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ABSTRACT

Sporadic late-onset nemaline myopathy (SLONM) is a rare adult-onset non-

hereditary disease with subacute proximal muscle and often axial muscle 

weakness, characterized by the presence of nemaline bodies in skeletal muscle 

biopsies. Considering its association with concurrent monoclonal gammopa-

thy of undetermined significance (MGUS), the disease is classified into two 

major subtypes (1) SLONM without MGUS (SLONM-noMGUS) and (2) with 

MGUS (SLONM-MGUS) association. SLONM associated with HIV infec-

tion (SLONM-HIV) is also reported. SLONM-MGUS has been shown to be 

associated with poorer prognosis and required aggressive treatment including 

high-dose melphalan and autologous stem cell transplantation. The approach 

is currently debatable as recent reports suggested effectiveness of intravenous 

immunoglobulin as initial treatment with indifference of overall survival de-

spite the presence of MGUS. Our study aimed to find an underlying basis by 

review of pathological features in 49 muscle biopsy proven-SLONM from two 

large tertiary centers in Japan and Germany (n = 49: SLONM-noMGUS = 34, 

SLONM-MGUS  =  13, SLONM-HIV  =  2). We compared pathological find-

ings in SLONM-noMGUS and SLONM-MGUS and focused on the presence 

of any detectable inflammatory features by immunohistochemistry. The clini-

cal and histological features in SLONM-noMGUS and SLONM-MGUS were 

not distinctively different except for more common regenerating fibers (>5% of 

myofibers) present in SLONM-MGUS (p  <  0.01). HLA-ABC expression and 

fine granular p62 were observed in 66.7% and 78.3% of SLONM, respectively. 

The predominant inflammatory cells were CD68+ cells. The inflammatory 

cells showed positive correlations with the percentage of nemaline-containing 

fibers (p < 0.001). In conclusion, inflammatory features are present although 

rather mild in SLONM. This finding contributes to the hypothesis of an ac-

quired inflammatory disease pathogenesis and opens the possibility to offer 

www.wileyonlinelibrary.com/journal/bpa
mailto:﻿
https://orcid.org/0000-0002-4110-9198
https://orcid.org/0000-0002-1143-2103
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jantima.tan@mahidol.ac.th


2 of 12  |      TANBOON et al.

1  |   INTRODUCTION

Sporadic late-onset nemaline myopathy (SLONM) is 
a rare, subacute adult-onset non-hereditary myopathy 
pathologically characterized by the presence of nema-
line bodies in muscle fibers (1). Since the first two re-
ports in 1966 (2, 3), to our best knowledge, less than 200 
cases have been reported in the literature. The common 
clinical presentations in SLONM include bilateral prox-
imal muscle weakness and muscle atrophy with normal 
or slightly elevated levels of creatine kinase (CK) (4). 
Presence of axial muscle weakness, bulbar muscle weak-
ness, and distal muscle weakness are typical but less fre-
quent (4). Respiratory symptoms have been associated 
with unfavorable outcome (5, 6). Presence of nemaline 
bodies in a substantial number of myofibers compatible 
with the diagnosis of SLONM are also reported to be 
present in HIV-associated myopathy (SLONM-HIV) (7–
15), one case with concurrent HIV and HTLV-2 infec-
tion (16), and rarely in association with other diseases 
that may be associated with dysimmune conditions in-
cluding but not limited to vitiligo (2), Hodgkin disease 
(17), hypothyroidism (18, 19) systemic lupus erythema-
tosus (20, 21), Sjogren syndrome (22), myasthenia gravis 
(23, 24), amyloid myopathy,(25) multiple myeloma (26), 
and POEMS (polyneuropathy, organomegaly, endocr-
inopathy, monoclonal gammopathy, and skin changes) 
syndrome (Crow–Fukase syndrome) (27). Concurrent 
monoclonal gammopathy of undetermined signifi-
cance (MGUS) is present in approximately half of the 
reported cases of SLONM (4-6, 25, 27-48). Of note, 
three cases of SLONM associated with biclonal gam-
mopathy are reported (6, 49). SLONM patients without 
MGUS (SLONM-noMGUS) were heterogenous but re-
ported to be associated with favorable response after 
immunotherapy (e.g., corticosteroids, mycophenolate, 
azathioprine, cyclophosphamide, plasma exchange, and 
intravenous immunoglobulin [IVIg]) with or without 
the combination of chemotherapy (e.g., lenalidomide 
and thalidomide) (1, 4, 5). Moreover, SLONM patients 
with concurrent MGUS (SLONM-MGUS) were re-
ported to have variable response to immunotherapy 
and chemotherapy (1, 4-6, 25, 28-34, 36, 38, 40, 41, 43, 
44, 46-48) and were associated with a more aggressive 
clinical course mainly caused by respiratory involvement 
(1, 5, 6). Notably, long-term follow-up in two SLONM-
noMGUS patients showed clinical improvement or sta-
ble disease without any treatment (5, 6) while one patient 
died because of heart disease at the age of 85 years (5). 

Untreated SLONM-MGUS patients had grim prognosis 
(5). Although the pathomechanism and role of MGUS 
in SLONM are unclear, the hematologic treatment regi-
men including high-dose melphalan (HDM) followed by 
autologous stem cell transplantation (ASCT) has been 
applied to SLONM-MGUS (33, 35). The reason for this 
approach was its efficacy in plasma cell dyscrasias asso-
ciated with MGUS and other severe neuromuscular dis-
orders (i.e., POEMS syndrome and amyloid light chain 
amyloidosis) (33, 35). The SLONM-MGUS patients 
treated with HDM-ASCT or other regimen that include 
ASCT generally achieved positive response even in long-
term follow-up (4, 6, 33-35, 37, 40, 42, 45, 47). Because 
SLONM-MGUS is regarded as a rapidly progressive 
condition, the HDM-ASCT regimen has been recom-
mended to be used early in the disease course while the 
patient is still be able to tolerate such aggressive regi-
men. However, the recent monocentric study by Naddaf 
et al. challenges this recommendation by showing the 
effectiveness of IVIg-based immunotherapy as the first 
line treatment in SLONM-MGUS (6); the findings are 
supported by several similar observations (25, 36, 41, 44, 
48). Interestingly, Naddaf et al. also demonstrated in-
difference of overall survival rates in SLONM with and 
without MGUS (6). These recent observations prompted 
us to re-investigate the pathological features in SLONM 
with and without MGUS for possible explanations.

In this study, we performed an exhaustive myop-
athological retrospective study of muscle biopsies of 
patients diagnosed with SLONM. We aimed to describe 
the pathological features of SLONM with and without 
MGUS and focused on inflammatory feature(s) that may 
differ with respect to the treatment options of the two 
conditions.

2  |   M ATERI A LS A N D M ETHODS

2.1  |  Standard protocol approvals, 
registrations, and patient consent

We included all muscle biopsy from patients pathologi-
cally diagnosed as having SLONM at the Charité—
Universitätsmedizin Berlin, Germany and the National 
Center of Neurology and Psychiatry (NCNP), Japan 
during January 2011–December 2019. Informed con-
sent was obtained from all patients at each institution 
involved. The official ethical standards committee at the 
Charité - Universitätsmedizin Berlin (EA2/163/17) and 

immunotherapy in SLONM with inflammatory features regardless of the mon-

oclonal gammopathy status.

K E Y W O R D S
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the institutional review board of NCNP approved the 
study.

2.2  |  Clinical information

We collected relevant clinical information from pa-
thology requisition forms and associated letters from 
the attending physicians (Table 1). Respiratory weak-
ness was determined by the presence of dyspnea, de-
creased vital capacity, or required respiratory support. 
Cardiomyopathy was determined by the presence of ab-
normal electrocardiogram or decreased ejection fraction 
(<55%).

2.3  |  Histochemical and 
immunohistochemical evaluation

We performed the following routine histochemical and 
immunohistochemical (IHC) staining methods; hema-
toxylin and eosin (H&E), modified Gomori trichrome 
(mGT), nicotinamide adenine dinucleotide tetrazolium 
reductase (NADH-TR), acid phosphatase (ACP), al-
kaline phosphatase (ALP), serialized ATPases, class I 
human major histocompatibility complex (MHC) (HLA-
ABC; clone W6/32, Thermo Fisher Scientific), MHC class 
II (HLA-DR; clone B308, Affinity BioReagents), mem-
brane attack complex (MAC; C5b-9, clone aE11, Dako), 
neonatal myosin heavy chain (MHCn; clone WB-MHCn, 

TA B L E  1   Clinical features of patients in this study

SLONM (total = 49) SLONM-noMGUS (n = 34) SLONM-MGUS (n = 13)
SLONM-HIV 
(n = 2)

Age of onset (M ± SD, years) 60.4 ± 11.9a  61.8 ± 10.8b  57.4 ± 14.8c  53c 

Age at biopsy (M ± SD, years) 63.1 ± 11.7 64.6 ± 10.3 61.3 ± 14.8 51 ± 2.8

Sex, female 32 [65.3] 25 [73.5] 7 [53.8] 0

CK (M ± SD, U/L) 304.3 ± 615.8d  322.6 ± 702.7a  227.4 ± 326.2b  600c 

Lower than normal 6 [13.0]e  4 [12.1]c  2 [18.2]b  0

Normal 22 [47.8]e  15 [45.5]c  6 [54.5]b  1 [50.0]

>1- to ≤5-fold 17 [37.0]e  13 [39.4]c  3 [27.3]b  1 [50.0]

>5-fold 1 [2.2]e  1 [3.0]c  0b  0

κ-light chain MGUS 6 [50]c  0 6 [50]c  0

λ-light chain MGUS 6 [50]c  0 6 [50]c  0

Signs and symptoms

Myalgia 20 [40.8] 15 [44.1] 4 [30.8] 1 [50.0]

Weight loss 13 [26.5] 7 [20.6] 4 [30.8] 2 [100.0]

Camptocormia/scoliosis 3 [6.1] 2 [5.9] 1 [7.7] 0

Proximal muscle weakness 43 [87.8] 28 [82.4] 13 [100.0] 2 [100.0]

Distal muscle weakness 17 [34.7] 9 [26.5] 6 [46.2] 2 [100.0]

Neck muscle weakness 32 [65.3] 23 [67.6] 9 [69.2] 0

Winged scapula 8 [16.3] 6 [17.6] 2 [15.4] 0

Facial muscle weakness 9 [18.4] 5 [14.7] 3 [23.1] 1 [50.0]

Bulbar muscle weakness 17 [34.7] 12 [35.3] 4 [30.8] 1 [50.0]

Respiratory weaknessf  20 [40.8] 13 [38.2] 7 [53.8] 0

Required respiratory support 8 [16.3] 6 [17.6] 2 [15.4] 0

Cardiomyopathyg  10 [20.4] 8 [23.5] 1 [7.7] 1 [50.0]

Treatment(s) before biopsy 11 [22.4] 9 [26.5] 2 [15.4] 0

Abbreviations: CK, creatine kinase; HIV, human immunodeficiency virus; MGUS, monoclonal gammopathy of undetermined significance; NA, not available; 
SLONM, sporadic late-onset nemaline myopathy; SLONM-HIV, SLONM associated with HIV; SLONM-MGUS, SLONM with MGUS association; SLONM-
noMGUS, SLONM without MGUS association.

Continuous data are shown as mean (M) ± standard deviation (SD) while categorical data are shown as number and [percentage].
aInformation not available in four cases.
bInformation not available in two cases.
cInformation not available in one case.
dInformation not available in seven cases.
eInformation not available in three cases.
fDetermined by dyspnea, decreased vital capacity, or required respiratory support.
gDetermined by abnormal electrocardiogram or decreased ejection fraction.
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Leica), CD3 (polyclonal, Abcam), CD8 (clone DK25, 
Dako), CD20 (clone L26, eBioscience), CD68 (clone KP1, 
Dako), p62 (SQSTM1 D-3, Santa Cruz Biotechnology 
and rabbit polyclonal 91526, Abcam), and MxA (Mx 
1/2/3, Santa Cruz Biotechnology). ISG15 (ab14374, 
Abcam) and Siglec1 (HSn7D2, Novus Biological) were 
additionally performed in 11 cases. LAMP-2 (clone 5H2, 
Santa Cruz Biotechnology), HSP-70 (ab6535, Abcam), 
BAG3 (ab47124, Abcam), LC3 (0260-100/LC3-2G6, na-
noTools Art), and alpha-B-crystallin (CRYAB) (ab13496, 
Abcam) were additionally performed in nine cases. JT, 
AU, IN, and WS performed the pathological evaluation.

We used mGT stain to identify nemaline bodies char-
acterized as deep red or greenish red thread-or rod-like 
structures (Figure 1A,C,D) or as sand-like small granules 

(Figure 1B). H&E stains were routinely performed in all 
cases (Figure 1E–H). We manually counted and calcu-
lated the percentage of muscle fibers-containing nema-
line bodies in 10 random areas of mGT stain at 400x 
magnification (high power fields, HPF; 0.575 mm2). The 
quantitative evaluations were performed on the entire 
tissue section/available material if the specimen was not 
sufficient for 10 HPFs evaluation. We categorized mus-
cle fibers-containing nemaline bodies into round type 
(Figure 1B,C), angular type (Figure 1A), and cap type 
(Figure 1D). We qualitatively classified muscle biopsies 
based on the predominant type (> 50%) of nemaline 
bodies and nemaline-containing fibers. We categorized 
and documented intermyofibrillary network changes 
in nemaline-containing fibers using NADH-TR as 

F I G U R E  1   Histological findings in SLONM. Nemaline bodies are best demonstrated by mGT (A–D) as deep red or greenish red thread-
or rod-like structures (A, C, D) or as sand-like small granules (B) in myofibers. The regions within myofibers containing nemaline bodies can 
be categorized into 3 major types: angular type (A), round type (B and C), and cap type (D). Vacuolated fibers are occasionally observed (A 
and B, black asterisks). In H&E (E–H), parts of the myofibers containing nemaline bodies stain darker than the adjacent areas. The change 
is subtle with small number of nemaline bodies (D and H, black arrowheads). Intermyofibrillar changes in nemaline containing myofibers 
demonstrated by NADH-TR include dark atrophic fibers (I), dark areas, non-atrophic fibers (J), moth-eaten fibers (K) and lobulated fibers (L). 
ACP often highlights areas within fibers containing nemaline bodies (M-O). ACP staining can be subtle or negative in fiber with small numbers 
of nemaline bodies (P, white asterisk). SLONM: sporadic late-onset nemaline myopathy. A-P 60x magnification, bar = 20 microns; A-D: 
mGT, modified Gomori Trichrome; E-H: H&E, hematoxylin and eosin; I-L: NADH-TR, nicotinamide adenine dinucleotide dehydrogenase-
tetrazolium reductase; M-P: ACP, acid phosphatase) 
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follows: dark atrophic fibers (Figure 1I), non-atrophic 
fibers with dark areas (Figure 1J), moth-eaten fibers 
(Figure 1K), and lobulated fibers (Figure 1L). If present, 
intranuclear rods (not shown), cytoplasmic vacuoliza-
tion (Figure 1A,B), ACP-positive fibers, nemaline-
containing fibers highlighted by ACP (Figure 1M–P), 
increased ALP activity in perimysium, and type 1 
fiber predominance were documented. We counted 
and calculated regenerating fibers in 10 random HPFs 
using sarcoplasmic expression of MHCn as a surrogate 
marker. We recorded the number of CD3, CD8, CD20, 
and CD68-positive cells in 10 random HPFs. We deter-
mined the positivity of HLA-ABC and HLA-DR in non-
necrotic and non-regenerating fibers by sarcolemmal 
and sarcoplasmic expression, respectively. The degree 
of positivity was qualitatively categorized by the num-
ber of positive myofibers in the section: score 0 negative, 
score 1: <25%, score 2: 25%–75%, and score 3: >75%. We 
determined MAC expression by the presence of granu-
lar deposition on sarcolemma or capillaries. Expression 
of p62 was considered as positive either by punctate/
dot-like or small granular sarcoplasmic expression pat-
terns. The degree of involvement by vacuolar fibers, 
ACP-positive fibers, MAC, MxA, ISG15, Siglec1, p62, 
LAMP-2, HSP-70, BAG3, LC3, and CRYAB was quali-
tatively categorized: score 0 negative, score 1 positive on 
single fiber/capillary (focally), score 2 positive on many 
fibers/capillaries (focally), and score 3 positive on many 
fibers/capillaries (diffusely).

2.4  |  Statistics

We conducted statistical analyses using Excel for Mac 
version 16.4.2 and GraphPad Prism version 9.0.0 for 
macOS (GraphPad Software, San Diego, California 
USA, www.graph​pad.com). We performed the independ-
ent two-tailed t test for the continuous variables and the 
two-tailed Fisher exact test for the categorical variables. 
Friedman test followed by Dunn's multiple comparisons 
was used to compare paired groups. Spearman correla-
tion was calculated for the association between continu-
ous variables and between continuous and categorical 
variables. The p value of <0.05 was considered statisti-
cally significant.

3  |   RESU LTS

We identified 49 muscle biopsies previously diagnosed 
as having SLONM including 34 SLONM-noMGUS, 13 
SLONM-MGUS, and 2 SLONM-HIV. We compared the 
clinical and histological features of SLONM-noMGUS 
and SLONM-MGUS. Because the number of SLONM-
HIV was limited in this study, we did not include them 
into the comparison.

3.1  |  Clinical features

The relevant clinical features of SLONM are summa-
rized in Table1. The age of onset in SLONM ranged from 
34 to 80 years old (60.4 ± 11.9 years old). Thirty-six pa-
tients (36/44, 81.8%) had the disease onset during their 
5th–7th decades (Figure 2). SLONM was more common 
in women (32/49, 65.3%). The CK level ranged from 16 
to 3870 U/L (304.3  ±  615.8 U/L). Thirty-nine patients 
(39/46, 84.8%) were associated with normal to mildly el-
evated CK level (≤5 times of normal value). One patient 
with markedly elevated CK level (3870 U/L, 23.5 times of 
normal value) had vital capacity decreased to 72% and 
ejection fraction to 25%. The three most common signs 
and symptoms in this study were proximal muscle weak-
ness (43/49, 87.8%), neck muscle weakness (32/49, 65.3%), 
and respiratory weakness (20/49, 40.8%). Respiratory 
supports including non-invasive and tracheostomy in-
vasive ventilation were documented in eight patients 
(8/49, 16.3%). Ten patients (10/49, 20.4%) had cardiac 
abnormalities detected by abnormal electrocardiogram 
or echocardiogram. Eleven patients (11/49, 22.4%) had 
corticosteroid treatment before muscle biopsy; two pa-
tients had a combined regimen of corticosteroid with 
IVIg and corticosteroid with IVIg and chemotherapy. 
The percentages of kappa and lambda-light chain pro-
teinemia present in SLONM-MGUS were not differ-
ent (6/12, 50%); the information was not available in 
one SLONM-MGUS patient. The clinical features of 
SLONM-noMGUS and SLONM-MGUS patients were 
not distinctively different (p > 0.05).

3.2  |  Pathological features

The histological features are summarized in Table 2. The 
most common biopsy site in this study was the biceps 

F I G U R E  2   Distribution of the age of onset in SLONM. The 
majority of patients (81.8%) have the age of onset during their 5th 
and 7th decades 

http://www.graphpad.com
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TA B L E  2   Biopsy site and Pathological features of SLONM patients

SLONM 
(total = 49) SLONM-noMGUS (n = 34) SLONM-MGUS (n = 13)

SLONM-HIV 
(n = 2)

Biopsy site

Upper extremity, proximal muscle

Biceps 26 [60.5]a  19 [63.3]b  7 [53.8] NAc 

Deltoid 2 [4.7]a  1 [3.3]b  1 [7.7] NAc 

Lower extremity, proximal muscle

Quadriceps, NOS 5 [11.6]a  4 [13.3]b  1 [7.7] NAc 

Rectus femoris 3 [7.0]a  1 [3.3]b  2 [15.4] NAc 

Vastus lateralis 3 [7.0]a  1 [3.3]b  2 [15.4] NAc 

Semimembranosus 1 [2.3]a  1 [3.3]b  0 NAc 

Lower extremity, distal muscle

Gastrocnemius 1 [2.3]a  1 [3.3]b  0 NAc 

Othersd  2 [4.7]a  2 [6.7]b  0 NAc 

Histology

Major type of muscle fiber-containing nemaline bodies

Round 23 [46.9] 16 [47.1] 7 [53.8] 0

Angular 12 [20.4] 7 [20.6] 3 [23.1] 2 [100.0]

Cap 6 [12.2] 5 [14.7] 1 [7.7] 0

Mixed 8 [16.3] 6 [17.6] 2 [15.4] 0

Major type of nemaline bodies

Rod-like 27 [55.1] 18 [52.9] 8 [61.5] 1 [50.0]

Sand-like 15 [30.6] 12 [35.3] 2 [15.4] 1 [50.0]

Mixed 7 [14.3] 4 [11.8] 3 [23.1] 0

Intranuclear rod 7 [14.3] 3 [8.8] 3 [23.1] 1 [50.0]

Vacuolar change 25 [51.0] 18 [52.9] 5 [38.5] 2 [100.0]

Score 1 12 [24.5] 8 [23.5] 3 [23.1] 1 [50.0]

Score 2 8 [16.3] 5 [14.7] 2 [15.4] 1 [50.0]

Score 3 5 [10.2] 5 [14.7] 0 0

Intermyofibrillary changes observed 
in NADH-TR

48 [98.0] 33 [97.1] 13 [100.0] 2 [100.0]

Dark atrophic 30 [61.2] 22 [64.7] 6 [46.2] 2 [100.0]

Focal dark, not atrophic 12 [24.5] 8 [23.5] 4 [30.8] 0

Lobulated 16 [32.7] 10 [29.4] 5 [38.5] 1 [50.0]

Moth-eaten 17 [34.7] 14 [41.2] 3 [23.1] 0

Other 1 [2.0] 1 [2.9] 0 0

ACP-positive fibers 48 [98.0] 33 [97.1] 13 [100.0] 2 [100.0]

Score 1 19 [38.8] 14 [41.2] 4 [30.8] 1 [50.0]

Score 2 25 [51.0] 16 [47.1] 8 [61.5] 1 [50.0]

Score 3 4 [8.2] 3 [8.8] 1 [7.7] 0

ACP positive on myofibers-
containing nemaline bodies

40 [81.6] 27 [79.4] 11 [84.6] 2 [100.0]

Type 1 fiber predominance 12 [24.5] 9 [26.5] 1 [7.7] 2 [100.0]

Abbreviations: ACP, acid phosphatase; SLONM-HIV, SLONM associated with HIV; SLONM-MGUS, SLONM with MGUS association; SLONM-noMGUS, 
SLONM without MGUS association.
aInformation not available in six cases.
bInformation not available in four cases.
cInformation not available in two cases.
dSternocleidomastoid, splenius.
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brachii (26/43, 60.5%). The percentages of myofibers-
containing nemaline bodies varied from 1.1% to 93.7%. 
Twenty-three of SLONM (23/49, 46.9%) had nemaline-
containing fibers less than or equal to 10% of myofibers 
in a biopsy. Notably, 15 muscle biopsies (15/49, 30.6%) 
had nemaline-containing myofibers less than or equal 
to 5% (Figure 3). Muscle biopsies were mainly com-
posed of round-type nemaline fibers (23/49, 46.9%) and 
rod-shaped nemaline bodies (27/49, 55.1%). Seven biop-
sies contained intranuclear rods (7/49, 14.3%). Twenty-
five biopsies showed sarcoplasmic vacuolization (25/49, 
51.0%); most of which was observed as single fiber, fo-
cally (12/49, 24.5%). Intermyofibrillary sarcoplasmic 
alterations detected by NADH-TR were observed in 
most cases (48/49, 98.0%); the most frequent change were 
dark atrophic fibers (30/49, 61.2%). There was no ALP 
activity in perimysial connective tissue in any biopsy. 
ACP-positive fibers were observed in most cases (48/49, 
98.0%); mainly present as focal distribution of many pos-
itive fibers (25/49, 51.0%). Presence of ACP positivity in 
nemaline-containing fibers was observed in 40 biopsies 
(40/49, 81.6%). The results of the Spearman correlation 
indicated a strong association between ACP score and 
the percentage of nemaline-containing fibers (r = 0.69, 
p = 3.6e-8) (Table 3). There was predominance of type 
1 fibers in 12 biopsies (12/49, 25%). The histological fea-
tures of SLONM-noMGUS and SLONM-MGUS muscle 
biopsy were not distinctively different (p > 0.05).

SLONM-noMGUS contained smaller numbers of 
regenerating fibers comparing to those in SLONM-
MGUS. Most SLONM-noMGUS had regenerating fi-
bers below 5% (27/34, 81.8% p = 7.8e-3) (Table 4); there 
was a weak correlation between the percentage of regen-
erating fibers and myofiber-containing nemaline bodies 
(r = 0.35, p = 1.9e-2) . The most common infiltrating in-
flammatory cells in SLONM were CD68+ macrophages 
(99.9  ±  94.3) (Figure 4). There was moderate to strong 
association between the percentage of nemaline-positive 
fibers and the number of infiltrating inflammatory cells 
(Table 5). Thirty-two muscle biopsies (32/48, 66.7%) 
showed HLA-ABC expression (Figure 4). One muscle 
biopsy (1/48, 2.1%) showed HLA-DR positivity in sev-
eral perifascicular fibers. MAC expression on capillar-
ies (29/48, 60.4%) was more common than the expression 
on sarcolemma (6/48, 12.5%) but most of the expression 

was evaluated as score 1 (19/48, 39.6%). Thirty-six (36/46, 
78.3%) muscle biopsy had fine granular p62 expression 
pattern. Punctate/dot-like p62 expression pattern was 
observed in two SLONM-MGUS biopsies (2/11, 18.2%), 
and one SLONM-noMGUS biopsy (1/33, 3.0%) (Table 4). 
We compared staining pattern and total staining score 
of LAMP2, CRYAB, BAG3, HSP70, and LC3 in sequen-
tial sections from nine muscle biopsies to those of p62. 
There was no significant difference between p62 score 
and LAMP2, CRYAB, BAG3 to HSP70 scores. In con-
trast, the p62 score (2.7 ± 0.7) and LC3 score (0.1 ± 0.3) 
were significantly different (p = 2.7e-3). The association 
between the percentage of nemaline-containing fibers 
and the score of HLA-ABC and p62 expression was mod-
erate (r = 0.49, p = 4.2e-4) and weak (r = 0.39, p = 8.0e-3), 
respectively (Table 3). Notably, in available sequential 
sections, overlapping HLA-ABC and p62 expression was 
observed in 4/9 biopsies (44.4%); HLA-ABC was negative 
in 2/9 biopsies. There was no MxA expression observed 
in SLONM. Staining for ISG15 showed score1 in 3 of 11 
cases. Staining for Siglec1 showed score 2 positivity in 
two biopsies (one of them also showed ISG15 positivity) 
and score 1 positivity in three non-ISG15-positive biop-
sies. Except for the smaller number of MHCn-defined 
regenerating fibers, the histological features of SLONM-
noMGUS and SLONM-MGUS muscle biopsy were not 
distinctively different (p > 0.05).

SLONM-HIV showed a predominant angular shape 
of nemaline-containing myofibers but overall myopatho-
logical changes observed in SLONM-HIV were compa-
rable to those in the other two entities (SLONM-MGUS 
and SLONM-noMGUS).

4  |   DISCUSSION

We describe a large cohort (n = 49) of SLONM patients of 
whom 13 also suffered from MGUS. The most common 
clinical features of patients in our study, which included 
adult-onset proximal muscle weakness, neck muscle weak-
ness, and respiratory weakness were suggestive of the diag-
nosis of SLONM. The pathological confirmation, however, 
may sometimes be problematic caused by the limited 
number of nemaline-containing fibers present in muscle 
biopsies and requires expert knowledge of this myopatho-
logical feature. Based on the seldom reported increased 
ACP activity in single case reports and small case series of 
SLONM (5, 17, 50, 51), we explored if ACP staining would 
be useful for the diagnostic process. In our study, 81.6% of 
SLONM showed ACP positivity in nemaline-containing 
fibers and the percentage of nemaline-containing fibers 
correlated well with ACP-staining score. Thus, we suggest 
that identification of ACP-positive fibers could be helpful 
to identify nemaline-containing fibers. ACP-staining is a 
commonly used practice in myopathology, giving diagnos-
tic information in myopathies that are characterized by 
pathologic activity such as Pompe disease (GSD II) (52), 

TA B L E  3   Spearman correlation between the percentage of 
nemaline-containing fibers and the degree of ACP positivity, HLA-
ABC, and p62 expression

ACP HLA-ABC p62

Spearman r 0.69 0.49 0.39

95% confidence 
interval

0.50–0.82 0.23–0.68 0.10–0.61

p value (two-tailed) 3.6e-8 4.2e-4 8.0e-3

Abbreviations: ACP, acid phosphatase; HLA, human leukocyte antigen; p62 
(SQSTM1).
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Danon disease (53), X-linked myopathy with excessive 
autophagy (XMEA) (54), inflammatory myopathies (55), 
and many more. The most common histological findings 
included round-type nemaline-containing fibers, rod-like 
nemaline bodies, and NADH-TR dark atrophic fibers.

Thirty-two SLONM patients (66.7%) had variable sarco-
lemmal HLA-ABC expression as a core feature of myositis. 
CD68+ macrophages were the most common inflammatory 

cells observed in SLONM. There were smaller numbers of 
CD3+ and CD8+ cells present in all biopsies. CD20+ cells 
were rarely present in SLONM. Moderate to strong as-
sociation between the number of inflammatory cells and 
the percentage of nemaline-containing fibers suggested 
that inflammation may be involved in pathogenesis of 
the disease. Direct infiltration of myofibers by T cells was 
not observed in any of the biopsies. Although presence of 

SLONM
SLONM-
noMGUS

SLONM-
MGUS

SLONM-
HIV

(total = 49) (n = 34) (n = 13) (n = 2)

Immunohistochemistry

MHCn, regenerating 
fibers (%)

5.8 ± 9.3a  5.1 ± 9.9b  9.0 ± 7.9c  0.65 ± 0.5

≤1% 16 [36.4]a  13 [39.4]b  3 [27.3]c  2 [100.0]

>1 to ≤5% 15 [34.1]a  14 [42.4]b  1 [9.1]c  0

>5 to ≤10% 5 [11.4]a  2 [6.1]b  3 [27.3]c  0

>10% 8 [18.2]a  4 [12.1]b  4 [36.4]c  0

CD3 in 10 HPF 19.4 ± 27.7b  19.0 ± 30.6 19.3 ± 20.5b  28.0 ± 22.6

CD8 in 10 HPF 17.9 ± 26.4b  18.0 ± 29.8 17.8 ± 17.0b  18.0 ± 17.0

CD20 in 10HPF 2.1 ± 4.6c  1.7 ± 3.7 3.2 ± 6.8c  0

CD68 in 10HPF 99.9 ± 94.3b  105.1 ± 104.8 89.0 ± 63.4b  78.0 ± 87.7

HLA-ABC 32 [66.7]b  23 [67.6] 8 [66.7]b  1 [50.0]

Score 1 10 [20.8]b  5 [14.7] 5 [41.7]b  0

Score 2 13 [27.1]b  9 [26.5] 3 [25.0]b  1 [50.0]

Score 3 9 [18.8]b  9 [26.5] 0b  0

HLA-DR 1 [2.1]b  0 1 [8.3]b  0

MAC capillary 
deposition

29 [60.4]b  21 [61.8] 6 [50.0]b  2 [100]

Score 1 19 [39.6]b  11 [32.4] 6 [50.0] b  2 [100]

Score 2 8 [16.7]b  8 [23.5] 0b  0

Score 3 2 [4.2]b  2 [5.9] 0b  0

MAC sarcolemmal 
deposition

6 [12.5]b  5 [14.7] 1 [8.3]b  0

Score 1 2 [4.2]b  2 [5.9] 0b  0

Score 2 3 [6.3]b  2 [5.9] 1 [8.3]b  0

Score 3 1 [2.1]b  1 [2.9] 0b  0

MAC capillary/
sarcolemmal 
deposition, mixed

9 [18.8]b  7 [20.6] 2 [16.7]b  0

p62 (fine granular 
pattern)

36 [78.3]a  26 [78.8]b  8 [72.7]c  2 [100]

Score 1 6 [13.0]a  4 [12.1]b  2 [18.2]c  0

Score 2 12 [26.1]a  10 [30.3]b  2 [18.2]c  0

Score 3 18 [39.1]a  12 [36.4]b  4 [36.4]c  2 [100]

Abbreviations: CD, cluster of differentiation; HLA-ABC, human leukocyte antigen-ABC; HLA-DR, human 
leukocyte antigen-DR; HPF, high power field (40x objective); MAC, membrane attack complex (C5b-9); 
MHCn, neonatal myosin; p62 (STQM1); SLONM-HIV, SLONM associated with HIV; SLONM-MGUS, 
SLONM with MGUS association; SLONM-noMGUS, SLONM without MGUS association.
a Information not available in three cases. 
b Information not available in one case. 
c Information not available in two cases. 

TA B L E  4   Inflammatory features in 
SLONM
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CD68+ macrophages in necrotic myofibers or myophago-
cytoses may occur as a feature independent of any primary 
inflammation, presence of T cells (and B cells) in SLONM 
overall exceeded what is generally found in “pure” resorp-
tive processes.

It is unlikely that the complement cascade is involved 
in SLONM pathogenesis considering the low degree of 

capillary and sarcolemmal MAC expression. We did not 
find strong evidence suggestive of type 1 interferon-related 
pathway activation in SLONM by virtual absence of any 
MxA, and only very mild ISG15, or mild Siglec1 expression 
in single biopsies. Notably, 36 patients (78.3%) had fine 
granular p62 expression pattern similar to those observed 
in immune-mediated necrotizing myopathy (IMNM) (56), 
while only three cases showed a coarse p62 staining pattern 
in some fibers. Unlike in IMNM, the p62 staining pattern 
correlated well with LAMP2, CRYAB, BAG3, and HSP70 
but not with LC3. Expression of p62 within fibers lined by 
HLA-ABC was identified in our SLONM cohort (irrespec-
tive of the MGUS status). These findings, however, could 
suggest insufficient function of the autophagosomal path-
way putatively involved in dysfunctional macroautophagy 
of nemaline fragments thereby reflecting the pathogenesis 
of nemaline formation in SLONM. Overall histological 
and immunohistochemical features in SLONM-noMGUS 
and SLONM-MGUS were not distinctively different.

The challenge in this study was its retrospective na-
ture including that the clinical information and tissue 
repository were limited in some cases. For that reason, 
we could not correlate pathology features with clinical 
severity or treatment outcome. The small number of 
SLONM-HIV patients limited further studies and com-
parison of this entity with the other two defined here.

Inflammatory features including endomysial or peri-
vascular inflammatory cell infiltration and HLA-ABC 
expression were documented as separate single case 

F I G U R E  3   Percentage of nemaline-containing fibers in 
SLONM. The diagnosis of SLONM can be challenging due to the 
limited number of nemaline-containing fibres present in muscle 
biopsies. In our study, fifteen muscle biopsies (15/49, 30.6%) had 
nemaline-containing myofibres below 5% 

F I G U R E  4   Representative immunopathological findings. Two representative biopsies showing different degrees of sarcolemmal HLA-
ABC positivity (A and B) CD3 (C and D), CD8 (E and F), CD68 (G and H), and p62 (I and J). There is small number of CD3+ and CD8+ cells 
infiltration while CD68+cells infiltration is more prominent. Pattern of p62 positivity is heterogenous. Fine granular pattern is demonstrated in 
J (black arrowhead) (A, C, E, G, I 40x magnification bar = 20 microns; B, D, F, H, J 20x magnification bar = 50 microns) 

CD3 CD8 CD20 CD68

Spearman r 0.60 0.61 0.36 0.55

95% confidence 
interval

0.37–0.76 0.38–0.76 0.07–0.59 0.30–0.73

p value (two-tailed) 7.7e-6 6.5e-6 1.3e-3 6.9e-5

TA B L E  5   Spearman correlation 
between the percentage of nemaline-
containing fibers and the number of 
inflammatory cell infiltration in 10 high 
power fields
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report or small case series of SLONM-noMGUS (2, 4, 5, 
57–60), SLONM-MGUS (4, 5, 39, 41, 44), and SLONM-
HIV (4, 8, 15). Our study adds a collective in-depth anal-
ysis of the inflammatory features of SLONM. Although 
this study did not identify the differences with respect 
to the features studied here, between SLONM-noMGUS 
and SLONM-MGUS, it highlights common immuno-
pathological elements among both entities that could be 
fundamental for further studying their pathogenesis.

Relatively mild sarcolemmal HLA-ABC expression 
and some minor CD3 and CD8 immunoreactive T cells 
may occur in the context of several neuromuscular dis-
eases that are not primarily considered inflammatory 
myopathies. The significance of such changes has been 
mentioned in the past at several occasions and is be-
ginning to be understood and put in relevant contexts.
(61, 62, 63) This phenomenon, often times mentioned 
as “accompanying inflammatory changes,” if correctly 
diagnosed individually may open (additional) thera-
peutic approaches even in primarily genetic diseases 
such as Duchenne muscular dystrophy (DMD) (64) 
or dysferlinopathy (LGMDR2) and anoctaminopathy 
(LGMDR12) (65), and many others. Also in some ac-
quired for example, toxic conditions, mild inflammatory 
changes have been described (66). This is the case for cer-
tain drugs for example, hydroxychloroquine, colchicine, 
amiodarone, or immune checkpoint-inhibitors such as 
PD1- or PDL1-targeting anticancer drugs (67).

SLONM-MGUS was previously suggested to have 
autoimmune etiology by the presence of the same type 
of immunoglobulin deposits on sarcolemma (30) and 
the responsiveness to immunotherapy including IVIg (6, 
30, 36). Although patients with SLONM-MGUS were 
shown to achieve long-term benefit from hematologic 
treatment, it is currently a matter of debate whether the 
responsiveness is caused by the result of immunomod-
ulation or ablation of any abnormal plasma cell clone. 
IVIg-based treatment, moreover, was reported to have 
variable outcomes in patients suffering from SLONM-
MGUS (5, 6, 25, 36, 38, 41, 43, 44, 48). Thus, the treat-
ment of choice in SLONM-MGUS has to be considered 
on a case-by-case basis. Interestingly, according to the 
available information, three SLONM-MGUS patients 
without inflammatory features had a good long-term 
response (>24  months) to IVIg (36, 44). The other pa-
tients reported in the literature so far, were either stable 
(5, 44) or becoming worse (38, 43). One SLONM-MGUS 
patient with perivascular inflammation showed disease 
progression after IVIg treatment (44). In one SLONM-
noMGUS patient without inflammatory features, a 
combined treatment including IVIg, corticosteroids, and 
methotrexate did not improve but stabilized the disease 
conditions over a 6-year period (5). It is our great inter-
est whether inflammatory features identified at the time 
of muscle biopsy in SLONM would influence the treat-
ment option and predict responsiveness to these regi-
mens. Answering this question would certainly require 

a prospective study and an international effort since 
the disease is exceedingly rare. Hence, we believe that 
our study has raised awareness not only for the disease 
and their subtypes but also for immune-inflammatory 
features which may become relevant for individualized 
treatment options in the future.
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