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Abstract

Background and Objectives

Immune-mediated necrotizing myopathy (IMNM) caused by antibodies against 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR) is an inflammatory myopathy that has been
epidemiologically correlated with previous statin exposure. We characterized in detail a series of
11 young statin-naive patients experiencing a chronic disease course mimicking a limb-girdle
muscular dystrophy. With the hypothesis that HMGCR upregulation may increase immuno-
genicity and trigger the production of autoantibodies, our aim was to expand pathophysiologic

knowledge of this distinct phenotype.

Methods

Clinical and epidemiologic data, autoantibody titers, creatine kinase (CK) levels, response to
treatment, muscle imaging, and muscle biopsies were assessed. HMGCR expression in patients’
muscle was assessed by incubating sections of affected patients with purified anti- HMGCR+
serum. Whole-exome sequencing (WES) with a special focus on cholesterol biosynthesis—
related genes and high-resolution human leukocyte antigen (HLA) typing were performed.

Results

Patients, aged 3-25 years and mostly female (90.9%), presented with subacute proximal weakness
progressing over many years and high CK levels (>1,000 U/L). Diagnostic delay ranged from 3 to
27 years. WES did not reveal any pathogenic variants. HLA-DRB1*11:01 carrier frequency was
60%, a significantly higher proportion than in the control population. No upregulation or mis-
localization of the enzyme in statin-exposed or statin-naive anti-HMGCR+ patients was observed,
compared with controls.

*These authors contributed equally to this work.

From the Department of Neurology (L.L., C.L., M.C-A, A.C., AV., L.Q. E.G,, M.0O.), Neuromuscular Diseases Unit; Department of Genetics (A.S.-C., B.R.-S.), Hospital de la Santa
CreuiSantPau, Universitat Autonoma de Barcelona; Department of Neurology (C.D.-G.), Neuromuscular Diseases Unit, Hospital Universitario 12 de Octubre. Research Institute
imas12, Biomedical Network Research Centre on Rare Diseases (CIBERER), Instituto de Salud Carlos IIl, Madrid, Spain; Université Paris-Est Créteil (E.M.), INSERM, U955 IMRB;
AP-HP, Hopital Mondor, FHU SENEC, Service d'Histologie, Créteil, France; Department of Neurology (S.K.), Neuromuscular Diseases Unit, Osakidetza Basque Health Service,
Basurto University Hospital, Universidad del Pais Vasco, Bilbao; Institut de Recerca Sant Pau (IR Sant Pau) (B.R.-S., R.B., C.L., L.Q., E.G., M.0.), Barcelona; Biomedical Network
Research Centre on Rare Diseases (CIBERER), Madrid; Genomic Instability Syndromes and DNA Repair Group and Join Research Unit on Genomic Medicine UAB (B.R.-S.), Institut
de Recerca Sant Pau (IR Sant Pau), Hospital de la Santa Creu i Sant Pau; Immunology Department (O.C., A.M.), Hospital de la Santa Creu i Sant Pau, Universitat Autonoma de
Barcelona, Institut de Recerca Sant Pau (IR Sant Pau), Barcelona, Spain; Department of Genetics (A.D.), Craiova University Hospital, Romania; Neuropaediatrics Department
(A.N.O.), Neuromuscular Diseases Unit, Hospital Sant Joan de Déu, Fundacion Sant Joan de Déu, CIBERER - ISC IIl; Neurology Department (A.P., L.G.-M.), Neuromuscular Unit,
IDIBELL-Hospital de Bellvitge, Hospitalet de Llobregat, Barcelona; Pathology Department (A.H.-L.), Neuropathology Unit, Hospital Universitario 12 de Octubre, Madrid; Pa-
thology Department (C.J.), Institut Pediatric de Recerca, Hospital SantJoan de Déu, and MetabERN, Barcelona; Biomedical Network Research Centre on Rare Diseases (CIBERER),
Instituto de Salud Carlos Ill, Madrid; Department of Neurology (L.G.-M.), Hospital de Viladecans, Barcelona; and Department of Genetics (A.A.), Hospital Universitario 12 de
Octubre, Research Institute imas12, Madrid, Spain.

Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.
The Article Processing Charge was funded by the authors.
This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading

and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
€200285(1)


http://dx.doi.org/10.1212/NXI.0000000000200285
mailto:molivep@santpau.cat
https://nn.neurology.org/content/0/0/e200285/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/

Downloaded from https://www.neurology.org by 158.109.91.195 on 27 February 2025

Glossary

anti-HMGCR = anti-3-hydroxy-3-methylglutaryl coenzyme A reductase; anti-SRP = anti—signal-recognition particle; CI =
confidence interval; CK = creatine kinase; CLIA = chemiluminescent immunoassay; HLA = human leukocyte antigen; IgG =
immunoglobulin G; IMNM = immune-mediated necrotizing myopathy; IVIG = IV immunoglobulin; LGMD = limb-girdle
muscular dystrophy; MHC-I = major histocompatibility complex class I; NGS = next-generation sequencing; OR = odds ratio;
SAMS = statin-associated muscle symptoms; STIR = short-T'1 inversion recovery; T1w = T1-weighted; T2w = T2-weighted;
WES = whole exome sequencing.

Discussion

WES of a cohort of patients with dystrophy-like anti- HMGCR IMNM did not reveal any common rare variants of any gene,
including cholesterol biosynthesis—related genes. HLA analysis showed a strong association with HLA-DRB1*11:01, previously
mostly described in statin-exposed adult patients; consequently, a common immunogenic predisposition should be suspected,
irrespective of statin exposure. Moreover, we were unable to conclusively demonstrate muscle upregulation/mislocalization of

HMGCR in IMNM, whether or not driven by statins.

Introduction

Immune-mediated necrotizing myopathy (IMNM) is a type
of inflammatory myopathy clinically characterized by sub-
acute proximal weakness and high serum creatine kinase
(CK) levels. Most patients with IMNM produce anti-3-
hydroxy-3-methylglutaryl coenzyme A reductase (anti-
HMGCR) or anti-signal-recognition particle (anti-SRP)
autoantibodies. Most patients with anti- HMGCR IMNM
have a history of exposure to statins; however, symptoms fail
to resolve after statin discontinuation and immunosuppres-
sive therapy becomes necessary.'

IMNM associated with anti-HMGCR was first described in
the early 2000s by 3 groups reporting 38 statin-exposed adult
patients presenting with acute or subacute proximal limb
weakness.”* Many series since then have described further
characteristics of the disease. Bulbar, respiratory, or cardiac
involvement is extremely rare, and extramuscular symptoms
are usually absent. Muscle biopsy shows muscle fiber necrosis
and regeneration, frequent overexpression of major histo-
compatibility complex class I (MHC-I), and macrophage-
predominant inflammatory infiltrates with few lymphocytes.
Serum CK levels are very elevated, usually ranging from 1,000
to 20,000 U/L.' Although response to immunosuppressive
drugs is usually good, some patients require more than 1
agent. Different combination strategies are based on daily
corticosteroids, steroid-sparing immunosuppressive medica-
tion, and IV immunoglobulin (IVIG) therapy. Although CK
levels tend to decrease with medication, they continue high
and patients can only rarely be tapered off all treatment during
follow-up.® Although anti-HMGCR antibody titers correlate
with disease severity and decrease after treatment, they rarely
normalize in recovered patients.6

Up to 70%-75% of patients with anti-HMGCR IMNM have
been exposed to statins, according to large series.””® Nevertheless,
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statins are widely used and data to establish statins as causal agents
of IMNM generate controversy.9 Because previous exposure to
statins correlates with age, a lower percentage of younger patients
are exposed to statins compared with older patients (40% < 53
years vs 97% > 60 years). However, young age has been in-
dependently associated with greater disease severity and treatment
refractoriness.”"® A distinct anti-HMGCR IMNM phenotype has
been reported in very young statin-naive patients, with subacute
clinical presentation and chronic progression mimicking muscular
dystrophy. Cases of young asymptomatic patients with anti-
HMGCR antibodies and high CK levels, although extremely rare,
have been reported, with either progression of weakness without
treatment'' or complete resolution of CK elevation after treat-
ment with methotrexate and IVIG."”> Some children and young
adults with anti- HMGCR IMNM respond reasonably or very well
to immunotherapy.'>'* Nevertheless, pediatric cohort studies
report that even patients treated early on in the disease course may
experience clinical relapse or partial treatment response or may
need adjuvant immunosuppressants other than corticosteroids to
achieve disease stabilization.">'® In fact, a recent case-based review
reported that only one-third of children achieve complete re-

mission after a mean follow-up of 31 months."”

A chronic progressive course, often resembling limb-girdle
muscular dystrophy (LGMD), may manifest in statin-naive
patients affected by anti- HMGCR IMNM, and this may lead to
misdiagnosis or a lengthy diagnostic delay, sometimes of years,
until the anti-HMGCR antibodies are tested. We previously
reported a series of 5 young patients with anti- HMGCR IMNM
mimicking LGMD,"® and several subsequent reports have
documented similar phenotypes.'*'%'%%°
ports have attested to muscle imaging evidence of progression
from muscle edema to fatty infiltration over the years, demon-
strating irreversible muscle damage.'"” This fact would suggest
that treatment must be prompt, given that immunomodulatory
therapy initiated years after onset is usually unsuccessful in
controlling the disease.

Two recent case re-
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As yet unknown is why, in statin-naive subjects, anti-HMGCR
antibodies are produced, with subsequent development of
IMNM. It has been postulated that ingesting natural sources of
statins, e.g.,, mushrooms or red yeast rice, may trigger the disease
in predisposed individuals, especially in Japan and China, where
the association with pharmaceutical statin exposure is relatively
low. Evidence from large series of anti-HMGCR patients has
shown a well-established immunogenic association with human
leukocyte antigen (HLA) class II. The DRB1*11:01 allele is
strongly associated (OR = 25) with the development of anti-
HMGCR autoantibodies in adults.”' Although the association
has been described even in patients with no known statin ex-
posure, a stronger association (OR = 80) is observed when there
is a dual effect of HLA-DRB1*11:01 presence and statin expo-
sure.® In children, as opposed to adults, there is a strong asso-
ciation with the DRB1*07:01 allele."® In a study of 6 children and
young adults with a LGMD-like phenotype, haplotype analysis
indicated the presence of one or other of those alleles in most of
the patients, with no apparent correlation with age.'*

HMGCR is a ubiquitous cytoplasmic antigen expressed in
normal myotubes.”” Some authors claim that HMGCR en-
zyme upregulation, conformational changes, or mislocaliza-
tion from the intracellular space to the cell surface can break
immune tolerance and trigger autoantibody formation."*
Those mechanisms, especially when a HLA risk allele is pre-
sent, would result in aberrant processing by antigen-
presenting cells, producing the immunogenic epitopes that
lead to an autoimmune humoral response.

Two groups have recently described a new autosomal re-
cessive LGMD caused by biallelic loss-of-function variants in
the HMGCR gene, that led to a conformational change in the
enzyme and a phenotype of chronic progressive proximal
weakness.**** Although 10 of the 15 patients who were tested
did not have antibodies against HMGCR, this recent dis-
covery of a new molecularly identified recessive LGMD may
suggest that polymorphisms or pathogenic variants in
HMGCR might change enzyme conformation and activate the
immune system to produce autoantibodies. Another expla-
nation for immunologic loss of tolerance against HMGCR
may be mutations in other genes that encode proteins in-
volved in cholesterol biosynthesis, leading to secondary
compensatory overexpression of the enzyme in muscle cells
and triggering of the immune response.

With a view to exploring the possible existence of a genetic
predisposing condition, our aim was to describe in detail our
series of young patients with chronic anti-HMGCR IMNM
now enlarged to 11 and so expand knowledge of the un-
explored pathophysiology of this distinct disease phenotype.

Methods

Gathered clinical and epidemiologic data for the study of
11 patients are summarized in Table 1. Antibodies against
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HMGCR were detected by ELISA in 8 patients and chemi-
luminescent immunoassay (CLIA) in 3 patients. The patients
were also tested for anti-SRP antibodies.

Muscle Imaging

Muscle imaging studies—MRI or CT—were performed in 10
patients on diagnosis (9 MRI and 1 CT). The MRI protocol
included T1-weighted (T1w), short-T1 inversion recovery
(STIR), and T2-weighted (T2w) sequences.

Muscle Pathology

Muscle biopsies were performed in all 11 patients and were
previously processed for routine histochemical staining and for
immunohistochemistry, as previously described*® For the
purposes of this study, MHC-I and membrane attack complex
(MAC) immunostaining were assessed in 6 and 4 patients,
respectively. In addition, HMGCR protein expression was
assessed by immunohistochemistry in 1 statin-exposed
HMGCR+ IMNM patient, as previously described,*® and by
immunofluorescence in 2 statin-naive HMGCR+ IMNM pa-
tients and 1 healthy control using purified immunoglobulin G
(IgG) from statin-exposed HMGCR+ patient serum compared
with a seronegative control serum (IgG Purification Kit,
Thermo Fisher Scientific, Rockford, IL). The obtained IgG was
labeled with biotin following the manufacturer’s instructions
(EZ Link Biotinylation Kit, Thermo Fisher Scientific, Rock-
ford, IL). Muscle sections were immunolabeled using bio-
tinylated IgG and Alexa 594 streptavidin (Thermo Fisher
Scientific, Waltham, MA). Anti- HMGCR purified biotinylated
IgG immunoreactivity was double-checked by incubating pa-
tient seropositive and control seronegative sera in triple rat
tissue (NOVA Lite Rat Liver-Kidney-Stomach Kit, Inova Di-
agnostics, San Diego, CA) to observe the specific HMGCR-
associated liver immunofluorescence pattern (HALIP), as
previously described.”” HMGCR expression was also assessed
in 3 patient samples using a commercial antibody compared
with a healthy control (dilution 1:25 of anti-HMGCR sc-
271595, Santa Cruz Biotechnology Inc., Dallas, TX).

Whole-Exome Sequencing

Whole-exome sequencing (WES) was performed in all 11
patients to study coding exons and flanking regions ( £50 base
pairs) of candidate genes. In brief, DNA libraries were pre-
pared using Kapa reagents (Roche, including HyperExome
probes targeting the whole exome) and sequenced in a
NextSeq 500 instrument (Illumina, San Diego, CA). The
resulting fastq sequencing files were analyzed using standard
procedures, i.e, BWA alignment, GATK variant calling, and
ExomeDepth for copy number variants, and variants were
annotated using ANNOVAR.”**° Data filtering to obtain
candidate variants included assessment of population fre-
quencies, inheritance model, and impact on the protein,
among others.

Variants were classified according to American College of
Medical Genetics and Genomics and Association for Molec-
ular Pathology (ACMG/AMP) guidelines.®" Evaluated were
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Table 1 Main Clinical and Laboratory Characteristics of 11 Patients With Statin-Naive HMGCR+ IMNM

CK
levels
Patient Age at onset/Dx Ab titers (range Initial CKlevels atDx  HLA- Tx Years of
ID delay 0-19.9) (lu/L) (U/L) DRB1 Initial symptoms IS Tx (n) response Current clinical status follow-up
P1 Childhood/3y CLIA: 192 CU/mL 8,000 1,000  04:01; Subacute onset (2 mo) with symmetrical scapular > pelvic weakness and  IVIG, CS, AZA, Yes, Proximal and symmetric weakness, MRC 3+/5 10
04:07 significant flexor axial involvement. Frequent falls. Mild scoliosis and a MTX, MMF, RTX  partial periscapular and 4/5 pelvic. Ambulant
winged scapula from onset. No respiratory or bulbar involvement (6) No distal weakness. Cervical flexion weakness
Currently: IVIG 4/5 and axial flexion 3/5. Mild scoliosis, mild
in periodic lumbar hyperlordosis, scapular winging R > L
pulses + PDN 5
mg/d
P2 Adolescence/12y ELISA: 132 SGU 1,200 1,000 Np LL proximal weakness. Subacute, slowly progressive IVIG, CS, AZA(3) Yes, Proximal UL and LL weakness 4/5. Ambulant 14
partial
P3 Childhood/20y ELISA: 325 SGU 5,000-8,000 220 11:02; Subacute axial and limb-girdle weakness IVIG, CS, MTX, Yes, Manages to walk some steps at home but 23
11:04 RTX (4) partial needs wheelchair outdoors
P4 Early adulthood/  ELISA: 111 SGU 8,000 300 11:01; Subacute axial and limb-girdle weakness CS, IVIG, MTX, Yes, Proximal, distal, and axial weakness. MRC 3/5. 18
18y 01:01 AZA, RTX, TAC  partial Ambulant
(6)
P5 Early childhood/  CLIA: 59.5 CU/mL 6,000 200 07:01; Subacute onset of proximal weakness (loss of ambulation) and skin rash  CS, MTX, MMF  Yes, Mild proximal UL weakness (biceps 4/5) and 35
27y 13:02 on knees and knuckles, treated with CS for 5y with a partial response.  (3) partial severe in LL (psoas and glutei 1/5)
Ambulation recovered after the first year of treatment Currently: MMF Ambulant
1g/12h
P6 Early adulthood/  ELISA: 229 SGU 8,500 3,000 07:01; Proximal limb-girdle weakness CS, MTX, IVIG(3) No Severe proximal weakness 15
7y 15:01 Motor clumsiness since early childhood Wheelchair bound
P7 Childhood/25y ELISA: 183 SGU 10,000 225 11:01; Subacute proximal weakness in LL. CS,MTX, IVIG(3) No Proximal, distal, axial weakness 35
14:54 Wheelchair dependent
Respiratory failure: nocturnal NIV since 21y
P8 Adolescence/Sy  ELISA: 177 SGU 7,000 2,000 11:01; Progressive limb-girdle weakness, scoliosis and rigid spine, asymmetric ~ CS, IVIG (2) Yes, Clinicalimprovement, in particular inshoulder 10
08:01 scapular winging, axial involvement partial girdle
P9 Adolescence/14y Immunodot strong ~ UNL X5 1,082 07:01; Proximal weakness in LL, around 4y after also in UL. In 2012, treated with  CS, MTX, AZA, Yes, Mild proximal deficit: UL 4/5 and LL 4/5. 15
+. Confirmed in rat 11:01 CS for 1y without improvement IVIG (4) partial Muscle pain at rest and after exercise
triple tissue (HALIP)
P10 Early adulthood/  CLIA: 467,5 CU/mL 3,000 5,500 11:01; Progressive proximal LL weakness CS, MTX, IVIG(3) Yes, Proximal deficit in UL 4/5, LL 3/5, asymmetric 10
6y 11:04 Stopped running at 23 y. UL affected 2 y from onset. partial (worse on left side). Wheelchair bound. Mild
dysphagia. Elbow retractions
P11 Childhood/19y ELISA: 948 SGU 12,500 83 11:01; Subacute onset (mo) of LL weakness, frequent falls, ambulation lostin 1y.  IVIG, CS, AZA(3) Yes, Wheelchair bound. Only head, hand, and 22
01:02 At 12y, surgery for scoliosis. At 14 y, respiratory involvement. Cervical Currently: IVIG  partial finger movements
rigidity developed and CS Severe respiratory involvement: currently

tracheostomy, FVC 10%, IV 11 h/d

Abbreviations: Ab = antibody; AZA = azathioprine; CLIA = chemiluminescent immunoassay; CS = corticosteroid; CU/mL = chemoluminescence units/milliliter; Dx = diagnosis; FVC = forced vital capacity; HALIP = HMGCR-
associated liver immunofluorescence pattern; HLA = human leukocyte antigen; HMGCR = 3-hydroxy-3-methylglutaryl coenzyme A reductase; IMNM = immune-mediated necrotizing myopathy; IS Tx = immunosuppressive
treatment; IV = invasive ventilation; IVIG = IVimmunoglobulin; LL = lower limb(s); MMF = mycophenolate mofetil; MRC = Medical Research Council Muscle Strength Scale; MTX = methotrexate; NIV = noninvasive ventilation; Np =
not performed; PDN = prednisone; R > L = right > left; RTX = rituximab; SGU = standard units for ELISA; TAC = tacrolimus; Tx = treatment; UL = upper limb(s); U/L = units per liter; UNL = upper normal limit.
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rare variants in 40 genes related with the cholesterol bio-
synthesis pathway: ACATI, ACAT2, CARM1, COQ2, CREBBP,
CYPS1A1, DHCR24, DHCR7, EBP, EGR2, FDFTI, FDPS,
GGPS1, HMGCR, HMGCS1, HMGCS2, HSD17B7,IDI1, IDI2,
INSIG1, INSIG2, LBR, LIPA, LSS, MSMO1, MVD, MVK,
NSDHL, PMVK, PPARA, RXRA, SCSD, SCAP, SMARCD3,
SOAT1, SQLE, SREBF1, SREBF2, TBL1X, and TM7SF2. Also
evaluated were variants in 139 known genes associated with
muscular dystrophies and myopathies.

Human Leukocyte Antigen Typing and
Statistical Analysis

We used next-generation sequencing (NGS) to fu]ly sequence
the HLA of 10 patients to determine whether they carried the
DRB1*11:01 or DRB1*07:01 alleles or other unknown HLA
associations. Exons 1, 2, 3, 4, 5, 6, and 7/8 of HLA-A, HLA-B,
and HLA-C; exons 2 and 3 of HLA-DQBI1 and HLA-DRB];
and exons 1, 2, 3, 4, and S of HLA-DPB1 were amplified by
multiplex PCR (NGSgo®-MX6-1).** NGS was performed on a
MiSeq platform (Illumina, San Diego, CA) using the same kit.
All samples were simultaneously sequenced in a MiSeq run,
and the resulting sequences were analyzed using NGSengine
(version 2.8.1.27684; GenDX, Utrecht, Netherlands) and
IMGT/HLA Database (version 3.50.0). The percentage of
individuals carrying each allele (carrier frequency) was calcu-
lated for comparison with carrier frequency for the general
population, obtained from the Allele Frequencies database.**>’

To perform the statistical analysis, the weighted average
populational carrier frequency was calculated considering the
number of anti- HMGCR+ patients from each country rep-
resented in the study. Data were compiled in a coded data-
base. The degree of HLA data-disease association was
expressed as an odds ratio (OR) value for a 95% confidence
interval (CI). Fisher exact test, OR, and CI calculations were
performed using the GraphPad Prism v8.0 package.

Standard Protocol Approvals, Registrations,
and Patient Consents

All patients consented to participate in this observational
study. Clinical evaluations and complementary tests were
performed as part of the routine diagnostic workup.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results

Clinical and Laboratory Features

Of the 11 studied patients, 10 were female (90.9%), and in
terms of ethnicity, 10 were White (6 Spanish, 2 Romanian, 1
Italian, and 1 Algerian) and 1 was Latin American (Colom-
bian). All patients were positive for anti-HMGCR and nega-
tive for anti-SRP antibodies according to ELISA or CLIA
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detection tests. The main clinical characteristics and anti-
HMGCR antibody titers are summarized in Table 1.

Birth and early development were normal in all patients. Age at
onset ranged from 3 to 25 years, and diagnostic delay ranged
from 3 to 27 years. Most of the patients presented with sub-
acute proximal weakness in the lower limbs (and less frequently
in the upper limbs) that had developed over months; 1 patient
presented with a concomitant skin rash in the knee and knuckle
areas that disappeared after steroid therapy; 1 patient had the
Raynaud phenomenon; 1 patient had mild scoliosis and a
winged scapula from onset; S patients (45.5%) showed axial
weakness, either at onset or during evolution; 2 patients had
cervical rigidity; 1 patient had bulbar symptoms (P10); and
finally, 7.5 and 16 years after disease onset, 2 patients experi-
enced respiratory involvement requiring noninvasive (P7) and
invasive ventilation (P11). At symptom onset, CK levels were
markedly elevated (1,200-12,500 U/L).

Muscle Imaging

A muscle imaging study was performed in 10 patients (9 MRI
and 1 CT). MRI results for 6 patients (P1 to P6), shown in
Figure 1 and eFigure 1, suggest that progressive muscle at-
rophy correlates with longer disease duration. T1w images
showed early-stage absent or mild fatty infiltration in the
gluteal muscles that, symmetrically over time, progressed to
the thigh muscles, with no clear predominance of the anterior
or posterior compartment and, in the advanced disease stage,
involved the distal leg muscles (typically the medial gastroc-
nemius muscle). The presence of edema, revealed as STIR
hyperintensity, was variable and usually patchy in the thighs

and legs, irrespective of disease duration.

Biopsy Findings

Muscle biopsy results were available for 10 patients. Although
muscle pathology features were similar in all studied patients,
lesions varied from mild to severe and were characterized by
increased variability in fiber size, mild to moderate endomysial
fibrosis, and the consistent presence of very few to abundant
necrotic and regenerative fibers. Muscle biopsies from P6 and
P8 showed several whorled fibers. Inflammatory infiltrates
were present in 4 patients, generally very scarce except in 2
patients, one of whom (P6) showed several perivascular in-
flammatory infiltrates. MHC-I was overexpressed in 5 of 6
patients. MAC/CSb-9 deposition in the membrane of non-
necrotic fibers was observed in 4 of 4 tested patients. Muscle
pathology details are summarized in Table 2, and images for 3
muscle biopsies are shown in Figure 2.

No overexpression of the HMGCR protein was observed in the
muscle fibers of any of the studied patients after incubation with
purified IgG from the patient’s HMGCR+ serum, matching with
IgG from a control serum, and comparison with a healthy control
muscle. Inmunofluorescence images are shown in eFigure 2. No
differences in HMGCR expression using a commercial antibody
were observed either (data not shown).
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Figure 1 Lower-Limb MRI Scans (T1w and STIR Images) From 4 Patients

Disease progression in years. (A) Pa-
tient 1 (P1), 3 years. (B) P2, 12 years. (C)
P3, 20 years. (D) P4, 18 years. Left col-
umns: Axial T1w images in the pelvis,
thigh, and leg. Right columns: Matched
STIR images. Note progressive sym-
metric muscle involvement in relation
to disease progression. T1w images
initially show fatty infiltration in the
gluteal muscles that later spreads to
the thigh muscles, and in more ad-
vanced disease stages, leg in-
volvement affecting the medial
gastrocnemius muscle. Note also the
preservation of the gracilis and sarto-
rius muscles (asterisks), even in late
disease stages. STIR images show in-
creased water content in some mus-
cles (patchy inflammation) in 3 patients
irrespective of disease evolution: bi-
laterally in the gluteal and adductor
mayor musclesin P1 (A, arrows), in the
thighs and medial gastrocnemius
muscle in P3 (C, arrows), and in the
thighs in P4 (D, arrows).

Treatment and Clinical Response

All patients received a combination of 2 or more immuno-
suppressive medications (range 2-6; median 3). Corticoste-
roids were administered to all patients and IVIG to 10 of the
11 patients. The most frequently administered immunosup-
pressants were methotrexate (n = 8) and azathioprine (n = §),
followed by rituximab (n = 3), mycophenolate mofetil (n =2),
and tacrolimus (n = 1). Of note, 2 patients with disease
evolution of 7 and 25 years failed to respond to treatment,
whereas the remaining patients partially responded, with ei-
ther initial motor improvement or disease stabilization. No
patient achieved full remission, including cases diagnosed
early on and treated at 3, 5, and 6 years from onset. Treatment
intensification was tried in all cases, but outcomes were no
better. Table 1 reports treatments and current clinical status
for the 11 patients.

Whole-Exome Sequencing

WES did not reveal any causative pathogenic or likely path-
ogenic variant in 40 genes that encode proteins involved in
cholesterol biosynthesis. In this subset of candidate genes,
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identified in 4 patients were 6 heterozygous variants of un-
certain significance (VUS) in IDI2, MVD, HMGCS2, SOAT]I,
and DHCR?. A patient (P9) with a VUS in HMGCS2 had
another VUS in DHCRY7, both detected in a heterozygous
state in genes with an autosomal recessive inheritance (see
eTable 1 for more details). Likewise, no pathogenic variants
that could explain the phenotype were observed in any
myopathy-causative gene. Moreover, any rare variant (gno-
mAD v.2.1.1 allele frequency <0.05) in other genes was found
to be common to all patients.

Human Leukocyte Antigen Typing

Of 10 patients, 6 were carriers of the HLA-DRB1*11:01 and 3
were carriers of the DRB1*07:01 allele (1 was a carrier of both
risk alleles). The other 2 patients carried neither allele, spe-
cifically the only Latin American in the cohort (P1) and a
carrier of DRB1¥11:02 and DRB1*11:04 (P3). A significantly
higher proportion of the DRB1*11:01 allele was observed in
the anti-HMGCR+ patients compared with the general
population (60% vs 13.7%; OR = 9.4, p = 0.0009, CI =
2.65-33.39). By contrast, the percentage of patients carrying
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Table 2 Summarized Muscle Pathology Details

Patient Increased fiber size Muscle fiber Inflammatory Endomysial MHC class | MAC Additional

ID variability necrosis infiltrates fibrosis overexpression deposition  findings

P1 Important Abundant Scarce Mmild Yes np

P2 Moderate Mild Absent Mild np np

P3 Moderate Mild Absent Mild np np

P4 Moderate Mild Absent Mild np np

P5 Moderate Mild Absent Mild Yes np

P6 Moderate Abundant Moderate Mild Yes Yes Whorled fibers
P7 Moderate Moderate Scarce Absent Yes np

P8 Moderate Moderate Absent Moderate Yes Yes Whorled fibers
P9 Moderate Moderate Absent Mild np Yes

P10 Moderate Abundant Moderate Moderate Absent Yes

P11 Moderate nk nk nk nk nk

Abbreviations. MAC, membrane attack complex; MHC, major histocompatibility complex; np, not performed; nk, not known.

DRB1*07:01 did not differ from the weighted carrier fre-
quency for the general population (30% vs 27.4%; OR = 0.45,
p = 1.56; CI = 0.40-6.05).

Discussion

Performing WES and focusing on genes involved in choles-
terol biosynthesis, we could not prove a monogenic

predisposition in statin-naive children and young adults with
anti-HMGCR IMNM. Nevertheless, we did find a strong
association with HLA-DRB1*11:01, which is strongly and
mostly associated with statin-related IMNM in adults.

In children and young individuals compared with statin-
exposed adults, anti-HMGCR IMNM differs in terms of
clinical evolution, response to treatment, and prognosis. Pa-
tients tend to develop proximal muscle weakness early on in

Figure 2 Muscle Biopsy Findings From 3 Patients

A

(A-C) Patient 5 (P5). (D-F) P6. (G-I): P8. (A, D, E, G)
Hematoxylin and eosin staining (H&E). (B) CD8
immunohistochemistry. (C, ) MHC class | immu-
nohistochemistry; (F, H) MAC/C5b-9 immuno-
histochemistry. Histology shows mild to severe
changes ranging from minimal to important
variability in muscle fiber size, variable numbers
of necrotic fibers, and absent to moderate
endomysial fibrosis. Note the large number of
whorled fibers in P6. Note also the few CD8
lymphocytes present in P5, in contrast with the
large mononuclear perivascular inflammatory
infiltrate in P6. MHC class | overexpression is
absentin P5 but is diffusely overexpressed in P8.
Membrane attack complex (MAC) deposition in
the muscle fiber membrane can be observed in
P6 and P8.
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childhood or adolescence, and evolution is characteristically
chronic and slowly progressive, resembling a muscular dys-
trophy, often resulting in a delayed diagnosis.'*"'” Therefore,
a systematic suspicion of IMNM and testing for specific au-
toantibodies, especially in children and adolescents with
suspected but not genetically confirmed LGMD, may help
improve diagnostic time lines and lead to early treatment
before muscle damage becomes irreversible.

Although most of the patients in our cohort showed an initial
partial response to immunosuppressive medication, weakness
progressed over long-term follow-up despite intensive treat-
ment. Muscle biopsy showed different degrees of myofiber
necrosis and macrophage infiltration, with variable over-
expression of MHC-I and, in all tested samples, complement
deposition on the surface of non-necrotic fibers. These find-
ings are similar to those from larger studies assessing muscle
pathology in young and adult patients exposed or not to
statins, characterized by necrosis and regeneration of muscle
fibers with mild or absent lymphocytic infiltrates. MAC de-
position on sarcolemma has been reported in 65% of the
patients by some groups, whereas other authors have reported
MAC deposition exclusively in the cytoplasm of some ne-
crotic fibers.***" Other groups have described a constant
expression of the autophagy marker p62 in the sarcoplasm of
some fibers.*”** Nevertheless, p62 immunoreactivity was not
systematically assessed in our series. Despite the idea of
complement inhibition has been explored considering MAC
deposition in necrotizing autoimmune myopathy, a recent
randomized phase 2 trial with the CS inhibitor zilucoplan
failed to show significant clinical improvements or creatine
kinase decrease in these patients.** Such findings may relate
with the fact that necrotic and regenerating fibers, also in
nonimmune myopathies, activate complement, and therefore,
complement deposition is not a specific finding of
IMNM.** According to this, complement inhibition may
not be the adequate therapy target, but other potential drugs
have shown promising effects in vitro.

Our MRI findings suggest that this imaging tool can be useful
especially in early stages, when evident patchy muscle in-
flammation may raise suspicion of an inflammatory myopa-
thy. Diffuse fatty replacement, with active inflammation in
some cases, was evident in advanced disease stages. Never-
theless, in our patients we did not identify a specific pattern of
muscle involvement. This observation is similar to what has
been reported in adult patients with anti-HMGCR IMNM.**
Despite a characteristic pattern of muscle involvement was
proposed affecting preferentially hip rotators and glutei
muscles, after applying regression models, the estimated
positive predictive value was only 55%. A recent retrospective
study in patients with IMNM showed that muscle MRI can be
useful for monitoring disease activity and that the percentage
of STIR+ muscles correlated with higher risk of fat re-
placement at follow-up, but a specific pattern of involvement
was not identified either.* Regarding young statin-naive pa-
tients, only few imaging data from case reports are available
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with similar ﬁndings,11 17 and there are not larger series to
allow a proper comparation.

Some authors claim that upregulation of HMGCR and/or
conformational changes in the enzyme can increase immu-
nogenicity.1 Also meriting consideration is mislocalization
from the intracellular space to the cell surface, where there
could be possible targeting by autoantibodies.”> The mecha-
nism of this latter option is unclear, and it is not even known
whether it is feasible with HMGCR, but it has been described
for other intracellular proteins. Macrophages, for instance, can
express endoplasmic reticulum proteins in the plasma mem-
brane when they fuse to form multinucleated giant cells,* just
as fibroblasts can express chaperone proteins.”"

Those mechanisms (overexpression, conformational changes,
and/or mislocalization), together with specific inmunogenic
HLA alleles, would be the main route for statins, competitive
inhibitors of HMGCR, to trigger the disease through a hu-
moral immune response.’ Alternatively, anti-HMGCR auto-
antibodies might cross-react with a different unidentified
antigen. It cannot be ruled out, either, that the autoantibodies
may enter the muscle fibers, as has been shown for anti- DNA
antibodies,>> but recent experiments in healthy myotubes
show that the intracellular antigen is only accessible to anti-
HMGCR antibodies after cell permeabilization.22 This was
the reason that led us to investigate whether the existence of a
common genetic disorder could explain a predisposition to
produce antibodies against HMGCR in the absence of statin
exposure and why we evaluated HMGCR expression in
muscle fibers in our patients.

It has been shown that none of a large cohort of patients with
genetically determined muscular dystrophy had anti-
HMGCR antibodies, proving their high specificity.”® The
only previous attempt to seek genetic mutations in statin-
naive patients diagnosed with anti- HMGCR IMNM was done
by a group that performed WES in 8 treatment-refractory
patients, none of whom had a known pathogenic variant in
any of the muscular dystrophy genes.®

Nevertheless, despite the fact that HMGCR is the key rate-
limiting enzyme in the mevalonate pathway that ultimately
enables synthesis of cholesterol, cholesterol pathway-related
genes have never been studied. We hypothesized that a mu-
tation in a gene linked to cholesterol biosynthesis could cause
HMGCR overexpression, either as a compensatory mecha-
nism when cholesterol production is decreased or because of
deficient degradation of the enzyme. This overexpression
would cause a loss in immune tolerance and consequent
production of self-reacting antibodies against HMGCR—
similar, in fact, to the expected statin-mediated mechanism.
Some of the studied genes linked to cholesterol biosynthesis
encode the enzymes needed to produce cholesterol, including
HMGCR, among others.>* For instance, one of our patients
was carrier of a VUS in HMGCS2, which encodes the mito-
chondrial HMG-CoA synthase needed for cholesterol
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synthesis. This enzyme is analogous to the cytoplasmic HMG-
CoA synthase encoded by HMGCSI. Nevertheless, the VUS
was a missense variant detected in heterozygosis in a gene
with autosomal recessive inheritance and was classified by
most pathogenicity predictors as “benign, neutral, or toler-
ated.” This fact and the presence in only 1 patient suggest that
the VUS is extremely unlikely causative of a cholesterol de-
ficiency and secondary HMGCR upregulation, as happens
with the rest of the variants found. Furthermore, any rare
variants were detected in HMGCR itself that could cause a
change in epitope conformation and antigen presentation and
finally trigger autoantibody formation.

Other analyzed genes encode sterol sensors that regulate the
cellular accumulation of sterols and are essential to the en-
dogenous degradation of HMGCR mediated by the ubiquitin-
proteasome pathway. Some examples of those regulatory
elements are the Insig and Scap proteins.*** In fact, an ani-
mal study has shown that genetic INSIG1/2 deletion results in
an accumulation of HMGCR to a level that is approximately
20-fold higher than in wild-type mice.’® Another gene in-
cluded in our study was COQ2, which encodes the coenzyme
Q2 necessary for coenzyme Q10 synthesis. The reason for its
inclusion was the evidence that most patients with statin-
associated muscle symptoms (SAMS)—included in the
broader concept of statin-induced myopathy—show overt
coenzyme Q10 reduction in blood and muscle samples.’”
That evidence has led to several clinical trials designed to
clarify whether Q10 supplementation could be useful to treat
SAMS, although contradictory results show that the effect
remains controversial.***> Whether a coenzyme Q10 deficit is
directly pathogenic is not known. Yet, a possible, although
unlikely, explanation could be that levels of coenzyme Q10 are
reduced in non-statin-related HMGCR+ IMNM. Ruling out
this possibility was the reason why we sought specific muta-
tions in the COQ2 gene.

Finally, in the HLA analysis of our cohort to study possible
associations with statin-naive anti-HMGCR IMNM, we
found that there was a stronger association with HLA-
DRB1*11:01 than in the general population (60% vs 13.7%,
OR = 9.4, p = 0.0009), the same allele associated with anti-
HMGCR IMNM in adults mostly exposed to statins.'*'>*!
By contrast, the proportion of patients who carried the
DRB1*07:01 allele, previously associated with pediatric
forms,"*">?! was not significantly higher than that in the
general population. Those findings lead to different con-
clusions. First, DRB1*11:01 association is not restricted to
the adult forms and also has an important role in pediatric
patients with chronic forms of anti-HMGCR IMNM. Sec-
ond, it could be hypothesized that the DRB1*11:01 carriers
have been exposed to natural sources of statins, with the
combination of statins and a HLA risk allele triggering the
disease. This latter possibility seems very unlikely because
we would expect some familial aggregation that does not
occur in IMNM. Nonetheless, despite this link never having
been described, it cannot be fully ruled out.
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Regarding the study of HMGCR expression in muscle, we found
no differences in protein expression or localization in patient
biopsies using natural and commercial anti-HMGCR antibodies
and so found an identical result for a sample from a statin-
exposed adult patient. Nevertheless, the small sample size should
be considered as a possible limitation and these results should be
confirmed with higher number of skeletal muscle biopsies.
Similar findings were reported by Allenbach et al. showing weak
and sparse sarcolemma binding with antibodies against HMGCR
in healthy fibers not undergoing necrosis,” in contrast with a
robust binding in regenerating NCAM-positive fibers.” This fact
calls into question the pathogenic role of anti-HMGCR anti-
bodies and the antibody or complement-dependent induction of
necrosis in necrotizing autoimmune myopathy.”*** Still, based
on our experience, and contrary to what has previously been
postulated, overexpression or mislocalization of the enzyme
leading to increased immunogenicity and antibody formation in
anti-HMGCR+ IMNM cannot be conclusively demonstrated,
independently of statin exposure.

Infantile and juvenile anti-HMGCR IMNM is a rare entity,
clinically different from acute adult forms of the disease, char-
acterized by treatment refractoriness, and a slow but pro-
gressive evolution that mimics muscular dystrophy. Although a
genetic predisposition has been postulated, it has never been
deeply evaluated. In our study, we have described a large series
of young patients with dystrophy-like anti- HMGCR IMNM.
Of interest, we found a strong association with HLA-DRB1*11:
01, previously linked to mainly statin-exposed adult forms of
anti-HMGCR IMNM. Because WES failed to reveal any
common rare variants, including in genes involved in choles-
terol biosynthesis, a monogenic predisposition could not be
demonstrated. Furthermore, we did not find overexpression or
mislocalization of HMGCR in patient muscle fibers. The high
prevalence of HLA-DRB1*11:01 suggests a common immu-
nogenic risk factor shared by statin-naive young patients and
statin-exposed adults. Further research is needed to explore the
possible presence of environmental, epigenetic, or post-
translational factors that may modulate disease onset and
course resulting in such different phenotypes, as well as dif-
ferent pathophysiologic mechanisms in antibody formation
beyond HMGCR overexpression or mislocalization.
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