most cytokines, transcription and transla-
tion of the IL-1b gene yields an inactive form, called pro-
IL-1b, which requires cleavage by caspase-1 to produce
mature IL-1b. In the present study, a measurable IL-
1b message was present in FCAS and control monocytes
at 378C or 328C at 4 hours, although little IL-1b release
was observed except in FCAS cells at 328C. It is possible
that the adhesion step used to purify the monocytes
induced transient increased transcription and accumula-
tion of pro-IL-1b in the cytosol at the early time points.
Because a caspase-1 inhibitor largely abolished the cold-
induced IL-1b release in cold-challenged FCAS cells,
it appears that the increased IL-1b release in FCAS is
mediated by mutation-altered cryopyrin activation of
caspase-1.

The purine ATP is often used in combination with other
agents that induce pro-IL-1b synthesis to stimulate effi-
cient caspase-1 activation through activation of the P2X7
purinergic ion channel receptor.23 Recently, cryopyrin
was also shown to mediate this ATP response in mouse
macrophage studies.18 We hypothesized that ATP, re-
leased from cells injured by incubation at the lower
temperature, might stimulate purinergic receptors and
thus mediate the enhanced IL-1b release from FCAS mon-
ocytes. However, this was not supported by our data; the
purinergic antagonist PPADS had no effect on the cold
response at a concentration that was shown in other studies
to inhibit IL-1b release stimulated by LPS 1 ATP.14

To date, there are only a few reports of in vitro studies
using cells from patients with cryopyrin-associated
syndromes. In a single CINCA patient, IL-1b release
from whole blood was significantly elevated in response
to LPS or TNF-a, and elevated amounts of IL-1b were re-
leased without stimulation.24 Enhanced levels of IL-1b

were also observed in unstimulated monocytes from a
CINCA patient4 and an MWS patient.10 These findings
are in accordance with in vitro cell line transfection studies
using CIAS1 mutants associated with MWS and CINCA,
which resulted in increased IL-1b processing by caspase-
19 and IL-1b8 secretion. In contrast, unstimulated PBMC
from FCAS patients incubated at 378C did not release IL-
1b or IL-18, although FCAS cells did release more of both
cytokines in response to LPS than normal PBMC.25 This
is in agreement with the present study, where the FCAS
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monocytes did not spontaneously produce more cytokine
message or protein than normal cells at 378C. It is possible
that the increased baseline IL-1b release at 378C by cells
from CINCA and MWS patients, which is not seen in cells
from FCAS patients, reflects the difference in clinical
severity among these disorders, because FCAS represents
the least severe of the 3 syndromes.

Inflammatory responses to hypothermic conditions
have been studied previously using the promonocytic cell
line THP-1 differentiated to a macrophage-like phenotype.
The LPS-induced IL-1b and TNF-a release was signifi-
cantly potentiated by an incubation temperature of 328C
through a mechanism that involved prolonged NF-kB
activation.26,27 On the other hand, unstimulated cells did
not release increased levels of cytokines.27 Similarly, in
unstimulated PBMC cultures, no alteration in IL-6 release
was observed at 328C, and TNF-a was only minimally
potentiated.28 Those data agree with the present findings
that control monocytes did not produce elevated cytokine
levels at 328C.

Although we found that activation of FCAS monocytes
incubated at 328C is IL-1b dependent, the exact nature
of how the cells sense the colder temperature is poorly
understood. It is possible that mutated cryopyrin is simply
less soluble, as earlier reported for different CIAS1 muta-
tions,9 and as a result it precipitates or oligomerizes at
328C, leading to inflammasome activation. Alternatively,
some other intermediate mechanisms, such as cold shock
proteins or cold receptors, may be involved. Culturing
cells at 328C is considered to represent a mild hypothermic
condition and changes the expression of various proteins,
as reviewed previously.29 Specifically, in promonocytic
THP-1 cells, the cold shock protein CIBRP was induced
at 328C, and a multitude of other genes were enhanced
or repressed as well.30 Given that elevated IL-1b from
FCAS monocytes at 328C can be detected in as little as
4 hours, it is unlikely that a major change in expression
would have time to take place.

Although the exact mechanism remains unknown,
monocytes from FCAS patients, but not from normal
subjects, in the absence of any other stimuli respond to
incubation at 328C with a rapidly induced IL-1b release.
This in turn results in autocrine stimulation and secondary
induction of synthesis of other cytokines, such as IL-6 and
TNF-a, as well as further stimulation of IL-1b production.
The time requirement, the temperature at which the
phenomenon occurs and the primary dependency on IL-
1b parallel the clinical findings in FCAS patients after
exposure to cold. Thus, this model is well suited for
mechanistic studies to further enhance our understanding
of FCAS.
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