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Cryopyrin-associated periodic syndrome (CAPS) comprises a group of disorders
characterized by recurrent bouts of systemic inflammation related to
overactivation of inflammasome. So far, neither large cases of the correlation
between genotype and phenotype nor treatment strategies have been clearly
stated in China. Here, we studied the clinical and genetic characteristics and their
correlation from 30 CAPS patients in China. We identified the pathogenesis for
novel mutations by activating NLRP3 inflammasome for peripheral cells with ATP
plus LPS, compared characteristics with other case series, and analyzed
treatment outcomes of these patients. The patients harbored 19 substitutions
in NLRP3, and 8 of them were novel mutations. Among these novel mutations,
percentages of severe musculoskeletal, ophthalmologic, and neurological
symptoms were higher compared with other case serials. The correlation of
phenotypes and their variants seemed different in our cases, such as T350M,
S333G/1/R, and F311V (somatic mosaicism). Ten patients received Canakinumab
treatment, which proved effective at alleviating musculoskeletal, neurological,
auditory, visual manifestations, fever, and rash for 10-20 months follow-up.
Patients treated with prednisolone or prednisolone plus thalidomide or
methotrexate, tocilizumab, TNF inhibiting agents, and sirolimus achieved only
partial remission. Importantly, we firstly identified somatic mosaicism mutation of
F311V, which was severe. Our study extended the spectrum of genotype and
phenotype and characteristics of their correlations and provided detailed
responses to different treatment strategies. These data provide guidance for
future diagnosis and management for CAPS.
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1 Introduction

Cryopyrin-associated periodic syndrome (CAPS) comprises a
group of disorders with overlapping symptoms such as fever,
urticarial rash, arthralgia, arthritis, and elevated acute-phase
reactants (1-3). Previously, CAPS was classified into three
subtypes according to distinct clinical characteristics. Familial
cold autoinflammatory syndrome (FCAS, OMIM #120100) is the
mildest form, presenting with paroxysmal fever, urticarial rash, and
arthralgia, combined with conjunctivitis and headaches (4-8).
Muckle-Wells syndrome (MWS, OMIM #191900) is the
intermediate subtype, presenting with fever, urticarial rash, and
systemic inflammation. Compared with FACS, arthralgia is often
continuous in MWS, and arthritis is more common. In addition,
patients can develop hearing loss, as well as renal failure due to
amyloidosis, over time (4-6). The most severe subtype is neonatal-
onset multisystem inflammatory disease (NOMID or CINCA,
OMIM #607115). Apart from symptoms similar to FCAS and
MWS, CINCA has special facial features such as frontal bossing,
saddle-back nose, and a large cephalic perimeter. CINCA patients
also develop central nervous system (CNS) disease, as well as early
and progressive loss of hearing and vision due to inflammation.
Approximately 50% of patients with CINCA, either treated or not,
develop exophytic growth of the patella and epiphyses of the long
bones (9). If CINCA is untreated during childhood, the mortality
can be as high as 20% (9).

The clinical spectrum for CAPS is very broad and
heterogeneous. Patients with mild and atypical symptoms were
easy to misdiagnose. Because it has been recommended to make
early diagnosis and provide proper treatment for CAPS,
establishment of the characteristics associated with the clinical
and genetic features of CAPS is of great importance. Until now,
no large cases of the correlation between genotype and phenotype
had been clearly stated in China, and little is known about the
differences between Chinese pediatric/adult/Western patients.
Thus, here we exhibited a cohort of 30 patients, summarized the
clinical and genetic characteristics for Chinese patients, reviewed
the literature, and made comparisons among them.

Abbreviations: CAPS, cryopyrin-associated periodic syndrome; CINCA or
NOMID, neonatal-onset multisystem inflammatory disease; MWS, Muckle-
Wells syndrome; FCAS, familial cold autoinflammatory syndrome; LTBI, latent
tuberculosis infection; NOD, nucleotide oligomerization domain; LRR, leucine
rich repeat; ATP, adenine nucleoside triphosphate; LPS, lipopolysaccharide;
PBMCs, peripheral blood mononuclear cells; Pred, prednisone; TCZ,
tocilizumab; THD, thalidomide; TNFi, tumor necrosis factor inhibiting agents;
MMF, mycophenolate mofetil; IFX, infliximab; Ada, adalimumab; MTX,
methotrexate; NSAIDs, nonsteroidal anti-inflammatory drugs; CNS, central
nervous system; CSF, cerebrospinal fluid; WBC, white blood cells; Hb,
hemoglobin; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate;
SAA, serum amyloid A; IL-1f, interleukin-1f; IL-1RA, interleukin-1 receptor
antagonist; IL-18, interleukin-18; IL-6, interleukin-6; TNFo, tumor necrosis
factor o; IFN-v, interferon-y; CM, central memory; EM, effector memory;
DNT, af+ double negative T cells; TEMRA, end-differentiated effector

memory cells.
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CAPS is caused by mutations in the NLRP3 [nucleotide-binding
oligomerization domain (NOD)-like receptor family, pyrin
domain-containing 3] gene. CAPS is also known as cold-induced
autoinflammatory syndrome 1 (CIAS1) (10). Gain-of-function
mutations in NLRP3 lead to a constitutive increase in secretion of
interleukin-1 (IL-1) and IL-18, which is dependent on ASC and
caspase 1 (11-13). Thus far, 262 mutations associated with CAPS
have been documented in the INFEVER database (14). Previously
published guidelines for genetic diagnosis of AID can guide
physicians and geneticists (15). However, it is uncertain whether
one mutation is strongly associated with specific clinical
features. Likewise, little is known about its correlation with
treatment responses.

Early diagnosis is crucial to initiate treatment before organ
damage occurs. Kuemmerle-Deschner et al. proposed the following
diagnostic criteria for CAPS in children and adults: elevated
inflammatory markers (CRP and SAA) plus >2 of 6 typical CAPS
signs or symptoms, which include (1) an urticaria-like rash, (2)
cold/stress triggered episodes, (3) sensorineural hearing loss, (4)
musculoskeletal symptoms (arthralgia/arthritis/myalgia), (5)
chronic aseptic meningitis, and (6) skeletal abnormalities
(epiphyseal overgrowth/frontal bossing) (16). Romano et al.
reported EULAR/ACR points to be considered for diagnosis,
management, and monitoring for CAPS (17). Regarding
treatment, the European Medicines Agency (EMA) and Food and
Drug Administration (FDA) allow three IL-1 blocking agents to be
used for CAPS. Canakinumab was effective in two randomized
controlled trials (RCTs) of patients with CAPS (18, 19). It was also
effective in case series comprising all disease phenotypes and age
categories (19-22). One case report showed that long-term usage of
IL-1 blocking agents (starting at the age of 7 years, with the last
follow-up visit at 20 years) helps to resolve femoral metaphyseal
dysplasia (23). Although we conducted a review of the medical
literature, we found little information about systemic detailed
evaluation (skeletal, vision, hearing loss, and nervous system) in
response to Canakinumab therapies and other treatment strategies
for children in China.

Here, we summarized the genetic and clinical characteristics
and the correlation of 30 CAPS patients in China. We identified
novel mutations and compared the characteristics with pediatric,
adult Chinese, and Western CAPS patients. We evaluated detailed
responses of Canakinumab for 10 CAPS, and compared that with
responses to other treatment strategies.

2 Materials and methods

2.1 Patients, clinical data, and
literature review

Patients were either hospitalized or attending the outpatient
department of Beijing Children’s Hospital, Department of
Immunology. Patients were diagnosed, and monitoring strategies
were set up, as described previously (5, 17, 24, 25). The patients
were included in this study following diagnosis based on the criteria
described above (16). Musculoskeletal manifestations were severe in
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cases of joint contractures, bone deformity, bone erosions, and
osteolytic lesions and patellar overgrowth; without these, they were
mild. Mild neurological involvement was defined by the presence of
morning headache, papilledema, or aseptic meningitis, whereas
severe neurological involvement was defined as the presence of
seizures, hydrocephalus, or mental retardation. Mild ocular
manifestations were defined by conjunctivitis or uveitis, whereas
severe ocular involvement included optic nerve atrophy, cataract,
glaucoma, and impaired vision (26). The diagnostic algorithm was
shown in Ref (5). as follows: (1) suspected patients who presented
with recurrent fever, headaches, musculoskeletal complaints, rash,
especially increased irritability in children, and emotional lability in
adults; (2) inflammatory makers including SAA and CRP
examination; (3) differential diagnosis; and (4) genetic testing.
Clinical data and peripheral blood mononuclear cells (PBMCs)
were collected. The study was performed in accordance with the
Declaration of Helsinki and the ethics committee of Beijing
Children’s Hospital (Beijing, China). All patients and/or
guardians provided written informed consent to participate.
Literature review used the same method reported (27), and
Chinese reports were searched from January 2000 to May 2023.

2.2 Whole—exome sequencing, deep
sequencing, and Sanger sequencing

Whole—exome sequencing (WES) was conducted on samples
from patients with suspected CAPS. Genomic DNA was extracted
from whole blood using the Axygen DNA Mini Kit (Axygen,
China). A minimum of 3 pg of DNA was used for the indexed
Mumina libraries (MyGenostics, China). Sanger sequencing was
performed by MyGenostics to verify the mutation. Deep sequencing
was also performed for patients with suspected CAPS, but for whom
no NLRP3 mutations were found by WES. HGMD and OMIM
databases were searched for suspected variants. The pathogenicity
of each variant was calculated according to ACMG criteria and the
pathogenicity of the variants was speculated by Polyphen, SIFT,
GERP++, and Mutation-Taster.

2.3 ELISA

For patients who carried novel suspected mutations, PBMCs
were collected and frozen in liquid nitrogen as described above.
PBMCs were stimulated for 4 h with lipopolysaccharide (LPS) (1
mg/mL; Sigma, USA) and adenine nucleoside triphosphate (ATP)
(5 mM; Invivogen, USA). IL-1f and IL-18 levels in the cell
supernatants were measured using ELISA kits according to the
manufacturer’s instructions (BioLegend, USA; ExCell Biotech,
China, respectively).

2.4 Flow cytometry analysis

T cells, B cells, and monocytes from P4 were sorted for deep
sequencing further. PBMCs were stained with anti-CD3, anti-
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CD19, anti-CD14, and anti-CD16 antibodies (all from BioLegend,
USA). Sorted cells were extracted using the Axygen DNA Mini Kit
(Axygen, China). DNA sequencing was conducted as described
above. PBMCs were stained with anti-CD3, anti-CD4, anti-CD8,
anti-CD45 RA, anti-CD27, anti-CD19, anti-CD24, anti-IgD, anti-
CD38, anti-CD16, anti-CD56, anti-B, and anti-yd antibodies (all
from BioLegend, USA).

2.5 Statistical analysis

Statistical analysis was conducted using GraphPad Prism
software (version 8, GraphPad software). Data with a skewed
distribution are expressed as the median and interquartile range
(IQR, Q3-Q1). Cytokine data were assessed using an unpaired
Student’s t-test. Fisher’s exact test was used for comparing
frequencies of clinical manifestations by Statistical Product and
Service Solutions (SPSS) 26 software; p < 0.05 indicates significance.

3 Results
3.1 Characteristics of patients

Thirty patients from 25 families were enrolled (12 with CINCA,
7 with MWS, and 11 with FCAS), namely, 18 male and 12 female
patients (Table 1; Figure S1). The median age at onset was 0.25 years
(IQR 0.82 years), and the median age at preliminary diagnosis was
3.25 years (IQR 6.5 years), with a median diagnostic delay of 2.34
years (IQR 5.3 years) (Table 1). P20-P22 and P23-P26 are from two
families, respectively (Table 1; Figure S1), and other patients are
from separate families.

3.2 Characteristics of clinical phenotype

All patients exhibited systemic inflammation and an urticaria-like
rash (Figures 1A, B). P14 also presented with erythema nodosum,
which is rare (Figure 1]). In addition, 24 of 30 (76.7%) presented with
fever, and 16 (53.3%) had recurrent fever. Among the 12 CINCA
patients, 11 (91.7%) presented with fever, and 10 (83.3%) had
recurrent fever. All 12 CINCA had special facial features such as
frontal bossing, a large cephalic perimeter, and a saddle-back nose;
the faces of other patients with CAPS appeared normal (Figure 1C).
Among the 30 patients, 24 (80%) had musculoskeletal involvement,
and 20% were severe. JADAS27 scores were 14.98 + 9.6 before
treatment (Table S2). Very specific features of CAPS, such as
metaphysis overgrowth (Figure 1G), were observed mostly in
patients with CINCA (4/12, 33.3%) and to a lesser extent in those
with MWS (2/7, 28.6%). There were no such findings for FCAS. Five
(16.7%) with CINCA showed patella enlargement (Figures 1G, H).
Among 29 patients (1 patient refused to test), 4 (14%) had ocular
disease, including conjunctivitis and uveitis; 2 had optic atrophy (P3
and P7). Of 30 patients, 7 (23.4%) had auditory disease: 2 had
sensorineural hearing loss, 5 had mixed hearing loss (sensorineural
hearing loss and obstructive hearing loss), and 7 had mild hearing
loss (=20 to <40 dB).
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TABLE 1 NLRP3 gene mutations and general information.

10.3389/fimmu.2023.1267933

Patients Gender Age at onset Age at diagnosis Nucleotide change Amino acid Exon Subtypes Status

P1 Male 1 day 1Y c1336T > G p. F446V 4 CINCA Novel
P2 Female 2 days 4M c.1223T > C p. M408T 4 CINCA Ref. 2
P3 Male 3 days 6 M c1710G > T p. K570N 4 CINCA Novel
p4* Male 2 days 4Y4M c931T > G p. F311V 4 CINCA Novel
P5 Female 4 days 6 M c.796C>T p. L266F 4 CINCA Ref. 7
P6 Male 2 days 8§ M c1223T > C p. M408T 4 CINCA Ref. 2
P7 Male 2 days 1Y c.1703T>A p. F568Y 4 CINCA Novel
P8 Female 2 days 2Y1IM c.796C>T P. L266F 4 CINCA Ref. 7
P9 Female 2 days 16Y c. 907G>T p- D303N 4 CINCA Ref. 26
P10 Male 2 days 5Y c. 998G>T p.S3331 4 CINCA Novel
P11 Male 2 days 38Y c913G>A p. D305N 4 CINCA Ref. 41
P12 Male 2 days 1M c1711G>C p. G57IR 4 CINCA Ref. 7
P13 Male 8M 3Y8M c.983G>A p. G328E 4 MWS Ref. 2
P14 Female 3M 1Y4M - - MWS -

P15 Male 3Y 5Y8M - - MWS -

P16 Female 2Y 9Y4M c430G > A p. V144M 3 MWS Novel
P17 Male 8 M 1Y4M c.1049C > T p. T350M 4 MWS Ref. 7
P18 Female SM 1Y c.916G>A p- E306K 4 MWS Ref. 42
P19 Female 4 days 1Y4M c.1060G >A p. A354T 4 MWS Ref. 3
P20 Male 3M 1Y c.1049C > T p. T350M 4 FCAS Ref. 7
P21 Female 6 M 35Y c.1049C > T p. T350M 4 FCAS Ref. 7
P22 Male 1Y 61Y ¢.1049C >T p. T350M 4 FCAS Ref. 7
P23 Female 1Y 2Y8M c997A > G p. $333G 4 FCAS Novel
P24 Male 8Y 26Y c997A > G p. $333G 4 FCAS Novel
P25 Male 2Y 20Y c.997A > G p. S333G 4 FCAS Novel
P26 Male 3Y 58Y c997A > G p. S333G 4 FCAS Novel
P27 Male 1Y 3Y8M ¢.1049C>T p. T350M 4 FCAS Ref. 7
P28 Female 7M 5Y7M c.784C > T p-R262Ter 4 FCAS Ref. 7
P29 Male 1Y4M 2Y10M c226G > A p. A76T 2 FCAS Novel
P30 Female 3M 1Y8M ¢.1064T>C p. L355P 4 FCAS Ref. 7

Mutations are described with reference to GenBank sequences NM-004895. Mutations reported are labeled with a reference number. M: month; Y: year; (-) means gene negative after

confirmation by whole exon sequencing. P4* indicates somatic mosaicism.

We found that 18 of 30 (60%) patients presented with
neurological involvement and 13.3% were severe. P3, P4, P29, and
P19 had hydrocephalus. P3 had seizures. Other symptoms included
headache (33.3%), ventriculomegaly, thickened meninges, and
sterile meningitis (30%) (Figures 1A, B, F). P6 had
leukodystrophy. Two patients had cerebral nerve palsy (P7 and
P11), which was rarely observed in CAPS. P11 experienced seven
recurrent episodes of facioplegia; P11 also had prominent cisternae
in the posterior fossa. P17 had a Chiari malformation (mild) that
might not be associated with MWS.

Frontiers in Immunology

Eight CINCA patients showed developmental delay. All
presented with low body weight and shorter stature, but without
intellectual disability. Six patients also had mild interstitial lung
disease (P1, P2, P3, P5, P6, and P14) at preliminary diagnosis, which
was a concomitant symptom with CAPS. Among the six patients,
five patients were CINCA, and one patient was MWS. Some
patients had allergic disease (food allergies or allergic rhinitis),
noninfectious otitis media mastoiditis, splenomegaly,
hepatomegaly, or lymphadenovarix caused by inflammation. P2
had a congenital biliary obstruction and showed mild hepatic
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FIGURE 1

Phenotype summarization of cryopyrin-associated periodic syndrome patients. (A) shows phenotypes of each patient. Each column represents a
patient, and each row represents a clinical manifestation. Red color indicates neonatal-onset multisystem inflammatory disease patients, brown
color indicates Muckle—Wells syndrome patients, and yellow color indicates familial cold autoinflammatory syndrome patients. P5* indicates that P5
showed daily fever. P1* and P27* indicate that these patients had parainfluenza and influenza infection. P13* indicates that this patient had urinary
tract infection with Gardnerella once; LTBI: latent tuberculosis infection.; (B) shows percentages of each clinical manifestation for three subtypes.
Dark brown, light brown, and yellow indicate neonatal-onset multisystem inflammatory disease, Muckle—Wells syndrome, and familial cold
autoinflammatory syndrome, respectively. (C) shows representative face features for neonatal-onset multisystem inflammatory disease (P1), frontal
bossing, large cephalic perimeter, and saddle-back nose. (D) shows urticaria rash and no rash post-Canakinumab. (E) shows arthritis and patella
enlargement, which seemed normal post-Canakinumab. (F=H) show features of MRI for CINCA patients; (F) shows thickened meninges (red arrow)
and ventriculomegaly; (G) shows diffuse osteomyelitis (white arrow) and metaphysis overgrowth (red arrow); (H) shows patellar enlargement (red
arrow); (I) shows interstitial lung disease for CAPS; and (J) shows other types of rash, like erythematous and edematous papules.
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fibrosis consistent with the pathology of liver biopsy taken in
newborn. She also had phlebothrombosis of the right upper arm,
possibly due to venipuncture. None had renal or gastrointestinal
disease (Figures 1A-I).

3.3 Genetic features

As shown in Table 1; Figure 2A, patients carried 19
substitutions, and 8 of them were newly discovered (F446V,
F311V, S3331, S333G, V144M, A76T, K570N, and F568Y). Most
of them were located in exon 4, in the NATCH domain (Figure 2A).
The ACMG criteria, Polyphen, SIFT, GERP++, and Mutation-

¢.907G>T
c.913G>A
c.916G>A
c.931T>G

¢.1049C>T
C.784C>T| | c.1060G>A

c430G>A ¢ 796C>

764 FO'W 1167

[ ]

C.226G>A
c.997A>G
€.998G>T

D303N  D305N

V144M  R262Ter
L266F A354T
L 355P

¢.1064T>C ¢.1336T>G

c.983G>A ¢.1223T>C

E306K

T350M
T350M  F446V

10.3389/fimmu.2023.1267933

Taster for novel mutations are shown in Table S1. Functional
verification experiments were done for novel mutations except for
P10 (S333I), because we did not receive a sample from P10
(Figures 3A, B). Both Polyphen and SIFT showed damaging
properties, Mutation-Taster showed disease-causing properties,
and GERP++ was conserved for S333I substitution (Table 1;
Table S1). Combined with the clinical feature shown in
Figure 1A, we thought P10 carried mutation causing CINCA. All
patients with novel mutations had CAPS manifestation and were
clearly differentiated from other diseases (Figure 1A). Two patients
in this study underwent WES and were NLRP3 gene negative. They
were diagnosed because they presented with CAPS symptoms and
were excluded from other diseases. We thus suspected that these

¢.1710G>T
c.1711G>C

I 2920 3091 3262 3433 3604 3775 3874 4187

c1703T>A

F311v

K570N
G571R

l
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FIGURE 2

Schematic diagram of NLRP3 mutations in our cohort and somatic mosaicism of P4. All potential mutations associated with cryopyrin-associated
periodic syndrome were shown in the schematic diagram. The presence of multiple mutations coding the same amino acid suggested mutational
hotspots. There was fairly consistent genotype—phenotype correlation indicated by colors: Familial cold autoinflammatory syndrome (blue), Muckle—
Wells syndrome (green), Neonatal onset multisystemic inflammatory disease (red) (A). Mutation was described with reference to GenBank sequences
NM-004895 and NP_004886. (B) shows mutation rates for P4, in whom somatic mosaicism was identified by high depth sequencing. (C) shows
verification for P4 by Sanger sequencing; familial cold autoinflammatory syndrome (FCAS), Muckle—-Wells syndrome (MWS), Neonatal onset
multisystemic inflammatory disease (NOMID, CINCA), nucleotide oligomerization domain (NOD), and Leucine rich repeat (LRR). | T>G mutation.
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The levels of IL-1B (A) and IL-18 (B) in the supernatant secreted by peripheral blood mononuclear cells (PBMCs). PBMCs were stimulated with
adenine nucleoside triphosphate and lipopolysaccharide. Supernatant was collected to test the levels of IL-18 and IL-18 by ELISA according to the
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patients may have a somatic mosaicism; however, the parents
refused deep sequencing for further investigation (Table 1).

3.4 Somatic mosaicism identification and
genotype—phenotype correlation analysis

Mutations and related subtypes of CAPS are shown in
Figure 2A. P4, with a presentation of typical CINCA, harbored no
mutations while WES was performed twice at different hospitals.
Deep sequencing identified a somatic mosaicism (NLRP3:
c.931T>G, p. F311V), with mutation rates of 18.11%, 16.67%,
17.42%, and 16.95% in the buccal mucosa, monocyte, B cells, and
T cells, respectively (Figure 2B). Sanger sequencing was performed
for verification (Figure 2C). Five patients from two families carried
the T350M mutation, while only P17 and P22 had hearing loss.
Four CAPS patients from a family carried the S333G mutation,
presented with the milder MWS or FCAS phenotypes. P23 and P25
had recurrent fever, and P24, P25, and P26 had myalgia and
arthralgia. P5 and P8 from two families carried the L266F
mutation and presented with CINCA. Two CINCA patients
carried the M408T mutation.

3.5 Laboratory data and immunological
characteristics

For all patients carrying novel mutations and some other
patients reported previously, we performed functional studies.
Levels of IL-1PB and IL-18 secreted by PBMCs upon LPS and ATP
stimulation from patients were increased compared with healthy
controls (n = 10; P1, P3, P4, P7, P13, P16, P20, P23, P26, and P29;
Figures 3A, B). Most patients showed increased serum IL-6 levels.
Only some of the patients exhibited increased IL-1 in the serum,
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probably because we did not test these during flares (Table S2). All
patients showed high levels of inflammatory markers at the time of
diagnosis. The absolute number of white blood cells, neutrophil,
CRP, ESR, and SAA increased above normal levels (Table S2).
When comparing CINCA with other types of CAPS, we found no
significant difference in WBC, CRP, and ESR (n = 25, Table S3). To
investigate whether NLRP3 mutations affect lymphocyte subsets, we
analyzed the absolute number of lymphocytes (n = 10; CD3+T cells,
CDA4+T cells, CD4/CD8 naive, CD4/CD8 CM, CD4/CD8 EM, CD4/
CD8 TEMRA, CD19+B, Naive, PBC, MBC, NK, DNT, and y8T
cells), as described previously (28). The results were almost normal
(Table S4). JADAS27 scores were recorded at every follow-up visit.
At the time of diagnosis, the JADAS27 scores were 18.6 + 8.4 for
CINCA (n = 12) and 13.4 + 6.7 for other CAPS (n = 8) (Table S3).

3.6 Characteristics for novel mutations and
comparison with previous reports

The reported CAPS were less than 100 until now in China (26,
27,29-35). The number of reported cases is very limited compared
with the large number of potential CAPS patients in China. As
shown in Table 2, we compared the characteristics of our novel
mutations (n = 11) with Chinese pediatric (n = 72, including
pediatric patients in our study), adult (n = 25), and Western
patients (n = 136). Eleven patients with novel mutations showed
recurrent fever, urticarial rash, and musculoskeletal involvement.
Among novel mutations, K570N, F311V, and A76T showed severe
neurological involvement, as they had hydrocephalus tested by
MRI. F446V, K570N, and F311V showed patella enlargement,
which indicated severe symptoms for bone. K570N and F568Y
had optic atrophy, which also indicated severe symptoms in eyes.
Among the patients with novel mutations, severe musculoskeletal,
ophthalmologic, and neurological symptoms were 36.4%, 18.2%,
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TABLE 2 NLRP3 novel mutations and comparison with pediatric CAPS, pediatric compared with adult Chinese, and Western CAPS.

Clinical feature Novel mutations P1
(Avs. B)
F446V F311V $3331 $333G V144M A76T K570N F568Y Summary Pediatric Adult Chinese Western (n
(n=11) Chinese (1 =72) | (n=25) = 136)
Fq Y 9/11 20/24 95/136 0.286 0.0144 0.0001 0.51
e Yes Yes Yes « Yes Yes Yes Yes 66/72 (91.7%)
(81.8%) (83.3%) (70%)
Rash Yes 11/11 20/24 132/136 1
Yes Yes Yes Yes Yes Yes Yes 69/72 (95.8%) 1 0.025 0.695
(100%) (83.3%) (97%)
Musculoskeletal Yes 10/11 16/24 117/136 1
Yes Yes Yes Yes Yes Yes Yes 48/72 (66.7%) 0.16 0.811 0.002
(90.9%) (66.7%) (86%)
Severe No 4/11 6/136 0.003
Yes Yes No Yes No Yes No (10/72, 13.9%) not sure 0.084 0.026
musculoskeletal (36.4%) (4%)
Ophthalmologic No 2/11 24/71 4/24 97/136 0.001
Yes No No No No Yes Yes 0.489 0.127 0.0001
(18.2%) (33.8%) (16.7%) (71%)
Severe No 2/11 2/24 16/136 0.626
. No No No No No Yes Yes Not sure
ophthalmologic (18.2%) (8.3%) (12%)
Hearing loss N N N No N N N ¥ 1/11 24/72 7124 56/136 0.16 0.804 0297 0.051
© ° © ° ° ° © (9.1%) (33.3%) (292%) (42%) - - :
Neurological No 6/11 40/72 7120 55/136 0.526
Yes Yes Yes No Yes Yes Yes 1 0.021 0.041
(54.5%) (55.6%) (35%) (40%)
S 11 10/72 2/2 16/1 .154
Severe No Yes No No No Yes Yes No 2 o7 120 67136 0366 0725 | oees | PP
neurological (27.3%) (13.9%) (10%) (12%)

Q705K did not describe other symptoms except for neurological involvement (29). K129R, Q703K, V70M, P38S, and D29V did not describe neurological involvement, so they were excluded
from the denominator (30). Fisher exact test was used for comparing frequencies of clinical manifestations by Statistical Product and Service Solutions (SPSS) 26 software; p value < 0.05 means
significant. P1: novel mutations vs. pediatric Chinese patients; P2: pediatric Chinese patients vs. adult Chinese patients; P3: pediatric Chinese patients vs. Western patients; P4: novel mutations vs.

Western patients.

and 27.3%, respectively, which were high. Combining these data
together, Chinese pediatric patients showed higher percentage of
fever, rash, and neurological involvement compared with Chinese
adult patients. Chinese pediatric patients also exhibited higher
percentage of fever, neurological and severe musculoskeletal
involvement, and lower total musculoskeletal or ophthalmologic
involvement compared with Western patients (Table 2).

3.7 Treatment and outcome

In this study, four patients received prednisolone with
adalimumab (Ada) (one changed to Infliximab 3 months later),
and three patients received prednisolone with tocilizumab (TCZ).
Four patients received prednisolone with sirolimus. Ten patients
received prednisolone with thalidomide (THD) (five lost to follow-
up, so five were summarized) (Figure 4H; Tables S5, S6). Among
four patients with adalimumab treatment, three (75%) experienced
partial remission of fever, acute reactants, flares, rash, and
musculoskeletal disease. These patients had no vision and hearing
loss, or CNS involvement, so we lacked data for responses to these
symptoms. Among three patients with tocilizumab treatment, two
patients (66.7%) experienced partial remission of fever, rash,
musculoskeletal manifestation, and hepatosplenomegaly. P3 with
TCZ had no remission of CNS symptoms. Among five patients with
THD, partial plus methotrexate together, three (60%) showed
partial febrile improvement and relief of joint symptoms. Four of
the five (80%) experienced remission of the rash and
hepatosplenomegaly. Of these, two had CNS disease, and one got
partial remission. Among THD treatment CAPS, only P17 had
hearing loss. He recovered from hearing loss, rash, fever, and
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neurological manifestation after 1.5 years of thalidomide
treatment. However, one of the five (P5, 20%) got worse and
presented with daily fever. Also, the JADAS scores increased from
34 to 42.

Here, we gave Canakinumab to 11 patients and followed up 10
of them. The dosage was 4 mg/kg, given at 8-week intervals. An
exception was P21 (the mother of P20), who received a single dose
of 150 mg. The youngest patient to receive Canakinumab was 1 year
old. The average follow-up was 12.9 months (range, 8-20 months).
Patients were followed up every 2 months in the outpatient
department, and laboratory examinations were performed
(Figures 4A-H).

For 10 patients, the urticaria rash disappeared quickly after
Canakinumab treatment, with the fastest time being 3 h post-
injection. P14 still showed erythematous and edematous papules
after Canakinumab treatment, and those symptoms disappeared
after THD was added for 4 months. The WBC, CRP, and ESR
returned to normal, as did anemia, very soon post-treatment. An
exception was P2, who had typical CINCA symptoms. Therefore,
we increased the dosage to 6 mg/kg given at 8-week intervals.
However, P2 still had fluctuating inflammatory marker levels. After
her Canakinumab treatment was shortened to 4-week intervals, P2
entered remission. Among the 10 patients, musculoskeletal disease
was alleviated post-treatment. The JADAS27 scores fell to normal in
all patients except P1 and P16, whose scores still fell markedly but
remained a little above normal. Overall, Canakinumab was very
effective in improving patella enlargement, hearing, vision, and CNS
disease. We found that hearing loss returned to normal in P13 and
P2 after 6-12 months of Canakinumab treatment. In addition,
vision improved in P1, P2, and P3 post-treatment. P1-P4 had no
headache, and CSF analysis was normal. Brain MRI should be
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repeated to evaluate iconography variations in the future. Moreover,
four patients with interstitial lung disease recovered after 3-6
months of Canakinumab treatment.

4 Discussion

Here, we describe the clinical phenotypes, genetic features,
immunological characteristics, and treatment of 30 pediatric
patients with CAPS in China. Consistent with previous studies
(36), we found that almost all CINCA patients showed disease onset
immediately after birth, and most (25 of 30) experienced onset at
younger than 1 year of age, suggesting that early onset is a strong
characteristic of CAPS. In our study, the median age at diagnosis
was 1.6 years, which is one of the possible reasons that we noted
organ damage. The latest onset age in our cohort was 8 years, and
the oldest diagnostic age was 58 years; the oldest patient had mild
symptoms. This patient was identified because the youngest
granddaughter experienced onset at 1 year. Thus, we should not
exclude elder adults, especially in milder cases. We should also think
thoroughly about untypical cases.

In addition, the clinical features were summarized. The
common symptoms that occurred for Chinese CAPS were
consistent with adult and Western CPAS. However, specific
symptom prevalence of our cases differed from reported, and we
had rare symptoms such as recurrent episodes of facioplegia and
erythema nodosum. The patients with CINCA had more severe
fever than those with other forms of CAPS; fever was of longer
duration and had a higher peak temperature. Consistently, CINCA
was more severe as reported (37-39). Similarly, the incidence of
musculoskeletal involvement was as high as 80%, and myalgia and
arthralgia were seen in all subtypes. Arthritis was seen in those with
MWS and CINCA but not in those with FCAS. Very specific
features of CAPS, metaphysis overgrowth and patella
enlargement, were common in those with CINCA. These were
distinguished from arthritis (not single gene disease). Studies report
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corneal involvement in 40% of CAPS cases. Uveitis can affect 50% of
CINCA patients, and more than 80% have an affected optic nerve
head (37-39). Here, we found that 27.6% of patients had ocular
disease, and 58.3% of CINCA patients had papillitis; these
percentages are lower than reported in other studies, possibly
because we included only 12 CINCA patients in our cohort.
Patients with MWS and CINCA show progressive sensorineural
hearing loss caused by degeneration of sensoric structures in the
organ of Corti (40). In our study, some patients presented with
sensorineural and obstructive mixture hearing loss, probably due to
recurrent otitis media mastoiditis. Another devastating and specific
feature for CINCA is CNS impairment. Aseptic meningitis, brain
atrophy, and enlarged ventricles are common (10). Consistent with
this, our CINCA patients showed a high incidence of aseptic
meningitis (75%), ventriculomegaly (83.3%), and thickened
meninges (50%). They also showed rare features such as cerebral
nerve palsy, Chiari malformation, leukodystrophy, and prominent
cisternae in the posterior fossa. By combining cases together, we
found that pediatric Chinese cases seemed more severe than those
of Western patients. Chinese pediatric patients exhibited higher
percentage of fever, neurological and severe musculoskeletal
involvement, and lower total musculoskeletal or ophthalmologic
involvement compared with Western patients. Furthermore, we
found that the specific symptom prevalence of Chinese pediatric
patients was similar except for higher percentage of fever, rash, and
neurological involvement. These indicate that ethnic population
was probably one of the factors affecting CAPS pathogenesis. In the
future, we need to collect more cases to compare the difference
between pediatric and adult CAPS, to provide support for treatment
and long-term follow-up emphasis.

Furthermore, we identified eight novel mutations and extended
the recognition of genotype with phenotype correlation, which had
some differences in our case compared with reported cases. To date,
approximately 262 different sequence variants of the NLRP3 gene
associated with a CAPS phenotype have been identified (14, 41, 42).
Here, we found 19 substitutions, and the substitutions were mainly
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located in exon 4, which were very similar as reported. Among eight
novel mutations, K570N, F311V, and A76T showed hydrocephalus
(severe neurological involvement). F446V, K570N, and F311V
exhibited patella enlargement (severe in bone). K570N and F568Y
exhibited optic atrophy (severe in eyes). All these were consistent
with reporting that rare variants presented with a more severe
phenotype (26).

F311V was somatic mosaicism in our case, which was different
from somatic mosaicism mutation features reported previously.
Genotype-matched comparison confirmed that patients with
somatic mosaicism presented with milder neurologic symptoms
and lower incidence of intellectual disability (43). However, F311V
exhibited hydrocephalus and patella enlargement, which was more
severe. In addition, the reported late-onset somatic NLRP3
mosaicism was consistent with mild spectrum of CAPS
presentations (44). All these suggested that somatic NLRP3
mosaicism could be mild or severe. Doctors should suspect CAPS
whether patients were mild or severe, early onset or late onset.

In our case, four patients carried S333G and one patient carried
S3331, both of which were novel. S333G patients presented with
FCAS phenotype, but S333I exhibited CINCA, and S333R showed
CINCA (45). T350M was highly associated with hearing loss (26).
There were five patients carrying the T350M mutation in our case,
of whom only two had mild hearing loss, and one of the two
developed hearing loss in his fifties. D305N was highly associated
with severe phenotype (26). The patient who had the same mutation
in our case was consistent. Two patients had L266F in our case, and
they exhibited CINCA as reported (9). Combined together,
depending on the analysis variants with phenotype, it seemed that
factors other than genetics, such as ethnic population, could affect
pathogenesis of CAPS. The picture is more complicated than we
first thought, and more investigations are needed.

CAPS is a very heterogeneous disease, meaning that stratified
individual treatment approaches are needed urgently to prevent
organ damage. There are consensus or recommendations for CAPS
diagnosis, management, and monitoring (5, 17, 24, 25). Although
Canakinumab was effective, China lacks data regarding responses to
Canakinumab in children. In addition, reports about patients who
cannot afford Canakinumab treatment are limited. By analyzing the
responses to prednisolone or prednisolone plus thalidomide,
tocilizumab, TNF inhibiting agents, and sirolimus, respectively, it
seemed that sirolimus was of no benefit for CAPS. Prednisolone
add-on tocilizumab, tumor necrosis factor inhibiting agents, and
thalidomide resulted in partial remission, mainly for acute reactants
phase, rash, and musculoskeletal manifestations. However, partial
patients had no responses. Surprisingly, P17 recovered hearing after
1.5 years of treatment with prednisolone plus thalidomide. Overall,
Canakinumab was effective for our 10 CAPS patients followed up
for 10-20 months. It appeared to improve inflammation, rash,
musculoskeletal disease (including metaphysis overgrowth and
patella enlargement), hearing, vision, and CNS disease. Because
our patients had specific characteristics, we will investigate whether
Canakinumab improves cranial nerve palsy by long-term follow-up.
The main study limitation was the small cohort; we need to recruit
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more patients to validate these findings. Also, the follow-up was not
long term, making it difficult to analyze changes in iconography;
therefore, the follow-up period should be extended.

We reported two patients, presenting with typical CAPS clinical
features, who were NLRP3 gene negative. They fulfilled the
diagnostic criteria described above. We suspected NLRP3 somatic
mosaicism; however, the patients refused to undergo deep
sequencing to verify. This was one limitation in our study.
Another limitation was that we lacked long-term Canakinumab
treatment response data, as the longest follow-up period was 20
months. Moreover, this was a single-center study, and most patients
were pediatric patients, who lacked adult CAPS characteristics.

5 Conclusion

This study summarized the clinical and genetic characteristics
of 30 CAPS patients in China, and extended partial correlation of
the phenotype with variants. We enriched the pathogenesis of novel
mutations and improved partial recognition for CAPS. We
identified patients with somatic mosaicism who presented with
severe phenotype; thus, we recommended the somatic mosaicism
test for NLRP3 gene-negative patients whether their clinical
phenotypes were severe or mild. Importantly, our study will
potentially help doctors to achieve better diagnosis and
management on CAPS.

Data availability statement

The data presented in the study are deposited in the China
National GeneBank Databases with the accession number
of CNP0004750.

Ethics statement

The studies involving humans were approved by Ethics
committee of Beijing Children’s Hospital. The studies were
conducted in accordance with the local legislation and
institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin. Written informed consent was obtained from
the individual(s), and minor(s)’ legal guardian/next of kin, for the
publication of any potentially identifiable images or data included in
this article.

Author contributions

Z8: Conceptualization, Data curation, Formal Analysis, Writing —
original draft. YZ: Writing - review & editing. TH: Writing — review &
editing. YL: Writing - review & editing. YP: Writing - review &
editing. FS: Writing - review & editing. JM: Writing — review & editing.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1267933
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shu et al.

WM: Writing - review & editing. JS: Writing — review & editing. K-
WC: Writing - review & editing. WY: Writing - review & editing. YLL:
Writing - review & editing. HM: Writing - review & editing,
Funding acquisition.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. The work
was supported by National Key Research and Development
Program of China (2021YFC2702005), the Key Program of
Beijing Natural Science Foundation - Beijing Municipal
Education Commission (KZ202210025030), and the National
Science Foundation of China (81900136).

Acknowledgments

We thank the patients and their families for participating in
this study.

References

1. Cuisset L, Jeru I, Dumont B, Fabre A, Cochet E, Le Bozec J, et al. Mutations in the
autoinflammatory cryopyrin-associated periodic syndrome gene: epidemiological study
and lessons from eight years of genetic analysis in France. Ann Rheum Dis (2011) 70
(3):495-99. doi: 10.1136/ard.2010.138420

2. Patrick AE, Lyons EM, Ishii L, Boyd AS, Choi JM, Dewan AK, et al. Case report:
Infantile urticaria as a herald of neonatal onset multisystem inflammatory disease with
a novel mutation in NLRP3. Front Immunol (2021) 12:775140. doi: 10.3389/
fimmu.2021.775140

3. Parker T, Keddie S, Kidd D, Lane T, Maviki M, Hawkins PN, et al. Neurology of
the cryopyrin-associated periodic fever syndrome. Eur J Neurol (2016) 23(7):1145-51.
doi: 10.1111/ene.12965

4. Haverkamp MH, van de Vosse E, Goldbach-Mansky R, Holland SM. Impaired
cytokine responses in patients with cryopyrin-associated periodic syndrome (CAPS).
Clin Exp Immunol (2014) 177(3):720-31. doi: 10.1111/cei.12361

5. Hansmann S, Lainka E, Horneft G, Holzinger D, Rieber N, Jansson AF, et al.
Consensus protocols for the diagnosis and management of the hereditary
autoinflammatory syndromes CAPS, TRAPS and MKD/HIDS: A German PRO-
KIND initiative. Pediatr Rheumatol Online ] (2020) 18(1):17. doi: 10.1186/s12969-
020-0409-3

6. Booshehri LM, Hoffman HM. CAPS and NLRP3. J Clin Immunol (2019) 39
(3):277-86. doi: 10.1007/s10875-019-00638-z

7. Eroglu FK, Kasapcopur O, Besbas N, Ozaltin F, Bilginer Y, Barut K, et al. Genetic
and clinical features of cryopyrin-associated periodic syndromes in Turkish children.
Clin Exp Rheumatol (2016) 34(6 Suppl 102):5115-S20.

8. Kilic H, Sahin S, Duman C, Adrovic A, Barut K, Turanli ET, et al. Spectrum of
the neurologic manifestations in childhood-onset cryopyrin-associated periodic
syndrome. Eur ] Paediatr Neurol (2019) 23(3):466-72. doi: 10.1016/j.ejpn.
2019.03.006

9. Aksentijevich I, Putnam CD, Remmers EF, Mueller JL, Le J, Kolodner RD, et al.
The clinical continuum of cryopyrinopathies: Novel CIAS1 mutations in North
American patients and a new cryopyrin model. Arthritis Rheum (2007) 56(4):1273—
85. doi: 10.1002/art.22491

10. Goldbach-Mansky R. Current status of understanding the pathogenesis and
management of patients with NOMID/CINCA. Curr Rheumatol Rep (2011) 13(2):123-
31. doi: 10.1007/s11926-011-0165-y

11. Liston A, Masters SL. Homeostasis-altering molecular processes as mechanisms
of inflammasome activation. Nat Rev Immunol (2017) 17(3):208-14. doi: 10.1038/
nri.2016.151

12. Brydges SD, Broderick L, McGeough MD, Pena CA, Mueller JL, Hoffman HM.
Divergence of IL-1, IL-18, and cell death in NLRP3 inflammasomopathies. J Clin Invest
(2013) 123(11):4695-705. doi: 10.1172/JCI71543

Frontiers in Immunology

11

10.3389/fimmu.2023.1267933

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1267933/
full#supplementary-material

13. Mangan MS]J, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. Targeting the
NLRP3 inflammasome in inflammatory diseases. Nat Rev Drug Discovery (2018) 17
(8):588-606. doi: 10.1038/nrd.2018.97

14. Sarrauste de Menthiere C, Terriere S, Pugnere D, Ruiz M, Demaille ], Touitou L.
INFEVERS: the Registry for FMF and hereditary inflammatory disorders mutations.
Nucleic Acids Res (2003) 31(1):282-85. doi: 10.1093/nar/gkg031

15. Shinar Y, Obici L, Aksentijevich I, Bennetts B, Austrup F, Ceccherini I, et al.
Guidelines for the genetic diagnosis of hereditary recurrent fevers. Ann Rheum Dis
(2012) 71(10):1599-605. doi: 10.1136/annrheumdis-2011-201271

16. Kuemmerle-Deschner JB, Ozen S, Tyrrell PN, Kone-Paut I, Goldbach-Mansky
R, Lachmann H, et al. Diagnostic criteria for cryopyrin-associated periodic syndrome
(CAPS). Ann Rheum Dis (2017) 76(6):942-47. doi: 10.1136/annrheumdis-2016-209686

17. Romano M, Arici ZS, Piskin D, Alehashemi S, Aletaha D, Barron KS, et al. The
2021 EULAR/American College of Rheumatology points to consider for diagnosis,
management and monitoring of the interleukin-1 mediated autoinflammatory diseases:
cryopyrin-associated periodic syndromes, tumour necrosis factor receptor-associated
periodic syndrome, mevalonate kinase deficiency, and deficiency of the interleukin-1
receptor antagonist. Ann Rheum Dis (2022) 81(7):907-21. doi: 10.1136/annrheumdis-
2021-221801

18. Sibley CH, Chioato A, Felix S, Colin L, Chakraborty A, Plass N, et al. A 24-
month open-label study of canakinumab in neonatal-onset multisystem inflammatory
disease. Ann Rheum Dis (2015) 74(9):1714-9. doi: 10.1136/annrheumdis-2013-204877

19. Kuemmerle-Deschner JB, Hachulla E, Cartwright R, Hawkins PN, Tran TA,
Bader-Meunier B, et al. Two-year results from an open-label, multicentre, phase IIT
study evaluating the safety and efficacy of canakinumab in patients with cryopyrin-
associated periodic syndrome across different severity phenotypes. Ann Rheum Dis
(2011) 70(12):2095-102. doi: 10.1136/ard.2011.152728

20. Wittkowski H, Kuemmerle-Deschner JB, Austermann J, Holzinger D, Goldbach-
Mansky R, Gramlich K, et al. MRP8 and MRP14, phagocyte-specific danger signals, are
sensitive biomarkers of disease activity in cryopyrin-associated periodic syndromes.
Ann Rheum Dis (2011) 70(12):2075-81. doi: 10.1136/ard.2011.152496

21. Kuemmerle-Deschner JB, Wittkowski H, Tyrrell PN, Koetter I, Lohse P,
Ummenhofer K, et al. Treatment of Muckle-Wells syndrome: Analysis of two IL-1-
blocking regimens. Arthritis Res Ther (2013) 15(3):R64. doi: 10.1186/ar4237

22. Kuemmerle-Deschner JB, Ramos E, Blank N, Roesler ], Felix SD, Jung T, et al.
Canakinumab (ACZ885, a fully human IgG1 anti-IL-1beta mAb) induces sustained
remission in pediatric patients with cryopyrin-associated periodic syndrome (CAPS).
Arthritis Res Ther (2011) 13(1):R34. doi: 10.1186/ar3266

23. Rigante D, Manna R, Verrecchia E, Marrocco R, Leone A, et al. Resolution of femoral
metaphyseal dysplasia in CINCA syndrome after long-term treatment with interleukin-1
blockade. Clin Rheumatol (2018) 37(7):2007-09. doi: 10.1007/s10067-018-4145-8

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1267933/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1267933/full#supplementary-material
https://doi.org/10.1136/ard.2010.138420
https://doi.org/10.3389/fimmu.2021.775140
https://doi.org/10.3389/fimmu.2021.775140
https://doi.org/10.1111/ene.12965
https://doi.org/10.1111/cei.12361
https://doi.org/10.1186/s12969-020-0409-3
https://doi.org/10.1186/s12969-020-0409-3
https://doi.org/10.1007/s10875-019-00638-z
https://doi.org/10.1016/j.ejpn.2019.03.006
https://doi.org/10.1016/j.ejpn.2019.03.006
https://doi.org/10.1002/art.22491
https://doi.org/10.1007/s11926-011-0165-y
https://doi.org/10.1038/nri.2016.151
https://doi.org/10.1038/nri.2016.151
https://doi.org/10.1172/JCI71543
https://doi.org/10.1038/nrd.2018.97
https://doi.org/10.1093/nar/gkg031
https://doi.org/10.1136/annrheumdis-2011-201271
https://doi.org/10.1136/annrheumdis-2016-209686
https://doi.org/10.1136/annrheumdis-2021-221801
https://doi.org/10.1136/annrheumdis-2021-221801
https://doi.org/10.1136/annrheumdis-2013-204877
https://doi.org/10.1136/ard.2011.152728
https://doi.org/10.1136/ard.2011.152496
https://doi.org/10.1186/ar4237
https://doi.org/10.1186/ar3266
https://doi.org/10.1007/s10067-018-4145-8
https://doi.org/10.3389/fimmu.2023.1267933
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shu et al.

24. Kone-Paut I, Galeotti C. Current treatment recommendations and
considerations for cryopyrin-associated periodic syndrome. Expert Rev Clin Immunol
(2015) 11(10):1083-92. doi: 10.1586/1744666X.2015.1077702

25. ter Haar NM, Oswald M, Jeyaratnam ], Anton J, Barron KS, Brogan PA, et al.
Recommendations for the management of autoinflammatory diseases. Ann Rheum Dis
(2015) 74(9):1636-44. doi: 10.1136/annrheumdis-2015-207546

26. Levy R, Gerard L, Kuemmerle-Deschner J, Lachmann HJ, Kone-Paut I, Cantarini
L, et al. Phenotypic and genotypic characteristics of cryopyrin-associated periodic
syndrome: A series of 136 patients from the Eurofever Registry. Ann Rheum Dis (2015)
74(11):2043-9. doi: 10.1136/annrheumdis-2013-204991

27. ZhouY, Wang W, Zhong L, Wang L, Ma M, Tang X, et al. Clinical and genetic spectrum
of 14 cases of NLRP3-associated autoinflammatory disease (NLRP3-AID) in China and a
review of the literature. Orphanet ] Rare Dis (2022) 17(1):214. doi: 10.1186/s13023-022-02364-z

28. Ding Y, Zhou L, Xia Y, Wang W, Wang Y, Li L, et al. Reference values for
peripheral blood lymphocyte subsets of healthy children in China. J Allergy Clin
Immunol (2018) 142(3):970-73 e8. doi: 10.1016/j.jaci.2018.04.022

29. Wu N, Wu D, Zhao M, Miao J, Yu W, Wang Y, et al. Clinical benefits of TNF-
alpha inhibitors in Chinese adult patients with NLRP3-associated autoinflammatory
disease. ] Intern Med (2021) 290(4):878-85. doi: 10.1111/joim.13334

30. Hua Y, Wu D, Shen M, YuK, Zhang W, Zeng X, et al. Phenotypes and genotypes
of Chinese adult patients with systemic autoinflammatory diseases. Semin Arthritis
Rheum (2019) 49(3):446-52. doi: 10.1016/j.semarthrit.2019.05.002

31. Li B, Yang Z, Zhao X, Chen Y, Li D, Zhang L, et al. Early onset drusen and RPE
dysfunction in a patient with NLRP3-AID. Ocul Immunol Inflammation (2022) 30:1-4.
doi: 10.1080/09273948.2022.2113804

32. LiuJ, YuX, Li C, Wang Y, Yu W, Shen M, et al. Behcet's syndrome in a chinese
pedigree of NLRP3-associated autoinflammatory disease: A coexistence or novel
presentation? Front Med (Lausanne) (2021) 8:695197. doi: 10.3389/fmed.2021.695197

33. Liu J, Zhang R, Yi Z, Lin Y, Chang H, Zhang Q. Identification of a variant in
NLRP3 gene in a patient with Muckle-Wells syndrome: A case report and review of
literature. Pediatr Rheumatol Online ] (2023) 21(1):15. doi: 10.1186/s12969-023-00795-x

34. Chen S, Li Z, Hu X, Zhang H, Chen W, Xu Q, et al. Rare mutations in NLRP3
and NLRP12 associated with familial cold autoinflammatory syndrome: Two Chinese
pedigrees. Clin Rheumatol (2022) 41(11):3461-70. doi: 10.1007/s10067-022-06292-y

35. Zhang W, Yao Z. A case of familial cold autoinflammatory syndrome with de novo
NLRP3 mutation. Ann Dermatol (2021) 33(2):198-200. doi: 10.5021/ad.2021.33.2.198

Frontiers in Immunology

12

10.3389/fimmu.2023.1267933

36. Kuemmerle-Deschner JB. CAPS - pathogenesis, presentation and treatment of
an autoinflammatory disease. Semin Immunopathology (2015) 37(4):377-85.
doi: 10.1007/s00281-015-0491-7

37. Dollfus H, Hafner R, Hofmann HM, Russo RAG, Denda L, Gonzales LD, et al.
Chronic infantile neurological cutaneous and articular/neonatal onset multisystem
inflammatory disease syndrome - Ocular manifestations in a recently recognized
chronic inflammatory disease of childhood. Arch Ophthalmol (2000) 118(10):1386—
92. doi: 10.1001/archopht.118.10.1386

38. Alejandre N, Ruiz-Palacios A, Garcia-Aparicio AM, Blanco-Kelly F, Bermudez S,
Fernandez-Sanz G, et al. Description of a new family with cryopyrin-associated
periodic syndrome: risk of visual loss in patients bearing the R260W mutation.
Rheumatology (2014) 53(6):1095-99. doi: 10.1093/rheumatology/ket486

39. Kawai M, Yoshikawa T, Nishikomori R, Heike T, Takahashi K. Obvious optic
disc swelling in a patient with cryopyrin-associated periodic syndrome. Clin
Ophthalmol (2013) 7:1581-85. doi: 10.2147/OPTH.S49281

40. Kuemmerle-Deschner JB, Koitschev A, Ummenhofer K, Hansmann S, Plontke
SK, Koitschev C, et al. Hearing loss in Muckle-Wells syndrome. Arthritis Rheumatism
(2013) 65(3):824-31. doi: 10.1002/art.37810

41. Aksentijevich I, Nowak M, Mallah M, Chae JJ, Watford WT, Hofmann SR, et al.
De novo CIAS1 mutations, cytokine activation, and evidence for genetic heterogeneity
in patients with neonatal-onset multisystem inflammatory disease (NOMID) - A new
member of the expanding family of pyrin-associated autoinflammatory diseases.
Arthritis Rheumatism (2002) 46(12):3340-48. doi: 10.1002/art.10688

42. Caroli F, Pontillo A, D'Osualdo A, Travan L, Ceccherini I, Crovella S, et al.
Clinical and genetic characterization of Italian patients affected by CINCA syndrome.
Rheumatology (2007) 46(3):473-78. doi: 10.1093/rheumatology/kel269

43. Tanaka N, Izawa K, Saito MK, Sakuma M, Oshima K, Ohara O, et al. High
incidence of NLRP3 somatic mosaicism in patients with chronic infantile neurologic,
cutaneous, articular syndrome: Results of an International Multicenter Collaborative
Study. Arthritis Rheum (2011) 63(11):3625-32. doi: 10.1002/art.30512

44. Rowczenio DM, Gomes SM, Arostegui JI, Mensa-Vilaro A, Omoyinmi E, Trojer H, et al.
Late-onset cryopyrin-associated periodic syndromes caused by somatic NLRP3 mosaicism-UK
single center experience. Front Immunol (2017) 8:1410. doi: 10.3389/fimmu.2017.01410

45. Boschan C, Witt O, Lohse P, Foeldvari I, Zappel H, Schweigerer L, et al.
Neonatal-onset multisystem inflammatory disease (NOMID) due to a novel S331R
mutation of the CIAS1 gene and response to interleukin-1 receptor antagonist
treatment. Am J Med Genet A (2006) 140(8):883-6. doi: 10.1002/ajmg.a.31148

frontiersin.org


https://doi.org/10.1586/1744666X.2015.1077702
https://doi.org/10.1136/annrheumdis-2015-207546
https://doi.org/10.1136/annrheumdis-2013-204991
https://doi.org/10.1186/s13023-022-02364-z
https://doi.org/10.1016/j.jaci.2018.04.022
https://doi.org/10.1111/joim.13334
https://doi.org/10.1016/j.semarthrit.2019.05.002
https://doi.org/10.1080/09273948.2022.2113804
https://doi.org/10.3389/fmed.2021.695197
https://doi.org/10.1186/s12969-023-00795-x
https://doi.org/10.1007/s10067-022-06292-y
https://doi.org/10.5021/ad.2021.33.2.198
https://doi.org/10.1007/s00281-015-0491-7
https://doi.org/10.1001/archopht.118.10.1386
https://doi.org/10.1093/rheumatology/ket486
https://doi.org/10.2147/OPTH.S49281
https://doi.org/10.1002/art.37810
https://doi.org/10.1002/art.10688
https://doi.org/10.1093/rheumatology/kel269
https://doi.org/10.1002/art.30512
https://doi.org/10.3389/fimmu.2017.01410
https://doi.org/10.1002/ajmg.a.31148
https://doi.org/10.3389/fimmu.2023.1267933
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The genetic and clinical characteristics and effects of Canakinumab on cryopyrin-associated periodic syndrome: a large pediatric cohort study from China
	1 Introduction
	2 Materials and methods
	2.1 Patients, clinical data, and literature review
	2.2 Whole&minus;exome sequencing, deep sequencing, and Sanger sequencing
	2.3 ELISA
	2.4 Flow cytometry analysis
	2.5 Statistical analysis

	3 Results
	3.1 Characteristics of patients
	3.2 Characteristics of clinical phenotype
	3.3 Genetic features
	3.4 Somatic mosaicism identification and genotype–phenotype correlation analysis
	3.5 Laboratory data and immunological characteristics
	3.6 Characteristics for novel mutations and comparison with previous reports
	3.7 Treatment and outcome

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


