Preferentially Inflamed Tendon Sheaths in the Swollen but Not Tender

Joints in a 5-Year-Old Boy with Blau Syndrome

lau syndrome (MIM #186580), also known as
early-onset sarcoidosis (MIM #609464), is an
auto-inflammatory  condition associated with
constitutive active NOD2 mutation, characterized by a triad
of skin rash, uveitis, and symmetrical polyarthritis.l'3

A 5-year-old boy underwent ultrasonography for the
swollen but not tender fingers, wrists (Figure 1), and
ankles. Ultrasound examination revealed markedly
thickened tendon sheaths accompanied by increased power
Doppler signals and synovial fluid in the fingers, the wrists,
and the ankles (Figure 2 and Videos 1-4; Videos 1-4 are

Figure 1. Soft tissue swelling in the right hand.

available at www.jpeds.com). In contrast, articular-synovitis
in the same joint region was absent or minimal.

Although the frequent involvement of tendon sheaths in
Blau syndrome has been previously described,* this is
the first report to demonstrate the predominance of teno-
synovitis over articular-synovitis using ultrasonography.
Because Blau syndrome causes structural damage in painless
joints and clinical examination often fails to distinguish be-
tween articular- and teno-synovitis, the accurate localization
of joint inflammation with ultrasound can be helpful in
understanding the pathophysiology and also in establishing
the strategy to prevent joint destruction of Blau syndrome. =
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Figure 2. Ultrasound images of the right hand and the right ankle. A, The third flexor digitorum in the right hand. B, The extensor
carpi ulnaris in the right wrist. C, The extensor tibialis anterior in the right ankle. D, The flexor digitorum in the right ankle.
Arrow heads demarcate the extended area of synovial sheath. Asterisks indicate the synovial fluid. ECU, extensor carpi ulnaris;

PP, proximal phalanx; MP, middle phalanx; TA, tibialis anterior.
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NLRP3 activation induces ASC-dependent
programmed necrotic cell death, which leads
to neutrophilic inflammation

T Satoh', N Kambe*' and H Matsue'

NLR family pyrin domain containing 3 (NLRP3) is a cytoplasmic pattern recognition receptor that regulates innate immune
responses by forming a protein complex, the inflammasome. It leads to production of proinflammatory cytokine productions
such as interleukin 18 (IL-16). We and others demonsirated that an induction of activated NLRP3 also induced cell death.
However, little is known about the characteristics and mechanisms of the cell death and its involvement in the pathogenesis of
inflammatory conditions. In this study, we established cell lines in which NLRP3 was induced by doxycycline using a
tetracycline-inducible expression (Tet-on) system. Using this system, the expression of NLRP3 mutants in cryopyrin-associated
periodic syndrome (CAPS) patients was sufficient for the induction of necrotic cell death without lipopolysaccharide stimulation
or generation of mature IL-18. We also found that CA074-Me, a cathepsin B inhibitor, blocked cell death before oligomerization of
apoptosis-associated speck-like protein containing a CARD (ASC), whereas Z-VAD-fmk, a pan-caspase inhibitor, blocked the cell
death after the oligomerization. Silencing of the ASC gene (Pycard) by small hairpin RNA treatment inhibited the NLRP3 mutant-
induced cell death, but silencing of the caspase-1 gene (Casp7) did not. Taken together, these results indicated that ASC was
indispensable for NLRP3-mediated programmed necrotic cell death, and that this type of cell death was distinct from
‘pyroptosis’, which requires caspase-1. Finally, we demonstrated in an in vivo model that the programmed necrotic cell death
induced by activated NLRP3 could cause neutrophil infiliration, indicating a possible role of cell death in neutrophil infiliration of
skin lesions in CAPS patients.

Cell Death and Disease (2013) 4, e644; doi:10.1038/cddis.2013.169; published online 23 May 2013

Subject Category: Immunity

NLR family pyrin domain containing 3 (NLRP3) is a
cytoplasmic protein belonging to the NOD-like receptor
(NLR) family.” This family is characterized by pattern recogni-
tion receptors, and senses microbial molecules and danger
signals in the cytoplasm of cells. NLRP3 and apoptosis-
associated speck-like protein containing a CARD (ASC) are
components of the inflammasome, a multiprotein complex
required for caspase-1 activation and interleukin 18 (IL-1p8)
production. Formation of the NLRP3-inflammasome requires
two signals. The first signal (also called the priming step)
consists of microbial molecules or endogenous cytokines and
is required for the upregulation of NLRP3 itself and the
production of targeting cytokines by the inflammasome,
including the pro-form of IL-1 (pro-lL-1p). The second signal
is provided by extracellular ATP, pore-forming toxins or
crystals. These signals activate NLRP3, leading to NLRP3
oligomerization followed by ASC oligomerization, and
finally the formation of the NLRP3-inflammasome. Then, the
inflammasome induces self-cleavage of pro-caspase-1 into
the active form of caspase-1 that cleaves pro-IL-18 into
the biologically active p17 form of IL-1 (mature 1L-16).

The mammalian NLR family is structurally related to plant
resistance (R) proteins.? R proteins detect pathogen-effector
or avirulence proteins, leading to production of antimicrobial
proteins and programmed cell death that is localized at
infection sites.® Certain bacterial effectors have evolved the
ability to suppress the programmed cell-death responses,
allowing pathogen growth and disease in plants, suggesting
the importance of programmed cell death in plants’ innate
immunity.* Whereas a large number of recent publications
have greatly increased our knowledge of the mechanisms
involved in production and processing of IL-1 by the NLRP3-
inflammasome, we are only beginning to understand the
mechanisms of cell death caused by NLRP3 activation.

NLRP3 (the gene that encodes cryopyrin) was originally
identified as the gene responsible for cryopyrin-associated
periodic syndrome (CAPS) in which neutrophilic urticarial rash
is the most common symptom.® CAPS is caused by gain-
of-function mutations in NLRP3 that cause constitutive
activation of NLRP3 in the absence of second signals and
secretion of IL-18. Three independent groups, including this
laboratory, have reported that monocytes isolated from CAPS
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patients were selectively induced to undergo cell death upon
lipopolysaccharide (LPS) treatment,®® accompanied by
mutant NLRP3 expression. Of potential interest are patients
with NLRP3 mutation with somatic mosaicism. Monocyte cell
death after LPS treatment was only observed in the cells
bearing mutant NLRP3 but not in those without mutation.®8
Moreover, we previously reported that the transient expres-
sions of CAPS-associated mutant NLRP3 caused necrotic
cell death.® The observation that the necrosis was inhibited by
cathepsin B inhibitor (which also blocks programmed cell
death caused by R protein in plants'®), suggested that it was
indeed programmed cell death.

Caution is required in concluding that NLRP3 activation
leads to programmed cell death. This is because LPS
treatment induces an array of gene products including IL-6,
IL-8, and tumor necrosis factor-o in addition to NLRP3 and
pro-IL-15. Thus, it is possible that LPS-induced factors could
participate in cell death. In addition, the transfection metho-
dology (i.e., lipid-mediated gene delivery) itself has been
shown to activate the inflammasome."'~'* Moreover, second
signals alone are known to induce cell damage or cell
death.’™'® Thus, to conduct studies in an unambiguous
manner, we generated cell lines in which NLRP3 was induced
upon doxycycline treatment using a tetracycline-inducible
expression (Tet-on) system, eliminating the need for LPS
treatment or exogenous DNA transfection. In addition, we
utilized CAPS-associated mutant NLRP3 to avoid the damage
associated with second signals.

Using the Tet-on system, we demonstrated in this study that
the expression of CAPS-associated NLRP3 mutants alone
was sufficient for necrotic cell death without LPS stimulation.
On the basis of the observation that the distribution pattern of
ASC in the cytoplasm was quite different after the treatment of
two inhibitors, we demonstrated that CA074-Me inhibited the
cell death before ASC oligomerization, whereas Z-VAD-fmk
inhibited the cell death after ASC oligomerization. We also
showed that NLRP3-mediated cell death can recruit neutro-
phils even in the absence of IL-1f. This characteristic cell
death-mediated neutrophil-rich inflammation has wider sig-
nificance because it is mediated by NLRP3, which responses
o not only pathogens but also to danger-associated signals.

Results

Cell death induced by NLRP3 activation was dispensa-
ble for IL-18 expression. NLRP3-inflammasome formation
and mature IL-15 release requires two distinct signals.

g
Figure 1 The first signals for the NLRP3-inflammasome can be replaced by
expressions of NLRP3 and pro-IL-14. (a and b) MC/9 cells (1 x 10%) were
pretreated with 1 ug/ml LPS for 2h and stimulated with 5mM ATP for 45 min.
WT-NLRP3-Tet-on-MC/9 cells were transfected with the pro-IL-15-pMX-IP retroviral
vector and incubated for 48 h before ATP stimulation. WT-NLRP3-Tet-on-MC/9 cells
(1 x 10 were treated with 1 ug/ml doxycycline for 12 h before ATP stimulation to
induce the expression of WT-NLRP3. Cells and supernatants obtained from
experiments using MC/9 and WT-NLRP3-Tet-on-MC/9 were harvested 45 min after
ATP stimulation, except supernatants for HMHB1 immunoblotting that were
harvested 12h after ATP stimulation. {c) WT-NLRP3-Tet-on-MC/9 cells stably
expressing ASC-mCherry were pretreated with 1 ug/ml doxycycline for 12h and
stimulated with 5mM ATP. ATP stimulation induced the co-localization of NLRP3
and ASC speckles, and induced cell swelling, leading to necrotic cell death
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The most common examples are LPS as the first signal
and ATP as the second signal. The mast cell line MC/9
stably expressed ASC and pro-caspase-1 under unstimu-
lated conditions (Figure 1a, left panels). LPS treatment

a MC/9 WT-NLRP3-Tet-on-MC/9

LPS - + + - - - -
Pro-lL-1p - - - - +
Doxycycline - - - - -
ATP - - + - - -

EGFP L_,~,,_m_,f~*_J

NLRP3 |

+
+

+ o+ o+

ASC

cell lysate

Pro-caspase-1

Actin

Pro-IL-1B

IL-1B (p17)

HMGB1

supernatant

b Pro-IL-1B - - - +
Doxycycline - + + -
ATP + -

EGFP

NLRP3

ASC &

cell lysate

Actin

Pro-IL-18

L1 (p17)|

HMGB1

supernatant

¢ NLRP3-
EGFP

Merge  phase contrast

ASC-mCherry

+Doxycycline

— 169 —



induced NLRP3 and pro-IL-1$ expression, but mature IL-15
was observed only after ATP treatment. These observations
were confirmed with the monocyte cell line J774A.1
(Supplementary Figure S1a).

In order to express NLRP3 without the possible
influence arising from a first signal, we established a method
for artificial induction of NLRP3 with the Tet-on system.
Transfection of an expression vector coding pro-IL-1 into
MC/9 cells induced the expression of pro-IL-15 without
expressing NLRP3 (Figure 1a, right panels), and doxycycline
treatment induced the expression of wild type (WT)-NLRP3
that was tagged with EGFP (WT-NLRP3-Tet-on-MC/9).
The expression of both pro-IL-1f and WT-NLRP3 were
insufficient to release mature IL-1/ and further ATP stimula-
tion was necessary. These data indicated that the artificial
gene induction system obviated the need for LPS as a
first signal.

Following NLRP3 induction and ATP stimulation, we
observed the release of high-mobility group box 1 (HMGB1),
as well as mature IL-1p (Figure 1a). HMGB1 is a strong
proinflammatory factor and normally maintained within the
nucleus but released from cells undergoing necrosis.'” Those
results suggested that NLRP3 activation accompanied
with mature IL-18 release could lead to necrotic cell
death. However, we noted that even without expression of
pro-IL-18 or cleavage of mature IL-15, WT-NLRP3 induction
and subsequent ATP stimulation induced HMGB1 (Figure 1b)
and LDH release (Supplementary Figure S1b). This indicated
that mature IL-18 was not required for NLRP3-mediated
necrotic cell death.

Microscopic observation revealed that doxycycline
treatment induced EGFP expression, indicating the induction
of NLRP3 in the cytoplasm of WT-NLRP3-Tet-on-MC/9 cells
(Supplementary Figure S1ic). ATP stimulation induced an
EGFP speckling in the cytoplasm (Supplementary Figure
S1c). When WT-NLRP3-Tet-on-MC/9 cells co-expressed
mCherry-tagged ASC, we observed red fluorescence, indicat-
ing that ASC was widely distributed in the cell (Figure 1c).
ATP stimulation induced speckle formation of both ASC and
NLRP3, and these speckles were co-localized (Figure 1c).
These experiments were performed without pro-IL-1f expres-
sion, suggesting formation of the NLRP3-inflammasome even
in the absence of pro-1L-18. Cell swelling (Figure 1c) followed
by membrane rupture was observed after ASC speckle
formation.

Induction of CAPS-associated NLRP3 mutanis was
sufficient for cell death. Even though ATP stimulation
alone did not induce HMGB1 release (Supplementary
Figure S2a), ATP is known to induce cell damage.®'® Thus,
we used CAPS-associated, spontaneously active NLRP3
mutants'® to avoid ATP-induced cell damage, enabling us to
examine whether or not the necrotic cell death observed
was the consequence of inflammasome formation.
The induction of mouse NLRP3 mutants (R258W, D301N
and Y570C), corresponding to the major human CAPS-
associated-mutations (R260W, D303N and Y570C, respec-
tively),’® by the Tet-on system in the presence of pro-IL-18
resulted in the release of mature IL-18 (Figure 2a and
Supplementary Figure S2b) and caspase-1 activation

Programmed necrotic cell death induced by NLRP3
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(Figure 2b) even without a second signal after doxycycline
treatment.

Unlike WT-NLRP3, expression of mutant NLRP3 in the
Tet-on system showed HMGB1 release in the absence of ATP
stimulation (Figure 2a and Supplementary Figure S2b),
indicating that HMGB1 release was not the consequence of
ATP stimulation but that of activated NLRP3 expression.
HMGB1 release was also observed in the absence
of pro-lL-15 without ATP stimulation (Supplementary
Figure S2b). This indicates that pro-IL-1 was necessary for
mature IL-1f release but not for NLRP3-related cell death.
The same results were obtained from macrophage cell
line J774A.1. The induction of CAPS-associated NLRP3
mutants produced mature IL-18 without a second signal
(Supplementary Figure S2c¢) and resulted in HMGB1 release
even without IL-15 cleavage (Supplementary Figure S2d).

Cell death induced by CAPS-associated NLRP3 mutants
was necrotic. Microscope observation of NLRP3-Tet-on-
MC/9 cells showed that mutant NLRP3 expression induced
rapid cell swelling, cell membrane rupture and release of cell
contents outside the cells (Figure 2c). Rapid swelling and
membrane rupture were also observed in mutant NLRP3-
Tet-on-J774A.1 cells (Supplementary Figure S2e), indicating
that cell death with necrotic features was not specific to MC/9
cells. Electron microscopy revealed loss of the nuclear
membrane cavity and fusion of chromatin with the cytosol, as
well as obscured structures of cytosolic organelles in mutant
NLRP3-expressing cells (Figure 2d).

The increases of EGFP intensity (an indicator of the level of
EGFP-tagged NLRP3 expression) were similar between WT
and D301N-NLRP3-Tet-on-MC/9 cells for the first 3h after
doxycycline treatment (Figures 2a and e and Supplementary
Figure S3a). Cells expressing WT-NLRP3 continued the
increase in EGFP intensities (Figures 2a and e and
Supplementary Figure S3a), whereas cells expressing
D301N stopped the increase of EGFP intensities after
6-24h and became 7-amino-actinomycin (7-AAD) positive
(Figures 2a and e and Supplementary Figure S3a). Fluor-
escent dyes such as 7-AAD and TOTO-3 iodide (TOTO-3)
penetrate dead or damaged cells and label DNA. Together
with annexin-V (which bears a high affinity for the phospha-
tidylserine that is externalized in early stages of apoptosis),
7-AAD can identify cell status. By expressing the CAPS-
associated mutant NLRP3 (D301N), the annexin-V-/
7-AAD-double negative viable MC/9 cells shifted directly to
annexin-V-/7-AAD-double positive. This transition was
similar to nigericin-treated necrotic cells that did not pass
through an annexin-V-positive/7-AAD-negative apoptotic
stage (Figure 2f and Supplementary Figure S3b), whereas
cells expressing WT-NLRP3 remained viable. This result
indicates that necrotic cell death was induced following the
expression of mutant NLRP3.

Note further that none of the cells expressing mutant
NLRP3 showed cleavage of either caspase-3 or PARP, both
of which were observed in apoptotic cells treated with
actinomycin D (Figure 2g). This observation also indicated
that NLRP3-mediated cell death was not apoptotic. The
same results were obtained in J774A.1 cells (Supplementary
Figure S3c).

@
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Figure 2 CAPS-associated mutant NLRP3-induced necrotic cell death in the absence of pro-IL-18. (a) WT and D301N-NLRP3-Tet-on-MC/9 cells were transfected with
the pro-IL-18-pMX-IP retroviral vector and incubated for 48 h. NLRP3-Tet-on-MC/9 cells (1 x 10°) were treated with 1 ug/ml doxycycline. Cells and supematants were
harvested for western blotting at the indicated time points after doxycycline treatment. (b) WT, D301N and Y570C-NLRP3-Tet-on-MC/9 cells (1 x 10%) were stimulated with
1 pg/ml doxycycline for 16h. MC/9 cells were pretreated with 0.5 ug/ml LPS for 2h and stimulated with 5mM ATP for 45min. The supematants were harvested for
immunoblotting of caspase-1. The indicate non-specific band. (¢) Confocal scanning image of cell death caused by the expression of CAPS-associated mutant NLRP3, taken
6 h after doxycycline treatment. Scanning was performed at 1-min intervals with an Olympus FV10i. (d) Upper panels: electron microscopy of WT-NLRP3-Tet-on-MC/9 cells
10 h after doxycycline treatment. Lower panels: electron microscopy of D301N-NLRP3-Tet-on-MC/9 cells 10 h after doxycycline treatment. (e and f) WT and D301N-NLRP3-
Tet-on-MC/9 cells were treated with 1 g/ml doxycycline, and the signal intensities of EGFP and Alexa647-annexin-V/ 7-AAD staining were analyzed by flow cytometry. MC/9
cells were incubated with 20 ug/ml nigericin for 6h as a necrosis control. (g) CAPS-associated mutant NLRP3-Tet-on-MC/9 cells (1 x 10°% were treated with 1 ug/mi
doxycycline for the indicated time and the cells were harvested for immunoblotting of NLRP3, PARP, cleaved caspase-3 and actin. The asterisk indicates non-specific band.
MC/9 cells were incubated with 100 nM actinomycin D for 8 h as an apoptosis control

Loss of viability mediated by CAPS-associated NLRP3
mutants was programmed cell death. In contrast to
accidental cell death, programmed cell death is inhibited
when its signaling pathways are blocked. Thus, we examined
if necrotic cell death induced by mutant NLRP3 could be
blocked with inhibitors. We previously reported that cell death
induced by LPS treatment of monocytes isolated from CAPS
patients was blocked by cathepsin B inhibitor CA074-Me,”
and that the cell death induced by transient expression of
CAPS-associated mutant NLRP3 was biocked by CA074-Me
and caspase inhibitors.® The cell death caused by CAPS-
associated NLRP3 mutants in the Tet-on system (Figure 3a)

Cell Death and Disease

was attenuated by both CA074-Me and pan-caspase
inhibitor Z-VAD-fmk (Figure 3a). These data indicate that
loss of viability was the result of programmed cell death with
no requirements for LPS treatment or exogenous DNA
transfection.

Specific caspase inhibitors, however, did not block
cell death (Figure 3b) nor did simultaneous addition of
multiple specific caspase inhibitors (data not shown).
These results suggest that loss of viability was not dependent
on caspase activities. The other pan-caspase inhibitors,
Boc-D-fmk, ac-VAD-cho and Q-VD-OPh also failed to
block cell death even at higher concentrations (Figure 3c
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Figure 3 Cell death induced by CAPS-associated NLRP3 mutants was
programmed cell death. (a and b) WT and mutant NLRP3-Tet-On-MC/9 cells were
treated with 1 ug/ml doxycycline for 12h in addition to cathepsin B inhibitor
CAQ74-Me (20 uM), pan-caspase inhibitor Z-VAD-fmk (10 1M), caspase-1 inhibitor
Z-YVAD-cho {10 M), caspase-2 inhibitor, Z-VDVAD-fmk (10 uM), caspase-3/7
inhibitor Z-DEVD-fmk (10 :M), caspase-4 inhibitor Z-LEVD-fmk (10 uM), caspase-8
inhibitor Z-IETD-fmk (10 M), caspase-9/11 inhibitor Z-LEHD-fmk (10 uM) or
caspase-12 inhibitor Z-ATAD-fmk (10 M). Cells were stained with 100 nM TOTO-3
for 5 min and analyzed by flow cytometry. (¢) WT and mutant NLRP3-Tet-on-MC/9
cells were treated with 1 pg/ml doxycyceline for 12h in addition to pan-caspase
inhibitor Z-VAD-fmk or Boc-D-fmk (10/20/40 zM). **, P<0.01; and ****, P<0.0001

and Supplementary Figure S4a-b). The results suggest that
Z-VAD-fmk inhibited cell death presumably due to its
‘off-target’ effects.
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Z-VAD-fmk and CA074-Me inhibited necrotic cell death at
different steps. Without doxycycline treatment, we
observed widely distributed ASC in the cells stably
expressing mCherry-tagged ASC. Those cells were unsus-
ceptible to Yo-Pro-1 staining. However, when we exp-
ressed CAPS-associated mutant NLRP3 by doxycycline,
the diffused presence of ASC changed to a speckle pattern
and then became ‘green’ (positive) when stained with
Yo-Pro-1, reflecting cell membrane damage (Supplement-
ary Figure S4c).

After mutant NLRP3 expression by doxycycline under
DMSO treatment as vehicle, most cells converted the
distribution pattern of ASC to speckle paitern and became
positive for Yo-Pro-1 (Figure 4a, upper and middle left panels,
and Figure 4b). Expression of mutant NLRP3 under Z-VAD-
fmk treatment also resulted in the formation of ASC speckle,
but importantly, most cells stayed negative for Yo-Pro-1
(Figure 4a, middle right panel, and Figure 4b), indicating that
those cells could avoid the cell death even after ASC speckle
formation. In contrast, when treated with CA074-Me, most
cells retained the diffused appearance of ASC and negative
for Yo-Pro-1 (Figure 4a, lower left panel, and Figure 4b),
suggesting that CA074-Me inhibited the cell death before ASC
oligomerization step.

In order to further confirm the processes those inhibitors
blocked in the cell death pathway, we treated the cells
simultaneously with CA074-Me and Z-VAD-fmk (Figure 4a,
lower right panel), and observed that most cells showed the
diffused presence of ASC, as did CAQ74-Me-treated cells.
Moreover, some cells escaped cell death with ASC speckling
(Figure 4a, lower right panel, indicated by arrows), leading to
an overall decrease of dead cells in number compared
with the condition treated with CA074-Me alone (Figure 4b).
This result indicated that some cells that were not blocked by
CA074-Me were rescued by Z-VAD-fmk even after ASC
oligomerization, supporting the idea that CA074-Me worked
on a step prior to both of ASC oligomerization and the process
that was susceptible to Z-VAD-fmk.

ASC was required in NLRP3-induced necrotic cell death,
whereas caspase-1 was not. In order to investigate
whether ASC oligomerization was only an accessory event
or a critical process for programmed cell death, we knocked
down ASC in NLRP3-Tet-on-MC/9 cells. This led to
decreases of both HMGB1 release and TOTO-3-positive
dead cells upon expression of D301N and Y570C (Figures
5a and b), even though NLRP3 was expressed at similar
levels in scrambled-small hairpin RNA (shRNA)- and Asc-
shRNA-expressing NLRP3-Tet-on-MC/9 cells (Figure 5a).
Thus, cell death induced by NLRP3 activation required ASC.

The caspase-1 inhibitor did not block NLRP3-induced cell
death (Figure 3b). That result indicated that the activity of
caspase-1 was not required for the cell death. We furiher
investigated the possible requirement for caspase-1 in cell
death by using shRNA that targeted caspase-i. Knocking
down caspase-1 did not block cell death induced by
expressing CAPS-associated mutant NLRP3 (Figures 5c¢
and d). These results likely indicate that caspase-1 was not
involved in cell death and support the previous report that
macrophages derived from caspase-1 knockout mice also

en
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Figure4 Z-VAD-fmk and CA074-Me inhibited necrotic cell death at different steps. (a and b) D301N-NLRP3-Tet-on-MC/9 cells stably expressing ASC-mCherry-pMX-IN
were treated with 1 ug/mi doxycycline for 12 h in addition to 50 uM CA074-Me or 50 uM Z-VAD-fmk. Cells were stained with 0.1 uM Yo-Pro-1 for 5 min and cell morphologies
were examined under a fluorescent microscope. The number of cells containing ASC speckling among Yo-Pro-1 negative live cells was counted; enumeration included over
100 cells based on pictures taken with a Carl ZEISS Axio Observer D1 for three independent trials

showed NLRP3/ASC-dependent cell death and exacerbated
the inflammatory response induced by Shigella flexneri.®

NLRP3-mediated necrotic cell death resulted in a
neutrophiiic inflammatory response without IL-1§.
CAPS patients are known to have neutrophil-rich urticarial
rashes.?® In order to investigate if the necrotic cell death
caused by activated NLRP3 induced a neutrophilic inflam-
matory response, we performed neutrophil infiltration assays
using an air-pouch model. NLRP3-Tet-on-MC/9 cells were
injected and incubated in the air-pouch and all the cells in the
pouch were collected for flow cytometric analysis.
WT-NLRP3-Tet-on-MC/9 celis increased the level of NLRP3

Cell Death and Disease

expression upon doxycycline administration (Supplementary
Figure Sb5a, middle panels). Importantly, the injected
WT-NLRP3-Tet-on-MC/9 cells retained viability even after
doxycycline administration (Supplementary Figure S5a,
upper panels, and Supplementary Figure S5b). In contrast,
mutant NLRP3-Tet-on-MC/9 cells disappeared after doxycy-
cline administration, presumably due to necrotic cell death
(Supplementary  Figure Sba, upper panels, and
Supplementary Figure S5b).

Pretreatment with LPS induces the expression of pro-IL-18.
Consequently, mature IL-1f is secreted from LPS-pretreated
cells when expressing CAPS-associated mutant NLRPS.
Mature IL-1f secretion combined with necrotic cell death in
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Figure5 ASC was required for necrotic cell death induced by CAPS-associated mutant NLRP3, whereas caspase-1 was not. (a) D301N and Y570C-NLRP3-Tet-on-MC/9
cells were transduced with scrambled or Asc-targeting shRNA lentiviral vector and selected by puromycin for 1 week. Cells (1 x 10°%) in 1 ml of medium were treated with
1 ug/mi doxycycline. Cells were collected 3 h later while supernatants were harvested 24 h after doxycycline treatment. Immunoblotting of NLRP3, ASC, caspase-1, actin and
HMGB1 was performed on the cells or the supernatant. The asterisk indicates non-specific band. (b) D301N and Y570C-NLRP3-Tet-on-MC/9 cells transduced with scrambled
or Asc-targeting shRNA lentiviral vector were treated with 1 ig/ml doxycycline for 12 h. Cells were stained with 100 nM TOTO-3 for 5 min, and TOTO-3-positive dead cells were
counted by flow cytometry. (¢) D301N and Y570C-NLRP3-Tet-on-MC/9 cells were transduced with scrambled or Casp1-targeting shRNA lentiviral vector and selected by
puromycin for 1 week. Cells were transfected with the pro-IL-18-pMX-IP retroviral vector and incubated for 48 h. Cells (1 x 10%) in 1 ml of medium were treated with 1 ug/m!
doxycycline. Cells were collected 3 h later while supernatants were harvested 12 h after doxycycline treatment. Immunoblotting of EGFP, ASC, caspase-1, IL-1 and HMGB1
was performed on the cells or the supernatant. (d) D301N or Y570C-NLRP3-Tet-on-MC/9 cells (in which caspase-1 was knocked down) were treated with 1 pg/mi doxycycline
for 12 h. Cells were stained with 100 nM TOTO-3 for 5 min, and TOTO-3-positive dead cells were counted by flow cytometry

the air-pouch resulted in neutrophil infiltration (Figures 6a and
b and Supplementary Figure Sba, lower panels). In contrast,
neutrophils did not increase in the air-pouch injected with
WT-NLRP3-Tet-on-MC/9 cells, unaccompanied by IL-1f
release (Figure 6b). Necrotic cell death without IL-1f
secretion (which can be achieved in this system by adminis-
tering doxycycline without LPS pretreatment) also induced
neutrophil infiltration, though fewer in number relative to that
induced by necrotic cell death with IL-14 (Figure 6a). Such
data indicate that necrotic cell death in itself can cause
and exacerbate the neutrophilic inflammatory response.

Discussion

In this study, we showed that expression of CAPS-associated
mutant NLRP3 itself induced programmed necrotic cell death

independently of IL-1/ processing and that cell death induced
by activated NLRP3 exacerbated the inflammatory response
in addition to IL-18. We clarified the mechanism of NLRP3-
mediated cell death by using a CAPS-associated mutant
NLRPS3, thereby avoiding exposure to a pathogen, LPS
stimulation or cell damage caused by second signals. Our
study further supports previous data showing that transient
expression of CAPS-associated mutant NLRP3-induced
necrotic cell death,® and that LPS, accompanied with mutant
NLRP3 expression, induced necrotic cell death in monocytes
isolated from CAPS patients.®®

The characteristic programmed necrosis regulated by
NLRP3 has been termed pyronecrosis.® In pyronecrosis, cell
lysis and HMGB1 release occurred after ASC speckle
formation and cell death was inhibited by Z-VAD-fmk.
This report led us to compare pyronecrosis and pyroptosis,

.8
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Figure 6 Necrotic cell death recruited neutrophils without IL-18. (a) WT or
D301N-NLRP3-Tet-on-MC/9 cells (1 x 107) pretreated with 0.5 zug/mi LPS for 2h
were injected into an air-pouch located on the backs of mice. Some mice were given
doxycycline-containing drinking water 24 h before cell injection. After 16 h, the cells
in the pouch were harvested by injecting 1 ml PBS and stained with Alexa647-Gr-1
and PE-F4/80 antibodies for flow cytometric analysis. Cells located in the gate A
(Supplementary Fig. S5a), other than MC/9 (gate B) or dead cells, were analyzed for
Alexa647-Gr-1 and PE-F4/80 axes. (b) WT or D301N-NLRP3-Tet-on-MC/9 cells
(1 x 107, pretreated with 0.5 ug/ml LPS for 2h, were injected into an air-pouch.
Some mice were given doxycycline-containing drinking water 24 h before cell
injection. After 8h, the lavage fluid in the air-pouch was harvested by injecting
300 u/ PBS and IL-15 ELISA was performed. All results are representative of at
least three separate experiments (n=5 mice per condition). **, P<0.01; and
** P<0.001

the latter being caspase-1-dependent programmed necrosis
in response to intracellular bacteria such as Salmonella.?'#?
Pyroptosis requires caspase-1 activity and is inhibited by
caspase-1 inhibitor or pan-caspase inhibitor Z-VAD-fmk 23725
Our data, however, demonstrated that a caspase-1 inhibitor
did not inhibit pyronecrosis, cell death caused by CAPS-
associated mutant NLRP3 expression. Moreover, knocking
down caspase-1 in our study did not prevent cell death,
supporting the previous reports that macrophages derived
from caspase-1 knockout mice also showed NLRP3-mediated
pyronecrosis induced by Shigelia.’

Cell Death and Disease

Most pathogens induce not only NLRP3-but also pro-IL-1f
expression. Therefore, the effect of NLRP3-mediated
pyronecrosis is the combined outcome of cell death and
IL-15. Here, we first time show that NLRP3-mediated
pyronecrosis recruits neutrophils even in the absence of
IL-1f and it may contribute to the clearance of pathogens.
The result that NLRP3-mediated cell death might possess the
ability to evoke inflammation even in the absence of IL-18 is
reasonable, and hence pyronecrosis does not require the
activity of caspase-1 that cleaves IL-1p to its mature form.

Cathepsin B is a cysteine protease that is normally located
in lysosomes and degrades various proteins in an acidic
environment.2® Cathepsin B can be lethal if released from the
lysosomal compartment. Cathepsin B inhibitor CA074-Me
abrogated NLRP3-dependent pyronecrois so that several
groups, including us, deduced that cathepsin B was involved
in pyronecrosis after inflammasome formation.®?” However, if
CA074-Me could inhibit the cell death at the step after
inflammasome formation, the rescued live cells by CA074-Me
must bear ASC speckle, which was not occurred in our
experiment. This observation may suggest that the hypoth-
esis that cathepsin B is involved in pyronecrosis after
inflammasome formation is incorrect, and that cathepsin B
has some role in the process prior to inflammasome
formation. This idea is also supported from the finding that
pyroptosis, which is ASC-mediated cell death, was not
blocked by cathepsin B inhibitor.??

Cathepsin B released from ruptured lysosomes after
phagocytosis of large particles such as silica or f-amyloid is
thought to cleave an unidentified substrate and trigger
activation of the inflammasome.?®3® However, when cells
expressed the CAPS-associated mutant NLRP3 with the Tet-
on system, a cathepsin B inhibitor blocked both cell death and
mature IL-1f release (Supplementary Figure S5c), even
though a formation of large particles and lysosomal rupture
was not involved (data not shown). Consider also that LPS-
induced death of human monocytes carrying the NLRP3
mutation (which cannot phagocytize large particles) was also
blocked by a cathepsin B inhibitor.” As CA074-Me inhibited
NLRP3-mediated cell death even without a formation of large
particles and lysosomal rupture, careful attention should be
paid to the deduced involvement of cathepsin B in inflamma-
some formation. Thus, the theory might require re-evaluation
that phagocytosis of large particles induces lysosome rupture
and cytosolic activation of cathepsin B, resulting in NLRP3
activation. Additional information regarding how inhibitors
such as CA074-Me and Z-VAD-fmk suppress cell death might
provide clues, clarifying the mechanism of inflammasome
activation and NLRP3-mediated necrotic programmed cell
death.

In this study, we demonstrated that expression of
CAPS-associated mutant NLRP3 itself induced programmed
necrotic cell death downstream of ASC oligomerization,
independent of IL-1p processing. This type of cell death may
have wide significance in immune responses because it is
mediated by NLRP3, a protein that senses not only pathogens
but also danger-associated signals, and presumably
contributes to neutrophil infiltration in urticarial rashes in
CAPS or other diseases such as gout in which NLRP3 is
proposed to contribute to the pathogenesis.
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Materials and Methods

Plasmids. The expression plasmids for mouse NLRP3-EGFP, its CAPS-
associated-mutants (namely R258W, D301N and Y570C) and ASC were
described previously.' In order to establish the Tet-on system, NLRP3-EGFP
and its mutants were inserted into pRetroX-Tight-Pur or pRetroX-Tight-Hyg
retrovirus vectors (Clontech, Mountain View, CA, USA). The following primers
were used to amplify the pro-IL-1p transcript: forward primer, 5-GCGCTCGAGGC
AGCTATGGCAACTGTTCCTG-3, and reverse primer, 5'-CGCGCGGCCGCTTA
GGAAGACACGGATTCCATGG-3'. ASC was fused with mCherry fluorescent
protein (Clontech). The pro-IL-1f transcript and ASC-mCherry were cloned into
pMX-IRES-puro (pMX-IP) vector (provided by Dr. T Kitamura, University of Tokyo,
Tokyo, Japan) or pMX-IRES-human nerve growth factor receptor p75 (pMX-IN) vector
{provided by Drs. A Onodera and T Nakayama, Chiba University, Chiba, Japan).

Generation of cell lines. Mouse mast cell line MC/9 cells and mouse
monocyte cell line J774A.1 cells were maintained in DMEM medium with 10% FBS.
In order to establish NLRP3-Tet-on-MC/9 and NLRP3-Tet-on-J774A.1 cells by the
Tet-on system, viral transduction was performed as described previously.'® MC/9 and
J774A1 cells were incubated with retroviral supematants for 15h with 4 pg/mi
polybrene (Sigma-Aldrich, St Louis, MO, USA), and selected with G418 (3 mg/ml),
puromycin (3 ug/mi) or hygromyein (50 wg/mi), depending on the selection markers.
Cells transfected with expression vector containing human nerve growth factor
receptor were enriched twice by MACS with anti-human NGFR (C40-1457; BD
Pharmingen, San Jose, CA, USA).

Western blot Assays. Cells were washed in PBS and lysed in ice-cold lysis
buffer M-PER (Thermo Fisher, Waltham, MA, USA) supplemented with protease
inhibitor cocktails. Lysates and supernatants were centrifuged for 5min and the
supernatants were boiled for Smin in sample buffer. After SDS-PAGE,
immunoblots were processed using antibodies against EGFP (Clontech), NLRP3
(Cryo-2; AdipoGen, San Diego, CA, USA), ASC (a gift from Dr. J Masumoto,
Shinshu University, Nagano, Japan), caspase-1 (sc-514; Santa Cruz, Dallas, TX,
USA), IL-18 (AB-401; R&D Systems, Minneapolis, MN, USA), HMGB1 (14-9900;
eBioscience, San Diego, CA, USA), actin (sc-8432; Santa Cruz), caspase-3 (9661;
Cell Signaling, Danvers, MA, USA) or PARP (9542; Cell Signaling).

Reagents. The pan-caspase inhibitors Z-VAD-fmk (R&D Systems), ac-VAD-
cho (MERCK, Whitehouse Station, NJ, USA), Q-VD-OPh and Boc-D-fmk
(BioVision, Milpitas, CA, USA), and specific caspase inhibitors Z-YVAD-fmk
(MERCK), Z-VDVAD-fmk, Z-LEVD-fmk and Z-ATAD-fmk (MBL, Nagoya, Japan),
Z-YVAD-cho, Z-DEVD-fmk, Z-IETD-fmk and Z-LEHD-fmk (R&D Systems), Z-FA-
fmk (BD Pharmingen) were purchased. Cathepsin B inhibitor CAQ74-Me was
obtained from MERCK. Ultra pure LPS was from InvivoGen, San Diego, CA, USA.
ATP was from Sigma-Aldrich. Doxycycline and Tet system-approved FBS were
obtained from Clontech.

Flow cytometry. Expression levels of EGFP-tagged proteins were assessed
by flow cytometry (Canto Il, BD, Franklin Lakes, NJ, USA). Dead cells were
analyzed using TOTO-3 (Invitrogen, San Diego, CA, USA) staining.

Apoptosis and necrosis assays. The mode of cell death, namely
apoptosis or necrosis, was determined primarily by the morphology of the
dying cells under microscopic observation. The proportions of apoptotic and
necrotic cells were also determined by flow cytometry® after staining with Alexa
647-annexin-V (Biol.egend, San Diego, CA, USA) and 7-AAD (BD Pharmingen).

ELISA assays. The amount of IL-15 was determined using an OptELISA kit
{eBioscience), according to the manufacturer's protocol.

LDH assays. LDH activities in the culture supernatants were measured using a
CytoTox 96 assay kit (Promega, Madison, WI, USA).

Electron microscopy. Cells were fixed in 2% glutaraldehyde in phosphate
buffer. Routine procedures for observation by electron microscopy were performed
by Filgen Inc (Nagoya, Japan).

Knockdown of ASC and caspase-i. ASC or caspase-1 expression
was knocked down using shRNA inserted into a lentiviral pLKO.1 puro vector
(Sigma-Aldrich). MC/9 cells stably expressing Tet-on inducible NLRP3 were
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exposed to Asctargeting, Caspi-targeting or control shRNA lentivirus and
selected by puromycin.

Fluorescent microscopy. Cells were observed with a Carl Zeiss Axio
Observer microscope or Olympus FV10i. In some experiments, cells were stained
with 0.1 M Yo-Pro-1 (Invitrogen) for 5 min to distinguish necrotic dead cells from
living cells.

Air-pouch model. The Chiba University Animal Care and Use Committee
approved the animal procedures used in this study. Air pouches were established
in 4-week-old male C57BL/6 mice by injecting 3 and 1.5ml of sterile air at day 0
and day 3, respectively, under the dorsal skin of mice.>' At day 5, mice were
administered with 2 mg/m! doxycycline in drinking water. At day 6, NLRP3-Tet-on-
MC/9 cells were pretreated with 0.5 ug/ml LPS for 2 h, washed with sterile PBS
three times, incubated in culture medium for 4h and washed three times with
sterile PBS to eliminate the effect of tumor necrosis factor-o., mainly released 3 h
after LPS stimulation (data not shown). After these pretreatments, mice were
injected with 1 % 107 NLRP3-Tet-on-MC/9 cells in 1 ml PBS. At day 7, the
pouches were washed with 1ml of PBS and the lavage fluid and cells were
harvested for ELISA and FACS analysis with PE-anti-mouse F4/80 and Alexa
647-anti-mouse Gr-1 (Ly-6G) antibodies from BioLegend.
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Abstract

Nakajo-Nishimura syndrome (NNS) is a very
rare hereditary autoinflammatory disorder
that generally has its onset in infancy with
pernio-like rashes and gradually develops
into partial lipodystrophy. A distinct homo-
zygous PSMB8 mutation encoding an immu-
noproteasome subunit has recently been
identified as its genetic cause. Here, we re-
port a new case of a patient with NNS who
developed exudative erythemas on his face
and extremities at 2 months of age, along
with high fever, elevated serum hepatic ami-
notransferase levels and hepatosplenomeg-
aly. Massive infiltration of inflammatory cells
was observed histologically in the dermis
and subcutis without apparent leukocyto-
clastic vasculitis. These symptoms improved
with oral corticosteroids but recurred peri-
odically, and a thin angular face with long
clubbed fingers gradually developed. Identi-
fication of the PSMB8 mutation finalized the

diagnosis of NNS at 5 years of age. Under-
standing a variety of clinicopathological fea-
tures at the developmental stages is neces-
sary to make an early diagnosis of NNS.

© 2013 S. Karger AG, Basel

Introduction

Nakajo-Nishimura syndrome (NNS;
OMIM #256040, ORPHA2615) is an auto-
somal, recessively inherited disorder which
has been reported uniquely in Japan [1].
Patients with this disease show pernio-like
skin rashes since infancy, and they gradu-
ally develop partial lipodystrophy mainly
in the face and upper extremities, as well as
characteristic long clubbed fingers with
contracture of the interphalangeal joints
accompanied by remittent fever and nodu-
lar erythema-like skin eruptions. Although
a diagnosis of NNS is not difficult when the
characteristic features are fully developed,
it can be difficult soon after disease onset in
infancy. Currently, more than 20 cases of
NNS have been reported, but none of the
patients were younger than 5 years when
reported, except for the 8-month-old sister

of an affected 10-year-old patient [2-6].
Recently, a homozygous missense muta-
tion of the PSMBS gene, encoding the p5i
subunit of immunoproteasome, has been
identified to be responsible for NNS§, and
thus genetic analysis is expected to be the
most reliable method for diagnosis [7, 8].

Here, we describe the detailed clinical
observations of a new NNS case whose cor-
rect diagnosis was finally made at 5 years of
age by genetic analysis. He was born more
than 20 years after the birth of the last pa-
tient with NNS, and currently is the only
living infant case in Japan.

Case Report

A 5-year-old Japanese boy, without pa-
rental consanguinity or any remarkable
family history, presented with occasional
periorbital pernio-like erythemas. He was
delivered by cesarean section and received
phototherapy for severe newborn jaundice,
but no other remarkable abnormalities
were observed around the time of his birth.
Disease onset was at the age of 2 months, in
the summertime, when exudative erythe-

© 2013 S. Karger AG, Basel
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mas appeared on his fingers and toes, ac-
companied by a high fever reaching 40°C.
As the symptoms worsened despite the ad-
ministration of oral antibiotics, he was re-
ferred to the Departments of Dermatology
and Pediatrics of Wakayama Rosai Hospi-
tal at the age of 3 months. On examination,
multiple swollen erythemas with central
necrosis and ulcerations with diameters of
several centimeters were observed not only
on his fingers, toes, palms and soles, but
also on his face and trunk (fig. 1). Labora-
tory investigations showed a high white
blood cell count (13,400/mm?) with lym-
phocytosis (neutrophils 18%, monocytes
7%, eosinophils 3%, lymphocytes 74%),
slight anemia (hemoglobin 11.3 g/dl), a
normal platelet count (326,000/mm?), ele-
vated levels of serum aspartate aminotrans-
ferase (141 IU/L; normal: 22-73 IU/L), ala-
nine aminotransferase (215 1U/l; normal:
13-63 IU/l) and lactate dehydrogenase
(424 1U/1; normal: 156-362 1U/1). In con-
trast, his serum alkaline phosphatase,
y-glutamyl transferase, creatinine, blood
urea nitrogen, uric acid, creatine kinase
and C-reactive protein levels were within
normal ranges. Although neonatal lupus
erythematosus was suspected, his serum
antinuclear antibody, anti-Sm, anti-SS-A,
anti-SS-B, anticardiolipin antibodies and
cryoglobulin were all negative. Notably, his
firstinfection with cytomegalovirus (CMV)
was obvious, because both IgM and IgG an-
tibodies were positive against CMV. Hepa-
tosplenomegaly was observed by comput-
ed tomography (CT). A histopathologic ex-
amination of an erythematous lesion in his
left palm at the age of 4 months revealed a
massive infiltration of inflammatory cells
from just below the epidermis to the subcu-
taneous adipose and deep striated muscle
tissues (fig. 2a). In the dermis, the inflam-
matory cell infiltration was mainly ob-
served around the vessels and adnexa,
without any apparent leukocytoclastic vas-
culitis by neutrophilic infiltration (fig. 2b).
Immunohistochemistry showed that the
infiltrating cells were partly immunoposi-
tive for CD45R0O and CD68, but immuno-
negative for CD1a, CD20, CD56 and $-100.
Some of the mononuclear cells showed nu-
clear atypia but were considered to be re-
active histiocytes without mitosis (fig. 2c).
Although CMYV antigen was immunohis-
tochemically detected, neither apparent
hemorrhage suggestive of acute hemor-
rhagic edema nor hemophagocytosis sug-
gestive of cytophagic histiocytic panniculi-
tis were found in the lesional skin. Bone

A New Infant Case of NNS with a PSMB8
Mutation

Fig. 1. Clinical photographs of the patient at 3 months of age. Multiple swollen erythemas
with central necrosis or ulcerations on his face (a), hand (b) and foot (¢) were observed.

Fig. 2. Histopathological findings of erythematous lesions. The samples were obtained
when the patient was 4 months (a, b) and 1 year (c) old. HE. Original magnifications:
a x20, b x100, ¢ x400.
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marrow aspiration revealed no hematolog-
ic abnormalities or malignancies. His thigh
was examined with MRI to rule out derma-
tomyositis, but no remarkable changes
were observed. Based on the observations
that neither infectious nor malignant dis-
orders were suspected, oral betamethasone
(2 mg/day) was administered without a
proper diagnosis at the age of 1 year. As ex-
pected, his skin eruptions and fever im-
mediately disappeared, and the laborato-
ry data became normal. However, these
symptoms repeatedly recurred after taper-
ing the medication, and oral betametha-
sone was administered intermittently at
each flare-up. An analysis of his serum cy-
tokine levels at 4 years of age revealed
slightly high interleukin (IL)-6 (5.6 pg/ml;
normal: <4.0 pg/ml), but his tumor necro-
sis factor-a, interferon-y and IL-1p levels
were normal.

Around the age of 5 years, his face grad-
ually became angular and his fingers
showed a mild deformity with swollen in-
terphalangeal joints, which formed the
characteristic appearance of long clubbed
fingers (fig. 3a~c). On the suspicion of
NNS, serial cranial CT scans were taken for
the first time, and calcification of the basal
ganglia, pons and white matter of the fron-
tal lobe became apparent (fig. 3d). Further-
more, a genomic analysis of the patient and
his parents was performed after informed
consent was obtained according to the pro-
tocol approved by the ethics committee
of Wakayama Medical University, and a
¢.602G>T mutation of the PSMBS8 gene
causing the amino acid substitution of
Gly201Val was homozygously detected in
the patient, and heterozygously in his par-
ents (fig. 3e). Since this mutation has been
identified uniquely in NNS cases, his dis-
ease was finally confirmed as NNS. At the
age of 6 years, methotrexate was further ad-
ministered for the intractable skin rashes
on his face. Notably, a severe worsening of
laboratory findings was never experienced
after the administration of oral cortico-
steroids, and methotrexate was effective
against his skin lesions.

Discussion

NNS is a hereditary disorder that has its
onset in infancy with pernio-like skin rash-
es, and is accompanied by remittent fever
and nodular erythema-like skin eruptions
[1]. Patients with NNS gradually develop a
partial lipodystrophy, mainly in the face

. AY
kY
Patient
oiner i

ACG GG/TT A G T
Thr Gly/Val

Ser

Fig. 3. Clinical photographs (a—¢), cranial CT (d) and genomic analysis of the patient at
5 years of age (e). A thin angular face (a), long clubbed fingers with swollen interphalan-

geal joints (b, ¢) and calcification of the basal ganglia on cranial CT scans (d) were ob- -

served. e Electrophoretograms of the genomic sequence of the patient and his parents. A
¢.602G>T mutation causing an amino acid substitution of Gly201Val was found homo-
zygously in this patient and heterozygously in both parents.

and upper extremities, and develop long
clubbed fingers with contracture of the in-
terphalangeal joints. There is no effective
treatment to prevent the progression of this
disease, and some patients die young. There
have been more than 20 reports of NNS cas-
es uniquely from Japan since the earliest re-
ports by Nakajo [2] in 1939 and by Nishimu-
ra et al. [3] in 1950 as ‘secondary hypertro-
phic osteoperiostosis with pernio’ [4-6].
Due to the phenotypic similarities, NNS is
considered to be a new member of the fam-
ily of hereditary autoinflammatory disor-
ders.

According to areview of all 28 reported
cases with NNS, 8 features were selected
for a tentative checklist of diagnostic crite-

28 Dermatology 2013;227:26-30

DOI: 10.1159/000351323

— 180 —

ria, and the detection of at least 5 features
was defined to be sufficient for a clinical
diagnosis of NNS (table 1) {1]. As 7 out of
the 8 features were observed in our case,
except for the autosomal recessive inheri-
tance, our case can be clinically diagnosed
as NNS. However, before the partial lipo-
muscular atrophy with characteristic long
clubbed fingers became noticeable at 5
years of age, he had shown only 4 features
(pernio-like rashes, nodular erythema-like
eruptions, periodic fever and hepato-
splenomegaly). Therefore, head CT scan-
ning in search for basal ganglion calcifica-
tion is a critical step for an early diagnosis
of NNS. Furthermore, the establishment of
a serum marker or simple examination

Kunimoto/Kimura/Uede/Okuda/Aoyagi/
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would be expected for an objective estima-
tion of partial lipodystrophy. As a result of
a national survey on NNS in Japan which
had recently been performed using these
criteria, 11 cases have been confirmed to be
still alive, including our case. Notably, our
patient is the only infant case who wasborn
more than 20 years after the birth of the last
NNS case [1].

Recently, Arima etal. [7] and Kitamura
et al. [8] independently reported the iden-
tification of a homozygous ¢.602G>T mu-
tation in the PSMB8 gene encoding the
immunoproteasome B5i subunit in NNS
patients by homozygosity mapping. This
mutation has been homozygously detec-
ted uniquely in all NNS cases investigated,
including the present case. The resulting
Gly201Val substitution causes the defec-
tive assembly of the immunoproteasome
complex and severe defects in proteasome
activities overall. Accordingly, detection of
the PSMB8 gene mutation is expected to
confirm the diagnosis of NNS.

Although NNS has been assumed to be
found exclusively in Japan, several cases
of new syndromes presenting with sim-
ilar clinical features and other PSMBS8
mutations have successively been reported
from foreign countries [9-13]. Three cases
were reported as JMP (joint contractures,
muscular atrophy, microcytic anemia and
panniculitis-induced lipodystrophy) syn-
drome harboring a homozygous mutation
of ¢.224C>T in the PSMB8 gene with a
T75M amino acid transition, whereas an-
other 8 cases were designated as CAN-
DLE (chronic atypical neutrophilic der-
matosis with lipodystrophy and elevated
temperature) syndrome harboring a ho-
mozygous or heterozygous ¢.224C>T mu-
tation, or a homozygous nonsense muta-
tion of c.405C>A with a premature termi-
nation (C135X). In contrast to patients
with JMP syndrome, who showed seizures

References

B-1 Kanazawa N: Nakajo-Nishimura syndrome:
an autoinflammatory disorder showing per-
nio-like rashes and progressive partial lipo-
dystrophy. Allergol Int 2012;61:197-206.

2 Nakajo A: Secondary hypertrophic osteoperi-
ostosis with pernio (in Japanese). Jap ] Der-
matol Urol 1939;45:77-86.

A New Infant Case of NNS with a PSMBS§
Mutation

Table 1. Tentative criteria for the clinical diagnosis of NNS

1 Autosomal recessive inheritance (parental consanguinity and/or familial occurrence)
Pernio-like purplish rashes on hands and feet (appearing in winter since infancy)
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correlations, the analysis of a greater num-
ber of cases would be required.

It took almost 5 years to make a proper
diagnosis in our case. The clinical diagnos-
tic criteria and genetic analysis were both
useful, but they would not be routinely per-
formed unless the disease was suspected. In
order to determine the diagnosis of this dis-
ease and to start therapy before progression
to lipomuscular atrophy or joint contrac-
ture, it is important to understand the vari-
ety of clinicopathological features.
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Abstract Familial Mediterranean fever (FMF) is a
recessive inherited autoinflammatory syndrome. Patients
with FMF have symptoms such as recurrent fever and
abdominal pain, sometimes accompanied by arthralgia.
Biopsy specimens have revealed substantial neutrophil
infiltration into synovia. FMF patients have a mutation in
the Mediterranean fever gene, encoding pyrin, which is
known to regulate the inflammasome, a platform for pro-
cessing interleukin (IL)-1B. FMF patients heterozygous for
E148Q mutation, heterozygous for M6941 mutation, or
combined heterozygous for E148Q and M694I mutations,
which were found to be major mutations in an FMF study
group in Japan, suffer from arthritis, the severity of which
is likely to be lower than in FMF patients with M694V
mutations. Expression plasmids of wild-type (WT) pyrin
and mutated pyrin, such as E148Q, M6941, M694V, and
E148Q-+M6941, were constructed, and SW982 synovial

R. Sugiyama - J. Nakayama - J. Masumoto

Department of Molecular Pathology, Shinshu University
Graduate School of Medicine, Matsumoto, Nagano 390-8621,
Japan

K. Agematsu

Department of Infectious Immunology, Shinshu University
Graduate School of Medicine, Matsumoto, Nagano 390-8621,
Japan

K. Migita
Clinical Research Center, Nagasaki Medical Center, Omura,
Nagasaki 856-8562, Japan

S. Mokuda - F. Ogura - K. Haraikawa - C. Okumura -

S. Suehiro - S. Morikawa - Y. Ito - J. Masumoto (E<)
Department of Pathology, Ehime University Proteo-Science
Center and Graduate School of Medicine, Shitsukawa 454, Toon,
Ehime 791-0295, Japan

e-mail: masumoto@m.ehime-u.ac.jp

sarcoma cells were transfected with these expression
plasmids. IL-8 and IL-6 were spontaneously secreted from
the culture supernatant of SW982 cells without any stim-
ulation, whereas IL-1B and TNF-a could not be detected
even when stimulated with lipopolysaccharide. Notably,
two inflammasome components, ASC and caspase-1, could
not be detected in SW982 cells by Western blotting. IL-8
but not IL-6 secretion from SW982 cells was largely sup-
pressed by WT pyrin, but less suppressed by mutated pyrin,
which appeared to become weaker in the order of E148Q,
M6941, E148Q+M6941, and M694V mutations. As for IL-
8 and IL-6, similar results were obtained using stable THP-
1 cells expressing the WT pyrin or mutated pyrins, such as
M694V or E148Q, when stimulated by LPS. In addition,
IL-8 secretion from mononuclear cells of FMF patients was
significantly higher than that of healthy volunteers when
incubated on a culture plate. Thus, our results suggest that
IL-8 secretion from SW982 synovial sarcoma cells sup-
pressed by pyrin independently of inflammasome is
affected by pyrin mutations, which may reflect the activity
in FMF arthritis.

Keywords Pyrin - Familial Mediterranean fever -
Interleukin-8 - Synovial sarcoma - SW982

Introduction

Familial Mediterranean fever (FMF) (OMIM#249100) is an
autosomal recessive inherited autoinflammatory syndrome
[1]. Patients with FMF have symptoms such as recurrent
fever and abdominal pain, sometimes accompanied by
arthralgia [1]. Patient biopsies have revealed that the cause is
arthritis, involving neutrophils infiltrating into synovium [2].
Patients have a mutation in the Mediterranean fever (MEFV)
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gene, encoding pyrin, which is known to regulate the in-
flammasome, a platform for processing interleukin (IL)-1f
[3-5].

In Middle Eastern countries, FMF patients homozygous
for M694V suffer a severe form of the disease, with clinical
manifestations including arthritis, while the condition of
FMF patients homozygous for M694l, one of the major
mutations in Japan, is not so severe [6-8]. In Japan, there
were no FMF patients with M694V mutation found by the
Japan study group of FMF patients [9]. FMF patients het-
erozygous for E148Q, heterozygous for M694I, or com-
bined-heterozygous for E148Q and M6941 suffer from
arthritis, and the severity of E148Q was reported to be
lower than in FMF patients with M694V [10]. Interest-
ingly, there was reported to be a corelationship between the
concomitant expression of MEFV and C5a/IL-8-inhibitor
activity in primary cultures of human fibroblasts [11].

Activation of inflammasome is reported to lead to IL-8
production from some cells, as well as that of IL-1p [12].
IL-8 is a chemotactic factor for neutrophils and enhances
the trans-endothelial migration of neutrophils by inducing
rapid shedding of L-selectin [13, 14]. Focal IL-8 secretion
may reflect disease activity [15]. These facts prompted us
to evaluate IL-8 secretion from synovial cells.

In this study, we evaluated the secretion of cytokines
sach as IL-1B, IL-6, IL-8, and TNF-a secretion from
synovial sarcoma SW982 cells and monocytic leukemia
THP-1 cells transfected with expression plasmids encoding
wild-type (WT) pyrin and E148Q, M694V, M6941, and
E148Q+M6941 mutated pyrin in order to obtain new
insight into FMF arthritis. Then, we also confirmed the
results were reflected clinically in FMF patients.

Materials and methods
Preparation of expression plasmids

Expression plasmids encoding M694V, M6941, E148Q),
E148Q+M6941, or WT pyrin were constructed as follows.
The entire open reading frame of pyrin was inserted into
the EcoRI and Bglll sites of pFLAG-CMV-4 (Vector)
(Sigma-Aldrich, St. Louis, MO, USA) to produce pFLAG-
CMV-4-pyrin-WT from pcDNA3-HA-pyrin-WT as a
template by polymerase chain reaction (PCR) using primer
sets as follows: forward primer Pyrin-EcoRI-F 5-GCGA
ATTCAGCTAAGACCCCTAGTGACCAT-3 and reverse
primer Pyrin-BglII-R 5-GTCAGATCTTCAGTCAGGCCC
CTGACCACC-3 [16, 17]. PCR-based site-specific muta-
genesis for pFLAG-CMV-4-pyrin-E148Q was generated
by two-step PCR using primer sets as follows: forward
primer Pyrin-EcoRI-F 5-GCGAATTCAGCTAAGACCCC
TAGTGACCAT-3 and reverse primer Pyrin-E148Q-R
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5-GGTGCAGCCAGCCCCAGGCCGGGAGGGGGC-3, and
forward primer Pyrin-E148Q-F 5-GCCCCCTCCCGGCCT
GGGGCTGGCTGCACC-3 and reverse primer Pyrin-
BgllI-R  5-GTCAGATCTTCAGTCAGGCCCCTGACCA
CC-3 for the first over-lapping DNA fragment set from
pcDNA3-HA-pyrin-WT plasmid as a template [16, 17].
Full-length E148Q mutated-pyrin DNA fragment was
amplified by second PCR using a primer set as follows:
forward primer Pyrin-EcoRI-F  5-GCGAATTCAG
CTAAGACCCCTAGTGACCAT-3 and reverse primer
Pyrin-Bglll-R 5-GTCAGATCTTCAGTCAGGCCCCTGA
CCACC-3 from the first over-lapping DNA fragment set as
templates, and then inserted into the EcoRI and BglII sites
of pFLAG-CMV-4. pFLAG-CMV-4-pyrin-M694V and
pFLAG-CMV-4-pyrin-M6941 were generated by the same
method. pFLAG-CMV-4-pyrin-E148Q+M6941 was also
generated by the same method from pFLAG-CMV-4-py-
rin-E148Q as a template. Primers and oligonucleotide
sequences are listed in Table 1. Mutations were confirmed
by sequencing (Fig. 1a).

Transfection of expression plasmids, their expression
and generation of THP-1 stable cells

5 x 10° human embryonic kidney (HEK) 293T cells were
transfected with 3 pg of pFLAG-CMV-4 (Vector),
pFLAG-CMV-4-pyrin-WT, pFLAG-CMV-4-pyrin-E148Q),
pFLAG-CMV-4-pyrin-M6941, pFLAG-CMV-4-pyrin-
M694V, or pFLAG-CMV-4-pyrin-E148Q-+M6941 using
the calcium phosphate method as described previously
[18]. 36 h after transfection, each protein’s expression was
detected by Western blotting. 5 x 10° synovial sarcoma
SW982 cells were transfected with pFLAG-CMV-4 (Vec-
tor), pFLAG-CMV-4-pyrin-WT, pFLAG-CMV-4-pyrin-
E148Q, pFLAG-CMV-4-pyrin-M6941, pFLAG-CMV-4-
pyrin-M694V, or pFLAG-CMV-4-pyrin-E148Q-+M6941
using LipofectamineTM 2000 (Invitrogen, Grand Island,
NY, USA) as per the manufacturer’s instructions. 1 x 107

Table 1 Primers and oligonucleotide sequences for site-specific
mutagenesis of pyrin plasmids

Name Oligo-nucleotide-sequence

5" GCGAATTCAGCTAAGACCCCTAGTGACCAT 3
5 GTCAGATCTTCAGTCAGGCCCCTGACCACC 3/
5'GGTGCAGCCAGCCCCAGGCCGGGAGGGGGC 3
5'GCCCCCTCCCGGCCTGGGGCTGGCTGCACC 3
5'GGTGGTGATAATGATCAAGGAAAATGAGTA 3
5'TACTCATTTTCCTTGATCATTATCACCACC 3’
5'GGTGGTGATAATGGTGAAGGAAAATGAGTA 3’
5'TACTCATTTTCCTTCACCATTATCACCACC 3’

Pyrin-EcoRI-F
Pyrin-BglII-R
Pyrin-E148Q-F
Pyrin-E148Q-R
Pyrin-M6941-F
Pyrin-M6941-R
Pyrin-M694V-F
Pyrin-M694V-R

Underlines indicate mutation codons for specific amino acids
Double underlines indicate restriction enzyme sites
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Fig. 1 Chart of sequencing of mutated pyrin plasmids, expression,
and fractionation in human embryonic kidney 293T cells. a The
mutated-pyrin expression plasmids pFLAG-CMV-4-pyrin E148Q,
pFLAG-CMV-4-pyrin M694l, and pFLAG-CMV-4-pyrin M694V
were sequenced to confirm (from GAG to CAG corresponding to
E148Q; from complementary CAT to GAT corresponding to M694L;
from complementary CAT to CAC corresponding to M694I) muta-
tions in the appropriate site. b 5 x 10° human embryonic kidney
293T cells were transfected with 3 pg of pFLAG-CMV-4 (Vector),
pFLAG-CMV-4-pyrin-WT, pFLAG-CMV-4-pyrin E148Q, pFLAG-
CMV-4-pyrin-M6941, pFLAG-CMV-4-pyrin-M694V, and pFLAG-
CMV-4-pyrin-E148Q+M694L. 36 h after transfection, 30 pg of each
whole cell lysate was subjected to Western blotting. ¢ 5 x 10° human
embryonic kidney 293T cells were transfected with 3 pg of pFLAG-
CMV-4 (Vector), pFLAG-CMV-4-pyrin-WT, pFLAG-CMV-4-pyrin
E148Q, pFLAG-CMV-4-pyrin-M6941, - pFLAG-CMV-4-pyrin-
M694V, and pFLAG-CMV-4-pyrin-E148Q+M6941. 36 h after trans-
fection, the cells were lysed in 1 % (v/v) NP-40 buffer and
fractionated into soluble (S supernatant) and insoluble (P pellet)
fraction. 30 ng of each fractionated protein was subjected to Western
blotting

monocytic leukemia THP-1 cells were transfected with
5 pg of pFLAG-CMV-4 (Vector), pFLAG-CMV-4-pyrin-
WT, pFLAG-CMV-4-pyrin-E148Q, or pFLAG-CMV-4-
pyrin-M694V, using the Amaxa® Nucleofector as per the
manufacturer’s instructions. After incubation with 500 pg/
ml G418 (Sigma) in RPMI 1640 medium including 10 %
fetal bovine serum (FBS) (Defined, endotoxin <10 EU/ml;
Thermo Scientific HyClone, South Logan, UT, USA) for
4 weeks at 37 °C in a humidified atmosphere with 5 %
CO,, THP-1 stable cells expressing WT or mutated pyrin
protein were generated.

Fractionation of cell lysates

5 x 10° HEK293T cells were transfected with 3 pg of
pFLAG-CMV-4  (Vector), pFLAG-CMV-4-pyrin-WT,
pFLAG-CMV-4-pyrin-E148Q), pFLAG-CMV-4-pyrin-
M6941, pFLAG-CMV-4-pyrin-M694V, and pFLAG-CMV-
4-pyrin-E148Q+M6941. 36 h after transfection, the cells
were lysed in 1.0 % (v/v) NP-40 buffer (1 % Nonidet P-40,
142.5 mM KCl, 5 mM MgCl-6H,0, 10 mM HEPES [pH
7.6], 0.2 mM PMSF, 1 mM EDTA) with proteinase
inhibitor cocktail Complete™ (Roche Molecular Bio-
chemicals, Mannheim, Germany). The lysate was fully
dislodged from the plate surface with a rubber policeman.
The lysate from one dish was incubated in a 1.5-ml tube on
ice, clarified by centrifugation at 12,000 rpm for 20 min,
and separated into soluble (S: supernatant) and insoluble
(P: pellet) fractions. Both fractions of the whole cell lysate
were subjected to Western blotting using anti-pyrin poly-
clonal antibody (AL196; ALEXIS Biochemical, Lausen,
Switzerland) (Fig. 1c).

Measurement of cytokine secretion from synovial
sarcoma SW982 cells and monocytic leukemia THP-1
cells

Human synovial sarcoma SWO982 cells and monocytic
leukemia THP-1 cells were purchased from American
Type Culture Collection, and pre-cultured in 12-well flat-
bottomed plates (BD Biosciences, San Jose, CA, USA) to a
final cell density of 1 x 10%ml in a volume of 1 ml of
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Grand Island, NY, USA), including 10 % fetal FBS, for
24 h at 37 °C in a humidified atmosphere with 5 % CO,.
The cells in each well were transfected with 1.67 pug of
expression plasmids in the presence of 0.67 pg of pEF1-
BOS-B-gal. 8 h after transfection, culture medium was
replaced by 1 ml of DMEM alone, or DMEM containing
1.0 ng/ml or 1.0 pg/ml of lipopolysaccharide (LPS) (from
Escherichia coli O55:BS5, cell culture tested, purified by
phenol extraction; Sigma-Aldrich, St. Louis, MO, USA).
8 h after medium replacement, the concentrations of IL-1J,
IL-6, IL-8, and TNF-a in the culture supernatant were
measured by enzyme-linked immunosorbent assay
(ELISA) with specific antibodies (BD Biosciences, San
Jose, CA, USA). Percentiles of IL-8-related-suppression
ratio of mutated pyrin versus WT pyrin were normalized to
the transfection efficiency by B-galactosidase activity from
triplicate  experiments. THP-1-derived stable cells
expressing WT or mutated pyrin proteins were pre-cultured
in 24-well flat-bottomed plates (BD Biosciences, San Jose,
CA, USA) to a final cell density of 2 x 10”/ml in a volume
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