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Background: NOD-like receptor family CARD-containing 4 protein (NLRC4) is a cytosolic
protein that forms an inflammasome in response to flagellin and type 3 secretion system
(T3SS) proteins from invading Gram-negative bacteria. NLRC4 mutations have been
recently identified in early-onset severe autoinflammatory disorders. In this study, we
reported a novel mutation in NLRC4 in two Chinese patients, who manifested with
recurrent urticaria and arthralgia.

Methods: We summarized the clinical data of the two patients. Gene mutations were
identified by whole-exome sequencing (WES). Swiss-PdbViewer was used to predict the
pathogenicity of the identified mutations. Cytokine levels and caspase-1 activation were
detected in the patient PBMCs with lipopolysaccharide (LPS) stimulation. All previously
published cases with NLRC4 mutations were reviewed.

Results: We identified a missense heterozygous mutation (c.514G>A, p.Gly172Ser),
which was located in the highly conserved residue of nucleotide-binding domain (NBD) of
NLRC4. The mutation did not alter the expression of NLRC4 protein, but induced
considerably much higher production of IL-1b and IL-6 in patient PBMCs than in
healthy controls after LPS stimulation. Four NLRC4 inflammasomopathy phenotypes
have been described, with severe inflammatory diseases including macrophage activation
syndrome, enterocolitis and NOMID in patients with mutations in the NBD and HD1
domains, whereas a mild clinical phenotype was associated with two mutations in the
WHD domain of NLRC4.

Conclusion: We identified a novel mutation in the NBD domain, and the patients just
presented with a mild inflammatory phenotype. Thus, our findings reinforce the diversity of
NLRC4 mutations and expand the clinical spectrum of associated diseases.
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INTRODUCTION

Monogenic autoinflammatory diseases (AIDs) are a heterogeneous
group of diseases, characterized by hyperactivation of the innate
immune system without apparent involvement of either
autoantibodies or autoreactive T cells (1, 2). Gain-of-function
mutations in the inflammasome forming proteins, such as NOD-
like receptors (NLRs), are a major cause of monogenic
autoinflammatory disorders (3–5). Inflammasomes are innate
immune sensors that respond to pathogen- and damage-
associated signals with caspase-1 activation, interleukin (IL)-1b
and IL-18 secretion, and macrophage pyroptosis. Overactivation of
inflammasomes leads to systemic autoinflammatory diseases (6, 7).

Gain-of-function mutations in the NLRP3 gene are well known
to cause cryopyrin-associated periodic syndromes(CAPSs)
including familial cold-induced autoinflammatory syndrome
(FCAS, OMIM #120100), Muckle Wells syndrome (MWS,
OMIM #191900) and neonatal-onset multisystem inflammatory
disease (NOMID, OMIM #607115) (3, 8). The IL-1b inhibitors,
such as anakinra, canakinumab, and the IL-1 receptor type I fusion
protein rilonacept, induce significant clinical response in CAPS,
indicating that signal transduction through the IL-1 receptor is
crucial for the pathogenesis of CAPS (9, 10).

Recently, gain-of-function mutations in NLRC4 were
reported to cause spontaneous inflammasome activation in the
absence of infections (11, 12). Most of the mutations are located
in the nucleotide-binding domain (NBD) and helicase domain 1
(HD1) of NLRC4, and induce severe autoinflammation with high
levels of IL-18 in the serum of the patients. These mutations lead
to life-threatening macrophage activation syndrome (MAS) and
severe enterocolitis, also called autoinflammation with infantile
enterocolitis (AIFEC; OMIM #616050) (13). In addition, two
mutations in wing helix domain (WHD), p.H443P and p.S445P
were reported to cause a clinical phenotype similar to FCAS1,
mainly with recurrent rash and joint symptoms (FCAS4; OMIM
#616115) (14, 15). There may be a genotype/phenotype correlation
between the amino acid position of the NLRC4 mutation and the
phenotypes described. Mutations within the NBD and HD1
domains are associated with severe phenotypes including MAS
and AIFEC, whereas those within the WHD domain were found
in patients with mild inflammatory symptoms such as FCAS4.

In this study, we identified a novel mutation in the NBD domain
of NLRC4 in two patients, who presented just with recurrent
urticaria and arthralgia. This is the first report of FCAS4
associated with a mutation in the NBD domain of NLRC4. We
further demonstrated the diversity in the NLRC4 variation and
clinical phenotype, thus expanding the understanding of disease
spectrum. In addition, we conducted a literature review of NLRC4
cases published up until June 2020, and described the genetic, clinical
manifestations and the treatment of carriers of these mutations.
METHODS

Patient and Study Approval
There were two patients enrolled in this study. The proband was
a 4-year-old boy and the other patient was his mother, both of
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them manifested with recurrent urticaria and arthralgia. Clinical
data, family history and blood samples were collected when the
proband first visited us in May 2019. Informed consent was
obtained from all of the participants. This study was conducted
in accordance with the tenets of the Declaration of Helsinki and
was approved by the ethics committee of the Children’s Hospital
of Chongqing Medical University.

Genetic Analysis
Peripheral blood was collected from members of this family after
written informed consent obtained. Whole blood samples were
sent to MyGenostics (Beijing, China) and subjected to whole-
exome sequencing (WES). The pathogenicity of the mutations
was assessed following the American College of Medical Genetics
and Genomics guidelines (ACMG). Mutations in NLRC4 were
confirmed by using Sanger sequencing. Briefly, genomic DNA
was extracted from peripheral blood mononuclear cells (PBMCs)
using the QIAamp DNA Mini Kit (Qiagen, Shanghai, China).
Polymerase chain reaction (PCR) was performed to amplify the
genomic NLRC4 gene. The products of the PCR reactions were
sent for Sanger sequencing.

Analysis of the NLRC4 Structure
The crystal structure of NLRC4 (4KXF from the Protein Data Bank)
was used as the template, which was determined by X-ray
diffraction at a resolution of 3.20 Å (16, 17). Although the 4KXF
is the crystal structure of mouse NLRC4, it does reveal the auto-
inhibition mechanism. And previous studies also used it as the
template to study the effect of NLRC4 mutation (11, 12, 18). Herein
the structural impact of mutant Gly172Ser was analyzed by Swiss-
PdbViewer. Residue 172 and certain nearby residues within 3 Å are
illustrated. For clear demonstration of the interresidue relationship,
some residues were highlighted in the indicated colors with the
computed hydrogen bonds being labeled.

PBMC and Plasma Isolation
Peripheral blood was collected in vacutainers containing sodium
heparin. Centrifugation was performed at 2500 rpm for 5
minutes at room temperature to separate the plasma from the
peripheral blood cells. The cells were diluted in PBS and added to
the top of Ficoll-Paque PREMIUM (GE Healthcare, Sweden) and
centrifuged at 800 g for 20 minutes at room temperature to
separate the PBMCs fraction.

Cell Stimulation
PBMCs were cultured in RPMI 1640 (Gibco, USA) at a density of
0.8× 106 cells/ml containing 10% FBS (Gibco, USA), and
penicillin-streptomycin (100 U/mL each; Sigma-Aldrich, USA)
was added. Lipopolysaccharide (Sigma Aldrich, USA) was added
to cell culture at a final concentration of 100 ng/ml for
stimulation. After 24 hours of culture, the cells were collected
for the subsequent experiments.

Cytokine Quantification From the
Cell-Culture Supernatants
After cell stimulation, the plate was centrifuged to pellet the cells.
The presence of cytokines in the supernatants was determined by
June 2021 | Volume 12 | Article 674808

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. NLRC4 Mutation Causes FACS4
using Multi-Analyte Flow Assay Kit (Human Inflammation
Panel(13-plex), Biolegend, San Diego, CA) according to the
manufacturer’s guidelines.

Caspase-1 Luminescence Assay
Caspase-Glo® 1 inflammasome assay kit (Promega, USA) was
used to measure the caspase-1 activation in the PBMCs culture
supernatant. Caspase-1 and caspase-1 inhibitor reagents were
prepared and added to the supernatant directly as described by
the manufacturer. Fifty microliters of supernatant was
transferred to a white 96-well plate. Caspase-Glo® 1 Reagent
or Caspase-Glo® 1 YVAD-CHO Reagent was added to the wells
(50 µl/well) and gently mixed on a plate shaker at 300 rpm for
30 s. The mixture was then incubated for 60 minutes at room
temperature before measuring the luminescence on a Berthold
Technologies luminometer.

Western Blot Analysis
Cells were immediately washed with PBS and lysed in RIPA
buffer with complete protease inhibitor (Sigma-Aldrich)
immediately. Protein lysates in protein loading buffer were
separated in 10% SDS-PAGE gels, transferred to PVDF
membranes (Millipore, Germany), blocked with 5% milk, and
then probed overnight at 4°C with primary antibodies, including
anti-NLRC4 (ab115537; Abcam, UK) and anti-GAPDH (Bioss
antibodies, Woburn, MA). After incubation with an HRP-
conjugated secondary antibody (Bioss, USA), the blots were
washed with TBST and imaged using an enhanced
chemiluminescence system (Thermo Scientific, USA).

Methodology for the Literature Review of
NLRC4 Mutations
A literature review of NLRC4 mutations was performed in
PubMed using the terms “NLRC4” and ‘‘mutation’’. All types
of publications (articles, reviews, editorials, letters, and
correspondence), written in English, and published online
between January 2014 and June 2020 were included. Only
pathogenic and likely pathogenic mutations were considered.

Statistical Analysis
All statistical analyses were conducted with GraphPad Prism 8
software (GraphPad Software, Inc., San Diego, CA). Data were
analyzed using an unpaired two-tailed Student t test. P-values <
0.05 were considered to indicate a significant difference.
RESULTS

Clinical Phenotype of the Patients
The proband patient (Figures 1A, II2) in our study was a boy born
to a nonconsanguineous couple. At 6 months old, he developed a
recurrent rash that was punctate, with urticaria or erythematous
plaques, which then gradually fused into flakes (Figures 1B, II2). It
was mainly distributed on the limbs, soles, buttocks and face,
occasionally accompanied by fever. Generally, the rash lasted for
approximately 10 days, while a large area skin rash occurred once
Frontiers in Immunology | www.frontiersin.org 3
every two months. Severe rash flares responded well to cetirizine
and corticosteroid treatment. However, the drugs were stopped by
the parents due to their concern about the side effects of the drugs.
At the age of 4 years, bilateral wrist joint pain occurred without
swelling, and the pain was aggravated during activity. The pain
could disappear spontaneously after several days without special
treatment. Laboratory investigations showed no abnormalities in
complete blood cell count, electrolytes, rheumatoid factor,
antinuclear antibody, allergen specific IgE, immunoglobulin level,
complement components (C3, C4), or liver and renal functions.
Regarding inflammatory parameters, C-reactive protein,
erythrocyte sedimentation rate and plasma amyloid A were in the
normal ranges.

In the family, his father and brother appeared healthy, while his
42- year-old mother (Figures 1A, I1) had similar symptoms. She
reported a long history of periodic arthralgia, occasionally joint
swelling after cold exposure. During adolescence, she began to
develop urticaria-like rashes on her ankles and thighs after
catching colds in the winter. In adulthood, in addition to
erythematous papules, right wrist joint and second
metatarsophalangeal began to appear joint pain, occasionally
accompanied by swelling (Figures 1B, I1), generally without
fever; No specific diagnosis was made. In most cases, the mother
has taken nonsteroidal anti-inflammatory drugs (NSAIDs) to
relieve the joint pain. The proband and his mother did not
develop splenomegaly or bone erosions. Skin biopsy was not
performed because they refused.

Novel NLRC4 Mutation Was Revealed
in the Patients
Given the history of recurrent rashes, arthralgia, an
autoinflammatory disease was considered. To pursue a molecular
diagnosis, the family underwent whole-exome sequencing.
Sequencing revealed a heterozygous NLRC4 c.514G>A transition
encoding for the p.Gly172Ser variant. The missense mutation was
detected in both the proband patient and his mother, but not in
healthy members of the family. In addition, this mutation was not
found in other databases, including 1000 Genome, ExAC and
gnomAD. Both of these results were confirmed by Sanger
sequencing (Figure 1C). NLRC4 p.Gly172 is highly conserved
across many species (Figure 1D) and p.Gly172Ser has not
previously been documented in the Human Gene Mutation
Database(HGMD). The variant was predicted to be likely
pathogenic on the basis of conservation, and pathogenicity
prediction packages, including Polyphen2, Sorting Intolerant
From Tolerant (SIFT), Mutation Taster and PROVEAN.

The p.G172S Mutation Would Change the
Structure of NLRC4
NLRC4 consists of an N-terminal caspase activation and
recruitment domain (CARD), NBD, HDs; (HD1 and HD2),
WHD, and a C-terminal leucine rich repeat domain (LRR)
(Figure 2A). Based on the crystal structure of the highly
homologous mouse NLRC4 protein (16, 17), conformation
analysis indicated one hydrogen bond interaction between Gly172
and ADP (Figure 2B). In addition, NLRC4 exists in an ADP-
June 2021 | Volume 12 | Article 674808
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FIGURE 1 | A novel NLRC4 mutation was revealed in the patients. (A) The family pedigree. Squares, Male subjects; circles, female subjects. (B) Urticarial skin rash
in patient II2, photographed at age 6 months and 4 years old: the face, buttock, extremities and soles are affected. Swelling of the first interphalangeal joint of the
right toe and the right wrist of patient I1. (C) Confirmation of a mutation in NLRC4 by Sanger sequencing. (D) The amino acid sequence at position 172 (red) of
NLRC4 in eight species and indicated by the black arrow.
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dependent autoinhibited monomeric conformation, requiring a
stable interaction between its NBD and the WHD mediated by
ADP binding, and it was stabilized by the HD1 (19). This mutation
substitutes hydrophilic Ser172 for a hydrophobic Gly172 residue,
which promotes the formation of the steric hindrance between the
Ser172 and Leu339 amino acid residues, represented by the purple
dotted line represents (Figure 2C). This suggests that this mutation
may impair protein function. The p.G172S resides in the NBD
domain near to the currently known mutations, which are all
located around the ADP-binding regions (Figure 2B).

The p.G172S Mutation Does Not Change
the Expression of NLRC4
According to the structural analysis, it was found that this
mutation would change the spatial structure of NLRC4. Thus,
we next examined whether this mutation would affect the
expression of NLRC4. Compared with healthy controls, western
blot quantitative analysis showed that the heterozygous mutation
in NLRC4 had no significant effect on the expression of the
NLCR4 protein in the patients’ PBMCs (Figure 2D).

The p.G172S Mutation Induces an
Enhanced Inflammatory Response
Inflammasomes are platforms that integrate danger recognition
with the production of the potent proinflammatory cytokines
IL-1b and IL-18. The production of cytokines in the plasma was
first checked. The level of IL-18 was significantly higher in the
proband than in the HCs (Figure 3A), but not in his affected
mother. We thought this was related to disease activity, because
her disease was stable when she was tested. The plasma IL-1b level
in the proband was higher than that in the HCs, but there was no
significant difference. Then the cytokine responses in the PBMCs
upon LPS stimulation were further examined. As expected, the
secretion of IL-1b in the two patients was significantly higher than
that in healthy controls after LPS stimulation (Figure 3B). IL-6 is a
downstream molecule of IL-1b (20), and was also checked.
Compared with HCs, the secretions of IL-6 in the two patients
were higher, with a significant difference demonstrated in the
mother of proband (Figure 3B). Other cytokines were also tested,
including IL-18, TNF-a, MCP, IL-8, IL-10, IL-23, but no
statistical difference was shown. Activation of caspase-1 was
also measured in the PBMCs culture supernatant using a
bioluminescence assay. After 24h of stimulation, the level of
activated caspase-1 was significantly increased in the patients
compared with the healthy controls (Figure 3C). These results
suggested that the NLRC4 p.Gly172Ser promote the caspase-1
activation and cytokine production.

Review of the Literatures About
NLRC4 Mutations
To date, twelve NLRC4 mutations have been reported worldwide in
the literatures (11–15, 18, 20–28). There were 42 patients from 15
unrelated families, and most of them carried de novo mutations.
Among them, p.Ser171Phe and p.Thr177Ala were somatic
mosaicism mutations, while the others were germline mutations.
Except for the 93-base-pair in-frame deletion within exon 5, other
Frontiers in Immunology | www.frontiersin.org 5
NLRC4 mutations were missense heterozygous and most of them
are mapped to the critical amino acid residues located at the ADP-
bound NBD–WHD–HD1 interaction interface (Figure 2B). Four
NLRC4 inflammasomopathy phenotypes have been described:
AIFEC in 7 cases from 5 families, NLRC4-MAS in 6 cases from 6
families, FCAS4 in 28 cases from 3 families, and NOMID in 1 case
from 1 family. All of the information is summarized in Tables 1, 2.
DISCUSSION

NLRC4 is located on chromosome 2p22.3, encoding 1024 amino
acids. The NLRC4 protein plays important roles in the innate
immune response, which forms an inflammasome in response to
type 3 secretion system (T3SS) proteins from invading Gram-
negative bacteria, such as Salmonella species (29). Mutations in
this gene result in autoinflammation disorders with variable
clinical manifestations from skin rash to MAS with or without
infantile enterocolitis. In this study, we identified a heterozygous
mutation resulting in a glycine to serine substitution at the amino
acid residue 172, which has not been reported before. Both
patients manifested with recurrent urticaria and arthralgia and
were treated symptomatically. The amino acid residue Gly172 is
highly conserved, and interacts with ADP via one hydrogen
bond. The mutation promotes the formation of the steric
hindrance between Ser172 and Leu339 amino acid residues,
suggesting that it could affect NLRC4 function. The levels of
plasma IL-1b and IL-18 were higher than in HCs during disease
flares in the proband. Functional tests showed that this mutation
could enhance the activity of the inflammasome, resulting in an
increase of IL-1b and IL-6 secretion and caspase-1 activity after
LPS stimulation. However, the levels of IL-18 in P and PM were
not significantly higher than that of HCs after LPS stimulation. A
possible explanation is that the secretion of IL-18 and IL-1b is
not synchronous. As in some CAPS patients with NLRP3
mutations, only the level of IL-1b was found to be elevated,
but IL-18 was not (30). In addition, as for NLRC4 mutation,
according to the reported literature (15), the levels of IL-18 are
different among different patients, even in those with same
mutation. Some patients showed increased serum IL-18, but
others did not. While the underlying mechanism is not clear so
far and need further study.

The literatures on NLRC4-AIDs were systematically
reviewed, aiming to characterize the associated clinical features.
Of the 42 patients identified so far, the majority were Japanese.
The true prevalence of NLRC4-AIDs across ethnicities is poorly
understood. Of the 42 patients from 15 unrelated families, 73.8%
had a family history, while the remainder had de novomutations.
Four clinical phenotypes associated with NLRC4 mutations have
been described: AIFEC, NLRC4-MAS, FCAS4 and NOMID.

AIFEC and NLRC4-MAS are two chronic inflammatory disease
that are frequently accompanied by life-threatening episodes. All
reported AIFEC and NLRC4-MAS patients have required
hospitalizations in intensive care units during inflammatory
episodes and usually need treatment with a combination of
immunosuppressive or biological agents. Four patients died of
June 2021 | Volume 12 | Article 674808
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FIGURE 2 | The p.G172S mutation is located in the NBD domain of NLRC4. (A) A schematic structure of the NLRC4 protein with the individual domains labeled:
CARD, caspase activation and recruitment domain; NBD, nucleotide-binding domain; WHD, winged helix domain; HD1, helicase domain 1; HD2, helicase domain 2;
LRR, leucine-rich domain. Mutations with different phenotypes are shown by different colors: NOMID (blue), MAS (purple), AIFEC (dark red), and FACS4 (green). Our
patients are shown in red. (B) Mapping of Gly172 onto the crystal structure of mouse NLRC4 in the ADP-bound state [Protein Data Bank (PDB) accession 4KXF].
(C) The structural impact of mutant Gly172Ser and nearby residues were modeled on the basis of the template of 4KXF from PDB by Swiss-PdbViewer. Hydrogen
bonds are shown as green dotted lines. Steric hindrance between residues Ser172 and Leu339 is shown as purple dotted lines. ADP is highlighted with a yellow
solid line. (D) The protein level of NLRC4 in whole-cell lysate assessed by using western blotting of PBMCs.
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this disease (12, 18, 20). In severe cases, it is difficult to distinguish
between AIFEC/NLRC4-MAS flares and primary hemophagocytic
lymphohistiocytosis (HLH). Both manifest with multilineage
cytopenias, coagulopathy, hypertriglyceridemia, elevated soluble
IL-2 receptor and low cytotoxic cell function (11–13, 20, 21).
However, most importantly, the cytotoxic cell function of AIFEC
patients returned to normal level after the flare resolved, reflecting
an intact granule-dependent cytotoxicity machinery of the cytotoxic
cells. Extremely elevated serum IL-18 concentrations are another
biomarker in AIFEC/NLRC4-MAS patients that could be used to
distinguished them from primary HLH (12, 13, 18, 21, 25–27).
Gastrointestinal diseases such as diarrhea, bloody stool and
recurrent perianal abscesses also help differentiate AIFEC from
HLH (12, 13, 18, 21, 26, 27). Among the 7 AIFEC patients, six of
them had a mutation at the acid residue 341, which shows that
valine 341 is a hot-spot mutation. In addition, some studies have
shown that position 341 is important for closing the lid on the ADP-
binding pocket to prevent ADP–ATP exchange (12, 20).

Twenty-eight patients with FACS4 syndrome have been
reported in three families, and most of them came from Japanese
Frontiers in Immunology | www.frontiersin.org 7
and Dutch populations (14, 15). Most of them carried mutations in
the WHD domain of NLRC4 (p.His443Pro and p.Ser445Pro) (14,
15). These patients showed mild clinical conditions with urticarial
rash and arthritis, and even most of them did not require
treatment. The symptoms were frequently induced by exposure
to cold stimuli. The individuals with the p.Ser445Pro mutation
displayed highly elevated plasma IL-18 concentrations (15), similar
to our patients, but this was not found in patients with the
p.His443Pro mutation (14). As for the p.His443Pro mutation, an
in vitro study has demonstrated that disruption of the His443-ADP
interaction facilitates conformational changes in the WHD and
weakens ADP binding, therefore promoting NLRC4 activation
(14). In our patients, the p.Gly172Ser mutation promotes the
formation of steric hindrance between the Ser172 and Leu339
residues, which would impair protein function, also leading to
NLRC4 activation. On the other hand, a functional study suggests
that pathologic NLRC4 variants in the WHD may differentially
promote caspase 8-mediated cell death (31), which could
contribute to the disease development associated with mutations
in theWHD domain. For the skin pathological manifestations, skin
A

B

C

FIGURE 3 | The p.G172S mutation induces a hyperinflammatory response. (A) Elevated plasma IL-1b and IL-18 levels were found in the proband patient (P)
compared to healthy controls (HCs). (B) PBMCs were stimulated with or without 100ng/ml LPS for 24 hours. The secretions of IL-1b and IL-6 were examined in the
proband, the mother of proband (PM) and HCs. (C) Luminescence assay was performed to quantitate the caspase-1 activation in PBMCs supernatants after LPS
stimulation for 24 hours. The level of activated caspase-1 was significantly increased in the patients compared to that in the HCs. The data were pooled from at least
3 independent experiments. *P < .05, **P < .01, ***P < .001, ****P < .0001 by two-tailed t-tests.
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TABLE 1 | Summary of previously reported cases with NLRC4 Mutations.
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Variant Domain Number
of

patients

Origin of
mutation

Predicted
Mutant
Type

Age of onset Country Phenotype Biological markers T

p.Gly172Ser NBD 2 in one
family

Inherited GOF adolescence,
6 months

China FCAS4 IL-1b, IL-6, IL-18 NASIDs,
colchicine

p.Thr337Ser HD1 One De novo GOF 6 months European MAS CRP, IL-1b, MAS
IL-18, IL-6, cytotoxic
T-cell dysfunction

colchicine
corticoste

p.Val341Ala HD1 3 in one
family

De novo,
then
inherited

GOF 1–2 weeks USA AIFEC CRP, IL-1b, IL-18,
IL-2R, MAS, NK cell
lymphopenia and
disfunction

corticoste
cyclospo

p.His443Pro WHD 13 in one
family

Inherited GOF 2–3 months Japanese FCAS4 IL-17A without tr
NSAIDs

p.Thr337Asn HD1 One De novo GOF 20 days Caucasian MAS CRP, IL-18, INF-g,
MAS, CXCL9, CXCL10

corticoste
cyclospo
monoclon

p.Ser171Phe NBD One Somatic
mosaicism

GOF In utero NA Perinatal MAS and FTV CRP, IL-2R, MAS —

p.Thr177Ala NBD One Somatic
mosaicism

GOF Birth Japanese NOMID CRP, IL-1b, IL-6, IL-18 colchicine

p.Val341Ala HD1 One De novo GOF 6 weeks White AIFEC CRP, IL-1b, IL-18, IL-6,
MAS, cytotoxic T-cell
dysfunction

corticoste
infliximab
a4b7-inte
rhIL-18B

p.Ser445Pro WHD 13 in one
family

Inherited GOF Infancy to
childhood

Dutch FCAS4 IL-1b, IL-6, IL-10,
IL-18, TNF-a, IFN-g

Anakinra

P.Arg207Lys NBD One De novo GOF 8 days Caucasian AIFEC Absent natural killer cell
activity, CD25, IL-6,
MAS, IL-8 and TNF-a

Corticost
Anakinra,

P.Thr655Cys LRR 2
unrelated
patients

De novo GOF 11 days, 18
months

NA/China MAS CRP, IL-1b, IL-18,
IL-2R

corticoste
IVIG, ecu
tocilizuma

p.Val341Leu HD1 One De novo GOF 12 days Canada AIFEC CRP, IL-1b, IL-18,
MAS

corticoste
rapamyci

p.Gln657Leu LRR One De novo GOF 2 weeks Malaysia Recurrent fever
episodes, skin
erythema, and
inflammatory arthritis

CRP, IL-18 Colchicin

p.Val341Ala HD1 One De novo GOF 20 days Caucasian AIFEC-associated
perirectal abscesses

CRP, PCT, IL-18, MAS Anakinra

93-base-pair
in-frame
deletion within
exon 5

LRR Two Inherited GOF 5 to 6 years NA FCAS4 NA Steroids

HD1, helical domain 1; NBD, nucleotide-binding domain; WHD, winged-helix domain; LRR, leucine-rich repeat domain; GOF, gain-of-function; FCAS, familial cold
inflammatory disease; FTV, fetal thrombotic vasculopathy; AIFEC,autoinflammation with infantile enterocolitis; MAS, macrophage activation syndrome; BMT, bone m
nonsteroidal anti-inflammatory and analgesic drug; PCT, procalcitonin levels; NA, not available.
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infiltrates in p.Ser445Pro patient biopsies were lymphohistiocytic,
unlike FCAS1 patients whose biopsied skin lesions were
characteristically neutrophilic (32).

The NOMID phenotype was only reported in one patient who
was NLPR3 mutation-negative but carried a p.Thr177Ala
mutation in the NBD domain of NLRC4, which resulted in
chronically elevated plasma IL-18. Functional analysis of patient
pluripotent stem cell-derived monocytes revealed that the patient
had somatic mosaicism of a novel NLRC4 mutation (22, 23).

According to the previously reported cases, there seems to be a
genotype and phenotype correlation for NLRC4 mutations. The
patients with mutations in the WHD domain presented with mild
inflammatory symptoms of FCAS4; whereas severe inflammation,
MAS, and AIFEC, developed in those with mutations in the NBD
and HD1 domains. However, unlike the reported severe cases with
mutations in the NBD domain, we herein identified a mutation in
the NBD domain of NLRC4 in two patients, who just presented
with recurrent urticaria and arthralgia. This is the first report of
FCAS4 associated with a mutation in the NBD domain of NLRC4.
Thus, it is still unclear why different mutations of NLRC4 lead to
distinct clinical phenotypes, which warrants further investigation.

In summary, we identified a novel mutation in the NBD
domain of NLRC4 in two patients with mild clinical phenotype
Frontiers in Immunology | www.frontiersin.org 9
including recurrent urticaria and arthralgia. Our findings
demonstrated the diversity of NLRC4 mutations and disease
phenotypes, thus expanding the clinical spectrum associated
with NLRC4 gain-of-function mutations.
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