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The classification criteria for MAS in
systemic juvenile idiopathic arthritis

(Ravelli Aet al. Ann Rheum Dis. 2016 ;75:481-9.)
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Minoia F, et al. J Rheumatol. 2015;42:994-1001.
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full-blown MAS ( defined as the time in which
MAS reached the most acute stage )
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Anasarca as the initial symptom in a Japanese girl with Sjogren’s
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ABSTRACT

Generalised oedema, or anasarca, is a rare complication of systemic lupus erythematosus
(SLE) and Sjogren’s syndrome (SS) and usually results from nephrotic syndrome or protein-
losing enteropathy. We report a 14-year-old girl presented with anasarca and persistent fever.
Despite hypoalbuminemia, no or little protein loss was observed in her urine or stool. She
was diagnosed as having SS by positive anti-SSA antibodies and ductal dilation and glandu-
lar destruction of her parotid gland on magnetic resonance sialography. Elevated levels of
serum C-reactive protein, ferritin and plasma D-dimer suggested that systemic inflammation
caused anasarca by both decreased production of albumin and hyperpermeability associated
with vascular endothelial damage similar to systemic capillary leak syndrome.
Methylprednisolone pulse therapy and low-dose intravenous cyclophosphamide therapy fol-
lowed by oral prednisolone and azathioprine were effective.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic auto-
immune inflammatory disease characterised by skin
erythema and multiple organ involvement associated
with an array of autoantibodies. Systemic manifesta-
tions of the disease such as fever, generalised lymph-
adenopathy and renal involvement are more
common in childhood SLE than in adult cases [1,2].

Sjogren’s syndrome (SS) is an autoimmune disease
predominantly affecting glandular tissues. SS devel-
ops in association with or without other connective
tissue diseases, designated as secondary or primary
SS, respectively. Although both dry eyes and dry
mouth are characteristics of SS, some patients dem-
onstrate extraglandular manifestations such as fever,
fatigue, myalgia and arthralgia [3,4]. Children with SS
often lack glandular symptoms except parotid swel-
ling and are commonly presented with the extra-
glandular manifestations associated with positive
anti-SS-A and/or anti-SS-B antibody [5,6].

Generalised oedema, or anasarca, is a rare compli-
cation of SLE and SS, which usually results from com-
plicating nephrotic lupus nephritis or protein-losing
enteropathy [1-4]. We report a 14-year-old Japanese
girl with SS possibly associated with SLE who pre-
sented with anasarca despite lack of nephrotic
syndrome or protein-losing enteropathy.

The patient and her parents gave informed con-
sent prior to submission of this article.

Patient presentation

A 14-year-old girl was referred to our hospital
because of fever persisting for 12 days, lymphocyto-
penia, thrombocytopenia, pleural effusion, ascites
and anasarca. She was 156.0cm in height and
weighed 65.0kg, gaining 2.0kg after the onset. On
admission, she demonstrated mild tachypnoea, hep-
atosplenomegaly and erythema on her right cheek.
There were no gastrointestinal manifestations such
as diarrhoea or vomiting. Laboratory examination
demonstrated  erythrocyte  sedimentation rate
69 mm/h, white blood cell counts 5400/pl with 73%
of neutrophils, haemoglobin 115g/l, haematocrit
33.6%, platelet count 46 x 10°/pl. Biochemical find-
ings were as follows; total protein 47g/l, albumin
15 g/l, aspartate aminotransferase (AST) 2001U/I, ala-
nine aminotransferase  (ALT) 130IU/l, lactate
dehydrogenase 4831U/l, creatine phosphokinase
261U/, urea nitrogen 130mg/l, creatinine 9.3 mg/I,
C-reactive protein (CRP) 195.5mg/l, C3 10.8¢g/l, C4
1.3g/l, CH50 54.8U/ml, ferritin 967 ng/ml, and sol-
uble IL-2-R 1326 U/ml. Coagulation studies showed
prothrombin  time  16.8s,  activated  partial

CONTACT Ichiro Kobayashi @ ichikoba@kkr-smc.com @ Center for Pediatric Allergy and Rheumatology, KKR Sapporo Medical Center, 3-40,

Hiragishi 1-6, Toyohira-ku, Sapporo 062-0931, Japan
© 2017 Japan College of Rheumatology



2 M. UEKI ET AL.

Figure 1. Chest CT scan. Chest CT scan demonstrated bilat-
eral pleural effusion and perihepatic ascites without
enhancement.

thromboplastin time 33.1s, fibrinogen 5.73g/l, D-
dimer 7.03 ng/ml. Immunological tests demonstrated
positive anti-nuclear (1:320) and anti-SS-A antibody
(125.5 index) but negative for other autoantibodies
including platelet-associated 1gG, anti-SS-B, anti-dou-
ble-strand DNA, anti-Sm, anti-phospholipid and anti-
neutrophil cytoplasmic antibodies. No myositis-spe-
cific autoantibodies were detected by RNA-immuno-
precipitation or immunoprecipitation-Western blot
methods. Urinalysis demonstrated specific gravity
over 1.040, but no proteinuria, haematuria or glyco-
suria. Bone marrow examination demonstrated no
apparent abnormalities such as malignant cells or
hemophagocytosis. Alphal-antitrypsin clearance test
demonstrated no excretion of the protein in the
stool. Computed tomography scans of her chest and
abdomen demonstrated hepatosplenomegaly, pleu-
ral effusion and ascites (Figure 1). There was no
pericardial effusion or cardiac dysfunction on echo-
cardiography. Magnetic resonance sialography (MR-
sialography) demonstrated ductal dilation and glan-
dular destruction of her parotid gland equivalent to
Rubin-Holt's Grade 3 (Figure 2). Histopathological
test from her cheek showed perivascular dermatitis
which is consistent with SLE or SS. She was diag-
nosed as having SS and possibly SLE. She was ini-
tially treated with prednisolone (PSL, 40 mg/kg/day
for 2 days followed by 60mg/kg/day for 8 days)
and infusion of albumin to restore circulation vol-
ume and reduce systemic oedema. Lip biopsy was
carried out after stabilisation of her general condi-
tion and showed mononuclear cell infiltration into
the minor salivary gland which is classified as
Greenspan’s Grade 2. As her body weight increased
to 69kg on the 14th hospital day, methylpredniso-
lone (mPSL) pulse therapy (1g/day for 3 consecutive
days) was commenced. Six courses of low dose
intravenous  cyclophosphamide  (IVCY)  therapy
(500 mg/dose every two weeks) were also adopted

Figure 2. MR-sialography showed ductal dilation and mild
glandular destruction of parotid gland with left side domin-
ance (arrows).

which were followed by oral administration of aza-
thioprine (75mg/day). Her platelet count, D-dimer
and CRP levels returned to normal levels associated
with defervesce and recovery of body weight to
64kg within 2 weeks after the commencement of
mPSL pulse therapy. Renal biopsy demonstrated
endothelial enlargement and focal intratubular prolif-
eration without immune complex deposition (Figure
3). Oral prednisolone therapy (50 mg/day) was started
following three courses of mPSL pulse therapy and
gradually decreased. She is currently treated with
combination of azathioprine and 7.5 mg/day of pred-
nisolone without relapse.

Discussion

Our patient showed globular destruction of the saliv-
ary gland on MR-sialography associated with positive
ANA and anti-SS-A antibodies. MR-sialography find-
ings correspond well with sialography findings in
childhood SS [7], supporting the diagnosis of SS
defined by Japanese Diagnostic Criteria for SS [8].
Although the grade of focal lymphoid infiltration in
the minor salivary glands was not enough to confirm
the diagnosis, focal infiltration of less than 50 mono-
nuclear cells is suggestive of childhood SS [9,10]. SS
and SLE share several similarities in both clinical and
laboratory findings. A faint facial erythema in our
patient was indistinguishable from each other on
both clinical and histopathological examinations.
Lymphocytopenia, thrombocytopenia and positive
anti-nuclear antibody, all of which are included in
the classification criteria by both American College of
Rheumatology and Systemic Lupus International
Collaborating Clinics [11,12], are also observed in pri-
mary SS. Although pleural effusion and ascites were
detected on CT scan, she complained no chest or
abdominal pain, suggesting effusion associated with
generalised oedema rather than serositis. Histological
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Figure 3. Renal pathology. Histological studies demonstrated endothelial enlargement and focal intratubular proliferation but
no apparent interstitial nephritis (haematoxylin—eosin staining, A x40, B x100). No deposit of immunoglobulins or comple-

ments was observed by immunofluorescent staining (not shown).

showed endothelial enlargement and focal intratubu-
lar proliferation of the kidney which are consistent
with lupus nephritis on HE staining but lacked
immune complex deposition [13]. On the other
hand, serum complement levels remained at a lower
limit of normal ranges despite extremely high levels
of other acute phase reactant, suggesting consump-
tion of complements, a hallmark of SLE. Thus, the
diagnosis of SLE is possible but not definitive in our
patient.

Anasarca has been reported as a rare complica-
tion of juvenile dermatomyositis (JDM) and dermato-
myositis [14,15]. However, she demonstrated no
muscle weakness, JDM-specific erythema, abnormal
signals on muscle MRI, or myositis-specific autoanti-
bodies [16]. Nephrotic syndrome and protein-losing
enteropathy are causes of hypoalbuminemia in both
SLE and SS [1-4] but were absent in our patient.
Systemic capillary leak syndrome (SCLS) is character-
ised by oedema, hypoalbuminemia and hemocon-
centration without nephrosis or other causes of
protein loss, and often results in hypovolemic shock
[17,18]. SCLS develops alone or in association with
malignancies, infectious diseases and medication
[18]. Recent reports have demonstrated that SCLS is
a rare complication of connective diseases such as
SS, polymyositis, antiphospholipid syndrome and
Kawasaki disease [19-22]. Interestingly, one report
demonstrated that four of the five autoimmune-
associated SCLS cases were diagnosed as SS [19],
suggesting that patients with SS have a predispos-
ition to SCLS. It is suggested that serum proteins
with large molecular weights including albumin leak
to interstitial spaces [17]. Although our case lacked
several characteristics of SCLS, such as hemoconcen-
tration or hypotension, inexplicable hypoalbumine-
mia suggests similar mechanism. Given that the
severity of SCLS associated with connective tissue

diseases varies from self-limiting to fatal [19], our
case could be mild and responded to immunosup-
pressive therapy before the development of irrevers-
ible tissue damage. Based on the pathological
findings of the skin and renal biopsies and elevated
levels of D-dimer, we hypothesise that systemic vas-
culitis/perivasculitis and endothelial damage increase
the wvascular permeability. Vasculitis complicates
11-36% of SLE and 10% of SS [23,24]. Vasculitis in
SLE tends to associate with high disease activity
and/or co-existing diseases causing vascular damage
such as SS or anti-phospholipid antibody syndrome
[24]. Prolonged systemic inflammation as suggested
by fever and elevated levels of ESR, fibrinogen and
CRP may be also involved in the decreased produc-
tion of albumin. Together with thrombocytopenia
and the elevated levels of AST and ferritin, these
findings suggest hypercytokinaemia as observed in
macrophage activating syndrome complicating sys-
temic juvenile idiopathic arthritis or SLE [25,26]. This
is consistent with a recent report demonstrating
that elevated levels of cytokines, such as vascular
endothelial growth factor, interleukin-1p, interleukin-
6 and tumour necrosis factor-o, are associated with
increased vascular permeability in primary SCLS [27].

She was initially treated with prednisolone and
albumin replacement to stabilise her haemodynamics.
Although clinical effects of high-dose intravenous
immunoglobulin therapy, p2-stimulants and theo-
phylline have been reported in SCLS [18,20,22,28],
we chose immunosuppressive therapy to control the
possible underlying SS and SLE. Clinical effect of
mPSL pulse therapy has also been reported in a case
of SCLS (Clarkson’s disease) [29]. Recurrence of capil-
lary leak attack is another characteristic of SCLS but
has not occurred for 2 years of follow-up on the con-
comitant administration of azathioprine  with
corticosteroid.
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In conclusion, anasarca is a complication of SS
and/or SLE even in the absence of nephrotic syn-

drome or

protein-losing enteropathy. Systemic

inflammation-associated hyperpermeability similar to
SCLS could be a mechanism of oedema and require
intensive immunosuppressive therapy.
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Recurrence of juvenile dermatomyositis

8 years after remission
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INTRODUCTION

Juvenile dermatomyositis (JDM) is a chronic in-
flammatory disease characterized by typical skin
lesions and muscle weakness, which occurs in
children and adolescents younger than 16 years.'
JDM is classified into 3 clinical types according to the
posttreatment course: (1) monocyclic, in which there
is one episode with permanent remission within
2 years after diagnosis; (2) polycyclic, with multiple
relapses within 2 years; and (3) continuous, with
pathologic states persisting for more than 2 years.”
Early treatment with prednisolone is suggested to
limit the disorder to the monocyclic course.” Only 2
case reports in which monocyclic JDM recurred
more than 3 years after remission have been
described in the English-language literature.™> Of
these 2 reported cases, 1 patient had no initial
treatment and the other had oral prednisolone
(PSL) alone.”” Recently a well-designed random-
ized, controlled trial found that aggressive therapeu-
tic approaches, such as PSL plus methotrexate (MTX)
after methylprednisolone (mPSL) pulse therapy,
outperform PSL monotherapy after mPSL pulse
therapy with respect to clinical remission, treatment
failure, and discontinuation of PSL.” Here we present
a case of monocyclic JDM that recurred 8 years after
remission despite initial treatment with PSL plus MTX
after mPSL pulse therapy.

CASE REPORT
A 4-year-old Japanese boy presented with erup-
tions on the face, ears, elbows, and knees and with

Abbreviations used:

CDASI:  Cutaneous Dermatomyositis Area and
Severity Index

JDM: juvenile dermatomyositis

MTX: methotrexate

mPSL:  methylprednisolone

PSL: prednisolone

muscular weakness. Physical examination found
erythema on the cheeks and ears, keratotic papules
and purplish erythema on the dorsa of the hands,
and scaly erythema on the knees (Fig 1, A and B).
This patient had no symptoms of dysphonia.
Cutaneous Dermatomyositis Area and Severity
Index (CDASD was 8. The histopathology of the
left knee showed vacuolar changes in the epidermis,
deposition of mucin, pigment incontinence, and
infiltration of lymphocytes in the papillary dermis
(Fig 2, A). Biochemical examination found elevated
levels of creatine kinase 425 TU/L (normal range,
12—170 IU/L) and aldolase 19.0 IU/L (2.7—7.5 TU/L).
Antinuclear antibody and anti-Jo-1 antibody were
negative. Magnetic resonance imaging (T2) found
diffuse high-intensity areas in the proximal muscles
of the extremities, which suggests edema caused by
inflammation (Fig 2, B). Based on the clinical, histo-
pathologic, and radiologic findings, the diagnosis of
JDM was made. According to the recommended
regimen at that time,” the patient was treated with 2
courses of mPSL pulse therapy (30 mg/kg/d for 3
consecutive days per course) followed by
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Fig 1. Erythema on the cheeks and ears at initial onset (4 years old) (A) and at relapse (12 years
old) (©). Keratotic papules and purplish erythema on the dorsal of the left hand at initial onset

(B) and at relapse (D).

combination therapy with PSL (1 mg/kg/d) and MTX
(0.4 mg/kg/wk), both of which were tapered out in
6 months. Both clinical and biochemical remission
was achieved and persisted for 8 years, suggesting a
monocyclic course.

At 12 years of age, the patient presented to us with
similar symptoms affecting the skin and proximal
muscles but without preceding infectious episodes
within the previous 3 months (Fig 1, ¢ and D).
Elevated levels of aspartate aminotransferase, 104
IU/L (0—35 IU/L); alanine aminotransferase, 53 TU/L
(0—35 IU/L); lactate dehydrogenase, 506 IU/L
(80—200 1U/D); creatine kinase, 1930 1U/L (12—170
IU/L), and aldolase 28.6 1U/L (2.7—7.5 1U/L) were
observed. Antinuclear, anti-Jo-1, anti-Sm, anti-SS-A,
anti-SS-B and anti-RNP antibodies were all negative.

The IgM class of antiparvovirus B19 antibodies was
not detected. Computed tomography scans showed
neither interstitial pneumonia nor visceral malig-
nancy. The clinical, histopathologic, and radiologic
findings were virtually identical to those observed
8 years before (Fig 2, ¢ and D). These findings
confirmed the diagnosis of JDM relapse. Both the
skin condition and muscle strength improved with 2
courses of mPSL pulse therapy (1 g/d for 3 consec-
utive days per course) followed by PSL (0.78 mg/kg/
d) and MTX (0.20 mg/kg/wk). Serum levels of
muscle-derived enzymes also returned to normal
ranges. However, when the PSL dose was decreased
to 0.29 mg/kg/d, elevation of muscle-derived en-
zymes and muscle weakness recurred, accompanied
by pseudohypertrophy of the gastrocnemius
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Fig 2. Vacuolar changes at the dermoepidermal junction of the epidermis, and deposition of
mucin, pigment incontinence, and infiltration of lymphocytes in the papillary dermis are
observed in the biopsy specimen of the left cheek at initial onset (4 years old) (A) and of the
right knee at relapse (12 years old) (C). At the initial onset (T2) (B) (orange arrows) and at
relapse (STIR) (D) (yellow arrows), magnetic resonance imaging shows high-intensity areas in
the proximal muscles of the thighs, which suggests edema caused by inflammation.
(C, Hematoxylin-eosin stain; original magnification: X200.)

muscles. Erythema on the cheeks and keratotic
papules on the dorsal hands also reappeared.
Although his muscle strength and serum levels of
muscle-derived enzymes returned to normal levels
after the addition of cyclosporine (0.20 mg/kg/d)
and an increase of PSL dose (to 0.78 mg/kg/d), the
pseudohypertrophy and the eruptions persisted. The
change of cyclosporine to tacrolimus (0.04 mg/kg/d)
and decrease of MTX (to 0.08 mg/kg/wk) maintained
the normal levels of muscle-derived enzymes and
muscle strength. There were no sequelae such as
calcinosis, muscular contracture, or cutaneous or
gastric ulcers during his course. This patient will
continue monthly follow-up, with a gradual PSL dose
reduction planned for a minimum of 2 years unless a
relapse of JDM occurs.

DISCUSSION

There are no established methods for predicting
the clinical course of JDM. JDM is usually treated
with corticosteroid therapy alone or in combination
with immunosuppressive agents such as MTX.” It is
suggested that early and intensive corticosteroid-
based therapy leads to a monocyclic course.’
Although clinical remission was achieved by early

intensive treatment with mPSL pulse therapy fol-
lowed by oral PSL and weekly MTX in the initial
episode of JDM in our case, the maintenance
therapy was discontinued at 6 months to prevent
adverse events associated with long-term cortico-
steroid use. Because the treatment for JDM is
usually continued for at least 2 years,” the duration
of the initial treatment seems short. However,
premature cessation of treatment usually leads to
early relapse of JDM. Thus, the short duration of
treatment may not have been associated with the
relapse 8 years after the initial onset in our patient.
Although infections often trigger the onset or
relapse of JDM,”'” there were no infectious epi-
sodes in our patient within 3 months before the
relapse of JDM. Recently, 2 possible factors,
dysphonia and high CDASI'' score (CDASI >20),
have been associated with relapse in a population
of dermatomyositis and JDM.'> However, this pa-
tient did not have dysphonia, and CDASI was less
than 20.

The prognosis of late recurrent JDM is not fully
understood. Of the 2 previously reported cases,
one had been successfully treated with PSL mono-
therapy until the relapse, whereas the other showed
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spontaneous remission.”” Although the initial
episode of JDM was completely cured by short-
term corticosteroid-based treatment, additional
intensive immunosuppressive therapy with tacroli-
mus was required to control the prolonged skin
lesions in the relapse. Thus, the late recurrence of
monocyclic JDM could be intractable and require
attention.
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Anti-signal recognition particle (SRP) antibody-asso-
ciated immune-mediated necrotizing myopathy (SRP-
IMNM) is a rare but the most severe form of both
adult and juvenile inflammatory myopathies and often
refractory to various therapies (1, 2). We report a boy
with SRP-IMNM who was successfully treated with
tacrolimus in combination with corticosteroid and
weekly methotrexate (MTX).

An 8-year-old Japanese boy was admitted to Shizuoka
Children’s Hospital because of muscle weakness, muscle
pain, and gait disorder which had slowly progressed since
he was 6 years old and was suddenly exaggerated after an
influenza infection. Initial examination demonstrated
generalized muscle atrophy and weakness graded 3 on
manual muscle testing (MMT). Gower’s sign and sym-
metrical winged scapula were evident, although his facial
muscles, respiration, and swallowing were spared.
Laboratory examination demonstrated a white blood cell
count of 7 x 10°/L with normal differentiation, haemo-
globin 119 g/L, platelet count 402 x 10°/L, C-reactive
protein < 10 mg/L, aspartate aminotransferase 149 IU/L,
alanine aminotransferase 131 IU/L, lactate
dehydrogenase 924 IU/L, creatine phosphokinase (CK)
5896 IU/L, and aldolase 63.9 IU/L. Serum levels of
immunoglobulin and complements were within normal
levels. Immunological studies demonstrated positive anti-
nuclear antibodies at 1:160, but tests were negative for
anti-Jo-1 and anti-ribonucleoprotein antibodies. T2-
weighted magnetic resonance imaging (MRI) demon-
strated high-intensity signals in his proximal muscles.
Muscle biopsy demonstrated necrosis and regeneration
of the muscle fibres with patchy dense infiltration of
inflammatory cells (Figure 1). There were no skin,
pulmonary, or cardiac lesions. Although limb-girdle mus-
cular dystrophy was initially suspected, progression of
muscle weakness and atrophy in association with fever
suggested inflammatory myopathy. Two courses of
methylprednisolone pulse therapy led to partial

improvement of his muscle power and declines in his
serum levels of CK (278 IU/L) and aldolase (7.0 IU/L).
Prednisolone (PSL) was started at a dose of 40 mg (2 mg/
kg) and gradually decreased. When he was referred to
Hokkaido University Hospital, he could not raise his head
and legs from the prone position, although the muscle
power of his both proximal and distal extremities had
recovered to grade 4-5 on MMT. As the dose of PSL
was gradually decreased to 7.5 mg, serum levels of CK
and aldolase elevated to 800 IU/L and 15.5 IU/L, respec-
tively, which required an increase in the dose of PSL.
Weekly methotrexate (MTX) 8 mg/week showed no
apparent steroid-sparing effect. At the age of 11 years,
the disease flared, with elevated CK levels and MRI
abnormalities. High-dose intravenous immunoglobulin
therapy was not tolerated because of aseptic meningitis
soon after the therapy. Following the commencement of
tacrolimus (2 mg/day), the muscle power of his body
trunk gradually recovered. Currently, he has no weakness
on PSL 6 mg/day in combination with tacrolimus and
weekly MTX. Anti-SRP antibodies were detected by an
RNA-immunoprecipitation assay in the serum obtained at
referral to Hokkaido University Hospital. Other myositis-
specific or -associated autoantibodies such as anti-ami-
noacyl tRNA synthetase, anti-CADM-140, anti-MJ, and
anti-155/140 antibodies were all negative.

SRP-IMNM accounts for up to 4% of adult idiopathic
inflammatory myopathies and only 1-2% of juvenile
idiopathic inflammatory myopathies (1, 2). SRP-IMNM
consists of two types: chronic and acute/subacute (3).
Our case showed insidious onset, and accordingly, was
the chronic type. In addition to extremely elevated serum
CK levels, necrosis and regeneration of the muscle fibre
with no or little cellular infiltration in SRP-IMNM often
lead to a misdiagnosis of muscular dystrophy (2). Simi-
larly to our patient, acute exacerbation of SRP-IMNM
immediately after an influenza-like illness has been
reported in juvenile cases (4).
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Figure 1. Histological findings of the muscle biopsy (hematoxylin—eosin staining). (A) Regenerated muscle fibres are found in the background of
mildly atrophic muscle. (B) The muscle fibres with regeneration and necrosis are occasionally clustered intermingled with small lymphocytes. (C)

Patchily distributed dense infiltration of inflammatory cells is seen.

To date, eight paediatric patients with mostly acute/sub-
acute SRP-IMNM have been reported (4-6). Cytotoxic
agents in combination with infliximab have failed to sup-
press the disease progression (4). One case report demon-
strated a good response to plasma exchange in combination
with steroid pulse and intravenous cyclophosphamide
therapies (6). In adult cases, a clinical effect of rituximab
has been reported, which supports an antibody-mediated
complement-dependent mechanism suggested by in vitro
studies in SRP-IMNM (7, 8). On the other hand, the
involvement of T-helper (Thl) cells expressing inter-
feron-y, a potential inducer of major histocompatibility
complex (MHC) class I molecules, has been reported (9).
Indeed, muscle fibres of IMNM patients aberrantly express
MHC class I molecules, which may cause muscle damage
associated with endoplasmic reticulum stress and unfolded
protein responses (2, 10). The clinical effect of tacrolimus
in our patient and previously reported adult patients with a
chronic course (2) supports a pathological role of T cells, at
least in a subset of SRP-IMNM.
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Abstract

Purpose Familial hemophagocytic lymphohistiocytosis type 3
(FHL3) is a genetic disorder that results in immune dysregula-
tion. It requires prompt and accurate diagnosis. A natural killer
(NK) cell degranulation assay is often used to screen for FHL3
patients. However, we recently encountered two cases of late-
onset FHL3 carrying novel UNCI3D missense mutations: in
these cases, the degranulation assays using freshly isolated and
interleukin (IL)-2-activated NK cells yielded contradictory re-
sults. Since the defective degranulation of CD57" cytotoxic T
lymphocytes (CTLs) in these cases was helpful for making the
diagnosis, we assessed whether the CD57* CTL degranulation
assay more effectively identified FHL3 patients than the NK cell
assays.
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Methods Forty additional patients with hemophagocytic
lymphohistiocytosis were prospectively screened for FHL3
by measuring the perforin expression in NK cells and the
expression of Munc13-4, syntaxin-11, and Munc18-2 in plate-
lets and by performing NK cell and CTL degranulation assays.
The results were confirmed by genetic analysis.

Results The freshly isolated NK cell degranulation assay de-
tected FHL3 patients with high sensitivity (100%) but low
specificity (71%). The IL-2-stimulated NK cell assay had im-
proved specificity, but 3 out of the 31 non-FHL3 patients still
showed degranulation below the threshold level. The CD57*
CTL degranulation assay identified FHL3 patients with high
sensitivity and specificity (both 100%).

Conclusions The CD57" CTL degranulation assay more ef-
fectively identified FHL3 patients than the NK cell-based
assays.

Keywords Familial hemophagocytic lymphohistiocytosis
type 3 - lysosomal degranulation defect - functional screening
assay - UNCI3D

Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a life-
threatening syndrome that is characterized by immune dysreg-
ulation and hyper-inflammation. It is also histologically char-
acterized by the presence of benign hemophagocytic macro-
phages [1-3]. HLH is classified into primary (genetic) or sec-
ondary (acquired) forms, but this distinction is difficult to
make in clinical practice [1, 2].

Familial hemophagocytic lymphohistiocytosis (FHL) is the
main form of primary HLH. Several FHL mutations have been
identified, namely, in the genes encoding perforin (PRFI;
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FHL2) [4], Munc13-4 (UNC13D; FHL3) [5], syntaxin-11
(STX11; FHLA4) [6], and Munc18-2 (also known as syntaxin-
binding protein 2) (STXBP2; FHLS) [7, §]. Perforin is an
effector molecule that is contained in the cytolytic granules
of cytotoxic T lymphocytes (CTLs) and natural killer (NK)
cells. Munc13-4, syntaxin-11, and Munc18-2 are involved in
the intracellular trafficking or the fusion of these granules to
the plasma membrane and the delivery of their contents into
target cells. Thus, the hallmark finding of FHL is the defective
cytotoxic activity of CTLs and NK cells [9].

The early diagnosis of FHL is clinically important
because its treatment strategy differs greatly from that
of secondary HLH. While aggressive immunosuppres-
sive therapy is required for both the primary and sec-
ondary forms of HLH in the initial period, it can be
gradually tapered for most secondary HLH cases once
the clinical remission is achieved. By contrast, strong
maintenance therapy followed by hematopoietic stem
cell transplantation (HSCT) is mandatory for patients
with FHL [1, 2].

While certain combinations of common laboratory
parameters are useful for identifying patients with a
high possibility of FHL, functional and molecular anal-
yses are mandatory for confirming the diagnosis [10,
I1]. A reliable way to screen for FHL2 is to use flow
cytometry to detect perforin expression in NK cells [12,
13]. Functional screening for FHL3-5 involves the de-
tection of CDI107a expression on the surface of NK
cells; this measures the release of cytolytic granules
[7, 8, 14-16]. However, a considerable proportion of
secondary HLH patients also exhibits abnormal NK cell
degranulation and some patients with FHL3-5 show nor-
mal NK cell degranulation after stimulation with inter-
leukin (IL)-2 [16, 17].

Another possibility is to measure CTL degranulation.
While such a CTL-based assay has been described, the meth-
odology is not standardized and contradictory results have
been reported [16—18]. Nevertheless, numerous studies have
shown that the CTL expressing CD57 have high cytotoxic
potential [19]. It was also recently reported that CTL expres-
sion of CD57 correlates strongly with the intracellular expres-
sion of cytolytic molecules such as perforin and granzymes
[20] and is a measure of the degranulation capacity of CTLs
[21]. Thus, it is proposed that analyzing CD57* CTL degran-
ulation may be useful for detecting patients with defective
cytolytic granules release. However, the usefulness of this
method has not been evaluated.

In this report, we describe two late-onset FHL3 patients
carrying novel UNCI3D missense mutations. Notably, these
patients exhibited normal IL-2-activated NK cell degranula-
tion but had defective CD57* CTL degranulation. The latter
observation was helpful for diagnosing these patients.
Consequently, to test the ability of the CD57* CTL

degranulation assay to detect FHL3 patients, we prospectively
screened HLH patients with this assay. We found that this
assay distinguished the FHL3 patients from patients with other
forms of HLH with high sensitivity and specificity.

Materials and Methods
Patients

Two late-onset FHL3 cases were diagnosed in 2012
(patients 1 and 2). Thereafter, in February 2013—April
2014, prospective FHL screening was performed on 40
additional patients who were suspected by their referring
physicians to have FHL (patients 3-42). As a control,
blood obtained from healthy adults at the time of pa-
tient sampling was shipped for screening along with the
patient samples. None of the patients had any sign of
oculo-cutaneous albinism or had giant granules in their
peripheral blood leucocytes. FHL was screened by mea-
suring perforin expression in NK cells, by measuring
Munc13-4, syntaxin-11, and Muncl8-2 expression in
platelets and by NK cell and CTL degranulation assays.
Genetic analysis was performed in all patients to con-
firm the results. The characteristics of the enrolled pa-
tients and the genetic defects detected in the FHL pa-
tients are summarized in Tables 1 and 2, respectively.
Informed consent was obtained from the patients and
their parents in accordance with the institutional review
board of Kyoto University Hospital and the Declaration
of Helsinki.

Protein Expression Assays

All patients were assessed for perforin expression by their
NK cells and their platelet expression of Muncl3-4,
syntaxin-11, and Munc18-2 as previously described, with
some modifications [22, 23]. To determine the effect of
the UNCI3D missense mutations observed in the two
late-onset FHL3 patients on Munc13-4 protein expression,
FLAG-tagged complementary DNA (cDNA) carrying
wild-type or missense mutated UNC/3D sequences were
constructed and transiently transfected into HEK293T
cells. After overnight culture, the cells were harvested
with or without additional incubation in the presence of
0.35 mM cycloheximide. Cell extracts were fractionated
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, and the fractionated proteins were electro-
transferred onto polyvinylidene fluoride membranes. The
membranes were blocked overnight in blocking buffer
(5% skim milk) and incubated for 1 h at room temperature
with anti-FLAG antibodies, followed by horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG
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Table 1 Characteristics and

assay outcomes of the enrolled Patient  Final Age Gender  Fresh NK cell Stimulated NK cell  CD57" CTL
patients no. diagnosis  (months) at degranulation degranulation (%) degranulation

onset (%) (%)

1 FHL3 90 M 5.1(4.8) 38.2 (40.3) 4.7 (2.5)

2 FHL3 190 F 6.9 (5.6) 43.0 (38.6) 8.6 (9.3)

3 FHL3 1 M 8.1(8.5) 9.8 (21.2) 0.5 2.0

4 FHL3 0 M 2.3(5.2) 14.1 (33.2) 423.7)

5 FHL3 4 F 8.3 43.0 4.5

6 FHL3 9 M 3.7 20.1 0.5

7 FHL3 1 M 8.8 22.2 9.7

8 FHL3 1 M 8.8 23.2 8.0

9 FHL2 1 F 18.0 62.7 382

10 FHL2 0 M 29.4 91.8 45.3

11 XLP2 64 M 10.4 73.8 77.4

12 sJIA-MAS 80 M 5.3(18.2) 46.4 28.7

13 CAEBV 156 M 8.5 51.8 28.1

14 EBV-HLH 15 M 19.4 67.9 30.2

15 EBV-HLH 17 M 9.6 (9.3) 66.2 (70.7) 28.1 (57.6)

16 Unknown 61 M 20.2 733 56.0

17 EBV-HLH 14 M 11.3 46.6 74.1

18 Unknown 138 F 20.7 86.7 69.5

19 EBV-HLH 23 F AU AU 41.7

20 Sepsis 0 F 6.8 64.7 AU

21 EBV-HLH 62 F 4.4 (32.8) 31.8 13.1 (52.5)

22 Unknown 183 F 13.3 48.8 70.6

23 sJIA MAS 9 F 24.7 73.7 41.8

24 Unknown 20 M 7.5 39.6 22.5

25 Unknown 11 M 29.1 79.9 57.8

26 Unknown 8 F 13.3 55.4 67.0

27 Unknown 12 F 16.2 71.0 77.2

28 EBV-HLH 18 F AU AU 98.3

29 Unknown 19 F 16.7 74.9 33.6

30 EBV-HLH 114 F 39.1 AU 76.4

31 HSV-HLH 0 F 6.9 57.9 71.5

32 Unknown 13 F AU 93.8 AU

33 sIIA-MAS 19 M 31.5 78.7 59.7

34 Unknown 39 F 24.0 81.8 83.2

35 EBV-HLH 21 M 23.1 80.0 49.6

36 EBV-HLH 311 F 6.6 53.6 40.1

37 Unknown 4 M 4.2 66.1 67.8

38 Unknown 14 F 22.7 86.5 56.5

39 Unknown 5 F 14.5 83.5 65.2

40 Unknown 100 F 233 68.6 59.3

41 CMV-HLH 0 M 7.9 56.1 51.6

42 EBV-HLH 79 F 19.4 33.0 455

The assay results that were below the laboratory-defined thresholds (10% for the fresh NK, 30% for the IL-2
stimulated NK, and 25% for the CD57* CTL assays) are shown in bold letters, while those below the ROC-
determined optimum thresholds (9.2% for the fresh NK, 44.7% for the IL-2 stimulated NK, and 11.5% for the
CD57* CTL assays) are shown in italics. The numbers in the parentheses indicate the result of the second
evaluation and were excluded from the statistical analyses

AU analysis unavailable, HLH hemophagocytic lymphohistiocytosis, F/HL familial HLH, XLP X-linked lympho-
proliferative syndrome, EBV Epstein-Barr virus, CAEBV chronic active EBV infection, MAS macrophage acti-
vation syndrome, sJIA systemic-onset juvenile idiopathic arthritis

polyclonal antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA). Specific bands were visualized by the standard
enhanced chemiluminescence method.

Antibodies

Rabbit polyclonal antibodies specific for human Munc13-4
and syntaxin-11 proteins were described previously [23, 24].
Rabbit polyclonal antibodies against human Munc18-2 pro-
tein were obtained from Jackson ImmunoResearch
Laboratories (West Grove, PA). Rabbit polyclonal anti-
integrin olIb (Santa Cruz Biotechnology), mouse polyclonal
anti-3-actin (Sigma Aldrich, St. Louis, MO), and mouse

@ Springer

monoclonal anti-FLAG (Sigma-Aldrich) antibodies served
as primary antibodies in Western blotting. The monoclonal
antibodies used in the flow cytometric analyses were fluores-
cein isothiocyanate (FITC)-conjugated anti-CD3
(eBioscience, San Diego, CA), phycoerythrin (PE)-Cy7-con-
jugated anti-CD3 (Beckman Coulter, Brea, CA), FITC-
conjugated anti-CD8 (eBioscience), V500-conjugated anti-
CD16 (BD Biosciences), PE-conjugated anti-CD41a (BD
Biosciences, San Jose, CA), allophycocyanin (APC)-conju-
gated anti-CD56 (Beckman Coulter), APC-conjugated anti-
CD57 (BD Biosciences, San Jose, CA), PE-conjugated anti-
CD107a (eBioscience), and PE-conjugated anti-perforin
(eBioscience).
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Table 2 Mutations identified in

the FHL patients Patient no. Diagnosis Gene mutated Ist allele 2nd allele
1 FHL3 UNC13D ¢.754-1G>C (S) ¢.2759A>G (M)
2 FHL3 UNCI13D c.1992+1G>A (S) c.767G>A (M), ¢.1240C>T (M)
3 FHL3 UNCI13D ¢.754-1G>C (S) ¢.118-308C>T (T)
4 FHL3 UNCI3D ¢.118-308C>T (T) ¢.118-308C>T (T)
5 FHL3 UNCI3D ¢.2381delT (F) ¢.322-1G>A (S)
6 FHL3 UNC13D ¢.754-1G>C (S) c. 1596+1G>C (S)
7 FHL3 UNCI3D ¢.118-308C>T (T) c. 1596+1G>C (S)
8 FHL3 UNCI3D ¢.118-308C>T (T) c. 1596+1G>C (S)
9 FHL2 PRFI c. 1090_1091delCT (F) c. 1288 1289insG (F)
10 FHL2 PRFI c. 1090_1091delCT (F) c.1A>G (LS)
Predicted mutation effects are shown in parentheses
S splice error, M missense, 7 transcriptional dysregulation, F' frameshift, LS loss of start codon
Mutation Analyses lowest degranulation value observed in the control subjects).

Genomic DNA was isolated from the peripheral blood mono-
nuclear cells (PBMCs) of the patients by standard procedures.
Primers were designed to amplify the coding exons and adja-
cent intronic sequences of the PRFI, UNCI3D, STXII,
STXBP2, SH2D1A, BIRC4, and ITK genes. Primers that
would detect the deep intronic mutation in the UNC13D in-
tron 1 were also designed. Primer sequences are available
upon request. The amplified products were sequenced with
an Applied Biosystems ABI3130 Genetic Analyzer (Life
Technologies, Carlsbad, CA) or with a GS Junior System
(Roche, Basel, Switzerland).

Lysosomal Degranulation Assays

To quantify lysosome exocytosis by NK cells, 2 x 10° PBMCs
that were freshly isolated or stimulated for 3648 h with IL-2
(50 U/mL) were cultured with or without 2 x 10° K562 cells
and incubated in complete medium (RPMI 1640 medium sup-
plemented with 2 mM L-glutamine and 10% fetal calf serum)
for 2 hat 37 °C in 5% CO,. For CTL degranulation analyses,
2 x 10° PBMCs stimulated for 36-48 h with IL-2 (50 U/mL)
were cultured with 2 x 10° P815 cells with or without 0.5 pg/
mL anti-CD3 mAb (OKT3). The cells were resuspended in
phosphate-buffered saline supplemented with 2% fetal calf
serum and 2 mM EDTA; stained with anti-CD3, anti-CDS,
anti-CD16, anti-CD56, anti-CD57, and anti-CD107a mono-
clonal antibodies; and then analyzed by flow cytometry.

Statistical Analyses

Receiver operating characteristic (ROC) analysis was per-
formed to determine the optimal threshold of each assay that
would discriminate FHL3 patients from other HLH patients
with the greatest sum of sensitivity and specificity.
Laboratory-defined thresholds were also determined (i.e., the

The sensitivity and specificity of each assay were evaluated on
the basis of these thresholds. The controls were excluded from
the analyses. In the case of patients who were tested multiple
times with particular assays, only the data from the first eval-
uation were included in the statistical analyses.

Results
Late-Onset FHL3 Patients

Patient 1 was a 90-month-old boy who developed HLH after a
Mycoplasma pneumoniae infection (Table 1). Oral predniso-
lone was effective in controlling the disease, but subsequent
tapering of the drug resulted in disease recurrence that associ-
ated with cerebral symptoms. Genetic analysis identified com-
pound heterozygous UNC13D mutations, namely, ¢.754-
1G>C on the paternal allele and ¢.2759A>G (p.Y920C) on
the maternal allele (Table 2). Patient 2 was a girl who devel-
oped HLH associated with the abnormal infiltration of non-
malignant lymphocytes in a vertebra at the age of 190 months
(Table 1). She also developed cerebral symptoms but
responded well to oral prednisolone therapy. UNC13D se-
quencing revealed that she carried a ¢.1992+1G>A mutation
on the paternal allele and two missense mutations, namely,
¢.767G>A (p.R256Q) and ¢.1240C>T (p.R414C), on the ma-
ternal allele (Table 2).

Since the missense mutations found in the patients were
novel, the diagnosis of FHL3 could not be made with certain-
ty. Moreover, although the freshly isolated PBMCs of both
cases exhibited decreased NK cell degranulation, their IL-2-
stimulated NK cells released normal levels of cytolytic gran-
ules (Fig. 1a, b). Nevertheless, they both exhibited defective
degranulation of their CD57" CTLs (Fig. 1c) and reduced
expression of platelet Munc13-4 protein. These findings
strongly supported the diagnosis of FHL3 (Fig. 1d). We
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Fig. 1 FHL screening results of late-onset FHL3 patients. Freshly
isolated (a) or IL-2 stimulated (b) PBMCs were co-cultured with (+) or
without (—) K562 cells, and the expression of CD107a on the
CD3 CD16*CD56" cell population was evaluated. ¢ IL-2-stimulated
PBMCs were co-cultured with P815 cells in the presence (+) or absence
(=) of an anti-CD3 antibody and the expression of CD107a on the
CD3*CD8" cell population was evaluated. d Munc13-4 protein
expression in the platelets of the patients was evaluated by Western
blotting. e HEK293T cells were transfected with FLAG-tagged cDNA
carrying wild-type or missense mutated UNC/3D sequences. After
overnight culture, the cells were harvested with or without additional
incubation in the presence of cycloheximide for 0, 5, and 10 h. The
Munc13-4 protein expression levels were then analyzed by Western
blotting. WT wild type. Representative results of two independent
experiments are shown
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therefore assessed whether the UNC/3D missense muta-
tions in our patients were responsible for their reduced
platelet Munc13-4 expression by transfecting HEK293T
cells with FLAG-tagged ¢cDNA carrying wild-type or
missense UNCI3D sequences. Indeed, the ¢.2759A>G
mutation in patient 1 and the c.1240C>T (but not the
c.767G>A) mutation in patient 2 were responsible for
the reduced Muncl13-4 protein expression (Fig. le).
This confirmed the diagnosis of FHL3 in patients 1
and 2.

Comparison of Degranulation Assays

Given that the CD57" CTL degranulation assay more
effectively identified our late-onset FHL3 patients than
the NK cell-based assays, we compared these three as-
says prospectively with 40 additional pediatric HLH pa-
tients who were recruited after patients 1 and 2 were
diagnosed (Table 1). Six of the 40 patients (patients 3—
8) had FHL3. None of these patients carried missense
UNC13D mutations (Table 2). As shown in Fig. 2a, the
freshly stimulated NK cells from the six FHL3 patients
exhibited decreased cytolytic granule release. However,
the NK cells from the non-FHL3 patients also showed
some defects in degranulation. When using the
laboratory-defined threshold of 10%, the degranulation
assay with freshly stimulated NK cells was found to
discriminate FHL3 patients from other HLH patients
with a sensitivity of 100% and a specificity of 68%.
ROC analysis showed that the optimum threshold value
was 9.2%. When this value was used as the discrimina-
tory threshold, the specificity improved to 71% without
changing the sensitivity.

While IL-2 stimulation restored the degranulation of
NK cells from the non-FHL patients in all cases, the IL-
2-stimulated NK cells from a FHL3 patient (patient 5),
similar to the IL-2-stimulated NK cells from patients 1
and 2, showed normal degranulation levels. The
laboratory-defined threshold of 30% showed that the
IL-2-stimulated NK cell degranulation assay discriminat-
ed FHL3 patients from other HLH patients with a spec-
ificity of 100% but a low sensitivity of 63%. ROC
analysis showed that the optimum threshold value was
44.7%. When this threshold was used, the sensitivity
improved to 100%; however, the specificity decreased
to 90% (Fig. 2b).

By contrast, when the laboratory-defined threshold of
25% was used for CD57" CTL degranulation assay, this
assay discriminated FHL3 patients from other HLH pa-
tients with a sensitivity of 100% and a specificity of
94%. ROC analysis indicated that the optimum threshold
was 11.5%. When this value was used, both the sensitivity
and specificity were 100% (Fig. 2c).
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Fig. 2 Sensitivity and specificity with which the NK and CD57* CTL
degranulation assays discriminate FHL3 patients from other HLH
patients. The figures show the results of lysosomal degranulation assays
and their ROC curves using the freshly isolated NK cells (a), IL-2
stimulated NK cells (b), and of IL-2 stimulated CD57* CTLs (c) of the
enrolled patients. Solid lines indicate the laboratory-defined threshold
values, while dashed lines indicate the optimum threshold values that
were determined by ROC analyses to discriminate FHL3 patients from
other HLH patients. Closed circles indicate patients 1 and 2. nFHL non-
FHL

Discussion

FHL is a life-threatening inherited immune disorder that is
caused by mutations in genes that participate in the cytotoxic
activity of lymphocytes. The inability to clear the antigenic
stimulus hyper-activates cytolytic lymphocytes. This results in
over-production of inflammatory cytokines, which, in turn,
leads to sustained inflammation and activation of macro-
phages [1, 2, 9]. The ability to rapidly screen for FHL rapidly
would facilitate the initiation of life-saving immunosuppres-
sive therapy and the preparations for HSCT.

The lysosomal exocytosis assay is a comprehensive meth-
od that is used to identify patients with a degranulation defect.
It has been used to screen for FHL3-5 and hereditary HLH
syndromes associated with oculo-cutaneous albinism [7, 8,

14-16]. In the present study, the FHL3 patients exhibited re-
duced degranulation of resting NK cells. However, as was
shown by a previous study [16], non-FHL3 patients also ex-
hibited some defects in resting NK cell degranulation
(Fig. 2a). While IL-2 stimulation restored the degranulation
of the NK cells from these non-FHL3 patients, the degranula-
tion of the IL-2-stimulated NK cells from some of the FHL3
patients was comparable to that seen in the control subjects
(Fig. 2b). By contrast, the decreased degranulation of CD57*
CTLs was more indicative of FHL3 patients (Fig. 2c).
Specifically, when laboratory-defined thresholds were used
to discriminate FHL3 patients from the other HLH patients,
the fresh NK cell degranulation assay had a sensitivity and
specificity of 100 and 68%, respectively, while the 1L-2-
stimulated NK cell degranulation assay had a sensitivity and
specificity of 63 and 100%, respectively. Thus, when using
laboratory-defined thresholds, the CD57* CTL assay was as
sensitive as the fresh NK cell assay and a bit less specific than
the IL-2-stimulated NK cell assay. However, while 18 patients
in total exhibited decreased degranulation below the threshold
levels of either NK cell assay, only ten patients exhibited de-
creased degranulation of CD57* CTLs (Table 1). This is clin-
ically important because it means that the CD57" CTL assay
essentially made genetic testing unnecessary for eight patients.
Moreover, when ROC-determined optimal thresholds were
used to discriminate FHL3 patients from the other HLH pa-
tients, the fresh NK cell degranulation assay had a sensitivity
and specificity of 100 and 71%, respectively, while the IL-2-
stimulated NK cell degranulation assay had a sensitivity and
specificity of 100 and 90%, respectively. By contrast, the sen-
sitivity and specificity of the CD57" CTL degranulation assay
were both 100%. Notably, one patient with other forms of
HLH exhibited CD57" CTL degranulation levels just above
the optimum threshold (patient 21 in Table 1): 1 week later,
however, this patient exhibited normal degranulation levels.
This was in clear contrast to the reevaluated FHL3 patients
(patients 14 in Table 1), all of whom showed sustained de-
fects in CD57" CTL degranulation. Although it is possible
that immunosuppressive therapies may affect CTL function,
the two FHL2 patients who had been treated with multiple
immunosuppressive drugs exhibited normal lysosomal de-
granulation. Thus, these treatments had minimal effects on
the assay. Taken together, we propose that the CD57" CTL
degranulation assay effectively identifies FHL3 patients.

A workflow for the diagnosis of primary HLH has been
proposed on the basis of a study by Bryceson et al. on HLH
patients in Europe. The assays using NK cells were the main-
stay screening methods for identifying patients with a defect
in cytolytic granule exocytosis. The study reported that these
assays had a higher specificity than the assays reported in the
current study [16]. However, in the study by Bryceson et al.,
secondary HLH patients were defined as patients who devel-
oped a single episode that fulfilled the clinical criteria for HLH
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and exhibited sustained complete remission for at least
6 months after completing HLH therapy; patients with a re-
fractory HLH course were excluded from the statistical anal-
ysis. Examination of these excluded patients showed that many
had reduced NK cell degranulation [16]. Since the patient cohort
in the present study included many patients with a severe and
refractory course of HLH, we believe that the results of our
analysis are similar to those reported by Bryceson et al.

The current study suggests that the CD57" CTL degranu-
lation assay may be more useful for diagnosing FHL3 than the
assays employing NK cells. However, several issues must be
addressed before it can serve as a standard method. One lim-
itation of this assay is that neonates and young infants have
very few numbers of CD57-expressing CTLs in their periph-
eral blood [25]. Indeed, we could not perform the analysis in
two non-FHL patients due to the extreme paucity of this cell
population (Table 1). However, all FHL patients in this study
had substantial numbers of CD57* CTLs in their peripheral
blood. This probably reflects the pathophysiology of the dis-
ease. Another limitation of the current study was the lack of
patients with other forms of genetic degranulation defects; this
reflects their extreme rarity. While a patient with BIRC4 defi-
ciency (X-linked lymphoproliferative syndrome type 2) was
included in our cohort (Table 1), this hereditary HLH syn-
drome does not associate directly with cytolytic defects [26,
27]. Further evaluations are required to determine whether the
CD57" CTL degranulation assay is useful for screening
FHL4, FHLS, and hereditary HLH syndromes with oculo-
cutaneous albinism. Notably, all FHL3 patients who have
been diagnosed at our laboratory (including eight patients pre-
sented in this study) lack or have significantly reduced platelet
Munc13-4 protein expression (data not shown). This suggests
that the detection of Muncl3-4 expression is another useful
method for screening for FHL3.

The fact that two late-onset FHL3 cases had relatively well-
preserved activated NK cell degranulation yet still had poor
CD57* CTL degranulation suggests that Munc13-4 protein
may play different roles in the lysosomal degranulation of
the two cell subsets. While the molecular mechanism under-
lying this phenomenon is unclear, we speculate that the pre-
served degranulation capacity of NK cells may have influ-
enced the clinical picture of the patients. CTLs and NK cells
play distinct roles in the pathogenesis of FHL. Analysis of
perforin-deficient mice showed that CTLs, but not NK cells,
are necessary for the development of FHL symptoms [28].
Moreover, a recent report shows that NK cell cytotoxicity
plays an immunoregulatory role and protects against FHL
pathology [29]. In addition, FHL3 patients with atypical pre-
sentations, like our two late-onset cases, are reported to have
relatively preserved NK cell degranulation, especially after
culture with IL-2 [17]. Indeed, another FHL3 patient in our
cohort who showed high levels of activated NK cell degranu-
lation (patient 5 in Table 1) only developed the symptoms of
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HLH at 4 months of age: this is relatively late for FHL3. We
speculate that the preserved cytolytic capacity of NK cells had
contributed to the mild clinical courses of these three patients.

Conclusions

We propose that the CD57* CTL degranulation assay effec-
tively discriminates FHL3 patients from those with other
forms of HLH. Further studies that assess whether these as-
says are useful for screening patients with FHL4, FHLS, and
other forms of degranulation defect-associated hereditary
HLH syndromes are warranted.
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primary immunodeficiency predisposing to dimorphic fungal
infection.”®

HLH is a life-threatening syndrome of hyperinflammation
caused by genetic mutations affecting the cytolytic function of T
cells and NK cells (primary HLH) or in response to various
infections, rheumatologic disorders, or malignancy (secondary
HLH). Infection with EBV and other herpesviruses is a common
trigger of HLH and in some cases may indicate an underlying
primary immunodeficiency.” This is exemplified by X-linked
lymphoproliferative disease and the growing number of primary
immunodeficiencies characterized by impaired control of EBV
infection.” Similar to X-linked lymphoproliferative disease, pa-
tients with GATA?2 deficiency have marked NK-cell dysfunction
and susceptibility to herpesvirus infection, which may lead to
aggressive HLH in some cases.” A previously reported patient
with GATA?2 deficiency developed HLH in the setting of marked
EBV viremia and an EBV-driven T-cell lymphoproliferative
disorder.” In contrast to our patient’s fatal course, that patient
was successfully treated with etoposide and dexamethasone
followed by nonmyeloablative allogeneic hematopoietic stem
cell transplantation.” These reports suggest that GATA2 defi-
ciency should be considered in the differential diagnosis for
herpesvirus-associated HLH and that early hematopoietic stem
cell transplantation is critical.

This case further expands the spectrum of infectious and
inflammatory complications of GATA2 deficiency. In particular,
this case further confirms the importance of GATA2 in host
defense against dimorphic fungi and identifies blastomycosis as
an infection that can signify primary immunodeficiency. In
addition, this case further supports the critical role of NK cells
in the immune response to herpesvirus infections, dysfunction of
which may lead to HLH.
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Clinical characteristics and
genotype-phenotype correlations
in C3 deficiency

CrossMark

To the Editor:

The complement system comprises 3 initiation pathways: the
classical, lectin, and alternative pathways. Although each pathway
is activated individually, they converge at the C3 step and subse-
quently follow a common pathway, indicating that C3 is a pivotal
complement factor. A single-chain precursor (Pro-C3) of approx-
imately 200 kDa is produced intracellularly, and subsequently
proteolytically cleaved into 2 subunits, o (115 kDa) and 3 (70 kDa)
subunits. Both a and (3 subunits assemble by a disulfide bond
yielding the mature C3 protein. The C3 protein consists of 13
domains': 8 macroglobulin domains (MG1-8); anaphylatoxin
(ANA); linker (LNK); complement C1r/Cls, Uegf, Bmpl (CUB);
thioester-containing domain (TED); and C345 C domains.

C3 deficiency is a rare autosomal-recessive inherited disorder
that is characterized by susceptibility to recurrent bacterial
infections, although some cases are associated with autoimmune
diseases.” However, no definite genotype-phenotype correlations
have been established to date, possibly because of the extremely
low prevalence of the disorder. In the present study, we
investigated the clinical features of our 4 cases” ° of C3 deficiency
and reviewed previously reported cases to clarify the
genotype-phenotype correlations in this disorder. We searched
for English and Japanese articles describing C3 deficiency in
PubMed, Ovid, and Google Scholar from 1972 (first reported
year of C3 deficiency) to December 2014. From 511 articles,
we selected 43 articles reporting biochemically diagnosed C3
deficiency regardless of confirmation by molecular analysis,
and collected their genetic and clinical information.

Thirty-seven cases (29 families) of various races have been
identified from different regions in the world (Table I). Clinical
features could be divided into 3 groups: severe infections,
rheumatic diseases, and renal diseases. We arbitrarily defined
the criteria for severe infections in this study as follows: infections
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TABLE I. Clinical features, C3 values, C3 mutations, and sibling history in 37 patients with C3 deficiency from 29 families

Age at
Patient  Published diagnosis/ C3 molecular
no. year Ethnicity C sex C3 (mg/dL) analysis Clinical features Sibling history Reference
Severe infections
1. 1972 White + 15y/F <0.25  800-bp deletion ~ Meningitis X 2, pneumonia X 14, El-Es
1976 South (homo) recurrent otitis media, paronychia,
1989 African impetigo, Sweet syndrome
1992
2. 1976 White = 4 y'M 0 NA Meningitis X 6, recurrent tonsillitis,  Deceased, =3
South pneumonia X 2, deceased meningitis
African
3. 1977 Unknown + 2 y/M <3 NA Otitis media X 2, persistent fever Deceased, ko
(52 d), maculopapular rash, encephalitis
arthralgia
4. 1977 Unknown = 5 y/F <2.5~5 NA Pneumonia, septic arthritis, recurrent 127
otitis media, and pharyngitis
5. 1981 Taiwanese  — 10 y/F 0 IVSIO +1 g>t  Pneumonia X 12, otitis media X 5,  Deceased, B8R
1994 Aborigines (homo) septic arthritis, buttock abscess meningitis
6-1 1983 Dutch ? 26 y/F ND NA Meningitis X 3, sepsis, recurrent Deceased, EIGEL
1992 otitis media, skin infections meningitis
6-3 16 y/F ND NA Septic osteomyelitis, recurrent
otitis media, maculopapular
rash during infectious episodes
7. 1988 Brazilian + 6yM ND G1655A Meningitis X 3, pneumonia X 4, Deceased, EREE
2002 (K552X) otitis media X 4, osteomyelitis X 2,  meningitis,
(homo) skin infection, UTI, arthritis, pneumonia,
giardiasis, fever of unknown prolonged
origin X 5 diarrhea
8. 1990 Unknown + 10yM ND IVS18 +1g>a Recurrent otitis media, >20 episodes s
(homo) of erythematous plaques during
upper respiratory tract infections
9-1. 1992 New - 19yM ND G1645A Bacteremia at age 19 y, purpura EIS-ELT
1994 Zealander (D549N)
1995 (hetero s/o0)*
10. 1992 Unknown + 4y/F  0.8% of NA Meningitis X 4, recurrent otitis Deceased FIs
normal media (2 brothers)
11. 2001 Brazilian +  8yM 0.015 C2542T Lymphadenitis, sinusitis X 2, Deceased RN
2004 (R848X) pneumonia, tonsillitis X 2, (4 siblings)
(homo) giardiasis
12. 2002 Turkish + 4 y/F 4 NA Meningitis X 2, recurrent otitis Immuno- E2l
media compromised
13. 2004 Unknown = 4 y/M <10 NA Bacteremia, iliopsoas abscess, B2
pneumonia X 2, recurrent otitis
media, tonsillitis, pharyngitis,
accidental death
14-1. 2006  Unknown 7 7ylF 6 NA Meningitis X 2, ofitis media X 2, Deceased, £
UTI X 1 meningitis
14-2 10 mo/M 6 NA Meningitis, pneumonia, recurrent
otitis media
15. 2008 Unknown - 2yM <4.3 T1648C Meningitis, pneumonia, otitis Deceased, k24
(S550P) media, sinusitis meningitis
(hetero s/o)*
16. 2009 Unknown 2 5yF 11.2 NA Meningitis X 4 25
17. 2011 Arab + 4 y'M <10 3997delA Pneumonia X 2, bacteremia X 3 E26
(homo)
18. 2013 Turkish + 16 y'M 8-19 C4554G Recurrent pneumonia, otitis media, Deceased w27
(C1518W) bronchiectasis, IgA deficiency (2 siblings)
(homo)
Severe infections and IC-related diseases
6-2. 19 y/F ND NA Meningitis, recurrent otitis media,
maculopapular rash during
infectious episodes, subacute
cutaneous lupus erythematosus
(Continued)

—115—



642 LETTERS TO THE EDITOR

TABLE I. (Continued)
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Age at
Patient  Published diagnosis/ C3 molecular
no. year Ethnicity Cc sex C3 (mg/dL) analysis Clinical features Sibling history Reference
19. 1975 ‘White ? 4 y/F ND NA Protracted diarrhea, recurrent otitis £28.529
1983 media, bacteremia X 2, recurrent
UTL sinusitis, type 1 MPGN
20-2. 1980 Lebanese ? 7 y/F 0 NA Peritonitis, proteinuria, microhematuria Nephrotic £30
syndrome
20-3. 5 yM 0 NA Peritonitis, proteinuria, left atrophic
kidney due to renal artery stenosis
21. 1985 Laotian - TyM 0.4 Reduced C3 Meningitis X 2, pneumonia X 6, FAIES
1988 mRNA mesangiopathic glomerulonephritis
1996
22-1. 1981 Japanese + 16 yM <1 NA Meningitis, IgA nephropathy Deceased, F34.E35
butterfly rash,
renal failure
22-2. 1991 14 y/F ND NA Meningitis, SLE-like illness
23.F 2008 Japanese - 2yM <2 3176dupT and Meningitis, bacteremia X 4, E36
C3243G pneumonia X 2, otitis media,
(Y1081X) focal segmental glomerulonephritis,
(hetero) SLE-like illness
24.F 2011 Japanese - 4y/M 0.3 IVS9 -2a>t and  Bacteremia X 2, pneumonia X 2, B
2012 C1432T otitis media, synovitis
(R478X)
(hetero)
25.f Unpublished Japanese -  4yM 0 IVSI1 +5 g>a Bacteremia, otitis media, sinusitis,
and IVS12 membranous nephropathy,
—1 g>t SLE-like illness
(hetero)
IC-related diseases
20-1. 1980 Lebanese ? 13 y/F 0 NA Frequent earache, sore throat, Nephrotic £30
abdominal pains, proteinuria, syndrome
microhematuria/no severe infections
26-1. 1981 Japanese + 19y/F ND C3243G SLE-like illness/no severe infections ESE
2001 (Y1081X)
(homo)
26-2. 14 y/F ND C3243G SLE-like illness/no severe infections
(Y1081X)
(homo)
217. 1987 Unknown + 7 y/F ND NA Type 1 MPGN (renal transplantation)/ Fal
no severe infections
28. 2005 Japanese + 23 yM <2 IVS38 -2a>g Tonsillitis and recurrent pneumonia in Fa2
(homo) his late teens, SLE-like illness/
mild infections
29.F 2005 Japanese + 7 y/M <0.5 3736_3737delTT Bronchitis, otitis media, membranous 2
(homo) nephropathy/no severe infections
Neither severe infections nor IC-related diseases
9-2. 1992 New —  Tyl[E  <5%of  Gl645A (D549N) Asthma, rhinitis/no severe infections EISELT
1994 Zealander normal  (hetero s/0)*
1995

Siblings are indicated by the same patient (pt) number with added hyphenated numbers in order of age. (Only No. 22-1 and 22-2 were cousins.)
C, Consanguinity; F, female; M, male; MPGN, membranoproliferative glomerulonephritis; NA, not available; ND, not detected; UTI, urinary tract infection.

*Incomplete analysis.

TOur case.

of normally sterile sites (blood, cerebrospinal fluid, peritoneal
fluid, joint fluid, or bone marrow) or recurrent bacterial infections
(=3) before the age of 3 years regardless of the site of infection.
Both rheumatic and renal diseases are possibly caused by immune
complex (IC)-associated mechanisms and are grouped here as
IC-related diseases.

Thirty cases (81%) developed severe infections. Fifteen cases
had histories of septic meningitis, 9 (60%) of which suffered from
recurrent meningitis. Among a total of 34 episodes of meningitis,

Streptococcus pneumoniae and Neisseria meningitides were
detected from cerebrospinal fluids in 14 and 6 episodes,
respectively. Eight cases had histories of bacteremia or sepsis, 4
(50%) of which suffered from 2 or more episodes of
bacteremia. Among a total of 15 episodes of bacteremia or sepsis,
S pneumoniae was identified in 12 episodes (80%) and the
remaining microorganisms were N meningitides, Staphylococcus
aureus, and Streptococcus milleri. Twenty-four cases had
recurrent respiratory tract infections and/or otitis media caused
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FIG 1. Severe infections preferentially develop in patients with C3 mutations in the N-terminal end of the
TED domain. Domain arrangement of the C3 gene is shown. Both MG6 and CUB domains are formed by
2 separated parts, respectively. C3 mutations are indicated by asterisk marks. The mutations in Japanese
and other ethnicities are shown in the lower and upper rows, respectively. The patient numbering follows

that used in Table I.

by S pneumoniae, Haemophilis influenzae, Klebsiella aerogenes,
S aureus, and Streptococcus pyogenes.

Rheumatic disecases were observed in 8 cases (22%): 6
cases from 5 families displayed systemic lupus erythematosus
(SLE)-like illness, 1 case had subacute cutaneous lupus erythema-
tosus, and 1 case had synovitis.® Six cases were positive for antinu-
clear antibody at low titers (1:40~1:320). Three of the 8 cases with
rheumatic diseases (38%) had no history of severe infections.

Renal diseases (hematuria and/or proteinuria) were observed in
8 cases (22%). Renal biopsies were performed in 5 cases, showing
membranoproliferative glomerulonephritis type 1 (2 cases),
mesangiopathic glomerulonephritis (1 case), IgA nephropathy
(1 case), and membranous nephropathy (1 case). Two patients
with SLE-like illness who were grouped as suffering from
rheumatic diseases had focal segmental glomerulonephritis and
membranous glomerulonephritis, respectively, despite normal
urinary analysis. Three of the 8 cases with renal diseases (38%)
had no history of severe infections.

The median age of onset of any symptoms related to C3
deficiency was 2.0 years (range, 3 weeks-19 years): severe
infections at 1.5 years ranging from 3 weeks to 10 years and IC-
related diseases at 7.5 years ranging from 1 to 25 years. The
overall mean age of diagnosis was 9.2 £ 6.5 years (range, 10
months-26 years). The patients with severe infections were
diagnosed at a younger age than were those with only IC-related
diseases (8.3 = 6.3 years vs 13.8 = 6.4 years; P = .061).

Genetic analyses had been carried out in only 18 cases (16
families) including the present 4 cases (4 families). Among these
cases, complete analyses of both alleles were performed in 14
cases (13 families). Three cases (21%) had compound
heterozygous mutations, whereas the remainder (79%) had
homozygous mutations. We found 15 mutations: 6 splicing
abnormalities, 4 nonsense mutations, 2 with 1 or 2 base deletion,
1 large deletion, 1 with 1 base insertion, and 1 missense mutation.
We analyzed the genotype-phenotype correlation in 14 cases (13
families) with completely defined C3 mutations. Fig 1 illustrates

the domains of C3 and mutations of genetically confirmed
patients. In patients with severe infections, C3 mutations
were located in the 3-chain and upstream of the TED domain
in the a-chain. However, patients without severe infections
had C3 mutations that were concentrated in and downstream
of the TED domain (Nos. 26-1, 26-2, 28, and 29). Given that
all mutations except 1 missense mutation (No. 18) were pre-
dicted to result in frame-shift or premature termination of pro-
tein translation, the mutations of the N-terminal half of the gene
may cause large truncations and, possibly, lack of C3 protein.
Although the small number of genetically confirmed cases is
a limitation in our study, our results raise the possibility that
mutations of the nucleotides encoding the TED domain or
downstream of it causes production of mutant C3, which is
able to control infections but not IC-related diseases, despite
being undetectable by the conventional assay system. To
address this possibility, it is necessary to develop a
novel quantitative and functional assay system of mutant C3
molecules.

In conclusion, the clinical features of C3 deficiency were a
combination of severe infections mainly caused by S pneumoniae
and N meningitides and/or 1C-related diseases such as SLE-like
illness or renal diseases. Patients with C3 mutations in the
N-terminal half of the gene tend to be more susceptible to severe
infections. The biological functions of the mutant C3 molecule
remain to be elucidated.
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Yuka Okura, MD, PhD“”

Ichiro Kobayashi, MD, PhD"

Masafumi Yamada, MD, PhD"

Satoshi Sasaki, MD, PhD®“*

Yutaka Yamada, MD®

Ichiro Kamioka, MD, PhD"

Rie Kanai, MD, PhD*

Yutaka Takahashi, MD, PhD"

Tadashi Ariga, MD, PhD"

—117—



644 LETTERS TO THE EDITOR

From “the Department of Pediatrics, Hokkaido University Graduate School of Medicine,
Sapporo, Japan; "the Department of Pediatrics, KKR Sapporo Medical Center, Sap-
poro, Japan; ‘the Department of Pediatrics, Hakodate Central General Hospital, Ha-
kodate, Japan; ‘the Department of Pediatrics, Kakogawa West City Hospital,
Kakogawa, Japan; and °the Department of Pediatrics, Shimane University Faculty
of Medicine, Izumo, Japan. E-mail: okura@med.hokudai.ac.jp.

This work was supported in part by a grant for Research on Intractable Diseases from the
Japanese Ministry of Health, Labor and Welfare.

Disclosure of potential conflict of interest: The authors declare that they have no relevant
conflicts of interest.

REFERENCES

1. Janssen BJ, Huizinga EG, Raaijmakers HC, Roos A, Daha MR, Nilsson-Ekdahl K,
et al. Structures of complement component C3 provide insights into the function
and evolution of immunity. Nature 2005:437:505-11.

2. Reis ES, Falcao DA, Isaac L. Clinical aspects and molecular basis of primary
deficiencies of complement component C3 and its regulatory proteins factor I
and factor H. Scand J Immunol 2006;63:155-68.

3. Fujioka H, Ariga T, Yoda M, Ohsaki M, Horiuchi K, Otsu M, et al. A case of C3
deficiency with a novel homozygous two-base deletion in the C3 gene. Am J Med
Genet A 2005;138:399-400.

4. Kida M, Fujioka H, Kosaka Y, Hayashi K, Sakiyama Y, Ariga T. The first
confirmed case with C3 deficiency caused by compound heterozygous mutations
in the C3 gene: a new aspect of pathogenesis for C3 deficiency. Blood Cells
Mol Dis 2008;40:410-3.

5. Okura Y, Yamada M, Takezaki S, Nawate M, Takahashi Y, Kida M, et al. Novel
compound heterozygous mutations in the C3 gene: hereditary C3 deficiency.
Pediatr Int 2011;53:e16-9.

6. Okura Y, Nawate M, Takahashi Y, Kobayashi I, Yamada M, Ariga T. Rheumatoid
factor-positive synovitis in a patient with C3 deficiency. Scand J Rheumatol 2012;
41:405-6.

Available online October 4, 2015.
http://dx.doi.org/10.1016/j.jaci.2015.08.017

Efficacy of T-cell transcription
factor-specific DNAzymes in mu-
rine skin inflammation models

CrossMark

To the Editor:

Most current therapies for inflammatory skin diseases are
mainly symptomatic and do not interfere with the underlying
pathomechanisms. In addition, they are often accompanied by
moderate to severe adverse effects. Therefore, there is an unmet
medical need for efficient and well-tolerated therapies that
target disease-specific mechanisms. The involvement of
different subtypes of Ty cells in skin inflammation has been
intensively investigated' and different Ty subtype-specific
transcription factors have been identified. These molecules
orchestrate the differentiation and activation of the respective
Ty subtype and influence the development of other subtypes,
thereby modulating the nature of the inflammatory immune
response.”

We generated deoxyribozymes (DNAzymes) directed against
the central transcription factors of Ty2- and Ty1-cell differentia-
tion and activation, namely, guanine adenine thymine adenine
sequence-binding protein 3 (GATA-3) for Ty2 and T-box
transcription factor TBX21 protein (Tbet) for Tyl cells (see
Table El in this article’s Online Repository at www.jacionline.
org). 10-23 DNAzymes represent a particular class of antisense
molecules combining the specificity of antisense molecules
with an inherent catalytic activity that makes them an attractive
tool for highly specific interference with disease-causing target
molecules. They are single-stranded DNA molecules with 2

J ALLERGY CLIN IMMUNOL
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sequence-specific RNA-binding domains flanking a central
catalytic domain that exerts RNA cleavage activity after
appropriate binding (see Fig El in this article’s Online
Repository at www.jacionline.org).” Targeting the transcription
factors of disease-mediating Ty cells might be a versatile tool
for therapeutic interventions in inflammatory skin diseases
such as atopic dermatitis, allergic contact hypersensitivity, or
psoriasis. Actually, efficacy of the GATA-3—specific DNAzyme
approach has been shown in mouse models of allergic airway
inflammation® and most recently in a phase Ila clinical trial in
which inhalation of this compound resulted in significant
abrogation of allergen-induced early- and late-phase allergic
responses in patients with asthma.’

To investigate DNAzyme efficacy in inflammatory skin
conditions, different mouse models were established. An
oxazolone-induced contact hypersensitivity mouse model was
modified from standard acute hapten-induced contact
hypersensitivity mouse models to establish prolonged skin
swelling reactions compared with acute models, thereby
enabling the analysis of treatment effects on T-cell-mediated
pathomechanisms (see Fig E2 in this article’s Online Repository
at www.jacionline.org). Three days after epicutaneous
sensitization with the hapten oxazolone, mice were challenged
by epicutaneous oxazolone application, and the prominent skin
swelling reaction induced as a result is accompanied by an
influx of inflammatory cells into the dermis consisting of
mononuclear cells, eosinophils, and neutrophils, indicating a
mixed Tyl-/Ty2-type inflammatory response and mild
hyperkeratosis. Treatment with DNAzymes formulated in a
water-in-oil-in-water emulsion, specifically developed for
penetration enhancement and DNAzyme protection,”’ was
performed by topical application.

Prophylactic treatment with the GATA-3—specific DNAzyme
hgd40 significantly reduced oxazolone-induced skin swelling
reactions compared with placebo and control DNAzyme ODNg3
(Fig 1, A). Immunohistologic analysis of CD4 " T cells revealed
significantly lowered cell numbers on hgd40 treatment in the
dermis of oxazolone-induced mice (Fig 1, B). Target regulation
was demonstrated by significantly reduced GATA-3 mRNA levels
after topical application of hgd40 during the sensitization phase
(Fig 1, C, and Table E2 in this article’s Online Repository at
www.jacionline.org). Inhibitory effects of hgd40 treatment on
skin swelling reactions could also be detected after
semi-therapeutic treatment starting a day before challenge in
this model (Fig 1, D). These data are in line with the efficacy of
inhaled hgd40 in mouse models of allergic airway inflammation,”
indicating favorable therapeutic effects of topically applied
hgd40 irrespective of the target organ. Furthermore, human
Ty2-polarized CD4" T cells (see the Methods section and
Tables E3 and E4 in this article’s Online Repository at
www.jacionline.org) were transfected with the GATA-3—specific
DNAzyme hgd40 (the corresponding mRNA sequence of which
is 100% homologous between mouse and human). This resulted
in a significant reduction in intracellular GATA-3 protein
levels at 22 hours after transfection paralleled by a decreased
release of the Ty2 cytokine IL-13 compared with control
DNAzyme-transfected cells (Fig 1, E).

Because the oxazolone model induced a mixed Tyl/Ty2
inflammatory phenotype based on Ty2- and Tyl-cell activities,
potential effects of topical treatment with the mouse Tbet-specific
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Novel heterozygous C243Y A20/
TNFAIP3 gene mutation is responsible
for chronic inflammation in autosomal-
dominant Behget’s disease

Tomonari Shigemura,’ Naoe Kaneko,? Norimoto Kobayashi," Keiko Kobayashi,?
Yusuke Takeuchi,' Naoko Nakano,? Junya Masumoto,? Kazunaga Agematsu®

ABSTRACT

Objective: Although Behcet's disease (BD) is a
chronic inflammatory disorder of uncertain aetiology,
the existence of familial BD with autosomal-dominant
traits suggests that a responsibility gene (or genes)
exists. We investigated a Japanese family with a history
of BD to search for pathogenic mutations underlying
the biological mechanisms of BD.

Methods: 6 patients over 4 generations who had
suffered from frequent oral ulcers, genital ulcers and
erythaema nodosum-like lesions in the skin were
assessed. Whole-exome sequencing was performed on
genomic DNA, and cytokine production was determined
from stimulated mononuclear cells. Inflammatory
cytokine secretion and Nod2-mediated NF-«B activation
were analysed using the transfected cells.

Results: By whole-exome sequencing, we identified a
common heterozygous missense mutation in A20/
TNFAIP3, a gene known to regulate NF-xB signalling,
for which all affected family members carried a
heterozygous C243Y mutation in the ovarian tumour
domain. Mononuclear cells obtained from the proband
and his mother produced large amounts of interleukin
1B, IL-6 and tumour necrosis factor o (TNF-a) on
stimulation as compared with those from normal
controls. Although inflammatory cytokine secretion was
suppressed by wild-type transfected cells, it was
suppressed to a much lesser extent by mutated C243Y
A20/TNFAIP3-transfected cells. In addition, impaired
suppression of Nod2-mediated NF-«B activation by
C243Y A20/TNFAIP3 was observed.

Conclusions: A C243Y mutation in A20/TNFAIP3 was
likely responsible for increased production of human
inflammatory cytokines by reduced suppression of NF-
kB activation, and may have accounted for the
autosomal-dominant Mendelian mode of BD
transmission in this family.

INTRODUCTION
Behcet’s disease (BD) is a chronic inflamma-
tory disorder of unknown aetiology,

» Behget’s disease is a chronic inflammatory dis-
order of uncertain aetiology. Familial Behget’s
disease inherited in an autosomal-dominant
manner does exist, but the pathogenesis remains
unknown.

» A20/TNFAIP3 gene mutation reinforces inflamma-
tion in humans and causes autosomal-dominant
Behget's disease.

» Since A20/TNFAIP3 regulates NF-xB signalling,
we can explain the curative effect of glucocorti-
coids, which are potent inhibitors of NF-xB
activation.

characterised by recurrent oral aphthous
ulcers, genital ulcers, uveitis and erythaema
nodosum (EN)-like lesions on the skin.'
Involvement of the gastrointestinal tract and
central nervous system as a subtype can be life-
threatening.' Earlier generational studies have
proposed that some families inherit BD in an
autosomal-dominant or recessive manner.”"
Also referred to as tumour necrosis factor
o-induced protein (TNFAIP) 3, A20 was first
identified in endothelial cells as a primary
response gene induced on tumour necrosis
factor (TNF) stimulation.” ® A20 was shown to
be a ubiquitin-editing enzyme containing ami-
noterminal deubiquitinating activity mediated
by its ovarian tumour (OTU) domain,” which
controlled NF«B signalling by deubiquitinat-
ing receptor-interacting protein (RIP) 1, RIP2
and TNF receptor-associated factor (TRAF)
6. ¥ Multiple genetic studies have identified
A20/TNIAIP3 as a susceptibility locus in
inflammatory disorders,'’ including rheuma-
toid arthritis,'' systemic lupus erythaematosus,
inflammatory bowel disease (IBD) and
BD,"” '? in addition to multiple B cell lymph-
oma.'* A significantly increased prevalence of

BM)

Shigemura T, et al. RMD Open 2016;2:€000223. doi:10.1136/rmdopen-2015-000223

—120—

eular 1



TNFAIP3 polymorphisms has been reported in Chinese
patients with BD.'> However, the polymorphisms are not
caused by a non-synonymous mutation; they are located in
the non-coding region, and do not have an increased
prevalence in the European population.'” Furthermore,
the NF-«B inhibitor A20 is a ubiquitin-modifying enzyme
that might be critical in regulating human inflammatory
diseases by inhibiting interleukin 1B synthesis,15 and
reduced expression was associated with IBD and other
kinds of spontaneous chronic inflammation in a murine
system.'®  Interestingly ~ enough,  myeloid-specific
A20-deficiency in mice results in spontaneous develop-
ment of a severe destructive rheumatoid arthritis,17 which
crucially relies on the NLRP3 inflaimmasome-mediated
caspase and IL-1B secretion.'® Most recently, Zhou et al'”’
reported six unrelated families with early-onset systemic
inflammation resembling BD, which is caused by high-
penetrate heterozygous mutation in A20/TNIAIP3.

In the present study, we employed whole-exome
sequencing, analysis of inflammatory cytokine produc-
tion in mononuclear cells and transfected cells, and luci-
ferase reporter assays, to search for pathogenic mutations
in a family with apparently autosomal-dominantly
transmitted BD.

PATIENTS AND METHODS
Patients and family history
The proband (patient 1) was a 17-year-old Japanese boy
who was referred to our hospital with a 5-month history
of recurrent painful oral ulcers accompanied by fever, in
November 2014. Oral ulcer with fever occurred once
every 1-2 weeks, each time lasting for 1-2 weeks. The
patient had suffered from frequent oral ulcers from the
age of 9years. He also had a 1-month history of
unknown fever when 13 years of age and nephrotic syn-
drome 2 years later. Since the nephrotic syndrome had
relapsed five times after discontinuation of steroid treat-
ment, he was being treated with cyclosporine (175 mg/
day) and mizoribine (250 mg/day) as maintenance
therapy. Physical examination revealed painful oral
ulcers, EN-like lesions on lower extremities, pseudofolli-
culitis on the trunk and a large painful ulcerative lesion
in the perianal area. Laboratory examination revealed
white cell counts 9470/uL, neutrophil rate 90.7%,
haemoglobin 13.3 g/dL and C reactive protein 0.27 mg/
dL (normal <0.1 mg/dL). Serum concentrations of IgG,
IgA, IgM and IgD were 1623 mg/dL, 574 mg/dL,
104 mg/dL and 1.3 mg/dL, respectively. Although tests
for autoantibodies and HLA-B51 were negative, a skin
pathergy examination was positive. A clinical diagnosis
of BD was made based on the International Study
Group Criteria for BD (criteria for the diagnosis of
BD).”” The oral ulcers were refractory to colchicine
(1.5 mg/day), but responded promptly to the addition
of low doses of prednisolone (15 mg/day).

Including this patient, six patients with BD have
existed over four generations in the proband’s family

(figure 1). Patient 2, the 43-year-old mother of the
proband, had also suffered from recurrent oral ulcers
from the age of 8years. She had been diagnosed as
having BD due to recurrent oral and genital ulcers,
EN-like lesions and pseudofolliculitis when she was
20 years of age. Colchicine treatment was unsuccessful.
At 28 years of age, entero-BD was diagnosed based on
gastrointestinal symptoms and endoscopic findings of
intestinal ulcers, and responded to prednisolone (45
mg/day) and was thereafter controlled by low-dose ster-
oids. Patient 3, the 7l-year-old grandmother of the
proband, had suffered from recurrent oral ulcers from
the age of 8years. Oral and genital ulcers, EN-like
lesions and pseudofolliculitis with fever manifested fre-
quently, but were resolved by low-dose glucocorticoids.
Patient 4, a 42-year-old maternal aunt of the proband,
had experienced oral ulcer from the age of 10 years.
She had been diagnosed as having BD based on recur-
rent oral and genital ulcers, EN-like lesions and pseudo-
folliculitis, which responded poorly to a single dose of
colchicine. Patient 5, an 18-year-old maternal female
cousin of the proband, had experienced recurrent epi-
sodes of self-resolving oral and genital ulcers, EN-like
lesions and pseudofolliculitis, since the age of 12 years.
Patient 6, the proband’s maternal greatgrandmother,
had died at 88 years of age. She had also suffered from
recurrent oral and genital ulcers, and indurated
erythaema accompanied by fever, from elementary
school age, in spite of colchicine treatment. A history of
genital ulcers could not be ascertained. None of the
patients had exhibited ocular lesions of BD.

Apart from IL-1f and TNF-o. (both <10 pg/mL), serum
inflammatory cytokine levels were increased in the proband
at presentation (IL-6: 134.1 pg/mL, IL-8: 83.1 pg/mL,
IL-10: 12.1 pg/mL, granulocyte colony-stimulating factor
(G-CSF): 184.8 pg/mL and interferon g: 22.2 pg/mL), but
became persistently normal following the administration of
glucocorticoids.

Whole-exome sequencing

Whole-exome sequencing was conducted on genomic
DNA extracted from mononuclear cells from the
proband (patient 1) and his mother (patient 2) (Takara
Bio Inc, Mie, Japan). We prepared DNA libraries from
2.0ug of genomic DNA, using a Paired-End DNA
Sample Preparation Kit (Illumina, San Diego,
California, USA). DNA was fragmented using Covaris
technology, and libraries were prepared. We performed
target enrichment, using a SureSelect Human All Exon
V5 Kit (Agilent Technologies, Santa Clara, California,
USA). Captured DNA libraries were amplified using sup-
plied paired-end PCR primers. Sequencing was per-
formed with an Illumina HiSeq 2500. We mapped the
provided read sequences using BWA-MEN (0.7.10-r789).
Alignment with the Genome Reference Consortium
human reference 37 was performed with GeneData
Expressionist software.
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Figure 1

Family tree and A20/TNFAIP3 mutations. Sequence analysis of the A20/TNFAIP3 gene among the proband and

family members revealed a heterozygous mutation of C243Y in exon 5, which was absent in the healthy younger brother.
Sequence analysis was not possible on patient 6. Sequence analysis results are shown using reverse primer.

Mutation analysis

Heparinised blood from all affected members, apart
from patient 6, as well as from the proband’s healthy
younger brother, was collected for genetic analysis, after
obtaining informed consent. DNA was extracted from
the samples, using standard methods. Direct sequencing
of the A20/TNIAIP3 gene was performed using primers,
as reported previously.”'

Cytokine assay by mononuclear cells

Purified mononuclear cells were incubated in 96-well
culture plates (0.5—1><105 cells/well) with medium alone,
indicated concentrations of LPS (Sigma-Aldrich, St
Louis, Missouri, USA), 25upg/mL of poly (I:C)
(InvivoGen, San Diego, California, USA), 1pg/mL of
CpG complementary DNA (cDNA), or 10 ng/mL of
N-acetylmuramyl-L-alanyl-D-isoglutamine (muramyl
dipeptide (MDP); Sigma-Aldrich) cultured for 18-48 h.
The CpG oligodeoxynucleotide 2006 was purchased
from Sigma-Aldrich. Supernatants were analysed for
cytokine production, using cytometric bead array (CBA)
Kits (BD Biosciences, San Diego, California, USA).
Serum cytokine concentrations were additionally assayed
by CBA Flex Set (BD Biosciences).

Measurement of cytokine secretion from THP-1 cells

Expression plasmids encoding C243Y or wild-type (WT)
A20 were constructed, as reported previously.”
Monocytic leukaemia THP-1 cells were cultured in RPMI
1640 (Life Technologies, Carlsbad, California, USA),

10% heat inactivated fetal bovine serum (FBS), penicil-
lin and streptomycin. An Amaxa Nucleofector (Amaxa,
Cologne, Germany) was used to transfect 1x10° cells
with 1 pg of pcDNA3, pcDNA3-A20, or pcDNA3.1-C243Y
A20 together with 100ng of pGL4.74[ARluc/TK]
(Promega, Madison, Wisconsin, USA), as described by
the manufacturer’s protocol. In some experiments, 1
and 100 ng/mL LPS (Sigma-Aldrich) were employed to
treat the THP-1 cells. Eight hours after medium replace-
ment, the concentrations of IL-1B, IL-6, IL-8 and TNF-a
in culture supernatants were measured by ELISA (BD
Biosciences). Final concentrations were calculated by
normalisation with the activity of the Renilla cotrans-
fected reporter vector (pGL4.74[hRluc/TK]).

NF-xB assay

Human embryonic kidney (HEK) 293T cells were main-
tained in DMEM (Gibco) with 10% heat inactivated
FBS, penicillin and streptomycin. Transfection was
carried out with transfection reagent (Roche,
Mannheim, Germany). 1x10° HEK293T cells were
cotransfected with expression plasmids in the presence
of 0.03 or 0.3ug of reporter plasmids (pcDNA3,
pcDNA3-A20 or pcDNAS3.1-C243Y A20), 33ng of
pcDNA3-Nod2-Flag and 33 ng of pcDNA3-RICK-myc
together with 8.3ng NFxB-dependent pBxVI-luc
reporter and 8.3 ng of pGL4.74[hRluc/TK]. NF-kB luci-
ferase reporter activity was measured 24h post-
transfection and values were normalised to those of
firefly luciferase to Renilla luciferase activity.
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Detection of NLRP3 transcripts

Total RNA was extracted from 2x10° mononuclear cells
obtained from patient 1, normal individuals and THP-1
cells transfected expression plasmids encoding C243Y or
WT A20 with or without 1 ng/ml of lipopolysaccharide
(LPS) stimulation, with a TRIzol rapid RNA purification
kit (Life Technologies, Grand Island, New York, USA).
Firststrand c¢DNA copies were synthesised using
SuperScript II  Reverse Transcriptase (Invitrogen,
Carlsbad, California, USA) with oligo (dT) (Invitrogen,
San Diego, California, USA) as the primer in a total
volume of 20 pL.. The following oligonucleotide primers
were used: for B2-microglobulin (B2-MG), 5-ACCCCC
ACTGAAAAAGA-3" and 5-CTCCTAGAGCTACCTGT
GGAGCA-3’, and for NLRP3, 5-GCCACGCTAATGAT
CGAG-3" and 5'-TGCACAGGCTCAGAATGCTC-3" sense
and antisense, respectively. A quantity of 2 ul. cDNA was
amplified using each primer and Taq DNA polymerase
by 35 cycles of the following steps: denaturation (94°C,
30s), annealing (57°C, 30s) and elongation (72°C,
60s). The final polymerisation step was extended for
another 5 min. The amplified products were analysed
on a 1.2% agarose gel and visualised by ultraviolet light
illumination. The relative integrated optical density of
the messenger RNA (mRNA) bands was estimated with
image processing and analysis in Java.

RESULTS

Heterozygous C243Y mutation of A20/TNFAIP3 in patients
with autosomal-dominant BD

Whole-exome sequencing was performed on a Japanese
boy (patient 1) born to non-consanguineous parents,
and on his mother (patient 2) (figure 1). The analysed
variants were then filtered. Given the family history, we
sought for defects with autosomal-dominant inheritance.
The first filter, therefore, selected mutations present in a
common heterozygous state between patients 1 and 2 in
non-synonymous coding, identifying an initial pool of
1311 variants. The second filter selected a frequency of
mutated nucleic acid between 0.4 and 0.6. Since we con-
sidered that the gene variants had an extremely high
penetration rate, we assumed that the frequency of
normal individuals carrying the pathogenic mutation
was extremely low levels. Thus, we then focused on var-
iants with <0.1% frequency in the Japanese allele fre-
quency data (HGVD Release V.1.42: http://www.
genome.med.kyoto-u.ac.jp/SnpDB/) and East Asia allele
frequency data (ExAC release V.0.3: ftp://ftp.
broadinstitute.org/pub/ExXAC_release0.3/ExAC.r0.3.sites.
vep.vcf.gz). This resulted in a final set of 43 variants of
32 different genes. TNFAIP3, CASP8-associated protein
(CASP8AP2) and Wnt inhibitory factor 1 precursor
(WIFI) were the only genes from this set known to be
related to inflammation. We focused on the mutation of
TNFAIP3, also known as A20, on chromosome 6,
because A20/TNFAIP3 gene analysis data in multiple
genetic studies, functional analyses and the results of

knockout mice, have been extremely similar to those in
BD pathogenesis.'® '® *™* Sequence analysis of the
coding and non-coding exons of A20/TNFAIP3 revealed
the presence of a heterozygous C243Y mutation (728
G>A) in exon 5 in addition to three nucleotide deletions
in an intron of upper exon 3 in the proband. The dele-
tion was not found in the mother (patient 2), suggesting
that they were paternally derived (not investigated).
Meanwhile, the heterozygous C243Y mutation was
present in all familial patients with BD examined, but
absent in the healthy sibling and 64 unrelated normal
controls of the same Japanese ethnicity. The identified
(C243Y mutation has been documented in neither the
1000 Genomes project data set (http://www.1000
genomes.org) nor in the Exome Variant Server data
base (http://evs.gs.washington.edu/EVS/). Thus, the
(chr6_138197226_G>A, (C243Y) mutation of TNFAIP3
was suspected to be the gene responsible for autosomal-
dominant BD.

Hyperproduction of inflammatory cytokines

Duong et al'” reported that bone marrow-derived macro-
phages from tnfaip3~/~ mice secreted IL-1B in response
to toll-like receptor (TLR) ligands, LPS, or poly (I:C),
but those from WT mice exposed to TLR ligands alone
did not do so. Similarly to those from the tnfaip3 '~
mice, the mononuclear cells obtained from patient 1
produced large amounts of IL-18, IL-6 and TNF-o. on
LPS at various concentrations as compared with normal
controls, although little difference was seen for IL-8
(figure 2A). Spontaneous production of these inflamma-
tory cytokines was not observed with medium alone
(figure 2A). Mononuclear cells obtained from patient 2
also produced remarkable amounts of IL-1B, IL-6 and
TNF-o. with LPS, MDP, or poly (I:C), but not with CpG
DNA or TNF-a. (data not shown), as compared with her
son with neither BD symptoms nor A20/TNFAIP3 muta-
tion (figure 2B). No marked differences were noted for
IL-8 (Figure 2B). Thus, hyperproduction of inflamma-
tory cytokines was observed in the patients.

Inflammatory cytokine secretion from THP-1 cells was
suppressed by WT A20 but suppressed to a lesser extent

by mutated C243Y A20

To confirm that the mutated A20/TNFAIP3 was respon-
sible for the hyperproduction of inflammatory cytokines,
we ectopically expressed the mutant and WT forms of
A20/TNFAIP3 in THP-1 cells that had been transfected
with pcDNA3.1, pcDNA3.1-WT A20, or pcDNA3.1-C243Y
A20, together with pGL4.74 [hRluc/TK]. Transfection
efficiency was normalised using Renilla luciferase activity.
In THP-1 cells transfected with pcDNA3.1-WT A20, IL-18
secretion was significantly suppressed, IL-6 was sup-
pressed in the presence of 100 ng/mL LPS and TNF-o
was suppressed in the presence of 1 ng/mL LPS, but less
so with regard to IL-8. Compared with the remarkable
reduction in cytokine secretion from THP-1 cells by
pcDNA 3.1-WT A20 transfection, IL-1B, IL-6 and TNF-o
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Figure 2 Cytokine synthesis from mononuclear cells. (A) Mononuclear cells obtained from patient 1 (@) and healthy control (O)
were cultured with the indicated concentrations of LPS for 24 h, after which supernatant cytokine concentrations were measured
using CBA kits. The results of triplicate experiments are shown as mean+=SD. One representative result of three independent
experiments is shown. (B) Production of IL-18, IL-6, TNF-o. and IL-8 by mononuclear cells obtained from patient 2 (w) and the
healthy younger brother of the proband ([J). Mononuclear cells were cultured with medium alone, LPS (100 pg/mL), poly (I:C)
(25 pg/mL), MDP (10 ng/mL), or CpG DNA (1 ug/mL) for 24 h. Cytokine concentrations in culture supernatants were measured
using CBA kits. The results of triplicate experiments were expressed as mean+SD. The data shown are representative of two
independent experiments with different healthy controls, and one representative result is shown. CBA, cytometric bead array;
IL-1B, interleukin 1B; LPS, lipopolysaccharide; MDP, muramyl dipeptide; TNF-c,, tumour necrosis factor a.

secretions were markedly much less suppressed by
pcDNA 3.1-C243Y A20 transfected THP-1 cells at specific
concentrations of LPS (figure 3A). These data indicated
that the restraint of inflammatory cytokine secretion by
A20 carrying the C243Y mutation was attenuated in com-
parison with that by WT A20.

Diminished suppression of Nod2-mediated NF-«xB

activation by C243Y A20, and the effect on NLRP3
expression

A20 is a negative regulator of the inflammatory
response,”* and downregulates Nod signalling by deubi-
quitination of RIP2." To assess if mutated A20 affects
Nod2-mediated NF-«xB activation through RIP2, WT or
(C243Y A20 was coexpressed in HEK293T cells with
pBxVIduc, pGL4.74 [hRluc/TK], pcDNA3-Nod2-Flag
and pcDNA3-RIP2-myc, and NF-xB luciferase reporter
activity was measured and the values were normalised to
those of firefly luciferase to Renilla luciferase activity.
Notably, A20 completely abolishes NF-xB signalling via
Nod2 with only a small amount (33 ng), while the sup-
pression of NF-«xB activation by C243Y A20 was approxi-
mately two-thirds that of intact A20 and, therefore, a
small amount. Interestingly, transfection with a large
amount of C243Y A20 (333 ng) completely attenuated
NF-kB signalling (figure 3B). This finding indicates that
the A20 variant possessing the C243Y mutation should
be regarded as a variant that does not cause complete
loss of function, but, rather, causes weak function.

Recent studies in mouse macrophages lacking A20
suggest that A20 negatively regulates NLRP3 inflamma-
some signalling by suppressing production of NLRPS,'®
and most recently demonstrated the same results in
human.'? We therefore investigated NLRP3 transcripts in
patient or THP-1 cells transfected with the C243Y A20
mutant. NLRP3 transcripts were recognised in the
patient’s mononuclear cells and THP-1 cells without stimu-
lation. On stimulation, the patient’s mononuclear cells did
not display a remarkable increased expression of NLRP3
mRNA, but THP-1 cells transfected with the C243Y A20
displayed increase of the transcript (figure 3C).

DISCUSSION

This study revealed that affected individuals—over four
generations—of Japanese familial BD inherited in an
autosomal-dominant manner carried a heterozygous
C243Y mutation in the OTU domain of A20/TNFAIP3,
which has been shown to regulate NF-xB signalling.
Patient 1’s mononuclear cells produced large amounts
of inflammatory cytokines on stimulation, and the
C243Y mutant of A20/TNIFAIP3 attenuated the suppres-
sion of inflammatory cytokine syntheses by reduced sup-
pression of NF-xB activation.

Patients 1 and 2 exhibited a very good response to
glucocorticoid treatment in comparison with other cases
of BD without dominantly inherited traits, although this
may have been reflective of their poor response to col-
chicine. The elevated serum inflammatory cytokines in
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Figure 3

Inflammatory cytokine secretion from THP-1 cells, luciferase reporter assay of Nod2-mediated NF-xB activation and

NLRP3 expression. (A) THP-1 cells were transfected with vector control ([J), pcDNA3.1-C243Y A20 (), or pcDNA3.1-WT A20
(w) expression plasmids together with pGL4.74 [hRIuc/TK]. Eight hours after LPS stimulation, the concentrations of IL-1B, IL-6,
IL-8 and TNF-a in the culture supernatants were measured using ELISA. One representative result of two independent
experiments is shown. (B) HEK293T cells were cotransfected with vector control (), pcDNAS3.1-C243Y A20 (m), or
pcDNA3.1-WT A20 (m) expression plasmids together with pcDNA3-Nod2-Flag, pcDNA3-RICK-Myc, NF-kB-dependent pBxVI-luc
reporter and pGL4.74[hRluc/TK]. NF-xB luciferase reporter activity was measured 24 h post-transfection. One representative
result of two independent experiments is shown. Transfection efficiency of THP-1 cells (A) or HEK293T (B) were normalised
using Renilla luciferase activity generated by cotransfection of pGL4.74[hRIuc/TK]. (C) Total RNA was extracted from patient 1,
normal individuals and THP-1 cells transfected by C243Y or WT A20 with or without LPS stimulation, after 8 h incubation. The
mRNA expression of NLRP3 was determined using RT-PCR analysis with B2-MG as a control. The same results were obtained
with 14 h incubation. The hold induction based on p2-MG (NLRP3/p2-MG) is shown on each upper band. p2-MG,
B2-microglobulin; HEK293T, human embryonic kidney 293T; IL-1B, interleukin 1B; LPS, lipopolysaccharide; RIP2,
receptor-interacting protein 2; TNF-o, tumour necrosis factor o; WT, wild-type.

the proband at presentation became persistently normal
soon after the administration of low-dose prednisolone.
Since glucocorticoids are potent inhibitors of NF-xB acti-
vation via induction of the kB o inhibitory protein,25 it
appears that gene alteration in this autosomal-dominant
form of BD is associated with a NF-xB pathway. BD
closely resembles Blau syndrome/early-onset sarcoidosis,
which are Nod2 gene-associated chronic autoinflamma-
tory diseases characterised by skin rash, arthritis and/or
eye involvement, with non-caseating granulomata as
their pathological hallmark.”> The granulomatous for-
mation present in BD and Blau syndrome may be asso-
ciated with increased Nodl-mediated/Nod2-mediated
NF-kB signalling.”* %7

We focused on the A20/TNFAIP3 gene in this auto-
somal-dominantly transmitted BD family, on the basis of
whole-exome sequencing data, A20/TNFAIP3 mutation
analysis of the family members, functional analyses with

transfectants and similarities with knockout mice

data.”” " 1 A20 is an ubiquitin-editing enzyme contain-
ing aminoterminal deubiquitinating activity mediated by
its. OTU domain that removes Lys63-linked ubiquitin
chains from RIPI/RIPQ.7 As the (C243Y mutation was
within the OTU domain, A20-mediated inhibition by
removal of Lys63-linked polyubiquitin chains from
TRAF6 or RIP1/RIP2 may have been causative in this
family’s BD. These observations were comparable to
those of knockout mice with an A20 deficiency that dis-
played highly secretion of IL-1B after stimulation with
LPS or poly (I:C)."” Most recently, Zhou et al'” reported
that heterozygous mutations of A20/TNFAIP3 were
involved in early-onset autoinflammatory disease. Similar
to our report, the disease resembled BD manifestations
and all dominant mutations were located in OTU
domains (one case possessed de novo mutation in zinc
finger domain) (figure 4). The families with BD-like
manifestations, described by Zhou e al, were of
European or Turkish origin. Our family’s is the first
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Figure 4 (A) Domain structure of A20. The N-terminal ovarian tumour (OTU) domain is essential for deubiquitinase activity and
C-terminal zinc finger (ZF1-7) domains mediate E3 ubiquitin-ligase activity. The location of the present mutation is represented
with a bold up arrow and recently published mutations are indicated with down arrows.

report of an A20/TNFAIP3 gene mutation in BD-like
symptoms in patients of Asian ancestry. They also clearly
demonstrated increased NF-xB activation, increased
expression of proinflammatory cytokines and defective
removal of Lys63-linked ubiquitin from TRAF6, NEMO
and RIP1 in A20/TNFAIP3 mutated cells. We also found
attenuation of the suppression of RIP2-mediated NF-«xB
signalling.

We observed elevated levels of inflammatory cytokine
synthesis in stimulated cells expressing A20 C243Y as com-
pared with WT (figure 3A). In this experiment, it is
important to assess the amount of exogenous A20 pro-
vided compared with that of endogenous A20, which pre-
sents normally in THP-1 cells. In our transfection system,
transfection efficiency was normalised using Renilla
luciferase activity. Therefore, we think that the exogenous
amount of WT A20 and C243Y A20 is equal after
transfection. We guess that the limited difference seen in
figure 3A probably arises by the effect of additional WT
A20. Since the polyubiquitination of RIP2 was essential
for Nodl-mediated/Nod2-mediated NF-«xB activation,®
we assessed the ability of mutant A20 C243Y proteins to
suppress NF-xB, and found that the variant influenced
Nod2-induced NF-xB activation. Considering the results
of the luciferase reporter assay, it was interesting that A20
(C243Y did not suppress Nod2-induced NF-xB activation
completely, as did the WT, but, rather, acted in an appar-
ently dose-dependent manner, indicating that this variant
did not cause a complete loss of suppressive function. In
contrast to Zhou et als' reported A20/TNFAIP3 muta-
tions (nonsense or frameshift), C243Y might cause
weaker loss-of-function. Myeloid-specific A20-deficient
mice results show spontaneous development of severe
destructive rheumatoid arthritis,17 which crucially relies
on NLRP3 inflammasome-mediated caspase and IL-1B
secretion.'® In our experiment, we could not confirm the
enhanced NLRP3 mRNA, but could confirm elevated
NLRP3 mRNA levels in C243Y A20 THP-1 cells on stimu-
lation (figure 3C), in patient 1. The discrepancy in
NLRP3 inflammasome activity in patients may depend on
the individual variation. Given that NF-xB signalling cas-
cades are strictly controlled by several proteins with ubi-
quitination, and that A20 modulates these processes, the

slightly diminished impairment in suppressive function
by C243Y may be responsible for persistent inflammation,
and could lead to the development of BD.

In conclusion, genetic and functional analysis of
familial BD disclosed that a heterozygous C243Y muta-
tion in the OTU domain of A20/TNFAIP3 was respon-
sible for the autosomal-dominant inheritance of BD in
this Japanese family. The possibility to develop domin-
antly inherited BD by mutated A20/TNFAIP3, which
controls NF-kB, supports the view that, at least, domin-
antly inherited BD can be regarded as an autoinflam-
matory syndrome.”® The accumulation of more family
sets of BD cases and further molecular biological ana-
lysis of participation of polyubiquitination may shed
light on the pathogenesis of autosomal-dominant BD
and provide new clues on the mutation responsible for
general BD.
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