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In healthy monocytes, Toll-like receptor (TLR) engagement induces
production of reactive oxygen species (ROS), followed by an
antioxidant response involved in IL-1β processing and secretion.
Markers of the antioxidant response include intracellular thiore-
doxin and extracellular release of reduced cysteine. Cryopyrin-
associated periodic syndromes (CAPS) are autoinflammatory dis-
eases in which Nod-like receptor family pyrin domain–containing 3
(NLRP3)genemutations lead to increased IL-1β secretion.We show in
a large cohort of patients that IL-1β secretion by CAPS monocytes is
much faster than that by healthy monocytes. This accelerated kinet-
ics is caused by alterations in the basal redox state, as well as in the
redox response to TLR triggering displayed by CAPS monocytes. In-
deed, unstimulated CAPS monocytes are under a mild oxidative
stress, with elevated levels of both ROS and antioxidants. The redox
response to LPS is quickened, with early generation of the reducing
conditions favoring IL-1β processing and secretion, and then rapidly
exhausted. Therefore, secretion of IL-1β is accelerated, but reaches
a plateau much earlier than in healthy controls. Pharmacologic in-
hibition of the redox response hinders IL-1β release, confirming the
functional link between redox impairment and altered kinetics of
secretion. Monocytes from patients with juvenile idiopathic arthritis
display normal kinetics of redox response and IL-1β secretion, exclud-
ing a role of chronic inflammation in the alterations observed in
CAPS. We conclude that preexisting redox alterations distinct from
CAPS monocytes anticipate the pathogen-associated molecular pat-
tern molecule–induced generation of the reducing environment fa-
vorable to inflammasome activation and IL-1β secretion.
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Interleukin-1β is a crucial mediator of host defense produced
primarily by activated monocytes. The mechanism of IL-1β se-

cretion can be schematically divided into two steps (1). In the first
step, microbial products, such as pathogen-associated molecular
pattern molecules (PAMPs), trigger pathogen recognition
receptors (PRRs), such as Toll-like receptors (TLRs), inducing
gene expression and accumulation of the precursor protein pro–
IL-1β. In the second step, stimuli, such as extracellular ATP,
crystals, or pathogenic dusts, trigger assembly of the inflamma-
some, a multiprotein complex required for the activation of cas-
pase-1, ultimately responsible for the cleavage and secretion of
the cytokine (2). Although the second signal increases and
accelerates IL-1β processing and secretion, in human monocytes,
stimulation by PAMPs is sufficient to drive secretion of mature
IL-1β, because engagement of PRR causes the release of en-
dogenous ATP (3). Autocrine stimulation of the purinergic re-
ceptor P2X7 by the released ATP triggers the cascade of events
leading to maturation and secretion of IL-1β (3).
P2X7 triggering by exogenous ATP is followed by redox

changes that modulate IL-1β secretion. The actual role of redox
is still a matter of debate, however. Reactive oxygen species
(ROS) produced by NADPH oxidase after exposure to exoge-

nous ATP have been proposed to activate the inflammasome
(4–6). In contrast, Meissner et al. (7) proposed that ROS inhibit
caspase-1 activation, and that the inhibition is reverted by the
antioxidant enzyme superoxide dismutase-1. Moreover, we have
shown that in healthy human monocytes, PRR engagement by
PAMPs induces activation of NADPH oxidase, with early pro-
duction of ROS in turn responsible for the generation of an an-
tioxidant response (8). Both ROS production and the consequent
antioxidant response are required for the release of mature, fully
processed IL-1β (8). The antioxidant response is characterized
by increased activity of the cystine/cysteine redox cycle (9). This
cycle involves up-regulation of the functional subunit of the Xc−

transporter xCT, which mediates the internalization of cystine,
the oxidized form of the amino acid cysteine that prevails extra-
cellularly (10); enhanced uptake of cystine; intracellular conver-
sion to cysteine; and secretion of the reduced amino acid, re-
sulting in a switch of the extracellular redox from the physiological
oxidizing to a nonphysiological reduced state. The oxidoreductase
thioredoxin (Trx) (11) is also up-regulated and involved in the
redox remodeling after monocyte activation (8). Up-regulation of
the cystine/cysteine redox cycle occurs and serves previously un-
recognized signaling and homeostatic functions in different
physiological and pathological responses (12), including antigen
presentation (13), B cell differentiation (14), and, in cancer cells,
resistance to apoptosis (9) and drug sensitivity (15).
Cryopyrinopathies (CAPS) are a group of rare auto-

inflammatory diseases characterized by unexplained episodes of
fever, severe localized inflammation, and elevated levels of acute-
phase proteins (16). CAPS include familial cold autoinflammatory
syndrome (FCAS), Muckle–Wells syndrome (MWS), and chronic
infantile neurologic cutaneous and articular (CINCA) syndrome
[also known as neonatal-onset multi-inflammatory disease
(NOMID)]. These syndromes are part of a spectrum of symptoms,
of which CINCA/NOMID is the most severe and FCAS is the
mildest. In most cases, the disease is due to mutations in the
NLRP3/CIAS1 gene (17), a key component of the inflammasome
(18), which causes excessive production of IL-1β (18–22). Up to
40% of patients with a CAPS phenotype display no NLPR3
mutations, however (19). In all cases, the exquisite dependency on
IL-1β has been confirmed by the rapid and sustained resolution of
symptoms observed on blocking of IL-1 (20, 21).
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To investigate whether redox is implicated in the deregulated
IL-1β secretion observed in CAPS, we studied the basal redox and
the PAMP-induced redox changes inmonocytes from patients with
CAPS. Our results show that CAPSmonocytes are under oxidative
stress, with chronicup-regulationof antioxidant systems.This redox
imbalance in unstimulated monocytes causes a deranged response
to PAMP stimulation, resulting in accelerated IL-1β secretion.

Results
Activated Monocytes from CAPS Patients Secrete IL-1β More Rapidly
Than Healthy Monocytes. We studied IL-1β secretion in response
to TLR triggering in monocytes from five patients with CINCA
(C1–C5) and four patients with MWS (MW1–MW4) (Table S1).
At the time of the analysis, five patients had completed anti–IL-1
therapy, and four patients were receiving IL-1 blockers. All
patients with except C5 carried an NLRP3 mutation. Although
monocytes from untreated patients secreted more IL-1β than
healthy donors in response to 18 h of LPS stimulation (Fig. 1 A
and B), the levels of IL-1β secreted by monocytes from patients
under treatment were comparable to those of healthy controls
(Fig. 1 A and B), confirming previous observations (18, 20–23).
In addition, kinetics studies revealed that IL-1β secretion by

LPS-stimulated CAPS monocytes reaches a plateau at 3 h after
stimulation, whereas secretion by healthy monocytes is still in-
creasing at 18 h after exposure to LPS (Fig. 1C). This rapid ki-
netics was observed in monocytes from all CAPS patients,
independent of the total amount of IL-1β secreted and of
whether the patient was receiving or not receiving treatment. In
all cases, the level of IL-1β detected in supernatants of CAPS
compared with controls was much higher at 3 h (4- to 26-fold
higher) than at 18 h (0- to 4-fold higher).

LPS-induced intracellular pro–IL-1β, although variable in the
different individuals (21), was comparable in healthy controls and
CAPSpatientsandwasmaintained for severalhours (Fig.1D), ruling
out that the exhaustion of the cytoplasmic precursor is responsible
for the early ending of IL-1β secretion by CAPS monocytes.
The failure of CAPSmonocytes to secrete IL-1β after 3 h of LPS

stimulation is also unrelated to cell death. As shown in Fig. 1E, the
number of cells dying in the first 6 h from exposure to LPS was very
similar in healthy donors and CAPS patients. Only at later times
after LPS exposure (18 h) was a higher increment of cell death with
respect to time 0 observed in CINCA monocytes (40% increase)
compared with healthy monocytes (20% increase).

Unstimulated CAPS Monocytes Produce Higher Levels of ROS Than
Healthy Monocytes.We recently reported that redox changes, with
early ROS production followed by a strong antioxidant response,
play a crucial role in PAMP-induced IL-1β processing and se-
cretion (8). To explore whether the altered kinetics of IL-1β
secretion observed in CAPS patients is related to an abnormal
redox state of the monocytes, we investigated basal redox and
redox remodeling in unstimulated and LPS-stimulated CAPS
monocytes. The results demonstrate that unstimulated mono-
cytes from CAPS patients produce significantly higher levels of
ROS than healthy monocytes (Fig. 2). As in healthy monocytes,
ROS production was further enhanced by LPS.

CAPS Monocytes Display an Altered Redox Response to PAMP
Stimulation. The levels of three related antioxidant markers—
the xCT antiporter (10), released cysteine (8, 13) and the oxi-
doreductase Trx (8, 11)—were compared in CAPS and healthy
monocytes both unstimulated and after LPS stimulation. As shown

Fig. 1. LPS-stimulated CAPS monocytes display accelerated
kinetics of IL-1β secretion. (A and B) Monocytes from
healthy donors (HD; n = 10) and from the indicated CAPS
subjects were cultured for 18 h with 1 μg/mL of LPS. Se-
creted IL-1β was quantified by ELISA. Data are expressed as
ng/mL. (A) Data from single patients. For HDs, mean ± SD is
shown. (B) Mean ± SD from untreated patients (n = 5),
treated patients (n = 4), and HDs (n = 10). (C) Kinetics of IL-
1β secretion by monocytes from 10 HDs and from the in-
dicated CAPS subjects. Monocytes were exposed to LPS for
3, 6, or 18 h, and secreted IL-1β was quantified as in A. (D)
Western blots of intracellular pro–IL-1β in monocytes from
patients C2 (lanes 1–3), C3 (lanes 7 and 9), and MW1 (lanes
8 and 10) and from one representative HD analyzed in
parallel (lanes 4–6), unstimulated (lanes 1, 4, 7, and 8) and
stimulated with LPS for 3 h (lanes 2, 5, 9, and 10) or 18 h
(lanes 3 and 6). (Lower) The same blots hybridized with anti
−β-tubulin. (E) Monocytes from healthy donors and CAPS
patients, unstimulated (0) or stimulated for various times
with LPS (3, 6, and18 h) were stained with FITC-conjugated
anti-annexin V and propidium iodide (PI) and analyzed by
flow cytometry (25). Data show the percentage of living
cells (annexin V−/PI−), early apoptotic cells (annexin V+/PI−),
late apoptotic cells (annexin V+/PI+), and necrotic cells
(annexin V−/PI+). Representative data from 2 healthy
donors and 2 CINCA patients are shown.
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in Fig. 3A, xCT expression was higher in unstimulated CAPS
monocytes than in healthy controls. Moreover, although in control
monocytes, xCT was significantly up-regulated by 6 h of LPS stim-
ulation, a down-modulation occurred in LPS-stimulated CINCA
monocytes (Fig. 3B). Supporting the functional link between xCT
expression and externalization of reduced cysteine (8, 9), CAPS
monocytes releasedhigher levelsof cysteine thanhealthymonocytes
during 18 h of culture in the absence of stimuli (Fig. 3C). But al-
though in healthy monocytes the release of cysteine was strongly
induced by LPS, CAPS monocytes secreted less cysteine after LPS
stimulation than under unstimulated conditions (Fig. 3C).
Like xCT and cysteine release, Trx was abundant in unstimu-

lated CAPS and was decreased after 18 h of LPS treatment,
whereas the opposite was observed in control monocytes (Fig. 3D).

Rapid Exhaustion of the Antioxidant Response in LPS-Stimulated CAPS
Monocytes. The opposite trend of antioxidant response in CAPS
monocytes compared with healthy donors might be due to the

oxidative stress present in unstimulated CAPS monocytes (Fig.
2), as well as to the consequent up-regulation of antioxidant
systems aimed at restoring the redox homeostasis. When PAMP
stimulation provides a new oxidative challenge, the already ex-
panded antioxidant systems might be unable to sustain a pro-
longed up-regulation and could experience exhaustion earlier
than healthy monocytes.
To explore this possibility, we compared the expression of

xCT, cysteine release, and IL-1β secretion in healthy and CAPS
monocytes at specified short times after LPS exposure. xCT ex-
pression was higher in unstimulated MW1 than in control
monocytes and was strongly up-regulated after 2 h of LPS
stimulation in CAPS monocytes, but only slightly increased in
healthy monocytes (Fig. 4A). In keeping with the strong early
induction of xCT, the speed of cysteine release was increased,
with cysteine detected in supernatants of CAPS monocytes as
early as after 4 h after exposure to LPS (Fig. 4B), whereas it did
not appear in control monocyte supernatants until more than 6 h
after LPS stimulation. But whereas in controls, cysteine release
continues to increase throughout the duration of LPS stimula-
tion (see Fig. 3C), in CAPS monocytes, a plateau is reached at
4 h after LPS stimulation. The more rapid kinetics of cysteine
release by CAPS monocytes is coincident with the more rapid
kinetics of IL-1β secretion (Fig. 4C), both of which reach a pla-
teau early after LPS stimulation.

Redox-Active Drugs Inhibit IL-1β Secretion by CAPS Monocytes. To
verify that the redox impairment observed in CAPS monocytes is
indeed involved in the process of IL-1β secretion, we investigated
the effects of redox-active drugs on monocytes from three CAPS
patients, one of which (C4) was analyzed both before and after
the start of anti–IL-1 therapy (Fig. 5). Monocytes were stimu-
lated with LPS and treated with diphenylene iodonium (DPI), an
inhibitor of NADPH oxidase that prevents ROS production (8),
or with 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), which
inhibits Trx activity (8, 11). IL-1β secretion by CAPS monocytes
was strongly inhibited by both drugs, independent of treatment
or disease state (Fig. 5).

Redox Remodeling and IL-1β Kinetics of Secretion Are Not Altered in
Monocytes from SoJIA Patients. To ascertain whether the disturbed
redox remodeling and IL-1β kinetics of secretion are restricted to

Fig. 2. ROS levels arehigher in unstimulated CAPS than in healthymonocytes.
Monocytes from four HDs and four CAPS patients (C3, C4, C5, andMW1) were
cultured 1 h in the absence (gray columns) or presence (black columns) of LPS,
and intracellular ROS levels were quantified by H2DCF-DA fluorometric
methods. Data are expressed as mean ± SD relative fluorescence units (RFUs).

Fig. 3. Impaired antioxidant response in CAPS monocytes. Real-time PCR
analysis of xCT mRNA in monocytes from the indicated CAPS patients and
from two HDs, untreated (gray columns) or after 6 h of exposure to LPS
(black columns). (A) Data are expressed as fold changes (mean ± SD) in un-
treated CAPS monocytes compared with untreated HD monocytes. (B) Data
are expressed as fold changes (mean ± SD) in LPS-stimulated (black columns)
compared with unstimulated monocytes (gray columns) of the same subject.
NS, not significant. (C) Extracellular cysteine was quantified in 18 h super-
natants of monocytes from HDs (n = 6) or CAPS patients (n = 6) cultured
without LPS (−; gray columns) or with LPS (18 h LPS; black columns). Data are
expressed as mean ± SD. (D) Intracellular Trx in monocytes from a CAPS
patient (lanes 1 and 2) and an HD (lanes 3 and 4), unstimulated (lanes 1 and
3) and stimulated for 18 h with LPS (lanes 2 and 4). Results from one rep-
resentative HD out of the six analyzed are shown. (Lower) The same blot
hybridized with anti–β-tubulin.

Fig. 4. LPS accelerates xCT expression and cysteine release in CAPSmonocytes.
(A) Real- time PCR analysis of xCT mRNA in monocytes from patient MW1 and
from three HDs, untreated (gray columns) or treated with LPS for 2 h (black
columns). Data are expressed as fold change (mean ± SD) compared with un-
treated HD monocytes. (B and C) Kinetics of cysteine release (B) and IL-1β se-
cretion (C) after LPS stimulation by cells fromMW1 andMW2 and from one HD
analyzed inparallel. Results are representativeof threehealthydonorsanalyzed.
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CAPS or are also present in different but related diseases, we
studied five patients affected by systemic-onset juvenile idio-
pathic arthritis (SoJIA; Table S2), a chronic inflammatory dis-
ease with similar pathological manifestations as CAPS but
lacking a genetic etiology (16).
At the time of the study, all patients exhibited active disease.

As shown in Fig. 6A , the kinetics of IL-1β secretion by SoJIA
monocytes was similar to that of healthy controls, as reported
previously (24). In addition, ROS production under basal con-
ditions and after exposure to LPS was comparable to that of
healthy monocytes (Fig. 6B). Likewise, cysteine release and Trx
expression by unstimulated or LPS-stimulated SoJIA monocytes
did not differ significantly from that in controls. In a few cases,
slightly higher levels of released cysteine and of intracellular Trx
were detected in unstimulated monocytes (Fig. 6 C and D), but
this did not affect the response to LPS. Indeed, like in healthy
monocytes, both cysteine release and Trx expression were still
up-regulated at 18 h after LPS exposure. These results indicate
that although a mild redox disturbance might be present in
resting SoJIA monocytes, the redox response to prolonged LPS
stimulation is maintained.
Finally, we found that DPI and BCNU dramatically hinder IL-

1β secretion by SoJIA monocytes (Fig. 6E), confirming the

strong redox dependence of IL-1β secretion in both healthy and
pathological conditions.

Discussion
The release of active IL-1β from blood monocytes is tightly con-
trolled, and <20% of the total IL-1β precursor synthesized in re-
sponse to PRR triggering is actually processed and secreted (1). A
number of studies have demonstrated that after LPS stimulation,
monocytes fromCAPS patients secrete greater amounts of mature
IL-1β (18, 20–22), despite cytoplasmic accumulation of the pre-
cursor comparable to that seen in healthy individuals (21). This
deranged posttranslational control of IL-1β processing and se-
cretion is due to “gain of function”mutations of NLRP3 (16). Just
how NLRP3 mutations increase inflammasome activity and pro–
IL-1β processing is unclear, however. Dinarello (1) recently
pointed out that the increase in IL-1β secretion by CAPS mono-
cytes compared with healthy subjects is modest, raising the ques-
tion of how a relatively small increase in IL-1β secretion can cause
the devastating IL-1–dependent clinical manifestations of CAPS.
In this study, we have shown that CAPS monocytes not only

secrete more IL-1β than healthy subjects, but also have dra-
matically accelerated IL-1β secretion due to the entanglement of
NLRP3 mutations with a deranged redox homeostasis in CAPS
monocytes. Our results are summarized in the model shown in
Fig. 7. In unstimulated monocytes from healthy subjects (A),
a condition of redox homeostasis is maintained, inflammasome
components are not assembled, and pro–IL-1β is not expressed (2).
On LPS stimulation (B), pro–IL-1β is induced, and redox remod-
eling occurs, with ROS production followed by a delayed antioxi-
dant response, which generates a reducing environment required
for inflammasome assembly and consequently pro–IL-1β pro-
cessing and secretion (8). In contrast, unstimulated CAPS mono-
cytes display a disturbed redox state with elevated ROS levels and
overexpression of antioxidant systems (C). Because of this preex-
isting overexpression, up-regulation of antioxidant systems in re-
sponse to LPS-induced ROS generation occurs (and is exhausted)
earlier, resulting in faster IL-1β secretion and earlier achievement
of plateau level compared with healthy monocytes (D).
The inhibitory effect on IL-1β secretion exerted by redox-active

drugs demonstrates that redox remodeling is implicated in the

Fig. 5. Redox active drugs block IL-1β secretion by CAPS monocytes. IL-1β
secretion by monocytes from HDs (n = 10) or from the indicated CAPS
patients, stimulated for 18 h with LPS in the absence (black columns) or
presence of DPI (gray columns; HD, C4, C5, and MW4) or BCNU (white col-
umns; HD, C5, and MW4). Monocytes from patient C4 was analyzed twice,
before (C4 pre) and 1 week after (C4 post) the start of anti–IL-1 therapy.

Fig. 6. Redox remodeling and IL-1β secretion in monocytes from SoJIA patients stimulated with LPS. (A) IL-1β secretion by monocytes from HDs (n = 5) and
SoJIA patients exposed to LPS for 3, 6, or 18 h. (B) ROS production by monocytes from HDs (n = 5) and the indicated SoJIA patients cultured for 1 h in the
absence (gray columns) or presence (black columns) of LPS. Data are expressed as RFUs. (C) Released cysteine in the 18-h supernatants of unstimulated (gray
columns) and stimulated (black columns) monocytes from HDs (n = 5) and the indicated SoJIA patients. (D) Western blot analysis of Trx in monocyte lysates
from a representative HD (out of the six performed; lanes 1 and 2), and three SoJIA patients (lanes 3–8), unstimulated (lanes 1, 3, 5, and 7) or stimulated for
18 h with LPS (lanes 2, 4, 6, and 8). (Lower) Same blot hybridized with anti–β-tubulin. (E) IL-1β secreted by monocytes from SoJIA patients (n = 4) stimulated for
18 h with LPS in the absence (black columns) or presence of DPI (gray columns) or BCNU (white columns). Data are expressed as mean ± SD.
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process of IL-1β secretion not only in healthy cells (8), but also in
cells bearing a gain-of-function mutation. These data also indicate
that NLRP3 mutations and redox alterations work together in
CAPS monocytes to enhance/anticipate IL-1β secretion.
We have previously shown that unlike healthy monocytes, LPS-

stimulated CAPS monocytes do not increase the rate of IL-1β se-
cretion in response to exogenous ATP (21), a powerful trigger of
inflammasome activation (2). ATP activates the purinergic re-
ceptor P2X7, inducing a strong redox response in normal mono-
cytes, with production of ROS followed by up-regulation of
antioxidant systems (4–8). Given our present findings, the failure
to increase IL-1β secretion in response to ATP is likely due to ex-
haustion of the antioxidant systems and the consequent impossi-
bility of mounting a redox response to P2X7 receptor triggering.
The breakdown of the antioxidant response also might be the
cause of the premature death observed in CAPS monocytes (25).
But in our patients, an increase in cell death compared with con-
trols was detected only at later times after LPS exposure, ruling out
the possibility that the early attainment of a plateau and cessation
of IL-1β secretion is due to cell death. The redox alterations ob-
served in CAPS monocytes might be directly linked to the NLRP3
mutation or might represent a secondary effect of the syndrome,
related to, for instance, the chronic inflammatory state. Many ge-
netic diseases display redox impairments. Whereas in some cases
the link between mutation and redox is obvious [e.g., in chronic
granulomatous disease, in which a defect in NADPH oxidase is
directly linked to impaired redox homeostasis (26)], in other cases
this relationship is less evident. For instance, mutations of the ly-
sosomal cathepsins inhibitor cystatin B, which cause progressive
myoclonus epilepsy, have beenunexpectedly found to sensitize neu-
rons tooxidative stress (27). Similarly, a strongoxidative stress in the
nervous system is responsible for the severe neurologic disorders
that characterize mucopolysaccharidosis IIIB (28), despite the fact
that the disease is due to mutations in alpha-N-acetylglucosamini-
dase, an enzyme required for apparently redox-unrelated functions,
such as the degradation of heparan sulfate.

On this basis, we can speculate that redox alterations are
a consequence of different genetic defects that perturb the cellular
homeostasis. NLRP3 is responsible for a redox-dependent process
such as IL-1βmaturation and secretion (4–8, 16). Therefore, in the
disturbed redox environment of CAPS monocytes, the mutated
NLRP3 cooperates with the altered redox response to derange IL-
1β secretion, in terms of both amount and kinetics.
Among the patients examined in this study, C5 lacked NLRP3

mutations but displayed clinical manifestations clearly consistent
with a CINCA syndrome (29) and the same redox alterations
observed in mutated CINCA monocytes (Figs. 2 and 3). This
finding might suggest that redox impairment of CAPS can occur
independently of the genetic defect. But because C5’s father
showed similar, albeit milder, symptoms as those displayed by C5
and the other CINCA patients, it is conceivable that in C5, the
syndrome is due to the mutation of a different, as-yet un-
recognized or unknown gene.
The observation that the kinetics of IL-1β secretion is much

faster in CAPS monocytes than in healthy monocytes has im-
portant implications for the development of the inflammatory
process. In healthy subjects, weak PRR triggering would induce
a poor (if any) inflammatory response, because mechanisms
aimed at down-modulating inflammation, including secretion of
IL-1 receptor antagonist, will be fully operational when IL-1β
secretion reaches the maximum level (1). In contrast, the same
weak stimulus will drive dramatic clinical manifestations in CAPS
patients, because the amount of IL-1β induced will be not only
greater, but also promptly secreted soon after stimulation, before
control mechanisms are operative. It is tempting to speculate that
the chronic inflammatory state of CAPS patients is the result of
recurrent episodes of inflammation due to repeated, short pulses
of IL-1β secretion caused by PRR ligands, either exogenous
(PAMPs) or endogenous [damage-associated molecular pattern
molecules (DAMPs)], in amounts unable to trigger inflammation
in healthy individuals, but sufficient to induce a dramatic in-
flammatory cascade when associated with NLRP3 mutations and
redox conditions that strongly accelerate secretion. Interestingly,
the accelerated IL-1β release is unrelated to disease severity, level
of IL-1β production, or therapeutic regimen, further indicating
that it is an intrinsic feature of CAPS monocytes.
The role of chronic inflammation and consequent redox impair-

ment (30) in IL-1β secretionwas studiedonmonocytes frompatients
affected by SoJIA, who share a number of clinical features (e.g.,
systemic inflammation, arthritis, rash, persistent elevation of acute
phase reactants) with CAPS patients and in almost 45% of cases
display the same dramatic response to anti–IL-1 treatment (24, 31),
although the etiology remains unclear. We found that SoJIA mon-
ocytes display kinetics of IL-1β secretion and redox remodeling
similar to those of healthy controls; however, themild up-regulation
of twomarkers of the antioxidant response, cysteine release andTrx
content, in resting monocytes from some SoJIA patients suggests
that, at least in some cases, the chronic inflammatory state might
slightly perturb the redox homeostasis of circulatingmonocytes. But
the redox derangement is negligible, with no exhaustion of the an-
tioxidant response or modification of the IL-1β secretion rate, in-
dicating that chronic inflammation per se is not the cause of the
dramatic alterations in the redox response observed in CAPS.
In conclusion, we have shown that CAPS monocytes display

impaired redox homeostasis and response to oxidative stress,
responsible for the accelerated secretion of IL-1β. These alter-
ations are absent in patients affected by different chronic in-
flammatory diseases, such as SoJIA. On this basis, we propose
that the redox impairment of CAPS monocytes is not a silent
epiphenomenona, but rather is functionally linked to IL-1β pro-
cessing and secretion and thus is directly connected to the path-
ophysiology of cryopyrinopathies. Whether and how the redox
impairment is directly linked to the NLRP3 mutation remains
unclear. Because redox active drugs completely block IL-1β

Fig. 7. How do the different redox states and redox responses to LPS in
healthy and CAPSmonocytes influence the rate of IL-1β secretion? (A) Redox is
balanced in resting healthymonocytes (with low basal levels of ROS and of the
antioxidant systems Trx and cystine/cysteine cycle). (B) LPS triggering induces
pro–IL-1β synthesis and rapid ROS production (first step). To counteract this
oxidative hit, an antioxidant response with up-regulation of Trx and increased
cysteine release occurs (second step). This redox remodeling, required for pro–
IL-1β processing (8), takes several hours. Therefore, IL-1β secretion is slow and
peaks at 18 h (third step). (C) In contrast, in resting mutated CAPS monocytes
(asterisks), antioxidant systems are up-regulated due to chronic oxidative stress
(first and second steps already occurring in resting monocytes). (D) Therefore,
on LPS stimulation, IL-1β processing and secretion is anticipated due to the
preexisting or rapidly generated antioxidant conditions that promote inflam-
masome activation and processing (third step).
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secretion in CAPS patients, it is conceivable that the gain-of-
function mutation of NLRP3 is mediated by the redox response.

Materials and Methods
Patients. Nine CAPS patients (five with CINCA and four with MWS) were
enrolled in the study (Table S1). At the time of the study, five of the CAPS
patients were not receiving anti–IL-1 treatment and displayed manifes-
tations of active disease (e.g., rash, fever, joint manifestations, headache)
associated with elevation of acute-phase reactants. Three patients were
receiving an IL-1 blocker (anakinra or canakinumab). Five patients with SoJIA
were evaluated as well (Table S2); all five displayed active disease activity
(e.g., fever, rash, arthritis) and elevated acute-phase reactants. Twelve age-
matched healthy controls were studied in parallel. Blood samples were
taken after informed consent was obtained from each patient or a parent.
The informed consent was approved by the “G. Gaslini” Ethical Board.

Chemicals. BCNU, cysteine, DPI, 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB),
DTT, and LPS were purchased from Sigma-Aldrich , and 2′7′-dichlorofluorecin
diacetate (H2DCF-DA) was purchased from Molecular Probes.

Cell Preparation and Culture. Monocytes were enriched by adherence from
heparinized blood samples and activated with 1 μg/mL of LPS in RPMI 1640
medium supplemented with 10% FCS at 37 °C for prespecified times, as
described previously (21, 24).

ELISA Analyses. The IL-1β content in supernatants was determined by ELISA
(R&D Systems) (24).

Intracellular ROS. Monocytes were stimulated with LPS and 10 μM of H2DCF-
DA (32) and added to cultures 30 min before the end of incubation. Fluo-
rescence was measured in cell lysates with a microplate fluorometer (exci-
tation, 480 nm; emission, 530 nm). Data were normalized versus the protein
content of cell lysates, as measured by the Lowry method (8).

Determination of Cysteine in Culture Media. Supernatants (0.1 mL) from
monocytes cultured at 4 × 105/0.5 mL in 24-well plates in medium containing
5% FBS were reacted with 10 mM DTNB, and absorption was measured at
412 nm. Cysteine was used as a standard (8).

Western Blot Analysis. Triton X-100 cell lysates were resolved on 12% SDS/
PAGE and electrotransferred. Filters were probed with anti–IL-1β 3ZD
(obtained from the National Cancer Institute’s Biological Resources Branch),
with antiTrx (clone 2B1, a kind gift of Dr. F. Clarke, Brisbane, Australia) or
with anti–β-tubulin (Sigma-Aldrich) mAbs, followed by the relevant sec-
ondary Ab (DAKO) and developed with ECL-Plus (GE Healthcare) (8).

Real-Time PCR. Total RNA was isolated from cell using TriPure Isolation Re-
agent (Roche) and reverse-transcribed with SuperScript III Reverse Tran-
scriptase (Invitrogen). Real-time PCR determination of xCT cDNA was
performed using SYBR greenER qPCR Super Mix for iCycler reagent (Invi-
trogen). The specific primers used were as follows: forward, 5′aaacc-
caagtggttcagacg 3′; reverse, 5′atctcaatcctgggcagatg 3′ for xCT and forward,
5′atggccttccgtgttcctac 3′; reverse, 5′gcttcaccaccttcttgatgtc 3′ for GAPDH.
Relative expression was determined using the ΔCt method (33).

Flow Cytometry. Monocytes were stained with human annexin V-FITC and
propidium iodide (Bender MedSystems). Cells were analyzed with a FACS-
Calibur flow cytometer and Cell Quest software (BD Biosciences).

Statistical Analysis. The data were statistically analyzed by one-way ANOVA,
followed by a Bonferroni posttest or unpaired t test using GraphPad soft-
ware. Differences were considered statistically significant at P ≤ 0.05.
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