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Mpyositis with sarcoplasmic inclusions in Nakajo—Nishimura syndrome: a genetic inflammatory

myopathy

Aims: Nakajo—Nishimura syndrome (NNS) is an autoso-
mal recessive disease caused by biallelic mutations in the
PSMBS8 gene that encodes the immunoproteasome sub-
unit B5i. There have been only a limited number of
reports on the clinicopathological features of the disease
in genetically confirmed cases. Methods: We studied clin-
ical and pathological features of three NNS patients who
all carry the homozygous p.G201V mutations in
PSMBS. Patients’ muscle specimens were analysed with
histology and immunohistochemistry. Results: All
patients had episodes of typical periodic fever and skin
rash, and later developed progressive muscle weakness

Keywords: genetic inflammatory myopathy,

immunoproteasome

and atrophy, similar to previous reports. Oral corticos-
teroid was used for treatment but showed no obvious effi-
cacy. On muscle pathology, lymphocytes were present in
the endomysium surrounding non-necrotic fibres, as
well as in the perimysium perivascular area. Nearly all
fibres strongly expressed MHC-I in the sarcolemma. In
the eldest patient, there were abnormal protein aggre-
gates in the sarcoplasm, immunoreactive to p62, TDP-
43 and ubiquitin antibodies. Conclusions: These results
suggest that inflammation, inclusion pathology and
aggregation of abnormal proteins underlie the progres-
sive clinical course of the NNS pathomechanism.
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Introduction

Nakajo-Nishimura syndrome (NNS) is an autosomal
recessive disorder caused by a homozygous mutation in
the proteasome subunit beta type 8 gene (PSMBS),
which encodes the immunoproteasome subunit B5i [1-
3]. Mutant B5i subunit impairs immunoproteasome
function, including truncation of abnormal or useless
proteins especially during inflammation, leading to the
accumulation of ubiquitinated proteins and increase in
interferon gamma-induced protein 10 (IP-10) and inter-
leukin-6 (IL-6) by activation of the mitogen-activated
protein kinase (MAPK) cascade and JAK-STAT signalling
pathway [1,4,5]. The clinical course of NNS is character-
ized by systemic inflammatory and muscle wasting
symptoms in a variety of organs including the skin, joints
and skeletal muscle. Patients typically present with a per-
nio-like rash and periodic high fever in early infancy. In
adolescence, they often develop myositis and nodular
erythema-like eruptions. This is followed by gradual lipo-
muscular atrophy and joint contractures, leading to the
development of thin appearance in the face, chest and
arms as well as elongated clubbed fingers and toes. NNS
has been described in Japan, and the approximate num-
ber of patients so far is 30. Recently, PSMBS8 has been
found to be the causative gene, not only of NNS, but also
of chronic atypical neutrophilic dermatosis with lipodys-
trophy and elevated temperature (CANDLE) syndrome
[6], and joint contractures, muscular atrophy, microcytic
anaemia and panniculitis-associated lipodystrophy (JMP)
syndrome [7,8]. These syndromes are now collectively
called proteasome-associated autoinflammatory syn-
drome (PRAAS). As patients with CANDLE and JMP syn-
dromes have been reported in European and American
countries, PRAAS patients seem to be distributed world-
wide and may not be extremely rare.

Immunosuppressive therapy with corticosteroids par-
tially alleviates inflammatory symptoms but usually does
not prevent lipomuscular atrophy and joint contrac-
tures. Patients with NNS usually die in their 40-50s [1].
Although JAK1/2 inhibition with Baricitinib has been
recently reported to improve clinical manifestations and
inflammatory and IFN biomarkers in patients with CAN-
DLE and those with other interferonopathies [9], avail-
able treatments are still limited in PRAAS.

Skin biopsy shows perivascular and peri-adnexal
inflammatory changes [1,2]. Skin histology shows the
accumulation of ubiquitinated proteins in macrophages
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[1]. Another histological finding is an intracellular
accumulation of ubiquitinated proteins. Muscle pathol-
ogy includes inflammatory cell infiltration in the
and myofibres
[10,11]. Myopathic changes in an autopsied sample

endomysium surrounding vessels
include rimmed vacuoles, myeloid bodies, cytoplasmic
bodies and vascular medial hyperplasia without inflam-
matory changes [12]. These pathological features char-
acterized by accumulation of abnormal proteins could
underlie the progressive clinical course and the refrac-
tory response to immunosuppressive therapy in NNS
patients. Further pathological analysis has not been
reported, possibly due to the limited number of biopsy
samples. However, it is necessary to delineate the
pathological features to understand the pathomecha-
nism of the progressive clinical course and establish a
reasonable therapeutic strategy. A comparison of sev-
eral cases could elucidate the process of inflammation
and muscle fibre degeneration in NNS. We examined
muscle pathology of three unrelated NNS patients with
the same homozygous p.G201V mutation in PSMBS.

Patients

The following three patients were included in this
study. All were genetically diagnosed as having NNS
based on the presence of a homozygous p.G201V muta-
tion in PSMBS, described in a previous report [1].

Case 1

The patient’s parents were consanguineous, but there
was no family history of collagen vascular diseases.
When 10 months old, the patient had a periodic fever
and nasal oedematous erythema. At 12 years of age, she
developed frostbitten hands and finger deformities. At
the age of 19, she experienced joint pains; she was trea-
ted with a corticosteroid, which did not show any evi-
dent effect. At the age of 24, she developed fatigue and
joint pains with periodic fever. She had mild atrophy of
the subcutaneous adipose tissue, especially in her face,
fingers and upper limbs. Neurologically, no obvious mus-
cle weakness was observed. The patient did not have
cognitive impairment. Laboratory tests showed elevated
levels of C-reactive protein (CRP: 5.3 mg/dl) and creatine
kinase (CK: 361 IU/l). An antinuclear antibody test was
positive at a serum dilution of 1:640 (homogenous type).
Anti-double strand DNA and anti-SS-B antibody tests
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were also positive. A brain computed tomography (CT)
scan showed calcification of basal ganglia, and an
abdominal CT scan showed hepatosplenomegaly. Skele-
tal muscle magnetic resonance imaging (MRI) showed
patchy T2 high-intensity lesion in the thigh muscle and
a thigh muscle biopsy was performed. The muscle speci-
men was fixed in 10% buffered formalin and paraffin-em-
bedded blocks were prepared [11].

Case 2

The patient’s parents were consanguineous, but there
was no family history of collagen vascular diseases. At
the age of 2 months, he developed frostbitten erythema
on his face and limbs. At the age of 6 years, he developed
mild weakness in the limbs, especially in his left arm.
This patient had no history of cognitive impairment or
hepatosplenomegaly. At the age of 18, he showed ele-
vated levels of serum CK (600-700 IU/l) and erythrocyte
sedimentation rate (ESR: 25/54 mm/h). An antinuclear
antibody test was negative, as well as autoantibodies
including anti-Jo-1, -RNP and -double strand DNA. A
brain CT scan revealed calcification of the basal ganglia.
A left rectus femoris muscle biopsy was performed and a
frozen specimen was prepared. The patient was treated
with a corticosteroid, which did not show any evident
effect. At the age of 31, he developed mild muscle

Table 1. Cohort characteristics
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weakness of the upper limbs (the Medical Research
Council [MRC] manual muscle testing showed MRC
Grade 4; other muscles showed MRC Grade 5) and ery-
thema on his face and limbs. Electromyography showed
myogenic changes in the upper and lower limbs.

Case 3

At 2 years of age, the patient developed facial frostbit-
ten erythema. He was treated with a corticosteroid; the
eruption disappeared once but appeared again later.
Muscle weakness of upper and lower limbs continued to
progress until the age of 29. The patient also developed
atrophy in his face and upper limbs as well as muscle
weakness in the upper limbs (MRC Grade 4). This
patient had a history of hepatosplenomegaly and cogni-
tive impairment. Laboratory tests showed normal levels
of CK, CRP and ESR. An antinuclear antibody test was
positive at a 1:40 serum dilution. An anti-double strand
DNA antibody test was also positive. A brain CT scan
showed basal ganglia calcification. Electromyography
showed myogenic changes in the upper limbs. Muscle
MRI showed T2 high-intensity lesion in the upper limbs.
A right triceps brachii muscle biopsy was performed.
Both frozen and formalin specimens were prepared.

The clinical data of the three patients are summa-
rized in Table 1.

Case 1

Case 2

Case 3

PSMBS mutation site
Onset age
Systemic symptoms

G201V homozygous mutation
10 months
Periodic fever, skin rash, joint
deformity, muscle weakness
Corticosteroid therapy before +
biopsy
Blood laboratory data at age
of muscle biopsy
Age of biopsy, site of biopsy,
MMT of biopsied muscle
Atrophy of muscle
Rimmed vacuole
Immunohistochemistry

CK 361 IU/I, CRP 5.3 mg/dl
24 y. o/thigh /5

Upper limbs

None

p62: negative

TDP-43: negative

MHC-I: n.a.

MHC-II: n.a.

Inflammatory cell infiltration ~ Mild

G201V homozygous mutation

2 months

Periodic fever, skin rash, joint
deformity, muscle weakness

+

CK 600-700 IU/I, ESR 25 mm/h

18 y. o/rectus femoris/4

Upper limbs

None

p62: diffuse fine granular
deposits

TDP-43: negative

MHC-I: sarcolemma

MHC-II: n.a.

Mild

G201V homozygous mutation

2y.0

Periodic fever, skin rash, joint
deformity, muscle weakness

+

CK, CRP, ESR within normal
limit
29 y. o/triceps/4

Upper limbs
Present
p62: diffuse fine granular
deposits
TDP-43: diffuse fine and coarse
granular deposits
MHC-I:
sarcolemma > sarcoplasm
MHC-II:
sarcolemma > sarcoplasm
Moderate, CD4 or CD8-positive

© 2020 British Neuropathological Society

NAN 2020; 46: 579-587



582 T. Ayaki et al.

Methods

Histochemical analyses

Muscle specimens from Cases 1 and 3 were fixed in
10% buffered formalin and paraffin-embedded blocks
were prepared. Sections of 6 pm thickness were cut,
deparaffinized and stained with haematoxylin and eosin
(H&E) stain.

Frozen samples from Cases 2 and 3 were prepared.
Sections of 10 pm thickness were cut in a rapid freez-
ing manner and stored at —80°C until used. They were
stained with H&E, modified Gémori trichrome (mGT),
cytochrome c oxidase (COX) and succinate dehydroge-
nase (SDH) stains.

Immunohistochemical analyses

The 6 pum-thick sections cut from paraffin-embedded
blocks were deparaffinized and antigen was retrieved
by autoclaving (20 min at 120°C) and using a hep-
arinizing Histofine Antigen Retrieval Solution pH 6
(415281, Nichirei, Tokyo, Japan). The 10 um-thick
sections cut from the frozen samples were fixed in
100% acetone.

Treated sections were blocked with phosphate-buf-
fered saline (PBS) containing 3% bovine serum albumin
(BSA). They were incubated overnight with primary
antibodies in PBS containing 3% BSA at 4°C. The anti-
body reaction was visualized with the peroxidase-poly-
mer-based method using a Histofine Simple Stain MAX-
PO kit (Nichirei, Tokyo, Japan) with a DAB Substrate
Kit (SK 4100, Vector Laboratories).

The primary antibodies used in this study were the
following: TDP-43 (rabbit polyclonal [Cat No. 10782-2-
AP], Protein Tech, Tokyo, Japan; 1:2000), p62 (mouse
monoclonal [Cat No. 610832], BD Biosciences, New
Jersey, United States; 1:500), ubiquitin (rabbit poly-
clonal [Cat No. U5379], Sigma-Aldrich, St. Louis, Mis-
souri, United States; 1:100), CD4 (goat polyclonal [Cat
No. SC-1140], Santa Cruz Biotechnology, Texas, United
States; 1:200), CD8 (mouse monoclonal [M7103],
DAKO, Agilent, California, United States; 1:200), major
histocompatibility complex (MHC)-I (mouse monoclonal
[Cat No. M0736], DAKO, Agilent, California, United
States; 1:200), MHC II (anti-HLA-DR [B308], Affinity
BioReagents, Golden, Colorado, United States; 1:500),
desmin (mouse monoclonal [M0760], DAKO, Agilent,
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California, United States; 1:100), myotilin (mouse mon-
oclonal [NCL-MYOTILIN], Novocastra, Leica Biosys-
tems, Illinois, United States; 1:20), alpha-B-crystallin
(mouse [Ab13496], Abcam, Cambridge, United King-
dom ,1:2500), LC3 (microtubule-associated protein
light chain 3, rabbit polyclonal [PM036], MBL, Aichi,
Japan, 1:1000), CD68 (mouse monoclonal [M0814],
DAKO, Agilent, California, United States; 1:200), C5b-9
(membrane attack complex [MAC], mouse monoclonal
[MO777], DAKO, Agilent, California, United States;
1:100), CD31 (rabbit polyclonal [11265-1-AP], pro-
teintech, Illinois, USA; 1:1200), and proteasome 20S
LMP7 (rabbit polyclonal [ab3329], Abcam, Cambridge,
United Kingdom; 1:200).

For immunofluorescence staining, primary antibodies
were detected with Alexa Fluor 488-labeled goat anti-
mouse IgG (Molecular Probes, Eugene, Oregon, USA;
1:200). Slides were mounted with Vectashield (Vector
Laboratories) and observed with a FLUOVIEW FV-1000
confocal laser scanning microscope (Olympus).

Ethical approval

Procedures involving the use of human material were
performed in accordance with ethical guidelines set by
the Kyoto University Graduate School of Medicine. All
the material used in this study was obtained for diag-
nostic purpose and permitted for scientific use with
written informed consent.

Results

Case 1

H&E staining showed mild mononuclear cell infiltration
in the endomysium surrounding non-necrotic fibres
and in the perivascular area surrounding the perimy-
reported previously (Figure 1a) [11].
Immunostaining showed a small number of perivascu-
lar CD4-positive cells. No CD8-positive cells were
observed. Neither abnormal sarcoplasmic aggregates

sium, as

nor vacuoles were observed by means of histochemistry
or immunohistochemistry (Figure 2a).

Case 2

H&E staining showed necrotic fibres with phagocytosis
(Figure 1b). mGT staining did not reveal any rimmed
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Figure 1. (a) Case 1: Infiltration of mononuclear cells surrounding
a muscle fibre. H&E stain of paraffin section. (b) Case 2: Phagocytic
mononuclear cells in a necrotic muscle fibre. H&E stain of frozen
section. (c¢) Case 3: Moderate infiltration of mononuclear cells in the
endomysium. H&E stain of frozen section. (d) Case 3: Rimmed
vacuoles in muscle fibre (arrow) and cytoplasmic body
(arrowhead). mGT stain of frozen section. (e) Case 3: COX
expression was normal. (f) Case 3: SDH expression was normal.
Abbreviations: H&E, haematoxylin and eosin; mGT, modified
GOmori trichrome; Scale bars: a, ¢ 50 pm; b 25 pm; d 10 um;e, f;
50 pm. [Colour figure can be viewed at wileyonlinelibrary.com]

vacuoles. p62-positive fine granular deposits were
observed in a few myofibres by means of immunohisto-
chemistry (Figure 2b). TDP-43 was present in the
myonuclei without any abnormal deposits in the cyto-
plasm. Most muscle fibres expressed MHC-I in the sar-
colemma (Figure 2c).

Case 3

H&E staining showed scattered necrotic and regenerat-
ing fibres. Endomysial and perivascular mononuclear

© 2020 British Neuropathological Society

cell infiltration was remarkable (Figure 1c). mGT stain-
ing revealed some fibres with cytoplasmic bodies and
rimmed vacuoles in the cytoplasm (Figure 1d). COX
(Figure 1e) and SDH (Figure 1f) expression were nor-
mal. Characteristically, myofibres with p62-positive and
TDP43-positive diffuse fine granular deposits were scat-
tered in the sarcoplasm. The staining of a few myofi-
bres was more marked on the sarcolemma than on the
sarcoplasm (Figure 2d,g). Most muscle fibres expressed
MHC-I on the sarcolemma (Figure 2h); some fibres also
expressed MHC-II more markedly on the sarcolemma
(Figure 2i). Intracytoplasmic vacuoles were immunos-
tained with anti-ubiquitin antibodies (Figure 2j). Infil-
trating mononuclear cells were composed of CD4-
positive (Figure 2k) and CD8-positive T cells (Fig-
ure 2l), and CD68-positive macrophages (Figure 2m).
Myofibres with sarcolemmal MAC deposition were scat-
tered (Figure 2n). Capillary dropout was not observed
in the endomysium with immunohistochemistry for
CD31 (data not shown). Muscle tissue from the three
patients with NNS and from patients with other types
of myositis (Table S1) were immunostained with a 20S
Proteasome Subunit beta 5i antibody, but no apparent
difference in staining was observed between these
groups (Figure 20,p).

The sarcoplasm did not express the myxovirus resis-
tance protein A (MxA), a known diagnostic marker of
dermatomyositis (data not shown) [13-15]

Discussion

Here, we assessed the clinical and myopathological
features of three patients with NNS. The present
three cases initially presented with a pernio-like rash
and periodic high fever followed by myositis. All
cases showed calcification of basal ganglia on a brain
CT scan and some auto-immune antibodies. The
three patients were treated with corticosteroids with-
out any clinical effect. The common pathological fea-
ture was
endomysium and in the perivascular area, consisting
of CD4- and CD8- positive T-cell infiltration and over-
expression of MHC-I on myofibrees. These findings
confirmed that NNS could cause myositis (i.e. genetic
inflammatory myopathy).

In cultured fibroblasts from NNS patients, mutant
B5i impairs immunoproteasome function and leads to
accumulation of ubiquitinated proteins and oxidative

mononuclear cell infiltration in the
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stress, which activate the phosphorylated p38 pathway
and the secretion of IL-6 and IP-10, thereby leading to
an inflammatory response [1]. This finding is further
supported by a study that used myeloid cell lines
derived from patient-derived induced pluripotent stem
(iPS) cells [4]. In addition, serum levels of these

cytokines are elevated in patients with NNS, as well as
in patients with CANDLE syndrome [1,16] Intriguingly,
plasma IP-10 level is elevated in over 90% of patients
with major idiopathic inflammatory myopathies, sug-
gesting a common immunoserological feature between
this type of myopathies and NNS/PRAAS [5].

© 2020 British Neuropathological Society
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Figure 2. (a) Case 1: No aberrant sarcoplasmic TDP-43-positive aggregates are observed. Myonuclear staining can be seen
physiologically in a paraffin section. (b) Case 2: p62-positive diffuse fine granular deposit in a muscle fibre of a frozen section. (c) Case 2:
A frozen section showing MHC-I positive sarcolemma in almost all myofibres. (d) Case 3: A frozen section showing p62-positive diffuse
fine granular deposit in muscle fibres. (e) Case 3: A frozen section showing more marked p62 stainability in the sarcolemma than the
sarcoplasm of a few myofibres. (f) Case 3: A frozen section showing TDP-43-positive coarse granular deposit in a myofibre. (g) Case 3:
Sarcolemma highlighted by TDP-43 in a frozen section. (h) Case 3: MHC-I positive sarcolemma and relatively mildly positive sarcoplasm
in almost all myofibres shown in a frozen section. (i) Case 3: MHC-II positive fibres abundantly seen in a frozen section. (j) Case 3:
Ubiquitin (Ub) positive vacuoles (arrows) in a muscle fibre of a longitudinal paraffin section. (k) Case 3: CD4-positive inflammatory cell
infiltration (arrow) around a non-necrotic myofibre in a longitudinal paraffin section. (I) Case 3: Infiltration of CD8-positive inflammatory
cells around a non-necrotic myofibre in a longitudinal paraffin section. (m) Case 3: CD68-positive macrophages around muscle fibres. (n)

Case 3: Sarcolemmal deposition of MAC. (o) Case 3 of NNS, (p) Control myositis case: the muscles of an NNS case were faintly
immunostained with an anti- 20S Proteasome Subunit beta 5i antibody (Prot). The control similarly showed a faint staining pattern
(number 3 in the Table S1, immune-mediated necrotizing myopathy positive for anti-signal recognition particle antibodies). Scale bars: a,
¢, h, i, m, o, p 50 um; b, d-g, j-1 25 pm, n 20 um. [Colour figure can be viewed at wileyonlinelibrary.com]

Immunoproteasome subunits B1i and B5i have been
reported to regulate the expression of MHC-I in idio-
pathic inflammatory myositis [17]. In NNS cases,
impairment of immunoproteasome function due to sub-
unit B5i mutation could lead to increased expression of
MHC-I as a result of a compensatory mechanism.

Another pathological feature observed was abnormal
protein aggregation in sarcoplasm in Case 3, which
was not seen in Cases 1 or 2. Case 3 had more severe
inflammatory changes, while Cases 1 and 2 showed
only mild mononuclear cell infiltration. The patient in
Case 3 (29 years of age) was older than in Cases 1 and
2 (24 and 18 years of age, respectively), suggesting
that abnormal protein aggregates may develop in more
advanced stages when inflammatory changes are
severe. Oyanagi et al. previously reported that the
autopsied sample of a 47-year-old patient showed
many myofibres with rimmed vacuoles, severe myofibre
atrophy, and fibrosis of endomysium and perimysium
[12].
Ultrastructural observation revealed myeloid bodies, an
increased number of degenerated mitochondria (some
of which contained para-crystalline inclusions), and
cytoplasmic bodies [12]. This case was later genetically
confirmed as NNS [1]. These findings collectively sug-
gest that the pathological features of NNS include
inflammation and degeneration with abnormal protein
aggregation.

p62 is known as an autophagy adaptor that recog-
nizes ubiquitinated degenerative proteins and damaged
mitochondria [18,19]. Alteration of autophagy, high-

in a discrete and multifocal distribution

lighted via a diffuse sarcoplasmic staining pattern by
p62, is one of the characteristic features of immune-
mediated necrotizing myopathy, which can exhibit sev-
deficit and often intensive

ere muscle requires

© 2020 British Neuropathological Society

immunosuppressive therapy [20]. Abnormal TDP-43
aggregation in muscle fibre was another feature of Case
3. TDP-43 is known to aggregate in motor neurons in
amyotrophic lateral sclerosis [12,13]. TDP-43 and p62
are reported to aggregate in affected muscles in myosi-
tis [14], especially frequently in inclusion body myositis
(IBM) [15]. IBM is a refractory myositis characterized
by inflammation and rimmed vacuoles and is the com-
monest form of myositis in patients over 50 years of
age. Interestingly, Cases 2 and 3 shared some patholog-
ical features with these diseases: endomysial CD8-posi-
tive cell infiltration, overexpression of MHC 1 and 2 in
myofibres, and abnormal sarcoplasmic aggregates.
These pathological features, particularly the accumula-
tion of abnormal proteins, could underlie the refractory
response to conventional immunosuppressive therapy.
Further understanding of the inflammatory and degen-
erative processes of NNS would also help understand
the pathomechanism of these refractory idiopathic
inflammatory myopathies. It is noted that our group
has recently established a patient-derived iPS model of
NNS [4,16]. Knowledge of NNS myopathological fea-
tures will contribute to validating how well the iPS
model recapitulates the disease.

This study has some limitations. Ultrastructural data
are lacking in this study, which could contribute to the
delineation of pathological features, especially degener-
ative processes. However, samples for electron micro-
scopy were not available. Another limitation is that
Case 1 lacked MHC-I and MHC-II immunohistochem-
istry and Case 2 lacked MHC-II immunohistochemistry
because of a shortage of available muscle samples. Like-
wise, we could not assess cytoplasmic bodies immuno-
histochemically. Moreover the present cases partially
lacked profiles of myositis-specific autoantibodies or
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myositis-associated autoantibodies, including the anti-
cN1A antibody.

Conclusion

The muscle pathology of patients with NNS characteris-
tically showed both inflammatory and degenerative fea-
tures. Further studies to elucidate the pathomechanism
of NNS will lead to the establishment of a therapeutic
strategy for NNS, which would also help to develop a
more effective therapy for other refractory idiopathic
inflammatory myopathies with degenerative features.
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