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ARTICLE INFO ABSTRACT

Keywords: Objective: To characterize the inflammatory myopathy associated with programmed cell death 1 inhibitors (PD-1

Autoantibodies myopathy).

Creatine kinase Methods: We studied 19 Japanese patients with PD-1 myopathy (13 men and 6 women, mean age 70 years), who

Human leucocyte antigen were referred to Keio University. As control groups, we used 68 patients with anti-signal recognition particle

Inflammatory myopathy antibodies, 51 patients with anti-aminoacyl transfer RNA synthetase antibodies and 460 healthy subjects.

Programmed cell death 1 . . . . . .
Results: In regard to muscle-disease severity, 10 patients showed a mild form of disease and 9 patients showed a
severe form. Non-small cell lung cancer was the most common underlying cancer. PD-1 inhibitor consisted of 11
nivolumab and 8 pembrolizumab. PD-1 myopathy occurred 29 days on average after the first administration of
PD-1 inhibitor. The initial manifestation of muscle weakness was ptosis in 10 patients, 15 patients had ptosis, 13
diplopia, 8 facial muscle weakness, 10 bulbar symptoms, 13 limb weakness, 14 neck weakness, 4 cardiac in-
volvement, 6 respiratory involvement and 16 myalgia. Ocular, facial, cardiac and respiratory involvement and
myalgia were more frequently observed than controls. Serum creatine kinase was increased to 5247 IU/L on
average. Autoantibodies related to inflammatory myopathy were negative, while anti-striational antibodies were
found in 13 (68%) patients. HLA-C*12:02 alleles were more frequently detected than healthy controls. Muscle
pathology was characterized by multifocal necrotic myofibers with endomysial inflammation and expression of
MHC class I. Immunosuppressive therapy with corticosteroids was generally effective for muscle weakness.
Conclusions: Based on our clinical, histological and immunological findings, PD-1 myopathy is a discrete subset
of inflammatory myopathy.
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1. Introduction

Programmed cell death 1 (PD-1), first identified by Dr. Honjo's la-
boratory in 1992 [1], is highly expressed on T cells from patients with
tumors and causes tumor-related immune suppression. PD-1 inhibitors
including nivolumab and pembrolizumab have shown remarkable
benefit in the treatment of a range of cancer types [2]. As cancer
treatment with these drugs has become more common, the safety
management of immune-related adverse events (irAEs) due to cancer
immunotherapy has become more important [3-5]. There is an active
debate whether cancer treatment should be conducted in cooperation
with organ specialists in order to achieve the best management of irAEs,
such as dermatological, gastrointestinal, endocrine, hepatic, and pul-
monary toxicities. Most of these irAEs are low-grade and can be man-
aged successfully with supportive care. In contrast, neuromuscular
irAEs are sometimes serious and require prompt diagnosis.

The specific characteristics of neuromuscular irAEs have not been
elucidated because the frequency is generally low, ranging from 1% to
2% of cancer patients undergoing therapy with PD-1 inhibitors [6].
However, certain general traits of neuromuscular irAEs have been re-
cognized [7-12]. The diseases affect the central nervous system (CNS),
peripheral nerves, neuromuscular junction, and muscles. Disease onset
and progression may be rapid with a critical clinical course. The clinical
presentation may be different from that of patients unrelated to drugs.
In addition, paraneoplastic syndrome, a remote effect of malignancy on
neuromuscular organs, is always considered as a differential diagnosis.

Myositis is one of the representative neuromuscular irAEs. A variety
of studies have demonstrated that myositis as an irAE (irAE myositis) is
often accompanied by ocular muscle symptoms, which physicians have
often termed “myasthenia-like” or “pseudo-myasthenic” symptoms
[13-15]. Physicians often recognize the unique clinical manifestations
of irAE myositis and may hesitate to diagnose these patients as pre-
existing myositis alone. To date, no comparison with well-recognized
subsets of inflammatory myopathy has been done. Recently, the mor-
phological findings in skeletal muscle of patients with irAE myositis
have been clearly described [16]. However, immunological features,
including human leucocyte antigen (HLA) association and auto-
antibodies profiles, have not been fully elucidated. The present study
aimed to comprehensively characterize the inflammatory myopathy
associated with PD-1 inhibitors (PD-1 myopathy).

2. Materials and methods
2.1. Patients

We examined 19 Japanese patients with PD-1 myopathy, who were
referred to Keio University for autoantibody detection between July
2016 and June 2018. Patients were included if all of the following entry
criteria were fulfilled: (i) the patient received monotherapy with either
nivolumab or pembrolizumab, (ii) the patient could provide blood
samples, accompanied by full clinical information, (iii) the patient
showed increase levels of serum creatine kinase (CK), (iv) the patient
exhibited objective muscle weakness supported by needle EMG, muscle
MRI and muscle biopsy, and (v) the patient signed an informed consent
agreement. Four of these cases were previously reported [17]. Two
other cases were also previously reported as case reports [18,19].

As the control groups for inflammatory myopathy, we selected 68
patients with anti-signal recognition particle-positive (SRP+) and 51
patients with anti-aminoacyl transfer RNA synthetase-positive (ARS +).
These 119 patients were included in the Integrated Diagnosis Project for
Inflammatory Myopathies, for which they were recruited between
October 2010 and December 2014 [20,21]. This study was approved by
the Institutional Review Boards of Keio University, the National Center
of Neurology and Psychiatry, and Tokai University.
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2.2. Clinical features

Each patient's clinical information was provided by his or her re-
ferring physician, who completed detailed charts describing the clinical
course, the results of neurological examinations and laboratory find-
ings. We also obtained follow-up information. Disease severity was
graded according to the Common Terminology Criteria for Adverse
Events (CTCAE) version 5 (https://ctep.cancer.gov/
protocolDevelopment). Briefly, grade 1 corresponded to asympto-
matic CK elevation or myalgia alone, grade 2 to mild muscle weakness
with minimal limiting of daily living abilities, grade 3 to moderate
muscle weakness and a requirement for hospitalization, and grade 4 to
severe muscle weakness and a life-threatening condition. Activities of
daily living were assessed using the patient's performance status ac-
cording to the Eastern Cooperative Oncology Group [22]. The tumor
response to PD-1 inhibitors was evaluated based on the new response
evaluation criteria in solid tumors (revised RECIST) [23].

2.3. Autoantibodies detection

We performed screening of autoantibodies related to inflammatory
myopathy using RNA immunoprecipitation [24]. Briefly, 10 pl aliquots
of serum were mixed with 2mg of protein A-Sepharose CL-4B (Phar-
macia Biotech AB) in 500l of immunoprecipitation buffer and in-
cubated for 2h. After washing three times with immunoprecipitation
buffer, antigen-bound Sepharose beads were mixed with 100 pl of HeLa
cell extract (6 x 10° cell equivalents per sample) for 2 h, and then 30 pl
of 3 M sodium acetate, 30 pl of 10% sodium dodecyl sulfate, and 300 pl
of phenol:chloroform:isoamyl alcohol (50:50:1, containing 0.1% 8-hy-
droxyquinoline) were added to extract the bound RNA. After ethanol
precipitation, the RNA was resolved using a 7-M urea-8% poly-
acrylamide gel, and the gel was silver-stained.

Anti-striational antibodies were first described as serum im-
munoglobulins reacting with cross-striations of skeletal muscle in pa-
tients with myasthenia gravis [25]. Main autoantigens of anti-stria-
tional antibodies were titin and voltage-gated potassium channel,
Kv1.4. To screen for anti-striational antibodies, we performed cyto-
metric cell-based assays using human embryonic kidney cells trans-
fected with titin and Kv1.4. Briefly, 5.0 X 10° transfected cells were
incubated on ice for 1 h with the patients’ serum (1:100). Then the cells
were washed and incubated with phycoerythin-labeled secondary anti-
human IgG (1:1000) antibodies (Thermo Fisher Scientific, Tokyo) for
30 min. Finally, the cells were applied to a flow cytometer and analyzed
with Kaluza software (Gallios, Beckman Coulter, Brea, CA). Auto-
antibodies were determined by differences in phycoerythin fluores-
cence between the transfected and control cells.

2.4. HLA genotyping

Genomic DNA was extracted from peripheral blood using standard
methods. The patients were genotyped by the next generation sequen-
cing based HLA DNA typing method [26] for six loci (HLA-A, -B, -C,
-DRB1, -DQB1 and -DPB1). Four-hundred sixty and 114 healthy Japa-
nese subjects were genotyped by the PCR-SSO-Luminex method (Wa-
kunaga Japan or One Lambda CA) for four loci (HLA-A, -B, -C and
-DRB1) and two loci (HLA-DQB1, DPB1), respectively.

2.5. Statistical analyses

Analyses were performed using statistical analysis software (IBM/
SPSS version 20, Armonk, NY) or R software (version R-3.5.1).
Comparisons of relative frequencies were tested for significance using
the chi-square test for 2 x 2 tables and Fisher's exact test. Continuous
variables were compared using the Mann-Whitney U test. Values of
p < 0.05 were considered significant.
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Table 1
Demographic and clinical features of 19 patients with PD-1 myopathy.
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No/age CTCAE Cancers Drugs x cycles Onset (d)* Initial muscle Creatine kinase (IU/ Anti  Anti Anti- Impaired NMJ
/gender  grade weakness L) -titin  -Kv1l.4 AChR Transmission
1/25/M 2 Hodgkin N x2 21 Limb weakness 732 - + - N/A
2/46/F 2 NSCLC Nx2 27 Ptosis 895 + + - +
3/53/M 2 NSCLC Nx2 33 Ptosis 6418 + - - +
4/63/M 2 Bladder ca. Px1 35 Ptosis 3385 - - - N/A
5/73/M 2 NSCLC Px1 30 Double vision 7311 + - - -
6/73/M 2 NSCLC Px2 25 Limb weakness 1643 - - - -
7/73/M 2 Colon ca. Nx3 37 Ptosis 2090 + - - N/A
8/79/F 2 RCC Nx2 24 Ptosis 5350 + - +
9/83/M 2 NSCLC Px2 28 Ptosis 4361 - - - +
10/83/M 2 NSCLC Nx2 32 Neck weakness 3350 - - - N/A
11/63/F 3 Pharyngeal ca. N x 3 30 Neck weakness 3021 - - +
12/75/M 3 NSCLC N x 2 28 Neck weakness 12,119 + - +
13/78/M 3 RCC N Xx2 29 Ptosis 10,331 - - - +
14/78/M 3 NSCLC Px2 38 Ptosis 6230 - + - -
15/84/F 3 Urothelial ca. P x 2 24 Ptosis 828 + - - +
16/68/M 4 NSCLC N x2 29 Dysphagia 9892 + + - N/A
17/74/F 4 Colon ca. Nx2 37 Limb weakness 5331 - + - -
18/77/F 4 NSCLC Px1 48 Ptosis 6888 + + + +
19/80/M 4 Melanoma Px1 19 Dyspnea 9536 + + + -

Patients 5, 9, 12, 16, 17 and 19 were previously reported [17-19].

AChR = acetylcholine receptor, ca. = cancer or carcinoma; CTCAE = Common Terminology Criteria for Adverse Events; N = nivolumab; N/A = not available;
NMJ = neuromuscular junction; NSCLC = non-small cell lung cancer; P = pembrolizumab; PD-1 = programmed cell death 1; RCC = renal cell carcinoma.

2 Onset day after the initial PD-1 inhibitors treatment.
3. Results
3.1. Demographic and background features

The demographic and background features of the 19 patients with
PD-1 myopathy are summarized in Table 1. These patients included 13
men and six women with a mean age of 70 years (range, 25-84 years).
Disease severity at disease onset was assessed as CTCAE grade 2 in 10
patients (the mild form) and as CTCAE grade 3-4 in 9 patients (the
severe form). Patients with asymptomatic CK elevation or myalgia
alone (CTCAE grade 1) were not included. Nivolumab was administered
in 11 patients, whereas pembrolizumab was used in eight patients.
Treatment with PD-1 inhibitors was performed in one cycle (n = 4),
two cycles (n = 13), or three cycles (n = 2). The interval between the
first PD-1 inhibitor treatment and the onset of PD-1 myopathy ranged
from 19 to 48 days; the average was 29 days.

3.2. Clinical features

Ptosis was frequently noticed as the initial muscle weakness in 10
patients. Other initial muscle weaknesses included limb weakness
(n = 3), neck weakness (n = 3), diplopia (n = 1), dysphagia (n = 1),
and dyspnea (n = 1).

The clinical characteristics of PD-1 myopathy are summarized in
Table 2.

Ocular muscle involvement was frequently observed in PD-1 myo-
pathy patients. It was noted that five patients had limited involvement
of ocular muscles. Ocular symptoms included both ptosis and diplopia
in 12 patients, ptosis alone in three and diplopia alone in one. Ptosis
was found ipsilateral in three patients and bilateral in 12 patients.
Regarding bulbar symptoms, all 10 patients experienced dysphagia, but
only five patients noticed difficulty in speaking. Severe dysphagia re-
quiring nasogastric tubes was seen in five patients. A videofluoroscopic
examination of swallowing showed severe dysphagia mainly in the
pharyngeal stage (Supplementary Video 1).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.jaut.2019.03.005.

Limb muscle weakness was observed in 13 patients. Among the 14
patients with neck muscle weakness, six had marked weakness pre-
senting with continuous dropped head. Cardiac muscle involvement

was observed in four patients. A definite histological diagnosis of
myocarditis was obtained in two patients. Respiratory muscles were
affected in six patients.

Myalgia was frequently observed in 16 patients and localized
especially in the neck, back, or legs.

3.3. Comparison among inflammatory myopathy subsets

To investigate PD-1 myopathy as an individual subset of in-
flammatory myopathy, we compared clinical and laboratory features
between PD-1 myopathy and SRP + or ARS + myopathies (Table 2).
PD-1 myopathy was associated with older age at disease onset and male
predominance. Patients with SRP+ and ARS + myopathy lacked
ocular symptoms. The frequencies of facial muscle weakness and car-
diac and respiratory muscle involvement were significantly higher in
patients with PD-1 myopathy than in those with SRP + or
ARS + myopathy. Bulbar symptoms and neck weakness were seen in
patients with PD-1 and SRP + myopathies with a similar frequency.
Myalgia was more common in PD-1 myopathy than in SRP + or
ARS + myopathy.

3.4. Laboratory findings

An elevation of serum CK was observed several days before the
onset of PD-1 myopathy. The peak serum CK in 19 patients with PD-1
myopathy was 5247 IU/L on average. Three patients had CK activity
less than 1000 IU/L; however, their values were increased 5-fold
compared to before disease onset. CK levels were significantly higher in
the nine patients with the severe form than in the 10 patients with the
mild form (7131 IU/L versus 3354 IU/L, p = 0.03).

Needle EMG electromyography was performed in 11 patients.
Myopathic motor unit potentials with positive sharp waves and/or fi-
brillation potentials were recorded in eight patients.

Representative muscle MR images are shown in Fig. 1. Nine patients
underwent muscle MRI. Fat-suppression T2-weighted or gadolinium
enhancement T1-weighted MR images showed high intensity signals
with enhancement in six patients. Focal or diffuse abnormal signals
were detected in the corresponding muscles including muscles of the
neck, trunk and extremities.
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Table 2
Comparison among three subsets of inflammatory myopathies.
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PD-1 myopathy (n = 19) SRP + myopathy (n = 68) ARS + myopathy (n = 51) P-value PD-1 vs. SRP+

P-value PD-1 vs. ARS+

Age at disease onset (average) 70 55 60 0.0008 0.02
Male (%) 13 (68) 28 (41) 20 (39) 0.04 0.03
Predisposing factors (%)
Statin 4(21) 34 1(2) 0.02 0.006
Cancer 19 (100) 4 (6) 6 (12) < 0.0001 < 0.0001
Rheumatic disease 1(5) 8(12) 8 (16) 0.7 0.4
Muscle weakness (%)
Diplopia 13 (68) 0(0) 0 (0) < 0.0001 < 0.0001
Ptosis 15 (79) 0 (0) 0 (0) < 0.0001 < 0.0001
Facial muscle involvement 8 (42) 3@ 2@ < 0.0001 0.0002
Bulbar symptoms 10 (53) 46 (68) 15 (29) 0.2 0.07
Limbs weakness 13 (68) 68 (100) 51 (100) < 0.0001 < 0.0001
Severe limbs weakness 7 (37) 43 (63) 14 (27) 0.04 0.6
Neck weakness 14 (74) 48 (71) 17 (33) 0.8 0.003
Cardiac involvement 4 (21) 1) 1(2) 0.007 0.03
Respiratory muscle involvement 6 (32) 8 (12) 6 (12) 0.04 0.05
Muscle atrophy 2(11) 46 (68) 15 (29) < 0.0001 0.0003
Decreased deep tendon reflex 5 (26) 31 (46) 8 (16) 0.3 0.3
Myalgia 16 (84) 27 (40) 15 (29) 0.002 0.0001
Blood examination
Creatine kinase (average, IU/L) 5247 6589 4288 0.17 0.37
Elevated C-reactive protein (%) 3 (16) 13 (19 31 (61) 0.7 0.0008
Antinuclear antibody positivity (%) 1 (5) 10 (15) 6 (12) 0.5 0.7

ARS+ = anti-aminoacyl transfer RNA synthetase-positive; PD-1 = programmed cell death 1; SRP+ = anti-signal recognition particle-positive.

3.5. Serological profiles

RNA immunoprecipitation can detect many autoantibodies based on
electrophoresis patterns. Autoantigens include SRP, ARS, U1-U5 ribo-
nucleoprotein, ribosome, Sm, Ku, Th/To, SSA and SSB. However, RNA
immunoprecipitation revealed no autoantigens in our 19 patients with
PD-1 myopathy (Supplementary Fig. 1). In-house and commercially

available enzyme-linked immunoassays also indicated no auto-
antibodies. Additionally, autoantibodies against 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase, Mi-2, transcriptional intermediary
factor 1y and melanoma differentiation-associated gene 5 were nega-
tive.

With regard to anti-striational antibodies, we investigated auto-
antibodies against titin and Kv1.4 using cytometric cell-based assays.

Fig. 1. Muscle MRI findings of PD-1 myopathy. Representative MRI obtained from patient 8 (A), patient 10 (B), patient 11 (C-E) and patient 13 (F) show abnormal
high intensity signals in the corresponding muscles. (A) Axial fat-suppression T2-weighted image of the paraspinal muscles. (B) Sagittal gadolinium enhancement fat-
suppression T1-weighted image of the posterior cervical muscles. (C) Axial T2-weighted image of the shoulder girdle muscles including the supraspinatus, infra-
spinatus and deltoid muscles. (D) Coronal fat-suppression T2-weighted image of the triceps brachii. (E) Coronal gadolinium enhancement fat-suppression T1-
weighted image of the spinal muscles and trapezius. (F) Axial fat-suppression T2-weighted image of the hamstring muscles.
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Table 3

Frequencies of HLA class I and II alleles.
n (%) PD-1 myopathy (n = 30)  Healthy controls (n = 920)  P-value
A*02:06 3(10) 82 (9) 0.7
A*24:02 16 (53) 358 (39) 0.1
A*26:01 4 (13) 72 (8) 0.3
B*15:01 3(10) 70 (8) 0.7
B*35:01 5@17) 60 (7) 0.05
B*52:01 8 (27) 116 (13) 0.05
C*01:02 5@17) 141 (15) 0.8
C*03:03 7 (23) 109 (12) 0.08
C*07:02 5@17) 137 (15) 0.8
C*12:02 9 (30) 117 (13) 0.01"
DRB1*01:01 3(10) 58 (6) 0.4
DRB1*04:05 4(13) 103 (11) 0.8
DRB1*09:01 4 (13) 128 (14) 1
DRB1*15:01 3(10) 62 (7) 0.5
DRB1*15:02 6 (20) 114 (12) 0.3

HLA = human leucocyte antigen; PD-1 = programmed cell death 1.
2 95% confidence interval: 1.16-6.89.

Seropositivity for anti-striational antibodies was regarded as detection
of one of these autoantibodies. We found anti-titin antibodies in 10
patients and anti-Kv1.4 antibodies in nine patients. Among 19 patients
with PD-1 myopathy, 13 (68%) had at least one anti-striational anti-
body. In contrast, only two patients were positive for anti-acetylcholine
receptor antibodies (350 nM and 37 nM) (Table 1).

3.6. HLA genotyping

HLA genotyping was performed in 15 patients with PD-1 myopathy.
The results for HLA class I and II alleles at nine loci were obtained using
the next-generation gene sequence (Supplementary Table 1). We pro-
ceeded to analyze HLA associations, as summarized in Table 3. Among
HLA class I alleles, HLA-C*12:02 alleles were frequently detected in
patients with PD-1 myopathy compared to 460 healthy controls (30%
vs. 13%). The HLA class I haplotype HLA-A*24:02-B*52:01-C*12:02
was found in seven (47%) of 15 patients with PD-1 myopathy.

3.7. Histological evaluation

Muscle histology was evaluated in seven patients. Multifocal con-
fluent areas comprising 10-15 muscle fibers undergoing degeneration
including necrosis with some features of regeneration were found on
hematoxylin-eosin staining (Fig. 2A). Aberrant expressions of major
histocompatibility complex class I antigen were observed on the cell
surface mainly in the areas of degenerating muscle fibers (Fig. 2B).
Scattered foci of inflammatory cell infiltration were found pre-
dominantly in the endomysium. At the foci of the infiltrating cells,
CD4% and CD8* T-cells were seen to roughly the same degree. CD20 ™"
B-cells and CD68 * macrophages were also detected. Perifascicular
atrophy, rimmed vacuoles and vasculitic change were not observed.
Lesions of necrotic or regenerated of muscle fibers in PD-1 myopathy
were different from those in SRP + myopathy (scattered distribution)
or ARS + myopathy (perifascicular distribution) (Supplementary
Fig. 2).

Cardiac muscle biopsy was performed in two patients. Histological
analysis showed lymphocyte infiltration of the myocardium with much
greater infiltration of CD8™ T-cell lymphocytes than of CD4* T-cells.

3.8. Tests for neuromuscular junction

Since patients with PD-1 myopathy presented ocular symptoms,
physicians often initially considered a diagnosis of myasthenia gravis.
Fluctuation of muscle weakness was reported in seven patients. Among
14 patients available for neuromuscular junction tests, nine patients
showed the impairment of neuromuscular transmission (Table 1). An
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Fig. 2. Muscle histology. (A) Myophagocytosis and necrotizing muscle fibers
are multifocally confluent. Hematoxylin and eosin stain. (B) The expression of
major histocompatibility complex class I antigen is highlighted on the cell
surface mainly in the area of degenerating muscle fibers. Scale bar: 500 um.

edrophonium test was performed in 10 patients. Although the physi-
cians regarded four patients as showing positive responses to choli-
nesterase inhibitors, the improvement was not as remarkable as is ty-
pically observed in myasthenia gravis. The other six patients showed no
improvement. An ice pack test revealed improvement of ptosis in three
of six patients. Repetitive nerve stimulation revealed an abnormal de-
crement in only three of 14 patients. Single fiber EMG revealed in-
creased jitter in the two patients who had no decrement.

3.9. Treatment

Treatment and follow-up data of PD-1 myopathy are given in
Table 4. The following course of PD-1 inhibitor treatment was dis-
continued in all patients. Seventeen patients, excluding two with the
mild form, received immunosuppressive therapy with corticosteroids.
Intravenous methyl-prednisolone pulse therapy was initially performed
in nine patients, followed by oral or intravenous administration of
prednisolone. The other eight patients were initially treated with the
oral administration of prednisolone. Five patients with the severe form
required additional treatment including intravenous immunoglobulin
(n = 4), plasma exchange (n = 4), and tacrolimus (n = 1). Respiratory
support was necessary in four patients.

3.10. Serial changes of serum CK

We assessed the serial changes of serum CK levels in 17 patients
(Fig. 3). Serum CK levels were dramatically decreased soon after the
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Table 4
Treatment and follow-up data.
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No Immunotherapy PS Tumor response Other irAEs Follow-up duration Neurological outcome®, tumor status
(m)
1 IVMP, PSL (10 mg) 2 PR 10 Remission at 20 wks, tumor growth
2 None 2 PD - 3 Remission at 2 wks, died of cancer
3 IVMP, PSL (30 mg) 2 PD + 6 Improvement over 7 wks
4 PSL (30 mg) 2 PR + 5 Remission at 8 wks
5 IVMP, PSL (20 mg) 2 PR + 12 Remission at 14 wks, died of cancer
6 PSL (70 mg) 2 PR + 10 Remission at 2 wks
7 PSL (30 mg) 2 PR + 6 Remission at 8 wks
8 None 2 SD - 17 Remission at 4 wks
9 PSL (20 mg) 2 PR + 13 Remission at 6 wks, restart of pembrolizumab, tumor growth
10 PSL (10mg) 2 PD - 5 Remission at 5 wks, died of cancer
11 PSL (40mg) 3 SD 10 Improvement over 8 wks, tumor growth
12 PSL (70mg), IVIg 3 SD - 6 Improvement over 18 wks
13 IVMP, PSL (50 mg) 3 SD - 11 Remission at 10 wks
14 IVMP, PSL (80 mg) 3 PD 3 Improvement over 13 wks, died of cancer
15 IVMP, PSL (30 mg) 4 PR - 6 Improvement over 12 wks, died of cancer
16 IVMP, PSL (60 mg), PP, IVIg, MV 5 SD - 2 No improvement, died of myocarditis
17 IVMP, PSL (50 mg), PP, IVIg, MV, 4 SD 8 Improvement over 12 wks, confined to a where chair, tumor
tacrolimus growth, died of cancer
18 PSL (40 mg), PP, MV 4 PR + 14 Recovered over 29 wks, fracture of femoral hip
19 IVMP, PSL (100 mg), PP, IVIg, MV 4 SD + 6 Wean off ventilation, bedridden, transferred to a nursing home

irAE = immune-related adverse events; IVIg = intravenous immunoglobulin; IVMP = intravenous methyl-prednisolone pulse therapy; MV = mechanical ventilation;
PD = progressive disease; PP = plasmapheresis; PR = partial response; PS = performance status; PSL = prednisolone (maximum daily dose); SD = stable disease.

2 Duration after the immunosuppressive therapy.

immunosuppressive therapy. Serum CK levels returned to the normal
ranges within 20 days on average (range 5-54 days). There were no
differences in the duration of CK normalization between patients with
the mild and severe forms (16 days versus 25 days on average).

3.11. Responses to treatment

The patients’ activities of daily living were severely impaired by PD-
1 myopathy. The performance status at the worst condition was graded
as performance status 2 in 10 patients with the mild form. In contrast,
nine patients with the severe form showed performance status 3-5 and
required long-term hospitalization.

Immunosuppressive therapy was generally effective for treating
muscle weakness. The symptoms of patients with the mild form started
to respond to corticosteroids within several days. In contrast, the pa-
tients with the severe form showed a gradual improvement in muscle
strength over several months. With regard to the order of recovery,
ptosis initially responded to the immunosuppressive therapy, followed
by limb and neck weakness, and finally bulbar symptoms. The dose of

(IU/L)
10000
8000

6000

4000

creatine kinase

2000

prednisolone was gradually tapered in accordance with the improve-
ment in muscle weakness.

Tumor responses to PD-1 inhibitors were favorable. Follow-up
evaluation of cancers showed a partial response in eight (42%) patients
who only underwent one to three cycles of PD-1 inhibitors. Seven pa-
tients had stable disease, but the other four patients showed a pro-
gressive disease course.

3.12. Additional irAEs

Fifteen additional irAEs of other organs were found in 11 (58%) of
the 19 patients with PD-1 myopathy. They included hepatotoxicity
(n = 8), pneumonitis (n = 2), skin toxicity (n = 2), arthritis (n = 2),
and thyroid gland disorders (n = 1).

3.13. Final outcome

We followed the patients for a mean duration of 12 months (range,
2-17 months). The neurological outcomes indicated that 10 patients,

Fig. 3. Serial changes of serum creatine kinase.
Serum creatine kinase levels were decreased soon
after the initiation of corticosteroids. Day 1 corre-
sponds to the first day of the corticosteroids. Red
lines show the serial changes of serum creatine ki-
nase levels in patients with the mild form, while blue
lines show those in patients with the severe form.
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most of them with the mild form, achieved a remission of muscle
weakness. These remissions ranged from two to 20 weeks after the start
of immunosuppressive therapy. Among these 10 patients, one patient
received the minimal dose of prednisolone (5 mg/day). In spite of the
discontinuation of immunosuppressive therapy, the other nine patients
did not experience relapses.

On the other hand, nine patients did not achieve a remission of PD-1
myopathy. Clinical symptoms gradually improved over eight to 29
weeks in seven of these patients. At the final follow-up, these patients
received oral prednisolone of 12 mg/day on average because of residual
muscle weakness. As for the remaining two patients, one was weaned
from the mechanical ventilation, but was still bedridden. The other died
of myocarditis despite intensive therapy.

Six patients with PD-1 myopathy died of cancer. Among them, two
patients initially showed a partial response, but their cancers subse-
quently deteriorated. Only one patient with the mild form started
pembrolizumab again, because of its marked effectiveness against his
NSCLC.

4. Discussion
4.1. Presentation

The clinical characteristics of PD-1 myopathy can be summarized as
follows: (i) the disease severity was mild for 10 patients and severe for
nine; (ii) PD-1 myopathy occurred 29 days on average after the first
treatment; (iii) ocular, facial, cardiac, and respiratory muscle involve-
ment as well as myalgia were frequently observed compared to the
control groups; (iv) immunosuppressive therapy was effective with the
prompt normalization of CK.

In a post-market survey of Japanese cancer patients undergoing
nivolumab monotherapy as of July 2017 (https://www.opdivo.jp/
basic-info), the frequency of irAE myositis was estimated to be
0.25%. In contrast, a US database showed the frequency of irAE myo-
sitis to be 0.15% in patients undergoing nivolumab monotherapy [27].
It is likely that Japanese individuals are more prone to develop PD-1
myopathy compared to other ethnic groups. HLA genotyping in the
present study may be ascribed to this tendency. Although the haplotype
frequency of HLA-A*24:02-B*52:01-C*12:02 was 23% in PD-1 myo-
pathy, this haplotype was reported to be extremely rare in Hispanics,
Caucasians, and North Americans. On the other hand, the frequency in
Asians was 1% [28], and it was especially common in Japanese, with a
frequency of up to 10% (HLA laboratory: http://www.hla.or.jp/haplo).

There is a close relationship between cancer and inflammatory
myopathy. This association was well recognized in dermatomyositis,
particularly with respect to autoantibodies against transcriptional in-
termediary factor 1y and nuclear matrix protein 2 [29]. Recently, anti-
3-hydroxy-3-methylglutaryl-coenzyme A reductase antibodies were
also shown to be related to malignancy [30]. Since PD-1 inhibitors
augment autoimmune reactions, the drugs may trigger to the devel-
opment of paraneoplastic myopathy. In this regard, we note that our 19
patients did not have a dermatomyositis rash such as Gottron's sign/
papule or heliotrope rash. In addition, none had anti-transcriptional
intermediary factor 1y or anti-3-hydroxy-3-methylglutaryl-coenzyme A
reductase antibodies, although anti-nuclear matrix protein 2 antibodies
were not tested. We considered that PD-1 myopathy did not arise from
paraneoplastic syndrome in any of our patients.

Anti-striational antibodies are found especially in patients with
thymoma-associated myasthenia gravis, although their pathogenetic
roles are not fully elucidated. Recently, some investigators have re-
ported that anti-striational antibodies were detectable in the serum of
patients who developed myositis after treatment with PD-1 inhibitors
[10,14,31,32]. We also demonstrated that 68% of our patients with PD-
1 myopathy possessed anti-striational antibodies. Taken together, we
speculate that anti-striational antibodies can be potential diagnostic
biomarkers for PD-1 myopathy.
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Based on the clinical severity, patients with PD-1 myopathy were
divided into those with the mild form and those with the severe form.
Some patients with the mild form presented only ocular symptoms such
as ptosis and/or diplopia. In this clinical setting, the differentiation of
ocular myasthenia is challenging. One of the patients who underwent
muscle biopsy had only ocular symptoms but did not have limb muscle
weakness. His muscle histology obtained from the biceps brachii muscle
showed inflammation with necrosis and regeneration process. We
speculate that marked CK elevation reflects necrosis of systemic skeletal
muscles even if the patient exhibits only ocular symptoms.

The severe form of PD-1 myopathy was associated with a risk of
respiratory and cardiac muscle involvement. It should be noted that
myocarditis can cause both severe heart failure and lethal arrhythmias,
resulting in fatal outcomes [27]. In addition, bulbar and trunk muscles
were also affected in PD-1 myopathy with a frequency similar to that in
SRP + myopathy. As compared to limb muscle weakness, dropped head
and dysphagia were usually severe, and limited patients’ performance
status. Furthermore, these symptoms were resistant to
munosuppressive therapy with delayed recovery.

Previous studies reported the necrotic and regenerating process of
muscle fibers as a common major pathological finding of PD-1 myo-
pathy, as in immune-mediated necrotizing myopathy [16]. However, in
contrast to immune-mediated necrotizing myopathy, necrotic fibers are
multifocally clustered; they are isolated or scattered in immune-medi-
ated necrotizing myopathy. Our observation is consistent with the re-
ports suggesting that the pathological features are not identical to those
of already-known idiopathic inflammatory myopathies [29,33].

im-

4.2. Management

There are guidelines for the treatment of neuromuscular irAEs [3,4].
For all but the minimum symptoms (CTCAE grade 1), therapy with PD-
1 inhibitors should be withheld. In cases with mild symptoms (CTCAE
grade 2), treatment with prednisolone 0.5-1 mg/kg is considered. High-
dose steroid therapy with oral prednisolone (1-2mg/kg) or the i.v.
equivalent is preferentially used in severe neuromuscular irAEs (CTCAE
grade 3-4). In the present study, other immunotherapies such as in-
travenous immunoglobulin or plasmapheresis were required. Immune-
modulating medication is generally effective for PD-1 myopathy as well
as the prompt normalization of CK levels. Corticosteroids should be
started in cooperation with consultant neurologists as soon as possible.
In this regard, cancer outcomes for patients whose irAEs were treated
with corticosteroids were not worse overall than the outcomes for pa-
tients who did not receive corticosteroids for irAEs [5].

The development of irAEs has been found to be associated with a
survival benefit in melanoma. In a retrospective analysis of the use of
nivolumab monotherapy in 576 patients, the objective response rate
was significantly higher in patients with irAEs compared to those
without irAEs [34]. In addition, the development of irAEs was asso-
ciated with a better survival outcome of nivolumab treatment with
advanced or recurrent NSCLC [35]. We demonstrated that the response
of PD-1 inhibitors to cancers was observed in 42% of patients, though
the overall response rates of nivolumab monotherapy range from 20%
to 30% in various cancers, except in Hodgkin's disease, where the re-
sponse is much better [6].

Making a decision to permanently discontinue PD-1 inhibitors is
difficult, since these drugs are potentially the last choice for survival
against advanced cancer. Patients and their doctors would hope to
continue the treatment with PD-1 inhibitors if the muscle symptoms of
PD-1 myopathy are tolerable. In our cohort, PD-1 inhibitors were re-
initiated in only one patient. During the follow-up period, seven pa-
tients died; six due to cancers and one due to severe myocarditis. An
absolute contraindication to restarting PD-1 inhibitors is life-threa-
tening toxicity, particularly cardiac, pulmonary, and neuromuscular
toxicity. However, in our experience, PD-1 myopathy itself is not al-
ways severe if it is properly treated.
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Fig. 4. Hypothesis. (A) Pathogenesis underlying PD-1 myopathy. (B) Relationship between myositis and myasthenia gravis.

4.3. Pathophysiology

We observed an association between PD-1 myopathy and HLA, but
this relation was not as strong as that between immune-mediated ne-
crotizing myopathy and HLA [36]. We estimate that tumors are more
closely involved in the pathogenesis of PD-1 myopathy than HLA
background. Similarly, the HLA association was observed in myasthenia
gravis patients without thymoma, but not found in those with thymoma
[37]. Cancer cells can escape the immune system by multiple me-
chanisms, including by secreting soluble suppressive factors and by
expressing immune-suppressive molecules [2]. The inhibition of PD-1
may increase the baseline T-cell-specific immune response against the
tumor. T-cell immunity, a major target for oncologic immunotherapy,
can directly recognize and kill antigen-expressing cells using CD8*
cytotoxic T-cells. The disadvantage of an augmented immune response
driven by T-cell activation is that it may activate an autoimmune re-
action, and thereby lead to irAEs.

While the exact pathogenesis underlying PD-1 myopathy remains
unclear, we speculate that the T-cell-mediated autoimmune mechanism
against molecules in muscles may be crucial (Fig. 4A). T-cells that are
autoreactive to muscle autoantigens including titin, Kv1.4, and others
may be latent in the peripheral blood. Since the blockade of PD-1 sig-
naling causes their activation, the cytotoxicity of autoreactive CD8* T-
cells results in the development of myositis. In addition, the activation
of autoreactive CD4 ™" T-cells leads to the production of anti-striational
antibodies. If autoreactive T-cells to acetylcholine receptors are also
activated, neuromuscular junction transmission will be impaired.
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Ocular symptoms in PD-1 myopathy may be ascribed to the impairment
of neuromuscular junction.

4.4. Limitations

It is important to disclose the relationship between myositis and
myasthenia gravis. Our present patient group was not sufficiently large
to address this issue, however, we indicate the potential relation of
myositis and myasthenia gravis (Fig. 4B). Although myositis and
myasthenia gravis are usually independent disorders, a few myositis
patients have also myasthenia gravis [38]. In contrast, PD-1 inhibitor
induced myositis and myasthenia gravis may share the same patho-
physiology, suggesting an emerging clinical entity (PD-1 myopathy).
From the view point of myasthenia as an irAE, CK-level elevations are
frequently observed with its concomitant occurrence with myositis
[17,39,40]. Our PD-1 myopathy cohort did not include patients with
myasthenia gravis alone. To address this question, the development of
an international database with complete clinical information and
samples is necessary to confirm the entity of PD-1 myopathy. In addi-
tion, comprehensive research involving electrophysiological, histolo-
gical, and immunological studies will be needed to elucidate the pa-
thophysiological mechanisms.

5. Conclusion

Our clinical, histological, and immunological findings indicated that
PD-1 myopathy is a discrete subset of inflammatory myopathy.



M. Seki, et al.

Conflicting interests

Dr. Suzuki holds a patent on cytometric cell-based assays for anti-
striational antibodies. Dr. Suzuki is a consultant/advisory board
member on neurologic side effects for Ono Pharmaceutical Company,
Bristol-Myers Squibb and MSD. The other authors had no conflicting
interest regarding the present study.

Acknowledgments

We thank all of the physicians and medical staff members who
contributed to the cancer therapy.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jaut.2019.03.005.

Funding

This work was supported by JSPC KAKENHI Grant Number
JP17K09784, Intramural Research Grant (29-4) for Neurological and
Psychiatric Disorders of NCNP, and a Health and Labour Sciences
Research Grant on Rare and Intractable Diseases (Validation of
Evidence-based Diagnosis and Guidelines, and Impact on QOL in
Patients with Neuroimmunological Diseases) from the Ministry of
Health, Labour and Welfare of Japan.

References

[1] Y. Ishida, Y. Agata, K. Shibahara, T. Honjo, Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death,
EMBO J. 11 (1992) 3887-3895.

P. Sharma, J.P. Allison, The future of immune checkpoint therapy, Science 348
(2015) 56-61.

J. Haanen, F. Carbonnel, C. Robert, K.M. Kerr, S. Peters, J. Larkin, et al.,
Management of toxicities from immunotherapy: ESMO Clinical Practice Guidelines
for diagnosis, treatment and follow-up, Ann. Oncol. 28 (2017) iv119-i142.

J.R. Brahmer, C. Lacchetti, B.J. Schneider, M.B. Atkins, K.J. Brassil, J.M. Caterino,
et al., Management of immune-related adverse events in patients treated with im-
mune checkpoint inhibitor therapy: American society of clinical Oncology clinical
practice guideline, J. Clin. Oncol. 36 (2018) 1714-1768.

M.A. Postow, R. Sidlow, M.D. Hellmann, Immune-related adverse events associated
with immune checkpoint blockade, N. Engl. J. Med. 378 (2018) 158-168.

L. Spain, S. Diem, J. Larkin, Management of toxicities of immune checkpoint in-
hibitors, Cancer Treat Rev. 44 (2016) 51-60.

A'F. Hottinger, Neurologic complications of immune checkpoint inhibitors, Curr.
Opin. Neurol. 29 (2016) 806-812.

W. Wick, A. Hertenstein, M. Platten, Neurological sequelae of cancer im-
munotherapies and targeted therapies, Lancet Oncol. 17 (2016) e529-e541.

S. Cuzzubbo, F. Javeri, M. Tissier, A. Roumi, C. Barlog, J. Doridam, et al.,
Neurological adverse events associated with immune checkpoint inhibitors: review
of the literature, Eur. J. Cancer 73 (2017) 1-8.

J.C. Kao, B. Liao, S.N. Markovic, C.J. Klein, E. Naddaf, N.P. Staff, et al.,
Neurological complications associated with anti-programmed death 1 (PD-1) anti-
bodies, JAMA Neurol 74 (2017) 1216-1222.

L. Spain, G. Walls, M. Julve, K. O'Meara, T. Schmid, E. Kalaitzaki, et al.,
Neurotoxicity from immune-checkpoint inhibition in the treatment of melanoma: a
single centre experience and review of the literature, Ann. Oncol. 28 (2017)
377-385.

L.M. Yshii, R. Hohlfeld, R.S. Liblau, Inflammatory CNS disease caused by immune
checkpoint inhibitors: status and perspectives, Nat. Rev. Neurol. 13 (2017)
755-763.

H. Vallet, A. Gaillet, N. Weiss, C. Vanhaecke, S. Saheb, V. Touitou, et al.,
Pembrolizumab-induced necrotic myositis in a patient with metastatic melanoma,
Ann. Oncol. 27 (2016) 1352-1353.

C.L. Haddox, N. Shenoy, K.K. Shah, J.C. Kao, S. Jain, T.R. Halfdanarson, et al.,
Pembrolizumab induced bulbar myopathy and respiratory failure with necrotizing
myositis of the diaphragm, Ann. Oncol. 28 (2017) 673-675.

C. Anquetil, J.E. Salem, B. Lebrun-Vignes, D.B. Johnson, A.L. Mammen, W. Stenzel,

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

113

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Journal of Autoimmunity 100 (2019) 105-113

et al., Immune checkpoint inhibitor-associated myositis, Circulation 138 (2018)
743-745.

M. Touat, T. Maisonobe, S. Knauss, O. Ben Hadj Salem, B. Hervier, K. Aure, et al.,
Immune checkpoint inhibitor-related myositis and myocarditis in patients with
cancer, Neurology 91 (2018) e985-e994.

S. Suzuki, N. Ishikawa, F. Konoeda, N. Seki, S. Fukushima, K. Takahashi, et al.,
Nivolumab-related myasthenia gravis with myositis and myocarditis in Japan,
Neurology 89 (2017) 1127-1134.

M. Hibino, K. Maeda, S. Horiuchi, M. Fukuda, T. Kondo, Pembrolizumab-induced
myasthenia gravis with myositis in a patient with lung cancer, Respirology case
reports 6 (2018) e00355.

A. Onda, S. Miyagawa, N. Takahashi, G. Mina, M. Takagi, I. Nishino, et al.,
Pembrolizumab-induced ocular myasthenia gravis with anti-titin antibody and
necrotizing myopathy, Intern. Med. (2019), https://doi.org/10.2169/
internalmedicine.1956-18.

Y. Watanabe, A. Uruha, S. Suzuki, J. Nakahara, K. Hamanaka, K. Takayama, et al.,
Clinical features and prognosis in anti-SRP and anti-HMGCR necrotising myopathy,
J. Neurol. Neurosurg. Psychiatry 87 (2016) 1038-1044.

E. Noguchi, A. Uruha, S. Suzuki, K. Hamanaka, Y. Ohnuki, J. Tsugawa, et al.,
Skeletal muscle involvement in antisynthetase syndrome, JAMA Neurol 74 (2017)
992-999.

M.M. Oken, R.H. Creech, D.C. Tormey, J. Horton, T.E. Davis, E.T. McFadden, et al.,
Toxicity and response criteria of the eastern cooperative Oncology group, Am. J.
Clin. Oncol. 5 (1982) 649-655.

E.A. Eisenhauer, P. Therasse, J. Bogaerts, L.H. Schwartz, D. Sargent, R. Ford, et al.,
New response evaluation criteria in solid tumours: revised RECIST guideline (ver-
sion 1.1), Eur. J. Cancer 45 (2009) 228-247.

S. Suzuki, T. Yonekawa, M. Kuwana, Y.K. Hayashi, Y. Okazaki, Y. Kawaguchi, et al.,
Clinical and histological findings associated with autoantibodies detected by RNA
immunoprecipitation in inflammatory myopathies, J. Neuroimmunol. 274 (2014)
202-208.

H.W. van der Geld, A.J. Strauss, Myasthenia gravis. Immunological relationship
between striated muscle and thymus, Lancet 1 (1966) 57-60.

T. Shiina, S. Suzuki, Y. Ozaki, H. Taira, E. Kikkawa, A. Shigenari, et al., Super high
resolution for single molecule-sequence-based typing of classical HLA loci at the 8-
digit level using next generation sequencers, Tissue Antigens 80 (2012) 305-316.
D.B. Johnson, J.M. Balko, M.L. Compton, S. Chalkias, J. Gorham, Y. Xu, et al.,
Fulminant myocarditis with combination immune checkpoint blockade, N. Engl. J.
Med. 375 (2016) 1749-1755.

K. Cao, J. Hollenbach, X. Shi, W. Shi, M. Chopek, M.A. Fernandez-Vina, Analysis of
the frequencies of HLA-A, B, and C alleles and haplotypes in the five major ethnic
groups of the United States reveals high levels of diversity in these loci and con-
trasting distribution patterns in these populations, Hum. Immunol. 62 (2001)
1009-1030.

S. Suzuki, A. Uruha, N. Suzuki, I. Nishino, Integrated diagnosis Project for in-
flammatory myopathies: an association between autoantibodies and muscle pa-
thology, Autoimmun. Rev. 16 (2017) 693-700.

Y. Allenbach, J. Keraen, A.M. Bouvier, V. Jooste, N. Champtiaux, B. Hervier, et al.,
High risk of cancer in autoimmune necrotizing myopathies: usefulness of myositis
specific antibody, Brain 139 (2016) 2131-2135.

M.A. Bilen, S.K. Subudhi, J. Gao, N.M. Tannir, S.M. Tu, P. Sharma, Acute rhabdo-
myolysis with severe polymyositis following ipilimumab-nivolumab treatment in a
cancer patient with elevated anti-striated muscle antibody, J Immunother Cancer 4
(2016) 36.

K. Takamatsu, S. Nakane, S. Suzuki, T. Kosaka, S. Fukushima, T. Kimura, et al.,
Immune checkpoint inhibitors in the onset of myasthenia gravis with hyperCKemia,
Ann Clin Transl Neurol 5 (2018) 1421-1427.

Y. Allenbach, O. Benveniste, H.H. Goebel, W. Stenzel, Integrated classification of
inflammatory myopathies, Neuropathol. Appl. Neurobiol. 43 (2017) 62-81.

J.S. Weber, F.S. Hodi, J.D. Wolchok, S.L. Topalian, D. Schadendorf, J. Larkin, et al.,
Safety profile of nivolumab monotherapy: a pooled analysis of patients with ad-
vanced melanoma, J. Clin. Oncol. 35 (2017) 785-792.

K. Haratani, H. Hayashi, Y. Chiba, K. Kudo, K. Yonesaka, R. Kato, et al., Association
of immune-related adverse events with nivolumab efficacy in non-small-cell lung
cancer, JAMA Oncol 4 (2018) 374-378.

Y. Ohnuki, S. Suzuki, T. Shiina, A. Uruha, Y. Watanabe, S. Suzuki, et al., HLA-DRB1
alleles in immune-mediated necrotizing myopathy, Neurology 87 (2016)
1954-1955.

S. Suzuki, K. Utsugisawa, Y. Nagane, T. Satoh, M. Kuwana, N. Suzuki, Clinical and
immunological differences between early and late-onset myasthenia gravis in
Japan, J. Neuroimmunol. 230 (2011) 148-152.

S. Suzuki, K. Utsugisawa, H. Yoshikawa, M. Motomura, S. Matsubara, K. Yokoyama,
et al., Autoimmune targets of heart and skeletal muscles in myasthenia gravis, Arch.
Neurol. 66 (2009) 1334-1338.

N.L. Gonzalez, A. Puwanant, A. Lu, S.M. Marks, S.A. Zivkovic, Myasthenia triggered
by immune checkpoint inhibitors: new case and literature review, Neuromuscul.
Disord. 27 (2017) 266-268.

D. Makarious, K. Horwood, J.I.G. Coward, Myasthenia gravis: an emerging toxicity
of immune checkpoint inhibitors, Eur. J. Cancer 82 (2017) 128-136.


https://doi.org/10.1016/j.jaut.2019.03.005
https://doi.org/10.1016/j.jaut.2019.03.005
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref1
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref1
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref1
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref2
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref2
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref3
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref3
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref3
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref4
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref4
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref4
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref4
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref5
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref5
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref6
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref6
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref7
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref7
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref8
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref8
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref9
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref9
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref9
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref10
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref10
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref10
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref11
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref11
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref11
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref11
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref12
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref12
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref12
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref13
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref13
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref13
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref14
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref14
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref14
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref15
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref15
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref15
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref16
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref16
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref16
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref17
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref17
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref17
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref18
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref18
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref18
https://doi.org/10.2169/internalmedicine.1956-18
https://doi.org/10.2169/internalmedicine.1956-18
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref20
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref20
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref20
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref21
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref21
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref21
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref22
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref22
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref22
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref23
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref23
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref23
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref24
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref24
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref24
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref24
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref25
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref25
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref26
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref26
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref26
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref27
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref27
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref27
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref28
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref28
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref28
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref28
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref28
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref29
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref29
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref29
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref30
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref30
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref30
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref31
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref31
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref31
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref31
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref32
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref32
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref32
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref33
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref33
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref34
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref34
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref34
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref35
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref35
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref35
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref36
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref36
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref36
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref37
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref37
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref37
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref38
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref38
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref38
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref39
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref39
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref39
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref40
http://refhub.elsevier.com/S0896-8411(19)30039-3/sref40

	Inflammatory myopathy associated with PD-1 inhibitors
	Introduction
	Materials and methods
	Patients
	Clinical features
	Autoantibodies detection
	HLA genotyping
	Statistical analyses

	Results
	Demographic and background features
	Clinical features
	Comparison among inflammatory myopathy subsets
	Laboratory findings
	Serological profiles
	HLA genotyping
	Histological evaluation
	Tests for neuromuscular junction
	Treatment
	Serial changes of serum CK
	Responses to treatment
	Additional irAEs
	Final outcome

	Discussion
	Presentation
	Management
	Pathophysiology
	Limitations

	Conclusion
	Conflicting interests
	Acknowledgments
	Supplementary data
	Funding
	References




