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Figure 3. Invivo maturation of 3-D cell pellets derived from mutant or wild-type iPSCs from patients with neonatal-onset multisystem inflammatory
disease. A, Images of 3-D cell pellets derived from mutant or wild-type iPSCs following transplantation into immunodeficient mice. Gross
appearance, hematoxylin and eosin (H&E) staining, Alcian blue staining, von Kossa staining, and higher-magnification images of von Kossa staining
are shown. Red circles indicate bone or cartilage pellets in gel form. White bars = 2.0 mm,; black bars = 0.2 mm. Results shown were obtained using
iPSCs from patient 1; similar results were obtained using iPSCs from patient 2. B, Quantitative analysis of the size of pellets when they were
transplanted (day 38) and harvested (day 66). Bars show the mean = SEM of 3 independent clones, from which duplicate measurements were

obtained. Data are representative of 3 independent experiments. = = P < 0.05. See Figure 1 for other definitions.

with abnormal ossification. The in vitro differentiation
system did not induce chondrocyte calcification, proba-
bly due to the lack of cell components or factors
necessary for the final differentiation step. Therefore,
we used an in vivo differentiation system as a model for
endochondral ossification, in which immature 3-D pellet
samples were transplanted into NOG mice. The trans-
planted cartilage mass was vascularized in vivo (Figure
3A). Mutant pellets were larger than wild-type pellets,
both at transplantation and harvesting, and this size
difference increased during in vivo differentiation (Fig-
ure 3B). Following von Kossa staining, which detects
calcium deposits, calcification was detected in both
wild-type and mutant pellets (Figure 3A). Interestingly,
Alcian blue staining revealed that mutant pellets con-
tained more residual cartilage components than wild-

type pellets. In addition, calcified areas were scattered
throughout mutant pellets, whereas they were localized
in specific regions and were clearly separated from
Alcian blue—positive areas in wild-type pellets. Taken
together, these data indicate that in our in vivo model,
chondrocyte tissue differentiated from mutant iPSCs
grows larger and exhibits disorganized ossification com-
pared to chondrocyte tissue differentiated from wild-
type iPSCs.

The enhanced chondrogenesis of mutant iPSCs
is independent of the NLRP3 inflammasome. The in-
flammatory phenotype of NOMID is caused by gain-of-
function NLRP3 mutations, leading to activation of the
NLRP3 inflammasome (27). Therefore, we examined
the involvement of the NLRP3 inflammasome in the
formation of cartilaginous masses. First, we analyzed the
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Figure 4. NLRP3 inflammasome-independent enhanced chondrogenesis of mutant iPSCs from patients with neonatal-onset multisystem
inflammatory disease. Wild-type and mutant iPSCs were differentiated into chondrocytes in 2-D micromass cultures, and the caspase 1 inhibitor
Ac-YVAD-CHO (YVAD; 10 wM) or human recombinant interleukin-1 receptor antagonist (IL-1Ra; 1 ug/ml) was added to the cultures. Control
cultures were incubated with DMSO or phosphate buffered saline (PBS) containing bovine serum albumin (BSA). A, Representative 2-D micromass
cultures treated with YVAD or DMSO as control (left) or with IL-1Ra or PBS/BSA as control (right). B, Diameter of the micromass. C, SOX9
expression in chondrocytes derived from wild-type and mutant iPSCs and treated with YVAD or IL-1Ra. Expression levels are shown relative to
those in ANOS cells (set at 1). D, DNA concentration, glycosaminoglycan (GAG) concentration, and the ratio of GAG concentration to DNA
concentration in chondrocytes derived from wild-type or mutant iPSCs and treated with YVAD or IL-1Ra. Bars show the mean * SEM of 3
independent clones from which triplicate measurements were obtained. Data are representative of 3 independent experiments. Data shown were
obtained using iPSCs from patient 1; similar results were obtained using iPSCs from patient 2. # = P < 0.05. See Figure 1 for other definitions.

expression of the NLRP3 inflammasome components in
2-D cartilage samples. Mutant and wild-type cartilage
samples both expressed NLRP3, but did not express
ASC, pro—caspase 1, or pro-IL-18 by Western blotting
(data not shown). This suggests that the formation of
large cartilaginous masses by mutant chondrocytes oc-
curs independently of the NLRP3 inflammasome.

To confirm that chondrogenesis of mutant iPSCs
is enhanced independently of the NLRP3 inflam-
masome, we used inhibitors of components of the

NLRP3 inflammasome, namely, Ac-YVAD-CHO,
which inhibits caspase 1, and recombinant human IL-1
receptor antagonist (IL-1Ra), which antagonizes IL-1.
Neither Ac-YVAD-CHO (10 M) treatment nor recom-
binant human IL-1Ra (1 pg/ml) treatment during 2-D
micromass culture prevented the formation of large
cartilaginous masses (Figures 4A and B), SOX9 up-
regulation (Figure 4C), or overproduction of GAG
(Figure 4D) by chondrocytes derived from mutant
iPSCs. The same was true when samples were treated
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Figure 5. Up-regulation of the expression of SOX9 and COL2A1 in chondrocytes with mutated NLRP3 during the chondroprogenitor cell stage.
Expression of SOX9, COL241, ACAN, COMP, and NLRP3 in cach clone was measured in triplicate from day —9 to day 15 of chondrocyte
differentiation of iPSCs from patients with neonatal-onset multisystem inflammatory disease with wild-type or mutant NLRP3. Expression levels of
SOX9, COL2A1, ACAN, and COMP are shown relative to those in ANOS cells (set at 1), and the expression level of NLRP3 is shown relative to
that in peripheral blood mononuclear cells (PBMCs; set at 1). Bars show the mean * SEM of 3 independent clones. Data are representative of 3
independent experiments with consistent results and were obtained using iPSCs from patient 1; similar results were obtained using iPSCs from

patient 2. * = P << 0.05. See Figure 1 for other definitions.

with higher concentrations of these inhibitors (up to
1,000-fold higher) (data not shown). Taken together,
these data strongly indicate that the enhanced chondro-
genesis of mutant iPSCs is independent of caspase 1 and
IL-1, and thus the NLRP3 inflammasome.

Correlation of the up-regulation of NLRP3 with
the up-regulation of SOX9 in chondroprogenitor cells.
To dissect the mechanism underlying the enhanced
chondrogenesis of mutant iPSCs, we analyzed the time
course of chondrocyte-specific gene expression in chon-
droprogenitor cells (Figure 5). Expression of SOX9,
COL2A1, and NLRP3 started to be up-regulated in
chondroprogenitor cells on day 6. Importantly, on day
15, SOX9 and COL2A1 were up-regulated more in
mutant chondroprogenitor cells than in wild-type chon-
droprogenitor cells, whereas NLRP3 was up-regulated
similarly in both types of cells (Figure 5). In contrast, at
this time point, the other chondrocyte-specific markers
ACAN and COMP were not expressed in either type of
cell (Figure 5). Thus, differential up-regulation of SOX9
in chondroprogenitor cells correlated with the up-
regulation of NLRP3 and preceded the up-regulation of
COMP and ACAN.
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Critical role of the CREB/ATF-binding site of the
SOX9 promoter in mutated NLRP3-dependent en-
hancement of SOX9 expression. Next, we focused on
SOX9 because it was up-regulated together with NLRP3,
and this preceded the up-regulation of other
chondrocyte-specific markers. We analyzed the activity
of the human SOX9 promoter in chondroprogenitor
cells in which the level of SOX9 mRNA was increased.
We created a luciferase reporter construct containing
the 5’-UTR of human SOX9, which encompasses —927
to +84 bp of the transcription start site. This fragment
has basal promoter activity and putative binding sites for
5 transcription factors, namely, NF-AT, activator protein
1 (AP-1), NF-«B, Sp1, and CREB/ATF (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.38912/abstract). This fragment showed no promoter
activity in the monocytic cell line THP-1 or the erythro-
leukemic cell line K562, which do not express endoge-
nous SOX9 (data not shown). Importantly, human SOX9
promoter activity was higher in mutant chondroprogeni-
tor cells than in wild-type chondroprogenitor cells (Fig-
ure 6A). To identify the element of the human SOX9
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Figure 6. SOX9 up-regulation in chondrocytes derived from iPSCs from patients with neonatal-onset multisystem inflammatory disease with mutant
NLRP3 is dependent on the cAMP/protein kinase A (PKA)/CREB pathway. A, SOX9 promoter activity in wild-type and mutant chondroprogenitor
cells after the introduction of mutations into its transcription factor binding sites. B, SOX9 promoter activity and expression in wild-type and mutant
chondroprogenitor cells treated with SQ22536 or forskolin. C, Effects of SQ22536 and forskolin on 3-D pellets of mutant and wild-type cells. Both
reagents were used at a concentration of 10 wM. Bars = 2.0 mm. D, Increased activity of the cAMP/PKA/CREB pathway in mutant
chondroprogenitor cells compared to wild-type chondroprogenitor cells, as demonstrated by cAMP concentration in wild-type and mutant iPSCs
(day 0) and chondroprogenitor cells (day 15 and day 36), and Western blot analysis of phosphorylated CREB in wild-type (WT1-3) and mutant
(MT1-3) chondroprogenitor cells. E, Schematic diagram summarizing the molecular mechanism elucidated in this study. Bars in A-D show the
mean = SEM of 3 independent clones from which triplicate (A, B, and D) or duplicate (C) measurements were obtained. Data are representative
of 2 independent experiments with consistent results and were obtained using iPSCs from patient 1; similar results were obtained using iPSCs from

patient 2. * = P < 0.05. See Figure 1 for other definitions.

promoter region that responds in a mutated NLRP3-
dependent manner, we performed site-directed mu-
tagenesis of the sites of this promoter that bind the
transcription factors NF-AT, AP-1, NF-«B, Spl, and
CREB/ATF (Supplementary Figure 1). Among the re-
porters with these mutations, the reporter that harbored
a mutation in the CREB/ATF-binding site showed the
least up-regulation of SOX9 promoter activity in mutant
cells (Figure 6A and Supplementary Figure 1). Thus, we
speculate that the CREB/ATF-binding site is critical for

activation of the human SOX9 promoter in a mutated
NLRP3-dependent manner.

Critical role of the cAMP/PKA/CREB pathway in
SOX9 up-regulation caused by mutated NLRP3. To
further explore the association between mutated NLRP3
and the cAMP/PKA/CREB pathway, we examined the
effect of an adenylate cyclase activator and inhibitor
(forskolin and SQ22536, respectively) on the activity of
the human SOX9 promoter and SOX9 mRNA expres-
sion (Figure 6B). Among mutant chondroprogenitor

— 1561 —



CHONDROGENESIS OF NOMID 1PSCs VIA THE cAMP/PKA/CREB PATHWAY 311

cells, SOX9 promoter activity was 2.3-fold higher in
forskolin-treated cells than in vehicle-treated cells,
whereas SOX9 promoter activity was 2-fold lower in
SQ22536-treated cells than in vehicle-treated cells (Fig-
ure 6B). Similar effects were observed in wild-type
chondroprogenitor cells, although they were less pro-
nounced. These data correlated well with the effects of
forskolin and SQ22536 on SOX9 mRNA expression. We
also examined the effects of forskolin and S0Q22536 on
3-D chondrocyte pellet formation (Figure 6C). Com-
pared to pellets of vehicle-treated mutant cells, pellets of
mutant cells treated with forskolin and SQ22536 were
2.0-fold larger and 2.1-fold smaller, respectively. Similar
effects were observed in wild-type cells, although they
were less pronounced. These data clearly indicate that
up-regulation of SOX9 following activation of adenylate
cyclase is involved in the enhanced chondrogenesis of
mutant IPSCs.

We next measured the cAMP concentration to
demonstrate that the activity of adenylate cyclase is
increased in mutant chondroprogenitor cells. The con-
centration of cAMP was 4-fold higher in mutant chon-
droprogenitor cells than in wild-type chondroprogenitor
cells on days 15 and 36 (Figure 6D). By contrast, the
concentration of cAMP was similar in mutant and
wild-type iPSCs, in which NLRP3 expression was low.

Finally, we examined the level of phosphorylated
CREB in chondroprogenitor cells. CREB is phosphor-
ylated by cAMP-activated PKA. According to Western
blot analysis, the level of phosphorylated CREB was
higher in mutant chondroprogenitor cells than in wild-
type chondroprogenitor cells on days 15 and 36 (Figure
6D). Taken together, these data indicate that the cAMP/
PKA/CREB pathway plays an important role in the
up-regulation of SOXY, and therefore enhanced chon-
drogenesis, in chondroprogenitor cells with mutant
NLRP3 (Figure 6E).

DISCUSSION

Disease-specific iPSCs have been used exten-
sively to investigate the pathogenesis of diseases and to
discover novel drugs. This approach is particularly useful
to study rare diseases because tissues are often difficult
to obtain from patients with such diseases. In this study,
we used disease-specific iPSCs to study NOMID. Using
this approach, we produced chondrocyte tissues with
mutant and wild-type NLRP3, and revealed a previously
unidentified connection between the inflammasome-
associated molecule NLRP3 and the master regulator of
chondrocyte differentiation SOX9.

SOX9 was up-regulated during the differentia-
tion of iPSCs into chondrocytes, and this was particularly
pronounced in mutant iPSCs. During cartilage develop-
ment, SOX9 is highly expressed in immature chondro-
cytes and is required for the condensation and differen-
tiation of mesenchymal cells. During the early stages of
chondrogenesis, SOX9 activates the transcription of
many cartilage-specific ECM genes, including COL2A41,

ACAN, and COMP, by directly interacting with SOX5

and SOX6 (28,29). Overexpression of SOX9 in chondro-
cytes using a recombinant adeno-associated virus signif-
icantly increases the synthesis of major ECM compo-
nents in chondrocytes, without affecting their
proliferation, in vivo and in vitro (30,31). In addition,
retroviral transduction of SOX9 increases ECM produc-
tion in human chondrocytes in vitro (32). These data
correlate well with our observation that SOX9 overex-
pression driven by mutated NLRP3 caused overproduc-
tion of ECM, but did not increase chondrocyte prolifer-
ation.

It remains to be determined how enhanced ex-
pression of SOX9 in chondrocytes leads to epiphyseal
overgrowth in NOMID patients. Conditional transgenic
mice have been used to show that overexpression of
SOX9 in COL2AI-positive cells inhibits terminal differ-
entiation of hypertrophic chondrocytes and endochon-
dral bone formation (29). Although we have not directly
confirmed the expression level of SOX9 in samples
derived from NOMID patients, this previous study
might help to link the findings of the present study with
the clinical phenotype of NOMID patients.

We identified the cAMP/PKA/CREB pathway as
being critical for the up-regulation of SOX9 mRNA in a
mutant NLRP3-dependent manner. cCAMP is an intra-
cellular second messenger that is involved in a variety of
cellular processes (33). cAMP/PKA/CREB signaling is
crucial in chondrogenesis, and synergism between cAMP
and SOX9 is particularly important (34-36). Cotransfec-
tion of CREB binding protein (CBP) and p300 increases
SOX9 activity (35). PKA phosphorylates SOX9 and
thereby increases SOX9 activity, which results in the
up-regulation of the COL2AI1 promoter through the
interaction between CBP and SOX9 (34). In addition,
the PKA inhibitor H89 blocks chondrogenesis in the
chick limb bud (36). These data support the idea that
cAMP/PKA/CREB signaling up-regulates SOX9 to en-
hance chondrogenesis.

Using stromal cells established from a tumor-like
lesion in a NOMID patient, Almeida et al (37) demon-
strated that activation of the cAMP/PKA/CREB path-
way leads to caspase 1 activation, release of IL-18, and
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consequently the proliferation of bone stromal cells.
This suggests that bone lesions in NOMID are caused in
an NLRP3 inflammasome—dependent manner. One ex-
planation for the discrepancy between their data and
ours is that no disease-causing NLRP3 mutation was
identified in the patient in that previous study; therefore,
an unknown genetic alteration may have caused the
NOMID phenotype. Another explanation is that differ-
ent cell types were analyzed in the two studies. The
previous study analyzed bone stromal cells established
from a tumor-like lesion that might have been a hetero-
geneous population, while we focused on a single cell
type, namely, chondrocytes.

The lack of environmental factors and interac-
tions with other cell populations in our model might
have eliminated some contributions of the NLRP3 in-
flammasome and IL-183 pathway that occur in NOMID
patients. Furthermore, our observations relied on an
artificial differentiation system in which iPSCs were first
differentiated into cells of neural crest character and
then into chondrocytes by culture in the presence of
various exogenous factors. Abnormal epiphyseal growth
is specifically observed around the knee joints of
NOMID patients; therefore, additional events might be
required to trigger abnormal chondrocyte proliferation
in vivo. It is also possible that specific factors produced
by surrounding cells in unaffected joints prevent mutant
chondrocytes from manifesting their phenotype. Further
analyses of patients or patient-derived samples would
provide a better understanding of the pathophysiology
of arthropathy in NOMID.

The interaction between cAMP and NLRP3 has
been studied in monocyte/macrophages, in which the
NLRP3 inflammasome is activated following binding of
extracellular Ca®" to Ca®"-sensing receptors (CaSRs)
(38,39). One study reported that an increase in extracel-
lular Ca** is detected by CaSRs, which leads to phos-
pholipase C activation and subsequently the release of
Ca’?* from the endoplasmic reticulum and down-
regulation of cAMP. cAMP binds directly to NLRP3 and
inhibits assembly of the NLRP3 inflammasome. There-
fore, this decrease in the level of intracellular cAMP
relieves this inhibition and thereby induces activation of
the NLRP3 inflammasome (38). On the other hand,
another study reported that an increase in the extracel-
lular Ca?* concentration induces an increase in the
intracellular Ca®* concentration, thereby leading to
activation of the NLRP3 inflammasome, and this mech-
anism requires the CaSRs GPRC6A and CaSR, but not
the down-regulation of cAMP (39). Thus, the effects of
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cAMP on the NLRP3 inflammasome in monocyte/macro-
phages remain a subject of controversy.

In the chondrocyte differentiation system used in
the present study, mutated NLRP3 caused SOX9 over-
expression via the cAMP/PKA/CREB pathway, which is
at odds with the relationship between cAMP and acti-
vation of the NLRP3 inflammasome in monocyte/macro-
phages. This discrepancy might be explained by the
absence of other NLRP3 inflammasome components,
such as ASC and procaspase 1, in the chondrocytes
generated in the present study. Further analysis is
needed to determine why cAMP/PKA/CREB signaling
elicits different effects on mutated NLRP3 in chondro-
cytes and monocyte/macrophages, as well as how intra-
cellular cAMP is up-regulated in chondrocytes derived
from mutant iPSCs.

There have been many reports on the differenti-
ation of chondrocytes from embryonic stem cells (ESCs)
or iPSCs (40-42). However, previously, it was difficult to
differentiate a sufficient number of chondrocytes with a
relatively mature phenotype from ESCs or iPSCs, espe-
cially human ESCs or iPSCs. We have recently estab-
lished a cartilage differentiation system in which iPSCs
first differentiate into cells of neural crest character and
then into chondrocytes, which enabled us to obtain a
large number of chondrocytes with the phenotype of
growth plate cartilage chondrocytes. An important as-
pect of the present study is that this differentiation
system can generate a large number of chondrocytes that
could share functional properties causing the arthro-
pathy observed in NOMID. This system could thereby
be used to screen for novel therapeutic agents.

In conclusion, we showed that SOX9 is overex-
pressed via the cAMP/PKA/CREB signaling pathway in
chondrocytes with disease-causing mutations in NLRP3,
and this causes overproduction of ECM independently
of the NLRP3 inflammasome. We used iPSC technology
to elucidate the role of chondrocytes in the pathophys-
iology of the human disease NOMID.
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Abstract

Objective. Chronic inflammation plays a key role in the development of atherosclerosis. Early progression
of atherosclerosis has been reported in patients with RA. Cryopyrin-associated periodic syndromes
(CAPS) are autosomal dominant autoinflammatory disorders caused by heterozygous NLRP3 gene muta-
tions. Chronic infantile neurological cutaneous and articular (CINCA) syndrome is the most severe form of
CAPS and patients display early onset of rash, fever, uveitis and joint manifestations. However, there has
been no previous report on atherosclerosis in patients with CAPS. The objective of this study is to assess
the development of atherosclerosis in patients with CINCA syndrome.

Methods. Intima-media thickness (IMT) of the carotid arteries, stiffness parameter §, ankle brachial index
(ABl) and pressure wave velocity (PWV) were evaluated by ultrasonography in 3 patients with CINCA
syndrome [mean age 9.0 years (s.n. 5.3)] and 19 age-matched healthy controls [9.3 years (s.p. 4.3)].

Results. The levels of carotid IMT, stiffness parameter  and PWV in CINCA syndrome patients were
significantly higher than those in healthy controls [0.51 mm (s.p. 0.05) vs 0.44 (0.04), P=0.0021; 6.1 (s.n.
1.7) vs 3.9 (1.0), P=0.0018; 1203 cm/s (s.0. 328) vs 855 (114), P=0.017, respectively].

Conclusion. Patients with CINCA syndrome showed signs of atherosclerosis from their early childhood.
The results of this study emphasize the importance of chronic inflammation in the development of ath-
erosclerosis. Further analysis on atherosclerosis in young patients with CINCA syndrome may provide
more insights into the pathogenesis of cardiovascular disease.

Key words: ankle-brachial index, atherosclerosis, chronic infantile neurologic cutaneous and articular syn-
drome, cryopyrin-associated periodic syndromes, intima-media thickness, pulse wave velocity.

Introduction adult patients with RA, SLE and familial Mediterranean

fever (FMF). Patients with SLE, APS or RA have increased
it is well known that chronic inflammation is a predispos-  mortality rates related to early atherosclerosis. Relative
ing factor for atherosclerosis. There has been consider- risk of 5 for myocardial infarction, 6-10 for stroke in SLE

able interest regarding the possible causal role of  patients and 3.6 for cardiovascular deaths in RA patients
inflammation in the development of atherosclerosis in has been reported [1]. Furthermore, the American Heart
Association has reported that chronic inflammatory dis-
ease is one of the eight high-risk factors for atheroscler-
osis, even in children [2].
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containing 3 (NLRP3) gene. It has been reported that dis-
ease associated NLRP3 mutation causes IL-18 oversecre-
tion by caspase-1 activation. CINCA syndrome, the most
severe form among them, is characterized by chronic sys-
temic inflammation manifested as early onset of rash,
fever, uveitis, chronic meningitis and joint symptoms [3].
However, there has been no previous report evaluating
atherosclerosis in patients with CAPS.

Several physiological examinations are applied to
assess atherosclerosis. Carotid intima-media thickness
(cIMT) is known to be an indicator of atherosclerosis for
adults and children [4]. In fact, increased cIMT has been
shown in children with obesity, hyperlipidaemia and dia-
betes mellitus [5]. It has been reported that stiffness par-
ameter B is more useful in detecting atherosclerotic
changes in earlier stages than cIMT [6]. Also, pulse
wave velocity (PWV) and ankle-brachial index (ABI) are
simplified parameters of the severity of atherosclerosis
and predictors of prognosis in adult patients with cardio-
vascular disease [7, 8]. The objective of this study is to
assess the development and progression of atheroscler-
osis in young patients with CINCA syndrome by measur-
ing cIMT, stiffness parameter B, PWV and ABI.

Patients and methods

Study population

Three patients (a 5-year-old boy [9], a 7-year-old girl [10]
and a 15-year-old boy [11]) with CINCA syndrome and 19
age-matched healthy controls were enrolled in this study.
NLRP3 mutations were observed in all three patients. The
parameters of atherosclerosis were investigated in these
three patients who were in remission for 1 year after the
initiation of canakinumab treatment. The Institutional
Review Board of Kyushu University Hospital approved
the study and informed consent was obtained from each
subject.

Sonographic study

Carotid artery US was performed with an iE33 ultrasound
machine (Philips, Amsterdam, The Netherlands) using an
11 MHz probe. Measurements were obtained with sub-
jects in the supine position by experienced sonographers
blinded to the subjects’ clinical status. Ultrasonographic
images of the right and left common carotid arteries
(CCAs) of each subject at the lower third cervical region
proximally and 1 cm above the carotid bulb distally in the
longitudinal plane were obtained. CCA IMT measure-
ments of the distal CCA posterior wall were done manually
by the distance measurement system of the sonography
device after magnification of the images. Three measure-
ments were made in a non-neighbouring fashion within an
~1cm segment from both the left and right CCA proximal
and distal portions. The IMT was measured during end
diastole. Mean IMT was calculated as the average of
three consecutive measurements of maximum far wall
thickness obtained from the CCA. Measurement of the
internal diameter of the CCA was performed for three con-
secutive heartbeats. Intraobserver variability was 1.7% for
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IMT and 3.1% for arterial wall diameter measurements.
The stiffness parameter B was calculated from this for-
mula [12]: B = [In(SBP/DBP))/(AD/D), where SBP is the sys-
tolic blood pressure, DBP is the diastolic blood pressure,
D is carotid artery diastolic diameter and AD is the change
in artery diameter during systole.

PWV and ABI

PWV and ABI were measured using a BP-203RPEIlll
(Omron Colin, Tokyo, Japan). PWV, ABI, the blood pres-
sure of the extremities, ECG and heart sounds were syn-
chronously measured and then automatically recorded.
Electrodes were contacted on both wrists and a micro-
phone was attached to the left margin of the sternum. The
extremities were then wrapped by cuffs that were con-
nected to a pulse monitor. The volume wave and time
difference emitted from the pulse monitor were recorded.
The pulse wave was defined as the value obtained by
dividing the distance between the two points by the time
spent in transferring the pulse. In the current study, the
pulse wave was measured in the brachial artery and ankle
(baPWV). The ABI was defined as the ratio between the
systolic pressure measured in the ankle and that mea-
sured in the brachial artery.

Laboratory evaluation

In the morning, after an overnight fast, venous blood was
sampled for the measurement of serum concentrations of
glucose, total cholesterol, triglycerides and standard CRP.

Statistical analysis

Data are expressed as mean (s.n.). Differences between
data were studied using the Student’s t test. Analytical
statistics of data between group comparisons of categor-
ical data parameters were performed by using the chi-
square test. Statistical significance was taken as
P <0.05. All statistical analyses were performed using
JMPS8 (SAS Institute, Tokyo, Japan).

Results

Clinical characteristics of the study group are presented in
Table 1. Age, sex and triglyceride levels were similar be-
tween patients with CINCA syndrome and control sub-
jects (P=0.65, 0.53 and 0.17, respectively). Total
cholesterol levels in CINCA syndrome patients were sig-
nificantly lower than those in healthy controls, although
they were within normal ranges in both groups. CRP con-
centrations in the patient group were significantly higher
than in healthy controls [5.76 mm (s.p. 2.05) vs 0.08 (0.16),
P < 0.0001].

All subjects tolerated the sonographic examination well.
Sonographic study results and normal values of the par-
ameters for the age of the patients [13, 14] are summar-
ized in Table 2. Carotid artery analysis revealed that the
IMT and stiffness parameter § of patients with CINCA syn-
drome were significantly higher than those of healthy con-
trols [0.51 mm (s.p. 0.05) vs 0.44 (0.04), P=0.0021, and 6.1
(s.D. 1.7) vs 3.9 (1.0), P=0.018, respectively).
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Early atherosclerosis in CINCA syndrome

TreLe 1 Clinical and laboratory characteristics of the subjects

Patient 1

Patient 2  Patient 3

Gender, male/female Male Female
Age, years 5 7
BMI, kg/m? 16.0 15.5
Systolic blood pressure, mmHg 91 96
Diastolic blood pressure, mmHg 45 50
Total cholesterol, mg/dl 123 122
Triglycerides, mg/dl 61 79
Glucose, mg/dl 93 85
CRP, mg/dl 0.26 1.62

CINCA syndrome = Controls (n=19),
{n=3), mean (s.0.) mean (s.n.) P-value
Male 2/1 9/10 0.53
15 9.0 (5.3) 9.3 (4.3) 0.65
16.8 16.1 (0.6) 17.3 (2.9) 0.51
128 105 (20) 99 (8) 0.38
68 54 (12) 53 (4) 0.73
131 125 (5) 159 (17) 0.0046
157 99 (51) 70 (28) 0.17
102 94 (3) 94 (6) 0.95
555  2.48 (2.75) 0.08 (0.16) <0.0001

CINCA syndrome: chronic infantile neurological cutaneous and articular syndrome.

TeeLe 2 Ultrasonographic examination, baPWV and ABI in CINCA syndrome patients and control subjects

Patient 1

. Patient 2

CINCA
syndrome
(n=3),
mean (s.n.)

- Controls
(n=19), e
‘mean (s.0.) P-value

Patient 3

Intima-media thickness, mm 0.47 (0.40) 0.5 (0.40) 0.57 (0.50) 0.51 (0.05) 0.44 (0.04) 0.0021
(normal value for each age) [13]

Systolic diameter, mm 5.5 58 5.8 5.7 (0.2) 6.2 (0.8) 0.30

Diastolic diameter, mm 4.8 5.2 5.4 5.1 (0.3) 53(1.7) 0.63

Stiffness parameter 3 4.8 (3.4) 5.7 (3.7) 7.6 (4.5) 6.1 (1.7) 3.9 (1.00 0.018
(normal value for each age) [14]

Right baPWV, cm/s 1068 920 1566 1185 (338) 850 (114) 0.0025

Left baPWV, cm/s 1053 1022 1587 1221 (318) 859 (114) 0.0014

Averaged baPWV, cm/s 1061 (<941) 971 (<919) 1577 (1041) 1203 (328) 855 (114) 0.0017
(normal value for each age) [15]

Right ABI 0.91 0.98 1.00 (0.10) 1.04 (0.10) 0.67

Left ABI . 0.95 0.92 0.99 (0.10)  1.06 (0.10) 0.48

Averaged ABI (normal value for 1.16 (>1.00) 0.93 (>1.00) 0.95 (>1.00) 0.99 (0.10)  1.05(0.10) 0.54

each age) [15]

CINCA syndrome: chronic infantile neurological cutaneous and articular syndrome; baPWV: brachial artery pulse wave vel-

ocity; ABI: ankle-brachial index.

The averaged baPWV of the patients was significantly
higher than that of controls [1203 cm/s (s.n. 328) vs 855
(114), P=0.017) (Table 2). There was no significant differ-
ence in ABI between the two groups, although the vaiues
of two patients were lower than the normal range [15].

Discussion

In the present study we found that patients with CINCA
syndrome develop atherosclerosis from early childhood.
There have been many previous studies describing ath-
erosclerosis associated with inflammatory diseases such
as RA, SLE and FMF [1]. However, this is the first report
showing the youngest group of patients who developed
atherosclerosis associated with inflammatory disorders.
It has been shown that inflammation plays an important
role in the development of atherosclerosis. The presence

www.rheumatology.oxfordjournals.org

of macrophages and activated lymphocytes within the
plaques supports the nature of an immune system-
mediated inflammatory disorder of atherosclerosis. It has
been shown that higher disease activity representing
higher inflammatory burden is associated with increased
cardiovascular events in patients with RA and SLE [16]. It
may be induced by elevated inflammatory cytokines,
which can cause the development of endothelial dysfunc-
tion in atherosclerotic processes. In addition, changes in
lipid metabolism and a wide variety of immune and inflam-
matory alterations that directly affect the endothelium,
vascular smooth muscle cells and inflammatory cellular
components of the atherosclerotic plague may also play
important roles in the development and progression of
atherosclerosis in patients. CINCA syndrome is the most
severe form of CAPS, and patients display severe sys-
temic inflammation from the neonatal period [3].
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Therefore it is reasonable to assume that the progression
of atherosclerosis from childhood in three patients with
CINCA syndrome is closely related to chronic systemic
inflammation. It was reported that the incidence of athero-
sclerosis could be reduced by aggressive disease-mod-
ifying therapies in patients with RA and SLE [16]. In
patients with CINCA syndrome, we can investigate the
association between inflammation and atherosclerosis
without any effect of classical risk factors such as obesity,
smoking, hyperlipidaemia or diabetes. This may provide a
novel clue to clarify the role of inflammation in the devel-
opment of atherosclerosis.

In patients with FMF and SLE, age and disease duration
were reported to be associated with the severity of ath-
erosclerosis [17]. In the present study we found that the
oldest patient (patient 3) with the longest disease duration
had the most advanced atherosclerosis, which is in line
with this report. Early diagnosis and effective treatment for
chronic inflammation in these patients have been empha-
sized in preventing cardiovascular disease because a
negative correlation between the duration of anti-inflam-
matory treatment and IMT has been observed in SLE pa-
tients [18].

Interestingly, improvements in PWV and cIMT [19] were
reported in patients with RA after sufficient infliximab
treatment. In  patients with CINCA syndrome,
canakinumab was reported to induce rapid and sustained
remission of symptoms [20]. It is possible that a significant
improvement in atherosclerosis will be observed in our
patients with CINCA syndrome after canakinumab treat-
ment in the near future.

However, there are some limitations in the present
study. First, our study contains only a small number of
patients because of the extremely rare incidence of this
disease. Second, the parameters investigated in this
study are considerably variable with the age of the sub-
jects. It is also possible that the values of the parameters
change because of the measurement equipment.
Multicentre and long-term follow-up analysis with stan-
dardized procedures and tools on a larger number of the
patients are necessary to provide more precise informa-
tion on the pathogenesis of atherosclerosis.

Conclusion

Patients with CINCA syndrome developed atherosclerosis
from early childhood. Atherosclerosis in CINCA syndrome
patients may be a prototype of cardiovascular disease
predominantly induced by chronic inflammation.

Rheumatology key messages .

e Patients with CINCA syndrome develop athero-
sclerosis from early childhood.

e This report shows the youngest group of patients
who developed atherosclerosis associated with in-
flammatory disorders.

o Early treatment with anti-IL-1B antibody might be
beneficial in preventing atherosclerosis in CINCA
syndrome.
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