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Abstract

Objective—To identify the cause of disease in an adult patient presenting with recent onset
fevers, chills, urticaria, fatigue, and profound myalgia, who was negative for cryopyrin-associated
periodic syndrome (CAPS) NLRP3 mutations by conventional Sanger DNA sequencing.

Methods—We performed whole-exome sequencing and targeted deep sequencing using DNA
from the patient’s whole blood to identify a possible NLRP3 somatic mutation. We then screened
for this mutation in subcloned NLRP3 amplicons from fibroblasts, buccal cells, granulocytes,
negatively-selected monocytes, and T and B lymphocytes and further confirmed the somatic
mutation by targeted sequencing of exon 3.

Results—We identified a previously reported CAPS-associated mutation, p.Tyr570Cys, with a
mutant allele frequency of 15% based on exome data. Targeted sequencing and subcloning of
NLRP3 amplicons confirmed the presence of the somatic mutation in whole blood at a ratio
similar to the exome data. The mutant allele frequency was in the range of 13.3%-16.8% in
monocytes and 15.2%-18% in granulocytes; Notably, this mutation was either absent or present at
a very low frequency in B and T lymphocytes, buccal cells, and in the patient’s cultured
fibroblasts.

Conclusion—These data document the possibility of myeloid-restricted somatic mosaicism in
the pathogenesis of CAPS, underscoring the emerging role of massively-parallel sequencing in
clinical diagnosis.
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The cryopyrin-associated periodic syndromes (CAPS) are a group of autoinflammatory
disorders including familial cold autoinflammatory syndrome (FCAS), Muckle-Wells
syndrome (MWS), and neonatal-onset multisystem inflammatory disease (NOMID; also
known as Chronic Infantile Neurological, Cutaneous, and Articular, (CINCA)). These
dominantly inherited diseases are caused by heterozygous missense gain-of-function
mutations in the NLRP3 (CIASL) gene encoding NLRP3 (also known as cryopyrin), leading
to the activation of the NLRP3 inflammasome and overproduction of IL-13 (1). CAPS
patients respond to therapy targeting this cytokine.

Recently, several studies have expanded the genetic basis of NOMID/CINCA/MWS to
include NLRP3 mosaicism (2-10). The first case was reported in a NOMID/CINCA patient
(2). Subsequent studies suggest that somatic NLRP3 mutations account for up to 70% of
NOMID/CINCA patients who test negative for a heterozygous germline mutation (4-6). The
estimates of the level of somatic mosaicism vary widely, ranging from as low as 4.2% up to
35.8% (5, 9). Patients with somatic mutations present with symptoms comparable to patients
with germline mutations, with slightly older age of disease onset and possibly milder CNS
disease (5, 9). The frequency of the mutant allele was reported to be similar in various cell
types including myeloid cells, T and B lymphocytes, and epithelial cells (4, 5). A small
number of monocytes carrying NLRP3 mutations are sufficient to evoke systemic
inflammation (3), and mutant macrophages are predominantly responsible for driving
inflammation (7). There is also evidence that in some cases somatic NLRP3 mutations
include germ-line cells, with consequent genetic transmission (8). Recently, myeloid
lineage-restricted somatic mosaicism of NLRP3 mutations was reported in two patients with
the variant-type of Schnitzler syndrome (11).

CAPS almost invariably presents in infancy with fevers and urticarial rash, and other
manifestations such as arthropathy, sensorineural hearing loss, and, in more severe cases,
central nervous system inflammation. A 52 year-old pediatrician presented to the National
Institutes of Health with perimenopausal onset of stress-induced fevers, chills, urticaria,
fatigue, and profound myalgia, usually lasting several hours at a time. Occasionally, she
developed conjunctivitis and headaches associated with flares. She recalled a similar rash
without the other associated symptoms as a child, resolving at puberty (Table 1). She did not
have a history of any CNS inflammation such as sensorineural hearing loss, papilledema, or
aseptic meningitis nor did she have any bony abnormalities.

Based on the absence of cold-induced symptoms and CNS inflammation, the patient was
suspected of having a variant of MWS, although screening in a commercial laboratory was
unremarkable for mutations in NLRP3. Nevertheless, her symptoms dramatically improved
with daily injections of anakinra, a recombinant IL-1 receptor antagonist. A diagnosis of
Schnitzler’s syndrome was considered but the patient did not have an IgM gammopathy nor
did she report significant bone pain. Hypothesizing possible NLRP3 somatic mosaicism, we
first performed whole-exome sequencing and then targeted deep resequencing of NLRP3 in
DNA extracted from whole blood and buccal cells. Upon finding evidence for mosaicism,
we interrogated the distribution of the somatic mutation in six different cellular lineages.

Arthritis Rheumatol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 3

MATERIALS AND METHODS

Patient

The patient provided written informed consent as approved by an Institutional Review
Board at the National Institutes of Health. The study was performed in accordance to the
Declaration of Helsinki. Human peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll-Hypaque density gradient centrifugation. T cells (Pan T Cell Isolation Kit,
Miltenyi Biotec), B cells (B Cell Isolation Kit Il, Miltenyi Biotec), and monocytes
(Monocyte Isolation Kit I, Miltenyi Biotec) were isolated by negative selection using
antibody-conjugated supermagnetic beads (MACS) according to the manufacturer’s
instructions. Granulocytes were enriched from peripheral blood by sedimentation in 3%
dextran in 0.9% saline followed by hypotonic lysis to remove erythrocytes (12). Buccal cells
were collected by Easy-Swab (TrimGen), and buccal DNA was extracted by the
BuccalQuick kit (TrimGen). Fibroblasts were derived from a skin punch biopsy, which was
initially digested with 9 mL of 1 mg/mL collagenase Il and 1 mL of 2.5 U/mL dispase for 1
h, then cultured with 2 mL of 20% DMEM/FBS media for 3 weeks prior to collection.

Whole-exome sequencing

Whole-exome sequence derived from the patient’s DNA was obtained using the lllumina
TruSeq DNA Sample Preparation Kit on the Illumina HiSeq2000 instrument. Sequencing
reads were aligned to the human reference genome hg19 using the Burrows-Wheeler
Aligner (BWA). Both SAMtools and the GATK Unified Genotyper (parameters: -
stand_call_conf 5.0 -stand_emit_conf 5.0 -dcov 500) were used to identify SNVs and
INDELSs. Variants were then annotated by ANNOVAR and novel exonic variants were
obtained by filtering variants against the dbSNP, 1000 Genomes Project, NHLBI Exome
Sequencing Project (ESP6500), and ClinSeq databases.

Targeted deep resequencing

We performed targeted deep resequencing of NLRP3 using the DNA from various cell
types. NLRP3 exons were amplified using high-fidelity polymerase AccuPrime™ Pfx.
Whole blood and buccal cells DNA samples were deep resequenced for all nine NLRP3
exons covered by twelve amplicons. DNA samples from isolated monocytes, granulocytes,
T and B lymphocytes, fibroblasts, were deep resequenced only for exon 3 that was covered
by four amplicons. Equal volumes of each amplicon were pooled, sheared by sonication, and
then prepared using the Illumina TruSeq DNA Sample Preparation Kit or the NuGen
Ovation Ultralow Library System. The sequence read data were generated using the MiSeq
instrument with 150 bp or 300 bp paired-end reads.

Subcloning and Sequenom genotyping

The amplicon harboring the NLRP3 mutation was prepared from the DNA extracted from
various cell types using high-fidelity polymerase AccuPrime™ Pfx and dA addition was
performed with LA Taq polymerase. The amplicon was subcloned into pCR2.1-TOPO
vector. 192 subclones were randomly selected for each of the six different cell types and
further amplified by AccuPrime™ Pfx for individual clone sequencing or the bacterial

Arthritis Rheumatol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al. Page 4

suspensions were directly subjected to Sequenom genotyping. Genotypes were determined
using Typer 4.0 software.

RESULTS

By Sanger sequencing, we confirmed the absence of germline NLRP3 mutations (Figure
1A). We then performed whole-exome sequencing of DNA from the patient’s unfractionated
blood. The sequencing generated ~58 million mapped reads with a mean depth of coverage
of 72X. The search for a novel disease-causing gene identified 21 novel exonic candidate
variants but failed to identify any plausible candidate genes in this patient (Supplementary
Table 1). In order to test for possible somatic mutations, we changed our sequence filtering
strategy to reduce false negative variant calls, which concomitantly increased the number of
false positive calls. In total, 24462 exonic variants were identified. The subsequent filtering
for autosomal heterozygous variants that are not present in the public databases resulted in
identification of 129 novel variants. Among the variants, we noted a heterozygous change,
p.Tyr570Cys (c.1709A>G), in exon 3 of the NLRP3 gene. This mutation has been
previously reported in a NOMID/CINCA patient from Australia (13). Exome data showed
the somatic mutation with the mutant G allele frequency of 15% (Figure 1B). To confirm
that p.Tyr570Cys is a true somatic mutation rather than a false positive call, we performed
targeted deep resequencing of 9 exons of NLRP3 in DNA obtained from whole blood of the
patient. Targeted deep resequencing generated an average depth of coverage as high as
28604 X (Figure 1B and 1C). The somatic mutation p.Tyr570Cys was present in the whole
blood DNA sample with 1737 reads harboring the mutant G allele and 14196 reads
harboring the wild type A allele, indicating a mutant G allele frequency of 10.9% (Figure
1C). This result was consistent with the mutant allele frequency identified by exome
sequencing data. Next, we investigated the distribution and frequency of the somatic
mutation in various cell types. We subcloned the amplicon potentially harboring this
mutation and genotyped 192 colonies from the patient’s monocytes, granulocytes, T cells, B
cells, buccal cells, and cultured fibroblasts. The p.Tyr570Cys mutation was identified in
monocytes and granulocytes, with the mutant G allele frequency of 13.3% and 15.2%,
respectively. The p.Tyr570Cys mutation was not identified in T cells and fibroblasts, and
was identified at very low frequency in B cells (4.3%) and buccal cells (0.5%) (Figure 2).
Similar frequencies of the somatic mutation were further obtained by targeted sequencing of
exon 3 (Figure 1C and Figure 2). As expected, mean depth of coverage for targeted
sequencing of exon 3 was significantly higher than when all nine exons of NLRP3 were
subjected to targeted sequencing. We suspect that the low level of somatic mutation in non-
myeloid cells could be due to contamination in cell preparations. The mutant allele
frequency of (subcloning/targeted sequencing) 13.3%/16.8% and 15.2%/18% corresponds to
26.6%/33.6% and 30.4%/36% of monocytes and granulocytes, respectively, mediating the
disease.

DISCUSSION

This manuscript reports on lineage-specific NLRP3 mosaicism in patients with late-onset
urticaria, fevers, and arthralgias but lacking the monoclonal gammopathy and bone pain
associated with Schnitzler’s syndrome. The p.Tyr570Cys mutation has been previously
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reported to occur in patients with NOMID, but this patient lacked the CNS-related
inflammation and bony changes that usually associated with NOMID patients. In previous
reports of early-onset CAPS patients, the cellular/tissue distribution of mosaicism was either
not examined or ubiquitous (2, 4, 5, 8-10). Our patient is unique in that the mutation was
mainly present in myeloid cells, the major drivers of disease in CAPS, confirming a new
paradigm in the etiology of autoinflammation and possibly other diseases. Based on recent
reports, patient suspected to have CAPS, Schnitzler’s syndrome and Blau syndrome who are
negative for germ-line mutations should be investigated for somatic mutations (11, 14).
Whereas high frequency somatic mutations might be detected by whole exome sequencing,
low frequency mutations can be only detected by targeted deep resequencing of respective
exons/genes.

The tissue distribution of mosaicism is largely determined by normal embryological
processes, and thus when mutational events occur early in embryogenesis, the clonal
expansion of mutations is broadly dispersed into different types of cells or tissues. However,
when mutational events happen during a later stage of embryogenesis or after birth, the
expansion of the mutation may be more limited. The mutational event in the patient reported
here may have occurred later, possibly during the development of myeloid progenitor cells,
considering the high frequency of mosaicism in monocytes and granulocytes and relative
absence of the mutation in lymphocytes (Figure 2). Another possibility is that the mutation
arose in hematopoietic stem cells, with a fitness advantage in myeloid, rather than lymphoid
progenitor cells. The patient has four adult children with no medical histories consistent with
CAPS, suggesting the absence of mosaicism in the germ line.

Given the uncertain significance of her childhood episodes of urticaria, it is difficult to
estimate the time when her somatic mutation may have arisen. There are no pre-
symptomatic tissue or blood samples available nor are there subsequent samples, aside from
our recent collections, that could demonstrate potential expansion of the somatic mutation.
Nevertheless, the current report underscores the utility of massively parallel sequencing in
establishing a new molecular basis of CAPS in cases presenting after infancy, but who
fortunately are also responsive to IL-1 inhibitory treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Targeted sequencing
1737G : 14196A

Whole blood

Mutant Read Depth

Cartypes MM Wlradromiey | oWITdent  Mesh et onhof
(Forward and Reverse)
Whole blood 10.9% 1737 (F:327; R:1410) 15933 28604
Monocytes 16.8% 27479 (F:27145; R:334) 163245 288602
Granulocytes 18% 33311 (F:32982; R:329) 185010 299315
T cells 0.9% 1228 (F:1215; R:13) 128045 207856
B cells 5.6% 11049 (F:10969; R:80) 196471 308541
Fibroblasts 0.1% 187 (F:186; R:1) 146049 339911
Buccal cells 1.9% 134 (F:27; R:107) 6762 14301
Figure 1.

(A) Sanger sequencing electropherograms of the patient with somatic NLRP3 mosaicism (c.
1709A>G, p.Tyr570Cys) from whole blood DNA (upper panel) and in representative
subclones (lower panels). Arrows indicate the position of the somatic mutation. The
frequency of the somatic mutant allele in whole blood is 10.4% (172 clones with wild type

A allele and 20 clones with mutant G allele, respectively).

(B) Mapped reads from exome sequencing and targeted sequencing of DNA from whole
blood support the presence of the mutation c.1709A>G by Integrative Genomics Viewer.
(C) Summary table of the somatic mutation allele frequency and read depth in different cell
lineages determined by targeted sequencing.
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e\

Hematopoietic Mesenchymal
stem cell stem cell
N

Myeloid Lymphoid
progenitor progenitor

P

Monocytes Granulocytes T cells B cells Fibroblasts Buccal cells
Subcloning  13.3% 15.2% 0% 4.3% 0% 0.5%
Targeted
Sequeneing 16:8% 18% 0.9% 5.6% 0.1% 1.9%
Figure 2.

The schematic diagram shows cell lineage development from hematopoietic and
mesenchymal stem cells. The somatic NLRP3 mutation, ¢.1709A>G, is restricted to
monocytes and granulocytes and comparable data from two sequencing techniques suggest
that the somatic event likely occurred in myeloid progenitor cells.
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