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Summary

Cryopyrin-associated periodic syndrome (CAPS) is characterized by
dysregulated inflammation with excessive interleukin (IL)-1β activation and
secretion. Neonatal-onset multi-system inflammatory disease (NOMID) is
the most severe form. We explored cytokine responses in 32 CAPS patients
before and after IL-1β blocking therapy. We measured cytokines produced by
activated peripheral blood monuclear cells (PBMCs) from treated and
untreated CAPS patients after stimulation for 48 h with phytohae-
magglutinin (PHA), PHA plus IL-12, lipopolysaccharide (LPS) or LPS plus
interferon (IFN)-γ. We measured IL-1β, IL-6, IL-10, tumour necrosis factor
(TNF), IL-12p70 and IFN-γ in the supernatants. PBMCs from three
untreated CAPS patients were cultured in the presence of the IL-1β blocker
Anakinra. Fifty healthy individuals served as controls. CAPS patients had
high spontaneous production of IL-1β, IL-6, TNF and IFN-γ by
unstimulated cells. However, stimulation indexes (SIs, ratio of stimulated to
unstimulated production) of these cytokines to PHA and LPS were low in
NOMID patients compared to controls. Unstimulated IL-10 and IL-12p70
production was normal, but up-regulation after PHA and LPS was also low.
LPS plus IFN-γ inadequately up-regulated the production of IL-1β, IL-6,
TNF and IL-10 in CAPS patients. In-vitro but not in-vivo treatment with
Anakinra improved SIs by lowering spontaneous cytokine production.
However, in-vitro treatment did not improve the low stimulated cytokine
levels. Activating mutations in NLRP3 in CAPS are correlated with poor SIs
to PHA, LPS and IFN-γ. The impairment in stimulated cytokine responses in
spite of IL-1β blocking therapy suggests a broader intrinsic defect in CAPS
patients, which is not corrected by targeting IL-1β.
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Introduction

Mutations in NLRP3 [the gene nucleotide-binding
oligomerization domain (NOD)-like receptor family, pyrin
domain containing 3, also known as cold-induced
autoinflammatory syndrome 1, CIAS1] and its product
NALP3 (Nacht leucine rich repeat and pyrin domain con-
taining protein 3, or cryopyrin) are associated with a group
of disorders with overlapping symptoms, called cryopyrin-
associated periodic syndrome (CAPS) [1]. These diseases are
autoinflammatory because of excess production of interleu-
kin (IL)-1β. This innate immune cytokine is a potent endog-
enous pyrogen that causes a cytokine amplification loop

[2,3]. All patients with cryopyrinopathies exhibit fever,
urticarial rash, arthralgia/arthritis, neutrophil-mediated
inflammation and elevated acute-phase reactants. Familial
cold autoinflammatory syndrome (FCAS, OMIM #120100),
the least severe form of CAPS, presents with self-limited
cold-triggered episodes of fever, rash and arthralgia, com-
bined with conjunctivitis and headaches [1,4]. In Muckle–
Wells syndrome (MWS, OMIM #191900), the intermediate
form of CAPS, fever, rash and arthralgia are often continuous
with exacerbations, and patients develop hearing loss over
time. A third of untreated MWS patients develop amyloidosis
which progresses to kidney failure [1]. The most severe form
of CAPS, neonatal-onset multi-system inflammatory disease
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(NOMID or CINCA, OMIM #607115), exhibits inflamma-
tory symptoms similar to FCAS and MWS but also presents
with an increased intracranial pressure and progressive
hearing and vision loss early in life due to cochlear and
ocular inflammation. Approximately 50% of NOMID
patients, whether treated or not, develop exophytic growth of
the patella and epiphyses of the long bones. Childhood mor-
tality in untreated NOMID is high (20%) [5].

CAPS is caused by autosomal-dominant missense muta-
tions in exon 3 that lead to gain-of-function [6,7]. These
mutations can occur de novo and somatic mosaicism in
NLRP3 causes disease in a third of clinical NOMID
patients [8]. Some missense mutations that do not occur
in superficial binding sites of the molecule in NLRP3 are
asymptomatic [5,7]. NALP3 is the first intracellular pattern
recognition receptor identified in humans [9]. When acti-
vated, NALP3 oligomerizes in a multi-molecular complex,
the NALP3 inflammasome (Supporting information,
Fig. S1). This leads to the activation of caspase-1, a pro-
tease that cleaves inactive pro-IL-1β and pro-IL-18 precur-
sors to their active forms [3]. In turn, active IL-1β
stimulates its own mRNA transcription via nuclear factor
(NF)-κB [10].

Optimized IL-1β blocking therapies lead to complete
remission of the inflammatory manifestations of CAPS [1].
In 2006, we showed high spontaneous and stimulated IL-1β
production in 18 NOMID patients [11]. In the present
report, we expand the cytokine panel and include evalua-
tion of unstimulated and stimulated production of IL-1β,
IL-6, IL-10, interferon (IFN)-γ, tumour necrosis factor
(TNF) and IL-12p70 by peripheral blood mononuclear cells
(PBMCs) from patients with FCAS, MWS and NOMID
before and during Anakinra therapy.

Methods

Subjects and IL-1β blocking therapy

Thirty-two patients with mutations in NLRP3 and/or CAPS
disease were recruited from the outpatient clinic of the
National Institute of Arthritis and Musculoskeletal and Skin
Diseases (NIAMS), NIH, Bethesda (Table 1). All patients
were followed under approved protocols, and either they or
their guardians gave informed consent. The patients were
categorized according to their CAPS phenotype: three indi-
viduals with a R488K mutation in NLRP3 without pheno-
type (asymptomatic, patients 1–3), three FCAS (patients
4–6), five MWS (patients 7–11) and 21 NOMID patients
(patients 12–32) (Table 1). Part of this group was reported
previously (patients 13, 14, 16, 19–21, 23–30, 32) [11].
Mutation detection was performed for all patients. Fifty
healthy controls were obtained from the NIH Blood Bank
under appropriate protocols.

PBMCs of all individuals were assayed for cytokine pro-
duction and response. Seventeen CAPS patients (patients

4–10, 12–15, 19–22, 26 and 31) were assayed, while the
patients were untreated. During the study, all but one
patient with NOMID (patient 15) were started on Anakinra
(1–2 mg/kg/day by subcutaneous injection). Any dose of
steroids, non-steroidal anti-inflamatory drugs (NSAIDs) or
disease-modifying anti-rheumatic drugs (DMARDs) had to
be stable for 4 weeks prior to enrolment. PBMCs of
NOMID patients were tested for cytokine production
before treatment (10 patients: 12–15, 19–22, 26, 31), at 3
months (eight patients: 12, 14, 19–21, 26, 27, 32), 6 months
(14 patients: 14, 16, 19–21, 23–30, 32), 12 months (13
patients: 14, 16–18, 20, 21, 23, 25–30) and 18 months (12
patients: 14, 16–18, 21, 23–25, 29–32) after initiation of
Anakinra therapy.

Two FCAS (patients 5 and 6) and three MWS patients
(patients 9–11) were treated with Rilonacept (100 mg/week
preceded by a loading dose of 300 mg in 3 days’ time by
subcutaneous injection). All but one FCAS patient (patient
5) underwent a dose-escalation to 160 mg/week after 3
months of therapy because remission criteria [no symp-
toms of inflammation, low inflammatory markers such as
C-reactive protein (CRP)] were not met. The Rilonacept
patients were tested for cytokine production before treat-
ment (patients 5, 6, 10 and 11), at 3 months of therapy with
100 mg/week (patients 5, 9, 10 and 11) and after 1 (patients
9–11) and 3 months (patients 6, 9, 10) of the dose-
escalation to 160 mg/week. Because patient availability for
testing varied, the size and composition of the patient
groups under both therapies (Anakinra, Rilonacept) varied
at the different time-points.

PBMC stimulation and cytokine determination

PBMCs were isolated by density gradient centrifugation of
heparinized whole blood through lymphocyte separation
medium as described elsewhere [12]. Fresh patient and
control PBMCs were stimulated in RPMI-1640, supple-
mented with 20 mM Hepes, 2 mM glutamine, 100 U/ml
penicillin, 100 μg/ml streptomycin and 10% fetal calf serum
(FCS) at 106 cells per condition. Cells were cultured for
48 h at 37°C in 5% CO2, either unstimulated or with
phytohaemagglutinin (PHA) (1%), PHA plus IL-12p70
(1 ng/ml), lipopolysaccharide (LPS) (200 ng/ml) or LPS
plus IFN-γ (1000 U/ml). The production of IL-1β (detec-
tion limits 3·2–3261 pg/ml), IL-6 (2·3–18 880 pg/ml), IL-10
(2·2–8840 pg/ml), TNF (5·8–95 484 pg/ml), IL-12p70 (3·3–
13 099 pg/ml) and IFN-γ (92·6–52 719 pg/ml) was meas-
ured from frozen supernatants with a Bioplex cytokine
assay (Bio-Rad, Hercules, CA, USA). This assay is specific
for active IL-1β.

In another experiment, PBMCs from 15 of the 50 healthy
controls were similarly stimulated with 10 ng IL-1β for
48 h, after which IL-6, TNF, IFN-γ, IL-12p70 and IL-10 were
measured. Furthermore, 1 μg Anakinra was added to
PBMCs of two MWS patients and one NOMID patient
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(patients 8, 10 and 13) who were untreated at the time and
all cytokines, including IL-1β, were measured in the same
experimental design.

Calculation of stimulation indexes

Cytokine stimulation indices were determined for PHA,
IL-12p70, LPS and IFN-γ. In the case of PHA and LPS, these
indices were calculated as the ratio of stimulated to
unstimulated cytokine production. Indices for IL-12p70
and IFN-γ were calculated as the ratio of cytokines pro-
duced after stimulation with PHA plus IL-12p70 or LPS
plus IFN-γ to production after stimulation with PHA or
LPS alone. To compute the ratios, all cytokine values
between 0 and 0·1 pg/ml were set to 0·1 pg/ml. The raw
values from the stimulation indices in Figs 2–5 are listed in
the Supporting information.

Statistical analysis

The Mann–Whitney U-test was used for non-parametric
comparison of cytokine production and cytokine stimula-

tion indices of unpaired groups. When comparing more
than two groups, the Kruskal–Wallis test was used. Results
were considered to be statistically significant when P < 0·05
(two-sided).

Results

Patients

The patients and their mutations are listed in Table 1.
Included are three referred individuals with the NLRP3
variant R488K [13], but atypical inflammatory symptoms.
R488K is thought to be a non-CAPS causing variant. Four
of 21 NOMID patients (19%) had somatic mutations, with
genetic mosaicism varying from 9 to 20%. We could not
find a mutation in NLRP3 in one patient.

Unstimulated cytokine production is high in untreated
CAPS patients

CAPS patients are known to have constitutively high levels
of inflammatory cytokines in their blood, notably of IL-1β

Table 1. Cryopyrin-associated periodic syndrome (CAPS) phenotype, NLRP3 mutation and treatment of patients.

Patient Phenotype NLRP3 mutation Age (years)* CRP, mg/dl* Treatment

1 No phenotype R488K 34 < 0·4 None
2 No phenotype R488K 59 0·71 None
3 No phenotype R488K 7 < 0·4 None
4 FCAS L353P 11 0·2 Anakinra
5 FCAS L353P 41 1·7 Rilonacept
6 FCAS L353P 58 3·4 Rilonacept
7 MWS T348M 34 5·8 Anakinra
8 MWS F523C 7 1·2 Anakinra
9 MWS E627G 42 6·2 Rilonacept

10 MWS M659K 20 3·1 Rilonacept
11 MWS E627G 64 8·6 Rilonacept
12 NOMID, no MR L264F 1 4·8 Anakinra
13 NOMID, no MR D303N 15 3·5 Anakinra
14 NOMID, no MR D303N 8 4·1 Anakinra
15 NOMID, no MR G755A 1 6·6 None
16 NOMID, no MR G326E 4 5·8 Anakinra
17 NOMID, no MR T348M 12 3·6 Anakinra
18 NOMID, no MR D303N 12 8·3 Anakinra
19 NOMID, mild MR V262A 11 2·5 Anakinra
20 NOMID, mild MR L632F 8 4·9 Anakinra
21 NOMID, mild MR D303N 28 5·0 Anakinra
22 NOMID, mild MR V351L 13 6·6 Anakinra
23 NOMID, mild MR G569R 9 11·1 Anakinra
24 NOMID, mild MR Somatic K568N (9·4%) 6 3·2 Anakinra
25 NOMID, mild MR Negative 4 15·3 Anakinra
26 NOMID, severe MR F443L 16 4·0 Anakinra
27 NOMID, severe MR A374N 9 5·6 Anakinra
28 NOMID, severe MR Somatic F566L (14·6%) 8 10·5 Anakinra
29 NOMID, severe MR Somatic K355N (20·1%) 18 7·3 Anakinra
30 NOMID, severe MR L264F 7 7·3 Anakinra
31 NOMID, severe MR Q600P 19 4·3 Anakinra
32 NOMID, severe MR Somatic E567K (16·2%) 11 12·3 Anakinra

*At enrolment. CAPS = cryopyrin-associated periodic sydromes; FCAS = familial cold autoinflammatory syndrome; MR = mental retardation;

MWS = Muckle–Wells syndrome; NOMID = neonatal-onset multi-system inflammatory disease; CRP = C-reactive protein.
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[2,3,11,14–17], but also of IL-6 and TNF [17–19]. We previ-
ously reported high levels of IL-1β in cultures of
unstimulated PBMCs from 16 CAPS patients [11]. We show
here that production of IL-6 (P < 0·001), TNF (P < 0·0001)
and IFN-γ (P < 0·003) is also excessive in the supernatants
of these unstimulated PBMCs (Fig. 1a–c). The unstimu-
lated levels of IL-12p70 (Fig. 1d) and IL-10 (data not
shown) were normal. FCAS patients produced smaller
amounts of cytokines than MWS and NOMID patients:
when the three FCAS patients were excluded from the
analysis, differences in IL-6 and IFN-γ production by
untreated MWS/NOMID patients (14 patients) and healthy
controls were more pronounced (data not shown; IL-6:
P < 0·0001 and IFN-γ: P < 0·002).

To examine whether cytokine levels could be elevated
because of excessive IL-1β production in CAPS patients, we
added IL-1β to PBMCs of healthy controls. Indeed, we
could mimic the CAPS cytokine profile; IL-6, TNF, IFN-γ
and IL-10 were up-regulated to levels even higher than
those in CAPS patients (P < 0·03, P < 0·04, P < 0·002 and
P < 0·003, respectively) (Fig. 1a–c, IL-10 data not shown).
In addition, we imitated IL-1β blockade in CAPS patients
by adding Anakinra to cultured PBMCs from two untreated
MWS patients and one untreated NOMID patient. The

addition of Anakinra in vitro reduced all cytokine levels
(Fig. 1a–d), including IL-1β (data not shown), to lower
levels than those reached in samples from Anakinra-treated
patients (Fig. 1a–d: two MWS patients treated with 1
month of Anakinra and with 3 months of Rilonacept,
respectively; one NOMID patient treated with 3 months of
Anakinra). Therefore, acute cytokine secretion can be
manipulated by IL-1β levels in CAPS.

Defective up-regulation of cytokines in NOMID
patients after stimulation with PHA, LPS and IFN-γ

While the unstimulated production of proinflammatory
cytokines was high in CAPS patients, stimulation indices to
PHA (Fig. 2a–f) and LPS (Fig. 3a–d) of all six measured
cytokines (IL-1β, IL-6, IL-10, TNF, IL-12p70 and IFN-γ)
were significantly lower in NOMID patients than in con-
trols (LPS-stimulated IL-10 and IFN-γ data not shown).
NOMID patients are unable to up-regulate the production
of these cytokines to normal levels. In absolute numbers,
the PHA-stimulated production of IL-6, IL-10, TNF and
IFN-γ by PBMCs of NOMID patients was also significantly
lower than production in healthy controls (Supporting
information, Tables S2–4, S6). PHA-stimulated IL-1β
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Fig. 1. High unstimulated cytokine production in cryopyrin-associated periodic syndrome (CAPS) patients and marked effect of co-culture with

Anakinra in vitro. Concentrations of interleukin (IL)-6, tumour necrosis factor (TNF), interferon (IFN)-γ and IL-12p70 in the supernatants of

peripheral blood mononuclear cells (PBMCs) (106 cells per condition), cultured for 48 h and measured using a Bioplex cytokine assay. PBMCs from

healthy controls were assayed with and without the addition of 10 ng IL-1β in vitro [50 controls without IL-1β (○), 15 of these 50 controls with

IL-1β (□)] and from 17 CAPS patients [three with familial cold autoinflammatory syndrome (FCAS) (▲); four with Muckle–Wells syndrome

(MWS) (▼) and 10 with neonatal-onset multi-system inflammatory disease (NOMID) (◆)] before treatment with Anakinra or Rilonacept was

started. The Mann–Whitney U-test was used for the comparison of cytokine production by CAPS patients and controls, and for the comparison of

cytokine production by CAPS patients and controls co-cultured with IL-1β. One μg Anakinra was added to cultures of three CAPS patients (two

MWS, one NOMID) who were not treated at the time. Also, the cytokine production of these patients is depicted while under IL-1β blocking

therapy: one MWS was treated with Anakinra for 1 month, one MWS patient was treated with Rilonacept for 3 months and the NOMID patient was

treated with Anakinra for 1 month. n.s. = non-significant. Bar indicates the mean cytokine production by healthy controls.
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production was higher in NOMID (Supporting informa-
tion, Table S1), while the production of IL-12p70 did not
differ (Supporting information, Table S5). Similarly, abso-
lute amounts of IL-6, IL-10 and IL-12p70 after stimulation
with LPS were lower in supernatants of PBMCs from
NOMID patients than from healthy controls. IL-1β, TNF
and IFN-γ were not significantly different (Supporting
information, Tables S8–11, data for IL-10 and IFN-γ not
shown).

Stimulation indices of MWS patients to LPS for IL-1β,
IL-6, TNF (Fig. 3a–c) and IL-10 (data not shown) were low,
but their indices for IL-12p70 (Fig. 3d) and IFN-γ (data not
shown) were normal. Stimulation indices to PHA were

normal, with the exception of TNF (Fig. 2a–f). FCAS
patients and healthy controls up-regulated cytokines to the
same extent in response to PHA and LPS (Figs 2a–f, 3a–d),
although the patients’ IL-10 index to LPS was low (data not
shown). Indices from asymptomatic individuals with the
R488K variation could even be high (Figs 2a–f, 3a–d).

The response of CAPS patients to IL-12p70 was normal
to high for all cytokines (Fig. 2g, data shown for IFN-γ pro-
duction only). Conversely, the stimulation index to IFN-γ
was low in MWS and NOMID patients for all cytokines,
with the exception of IL-12p70 (Fig. 3e–h). The IL-10
stimulation index to IFN-γ was normal in MWS patients
only (data not shown). In absolute numbers, NOMID
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Fig. 2. Low cytokine stimulation indices to phytohaemagglutinin (PHA), high interferon (IFN)-γ stimulation index to interleukin (IL)-12p70 in

neonatal-onset multi-system inflammatory disease (NOMID) patients. Peripheral blood mononuclear cells (PBMCs) (106 cells per condition) were

cultured for 48 h with and without 1% phytohaemagglutinin (PHA) and cytokine production was measured in the supernatants using a Bioplex

cytokine assay. PBMCs from 50 healthy controls (○), three individuals with the R488K NLRP3 variation (■), three familial cold autoinflammatory

syndrome (FCAS) patients (▲), four Muckle–Wells syndrome (MWS) (MWS) patients (▼) and 10 NOMID patients (◆) were assayed. Stimulation

indices of IL-1β (A), IL-6 (B), IL-10 (C), tumour necrosis factor (TNF) (d), IL-12p70 (e) and IFN-γ (f) in response to PHA were calculated as the

ratio of stimulated to unstimulated cytokine production. To obtain the IFN-γ stimulation index to IL-12p70 (g), 1 ng/ml IL-12p70 was added to the

cultures in addition to PHA. The stimulation index was calculated as the ratio of IFN-γ production stimulated with PHA and IL-12p70 to IFN-γ
production stimulated with PHA only. To calculate ratios, cytokine values 0 to 0·1 pg/ml were set to 0·1 pg/ml. The Mann–Whitney U-test was used

for the comparison of cytokine production by PBMCs from the different groups of cryopyrin-associated periodic syndrome (CAPS) patients

(asymptomatic subjects, FCAS, MWS, NOMID) with the cytokine production by healthy controls. Only significant differences are depicted. Bar

indicates the mean cytokine production by healthy controls and NOMID patients.
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PBMCs stimulated with a combination of LPS plus IFN-γ
produced significantly less IL-6, TNF, IL-10 and IL-12p70
than controls (Supporting information, Tables S13–S15,
IL-10 data not shown). The IL-1β stimulation index to
IFN-γ was the same across NOMID patients and controls
(Supporting information, Table S12). In FCAS patients,
only the IL-1β and TNF indices to IFN-γ were low, while
asymptomatic individuals up-regulated all cytokines nor-
mally in response to IFN-γ (Fig. 3e–h, IL-10 data not
shown).

No correlation of cytokine stimulation indices to
clinical severity of CAPS phenotype

FCAS, MWS and NOMID all are caused by mutations in
NLRP3. To investigate the relationship between cytokine
stimulation index and clinical phenotype of CAPS, we sepa-
rated the NOMID patients into three groups with increas-
ing clinical severity, as judged by their neurological disease
(none, mild or severe mental retardation). Indeed, CRP
values of CAPS patients with more serious phenotypes at
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Fig. 3. Low cytokine stimulation indices to lipopolysaccharide (LPS) and interferon (IFN)-γ, normal interleukin (IL)-12p70 stimulation index to

IFN-γ in neonatal-onset multi-system inflammatory disease (NOMID) patients. Peripheral blood mononuclear cells (PBMCs) (106 cells per

condition) were cultured for 48 h with and without 200 ng/ml LPS, and with and without the addition of 1000 U/ml IFN-γ to LPS. Cytokines were

measured in the supernatants using a Bioplex cytokine assay. PBMCs from 50 healthy controls (○), three asymptomatic individuals with NLRP3

mutations (■), three familial cold autoinflammatory syndrome (FCAS) patients (▲), four Muckle–Wells syndrome (MWS) patients (▼) and 10

NOMID patients (◆) were assayed. Stimulation indices of IL-1β, IL-6, tumour necrosis factor (TNF) and IL-12p70 in response to LPS were

calculated as the ratio of stimulated to unstimulated cytokine production. Stimulation indices to IFN-γ were calculated as the ratio of cytokine

production stimulated with LPS in combination with IFN-γ to cytokine production stimulated with LPS alone. To calculate ratios, cytokine values 0

to 0·1 pg/ml were set to 0·1 pg/ml. We used the Mann–Whitney U-test for the comparison of cytokine production by PBMCs from the different

groups of cryopyrin-associated periodic syndrome (CAPS) patients (asymptomatics, FCAS, MWS, NOMID) with the cytokine production by healthy

controls. Only significant differences are depicted. Bar indicates the mean cytokine production by healthy controls and NOMID patients.
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enrolment in the study were higher than those with less
severe disease (Table 1). CRP values in asymptomatic indi-
viduals, FCAS and MWS patients before treatment with an
IL-1β antagonist were, on average, 0·4, 1·8, and 4·1 mg/dl,
respectively. These values were 4·8, 3·8 and 4·2 mg/dl in the
three groups of NOMID patients with increasingly severe
mental retardation. Next, we compared cytokine stimula-
tion indices to LPS, PHA or IFN-γ in CAPS patients ranging
from asymptomatic individuals to a NOMID patient with
severe mental retardation. Poor cytokine stimulation
indices to LPS, PHA or IFN-γ (data not shown for all
cytokines) did not correlate with increasing severity in clini-
cal phenotype, except for the IL-12p70 stimulation index to
LPS, which was only slightly lower in the more severe CAPS
phenotypes (P < 0·05, data not shown).

No improvement of low cytokine stimulation indices in
patients treated with IL-1β blocking therapy

We assessed all but one NOMID patient after Anakinra was
started and measured cytokine levels at 3, 6, 12 and 18
months after the start of therapy. It enabled us to analyse
the effect of the IL-1R antagonist in vivo on cytokine pro-
duction in NOMID patients. We noticed a slight improve-
ment in stimulation indices to PHA (Fig. 4a–d) up to 12
months of therapy, which was lost at 18 months [data on
IL-10 (P < 0·0007) and IL-12p70 (not significant: n.s.) not
shown]. Poor stimulation indices to LPS [Fig. 4e–h, data on
IL-10 (n.s.) and IL-12p70 (n.s.) not shown] and IFN-γ [data
on all cytokines, n.s., except for IL-12p70 (P < 0·02); data
not shown] did not improve with Anakinra treatment. In
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Fig. 4. No improvement of poor cytokine stimulation indices with lengthy Anakinra treatment in neonatal-onset multi-system inflammatory disease

(NOMID) patients. Peripheral blood mononuclear cells (PBMCs) (106 cells per condition) were cultured for 48 h with and without stimulus after which

cytokines measured in the supernatants using a Bioplex cytokine assay. Interleukin (IL)-1β, IL-6, tumour necrosis factor (TNF) and interferon (IFN)-γ
stimulation indices are shown in response to 1% phytohaemagglutinin (PHA) or 200 ng/ml lipopolysaccharide (LPS) in 50 healthy controls, 10 NOMID

patients at baseline (not treated), eight NOMID patients at 3 months, 14 NOMID patients at 6 months, 13 NOMID patients at 12 months and 12

patients at 18 months of treatment with a maximum of 2 mg/kg/day of Anakinra. Healthy controls: ○; NOMID patients: •. Cytokine stimulation

indices to PHA and LPS were calculated as the ratio of stimulated to unstimulated cytokine production. To calculate ratios, cytokine values 0 to

0·1 pg/ml were set to 0·1 pg/ml. The Kruskal–Wallis test was used for analysing the difference in cytokine stimulation index for NOMID patients treated

with Anakinra for an increasing time-period. n.s. = non-significant. Bar indicates the mean cytokine production by healthy controls.
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absolute numbers, the unstimulated cytokine production by
patients treated with 3–18 months of Anakinra did not
change significantly (data on IL-1β, IL-6, TNF and IFN-γ in
Supporting information, Tables S16–S19). Furthermore,
PHA and LPS stimulated levels remained low over time
except for PHA-stimulated TNF production at 3 and 12
months (P < 0·0005 and P < 0·04, respectively) (data on
IL-1β, IL-6, TNF and IFN-γ in Supporting information,
Tables S16–S23). After 18 months, all absolute cytokine
values reverted to pretreatment levels. Therefore, low stimu-
lation indices in NOMID patients treated with Anakinra are
indicative of both consistently high unstimulated cytokine
secretion (denominator), and low stimulated production
(numerator) over time.

Similarly, treatment with Rilonacept did not influence
cytokine stimulation indices in two FCAS and three MWS

patients. IL-1β, IL-6, TNF and IFN-γ (data not shown)
stimulation indices for PHA and LPS did not improve,
regardless of Rilonacept dose and the duration of therapy.
None of the absolute cytokine values under Rilonacept
treatment, whether stimulated or not with IL-1β or IL-6,
differed significantly from pretreatment levels (data not
shown).

Improvement of low cytokine stimulation indices with
IL-1β blocker added to the in-vitro cultures

Stimulation indices improved when we added 1 μg
Anakinra to PBMC cultures from one NOMID and two
MWS patients (Fig. 5a–h). After 48 h of stimulation, indices
to PHA and LPS were much higher than those from the
same patients before in-vitro treatment with an anti-IL-1β
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Fig. 5. Improved cytokine stimulation indices to phytohaemagglutinin (PHA) and LPS in neonatal-onset multi-system inflammatory disease

(NOMID) patients by the addition of Anakinra in vitro. Peripheral blood mononuclear cells (PBMCs) (106 cells per condition) were cultured for

48 h with and without stimulus, and with and without the addition of 1 μg Anakinra, after which cytokines were measured in the supernatants using

a Bioplex cytokine assay. Interleukin (IL)-1β, IL-6, tumour necrosis factor (TNF) and interferon (IFN)-γ stimulation indices are shown in response

to 1% PHA or 200 ng/ml LPS in 50 healthy controls and of three untreated cryopyrin-associated periodic syndrome (CAPS) patients [two

Muckle–Wells syndrome (MWS) patients and one NOMID patient]. Healthy controls: ○; CAPS patients: •. Cytokine stimulation indices to PHA

and LPS were calculated as the ratio of stimulated to unstimulated cytokine production. To calculate ratios, cytokine values 0 to 0·1 pg/ml were set

to 0·1 pg/ml.
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antagonist. The cytokine levels show that this improvement
is due mainly to lower spontaneous cytokine production –
the index denominator (Fig. 1a–c, Supporting information,
Tables S24–S31). Stimulated cytokine production did not
improve, even with Anakinra added to the cultures in vitro.

Discussion

CAPS patients differ from healthy individuals in the
dynamics of cytokine release. Their inflammasomes are
constitutively activated and their cells pre-activated. Indeed,
we observed consistently high spontaneous levels of IL-1β
and other proinflammatory cytokines (IL-6, TNF and
IFN-γ) in non-stimulated supernatants of CAPS patients, in
particular of NOMID cases. However, NOMID patients are
unable to up-regulate their production of IL-1β, IL-6,
IL-10, TNF, IL-12p70 and IFN-γ in response to major
stimuli including PHA, LPS and IFN-γ to the same extent as
do controls. In the case of IL-1β which is, on average, higher
in CAPS patients, these levels dropped to control average
after stimulation with LPS and LPS plus IFN-γ. Treatment
for this condition with IL-1β blocking therapy, although
improving clinical manifestations, does not lead to
increased stimulated cytokine production in vivo in PBMCs
from treated patients.

The combination of high spontaneous cytokine produc-
tion with impaired stimulated production resulted in
overall low cytokine stimulation indices. Stimulated
cytokine production may be low because pre-activated
NOMID cells are functionally exhausted and cannot sustain
cytokine transcription and/or translation. Carta et al.
confirm that Toll-like receptor (TLR)-2- and TLR-4-
stimulated CAPS monocytes produce less IL-6 and IL-1Ra
than control cells. They attribute this difference to increased
redox stress, which involves relatively high levels of reactive
oxygen species and anti-oxidants [20]. In addition, they
conclude that the redox defect is unrelated to IL-1β levels
because cytokine production was low in patients who were
both untreated and treated with Anakinra. Similarly, others
found lower expression by Western blot of pro-IL-1β in
LPS-stimulated NOMID monocytes than in non-stimulated
cells and LPS-stimulated control cells [21]. Although we did
not examine the redox status in our patients’ cells, our data
would be consistent with observations that the underlying
redox-activation status may hamper stimulated cytokine
production. However, in our experiments, cytokine produc-
tion of NOMID patients responded normally to IL-12p70.
Thus, perhaps the redox status of a cell may only affect
certain cytokine pathways, namely those stimulated with
PHA, LPS and IFN-γ, but not with IL-12p70.

Low values of the stimulation indices may also be due to
stimulation-induced necrosis-like death of monocytes in
CAPS, which depends on cathepsin B [22]. Saito et al.
found that LPS induces NLRP3 mRNA expression in CAPS
patients, but kills monocytes. The death toll was independ-

ent of caspase-1, disease severity or treatment with
Anakinra [23]. Others used fluorescein isothiocyanate
(FACS) analysis showing dramatic loss of monocytes after
the stimulation of NOMID patient cells with LPS. No such
loss was seen in cell cultures from controls or from a patient
deficient in an IL-1 receptor antagonist (DIRA) [17]. As
monocytes die early in NOMID, control cells may release
relatively greater amounts of cytokines such as IL-1β over
time. Indeed, previous research shows a clearly blunted pro-
duction of IL-1β in NOMID patients compared to controls
after LPS stimulation [16], or no influence at all of LPS on
levels of IL-1β, IL-6, IL-10 and TNF [17]. In contrast, the
production of these cytokines was markedly increased in
LPS-stimulated PBMCs from a control and a DIRA patient
[17]. So far, only TLR ligands such as LPS have proved to
induce necrosis-like cell death [17,23], but we show that
other stimuli such as PHA and IFN-γ also affect monocyte-
derived cytokine production.

In conclusion, functional exhaustion and stimulation-
induced death of monocytes by NOMID patients could
have a detrimental effect on cytokine production in our
stimulation assays, and hence on cytokine stimulation
indices. However, this does not translate into an increased
susceptibility to infections.

It is possible that stimulated cytokine production and
release in NOMID patients is, in fact, higher than in con-
trols if measured earlier. High IL-1β and TNF production,
measured only few hours after the onset of stimulation in
some, but not all, cases have been reported upon TLR-
stimulation in NOMID/CAPS patients [2,14,15,20,24,25].
Indeed, over the 48-h window of the experiments, CAPS
cells may be releasing the bulk of IL-1β earlier than controls
because their caspase-1 is activated more rapidly. LPS
induces IL-1β secretion in CAPS monocytes without
adenosine triphosphate (ATP) as a second stimulus, while
control monocytes require stimulation by both LPS and
ATP [2]. The lack of ATP needed to stimulate IL-1β release
in patient cells may be because of autocrine ATP production
[26]. LPS-induced IL-1β was produced in markedly greater
quantities in monocytes from CAPS patients after 3 h of
stimulation, but was about the same after 24 h [2]. LPS-
stimulated IL-6 production in CAPS patients is also time-
dependent. While IL-6 production was much lower in CAPS
patients than in healthy donors at 18 h of stimulation, it
was similar up to 6 h post-LPS stimulation [20].

Low responses to LPS and IFN-γ in NOMID patients
recall the cytokine profile of certain patients with Mende-
lian susceptibility to mycobacterial disease (MSMD, OMIM
#209950). These patients have genetic defects in the T
helper type 1 (Th1) pathway, affecting the production of
and responses to IFN-γ and IL-12 [27]. Like NOMID
patients, MSMD patients with dominant-negative IFN-γ
receptor-1 (IFNGR1) or partial IFN-γ receptor-2 (IFNGR2)
mutations respond in a diminished but definite way to
stimulation with LPS and to IFN-γ combined with LPS.
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This is illustrated by reduced TNF production following
these stimuli in IFN-γR1-deficient patients [28], and by a
low TNF stimulation index to IFN-γ in patients with
autosomal-dominant IFN-γR1 or partial IFN-γR2 defi-
ciency [29–31]. In addition, both NOMID and IFN-γR-
deficient patients produce normal levels of IFN-γ in
response to IL-12p70. However, there is a difference in IFN-
γ-stimulated IL-12p70 production. MSMD patients with
completely defective IFN-γR produce no IL-12 in response
to IFN-γ, while patients with only partial defects produce a
little [32,33]. In contrast, NOMID patients have normal
IL-12p70 stimulation indices in response to IFN-γ. Hence,
in NOMID patients, IL-12p70-stimulated IFN-γ production
and IFN-γ-stimulated IL-12p70 production are unaffected.
This suggests that their IFN-γ/IL-12 cytokine loop is intact,
explaining in turn the absence of mycobacterial infections.

Treatment with anti-IL-1β antagonists (Anakinra,
Rilonacept) achieved sustained clinical remission in all
CAPS patients studied [11,34]. Surprisingly, we saw no
improvement in stimulation indices or in abnormal
cytokine levels in PBMCs from treated NOMID patients. In
contrast, other studies highlight a positive effect of anti-
IL-1β treatment in vivo on cytokine production in CAPS. In
one study, Anakinra therapy led to decreased LPS-
stimulated IL-1β secretion in three NOMID patients [2].
Others reported inhibited cytokine production on Anakinra
treatment with a rapid decrease in serum IL-6 levels after 1
month and a slower decrease in TNF after 3 months of
treatment [11,18]. Although we have shown previously that
6 months of Anakinra treatment reduced IL-1β production
in NOMID patients [11], we now suggest more variation in
IL-1β production with therapy. The current study uses a
larger patient sample and suggests the influence of addi-
tional factors on IL-1β production such as the pre-
activation state. Furthermore, responsiveness of monocytes
obtained at the respective blood draw may vary on a daily
basis depending on previous in-vivo exposures.

Although stimulation indices from NOMID patients did
not improve with in-vivo Anakinra therapy, they increased
when Anakinra was added to PBMCs of untreated patients
in vitro. The improvement was due largely to a decrease in
spontaneous cytokine release. One μg of Anakinra in the
culture plate was estimated to equal an in-vitro concentra-
tion of about 3 ng/ml, which is close to serum concentra-
tions of in-vivo-treated NOMID patients [35]. The positive
effect of Anakinra in vitro on stimulation indices supports
the idea that IL-1β up-regulates a vicious IL-1β-producing
cycle in an autocrine manner that can be counteracted by
the presence in the culture of IL-1β blocking drugs. Exces-
sive spontaneous cytokine production in Anakinra-treated
patients probably improves because of supraphysiological
concentrations of the IL-1 receptor antagonist in the
serum, but we were unable to detect this effect in patients
treated with Anakinra when the blood was drawn. Indeed,
when cells from treated patients are isolated and washed for

the assays, it is likely that any IL-1β blocking agent is
removed.

In contrast to the improvement in spontaneous cytokine
release, stimulated cytokine production remains low despite
the addition of Anakinra to the culture. This indicates that
the defect is cell-intrinsic and unrelated to IL-1β levels.
Reduced cytokine activation and secretion in PHA, LPS and
IFN-γ stimulated cells, but not with IL-12p70 stimulation,
needs to be confirmed by mRNA levels and protein expres-
sion studies of the cytokines and further evaluated, for
example with inflammasome inhibitors.
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Fig. S1. The Nacht leucine rich repeat and pyrin domain
containing protein 3 (NALP3) inflammasome activates
interleukin (IL)-1β and IL-18. NALP3 has three domains:
an N-terminal protein–protein interaction domain, called
PYD; a central nucleotide-binding and oligomerization
domain, called NACHT; and a C-terminal ligand-binding
and regulatory leucin-rich repeat domain, called LRR.
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NACHT is encoded by exon 3. PYD interacts with a protein
called ASC, which stands for ‘apoptosis-associated speck-
like protein containing a caspase recruitment domain’
(CARD). This interaction then binds pro-caspase-1 to ASC
via homodimerization of the respective CARD domains.
This is called the NALP3 inflammasome. Upon activation
by ligand binding [e.g. adenosine triphosphate (ATP)]
to the LRR of NALP3 caspase-1 dimerizes, resulting
in proximity-induced autoactivation. Active, p10/20-
tetrameric caspase-1 is released from the complex to cleave
IL-1β and IL-18 precursors into their active forms.
Fig. S2. Subdivision of patients. Flowchart of the individu-
als studied per experiment. Patients per group: •; patients per

group with duration of treatment in months: ; patient numbers

from Table 1: #; patients with Anakinra added to their peripheral blood

mononuclear cells (PBMCs) in vitro or treated with Anakinra in vivo:

V. Patients per group with duration of treatment in months per dose of

Rilonacept .

Fig. S3. Diagram explaining low stimulation indices (SIs) in
neonatal-onset multi-system inflammatory disease
(NOMID) patients with improvement of SIs by Anakinra
therapy in vitro but not in vivo.
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