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SUMMARY OF THE THESIS

A summary in Catalan of this doctoral thesis is presented below.

A continuacio es presenta un resum d’aquesta tesi doctoral en catala.

Titol: Nous models cel-lulars per a la identificaci6 de biomarcadors i dianes

terapeutiques en a la Miositis per cossos d’'inclusio
Introduccio:

La Miositis per cossos d’inclusié (IBM) és una malaltia minoritaria inflamatoria
que afecta als musculs proximals i distals i causa debilitat muscular de forma
progressiva. Debuta a partir dels 50 anys i els primers simptomes solen apareixer
als quadriceps i als flexors dels dits. Es diagnostica a partir de les troballes
histopatologigues inflamatories, degeneratives i mitocondrials en la biopsia
muscular. Aquestes troballes sén: a nivell inflamatori, infiltracié de limfocits T
CD8+ en les fibres musculars i expressi6 anormal del complex major
d’histocompatibilitat tipus I. A nivell degeneratiu, aparici6 de vacuoles
ribetejades al citoplasma, formades per proteines acumulades mal plegades i a
causa de I'autofagia alterada o insuficient. A nivell mitocondrial, s'aprecien fibres

vermelles esfilagarcades (RRF), fibres COX negatives i algunes SDH positives.

La IBM va ser considerada la forma esporadica (sSIBM) de les miopaties per cossos
d’inclusi6, malalties musculars amb base genetica que presenten alguns trets
comuns, com les vacuoles ribetejades, pero no presenten inflamacié. Per aixo, els

termes sIBM i IBM s’han utilitzat indistintament en diversos estudis.

Per a poder estudiar I’etiologia de les malalties, moltes vegades es fan servir
models de la malaltia, que poden ser cel-lulars, animals, computacionals, etc. i
que ajuden a obtenir evidencia de I’etiologia, evoluci6 o tractaments efectius per
a una determinada malaltia. En el cas de 1a IBM, 1'etiologia no es coneix i no hi ha

models validats de malaltia, biomarcadors ni tractaments efectius.
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Hipotesi:

La hipotesi d’aquesta tesi és que nous models cel-lulars derivats de pacients amb
IBM recapitularan els trets moleculars principals del teixit diana, el muscul, i
podran contribuir a validar nous models de malaltia, a coneixer I'etiologia i

identificar biomarcadors per al diagnostic i pronostic de la IBM.
Objectius:

Validar un model de fibroblasts derivats de pacients amb IBM i un model de
cel-lules musculars derivades de cel-lules mare pluripotents induides (iPSC)
previament obtingudes dels fibroblasts dels pacients amb IBM. En aquests
models es determinara la presencia d’alteracions transcriptomiques i funcionals
(inflamatories, degeneratives i mitocondrials) per comprovar si recapitulen els
trets del teixit diana (muascul). Amb el model de fibroblasts, també s’avaluara la
comorbiditat amb altres malalties (com ’Alzheimer i la Diabetis mellitus tipus 2)

i s’identificaran biomarcadors mitjancant analisi multi-omics.
Principals resultats:

Els fibroblasts derivats de pacients amb IBM recapitulaven trets inflamatoris,
degeneratius i mitocondrials com els del teixit diana de la malaltia, el muscul.
Respecte a I'expressio genica, els fibroblasts amb IBM tenien un perfil distintiu,
amb gens relacionats amb la inflamaci6, mitocondri, regulacio del cicle cel-lular i
metabolisme. Funcionalment, els fibroblasts derivats d'IBM mostraven un
augment en la secrecié de citocines inflamatories; una reducci6 de I'activitat de
lautofagia, amb menys quantitat d’intermediaris proteics i menys formacio6
d’autofagosomes. Al mitocondri, mostraven menys quantitat de mtDNA, uns
nivells inferiors de respiraci6 mitocondrial, de potencial de membrana
mitocondrial, d’elongacio6 dels mitocondris i d’activitats enzimatiques respecte als
controls, més estrés oxidatiu, capacitat antioxidant i un perfil incrementat d’acids
organics. Tot acod confirmava que els fibroblasts podien ser un bon model de
malaltia pel que fa a la IBM, i tal vegada podrien exportar-se com a model d’altres

malalties musculars.
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Les cel-lules musculars derivades d’iPSC, originades a partir de fibroblasts, es
van desenvolupar com a model per tal d’obtenir mioblasts mitjancant una
metodologia no invasiva. Els resultats que es van obtenir a nivell d’expressio
genica eren canvis miopatics i en la contraccié muscular, en relacié amb la clinica
de la IBM. Funcionalment, no hi havia alteracions inflamatories. L’autofagia
estava reduida amb menys formaci6 d’intermediaris proteics del procés.
L’activitat mitocondrial estava conservada a pel que fa a la respiracio i capacitat
antioxidant, pero les activitats enzimatiques del complex IV de la MRC i la citrat
sintasa (marcador del nimero de mitocondris) i la producci6é de lactat estaven
augmentades, senyalant certa alteraci6 en la funci6 mitocondrial. Per tal
d’observar inflamaci6 o canvis més pronunciats, aquests miotubs es podrien
estimular amb agents estressants (quimics, mecanics o d’envelliment) per a
induir un fenotip més propi d’IBM i simular I’envelliment muscular caracteristic

dels pacients amb IBM.

Amb els fibroblasts derivats d'IBM es va voler comprovar si compartien trets
moleculars i clinics amb I’Alzheimer o amb la Diabetis mellitus tipus 2, ja que
totes tres presenten disfuncié mitocondrial. Amb I’Alzheimer es va veure que la
IBM no presenta comorbiditat, malgrat ser ambdues malalties degeneratives.
Amb la diabetis, es va veure que els fibroblasts derivats d’IBM mostraven un patro
pre-diabetic, amb canvis en el metabolisme de la glucosa. Aquesta desregulacio
podria estar causada per I’estil de vida, degut a una reduccio6 de la mobilitat en els

pacients amb IBM, entre d’altres factors.

Per tal d’identificar possibles variacions en el metabolisme dels pacients amb
IBM, es va comparar el perfil d’acids organics en fibroblasts vs. en orina, i els gens
diferencialment expressats relacionats amb el metabolisme al muscul. Es va
observar que els alts nivells d’acid piroglutamic i acid orotic a la orina estaven
relacionats amb un augment del glutati6 i de la sintesi de pirimidines, en concret
orotidina, al plasma i a la orina, respectivament; i amb els gens L2ZHGDH, IDH2,
OPLAH i ASL, diferencialment expressats al muscul. Per tant, d'una banda els
canvis en els metabolits a nivell sistemic en la IBM, i d’altra, la identificaci6 de
biomarcadors en fluids derivats de pacients, poden ajudar a entendre millor la

etiologia o facilitar el diagnostic d’aquests pacients.
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Conclusions:

Les conclusions d’aquesta tesi sén que els models cel-lulars derivats de pacients
amb IBM constitueixen una eina raonable per a investigar la seva etiologia,
identificar biomarcadors i avaluar comorbiditats amb altres malalties. A més, s’ha
manifestat el paper rellevant del metabolisme i el mitocondri en la IBM, i potser
en altres malalties musculars. Malgrat no hi ha simptomatologia clinica fora del
muscul, molecularment s’han trobat alteracions fora del teixit diana, senyalant
que algunes troballes poden ser sistemiques. La identificaci6 de gens amb un
patr6 d’expressio genica alterat pot ajudar a identificar gens reguladors i vies de

senyalitzacio afectades que aportin informaci6 sobre la fisiopatologia de la IBM.
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INTRODUCTION

CHAPTER 1: Inclusion body myositis

1. Neuromuscular diseases: definition and
classification

Neuromuscular diseases (NMDs) are a group of rare disorders caused by damage
or impairment of various parts of the nervous and muscular systems, including
the lower motor neurons of the spinal cord, peripheral nerves, neuromuscular
junctions, or skeletal muscles. This damage leads to symptoms such as muscular
weakness and atrophy, difficulty swallowing and breathing, and potential heart

failure (1).

With over 500 genes implicated in the pathogenesis of NMDs, these disorders can
present a wide range of symptoms and clinical heterogeneity (2). Their prevalence
ranges from 1 to 10 per 100,000 population (3), and their diversity often leads to
delays in diagnosis, typically taking 7 years, with 30% of diagnoses never achieved
(1). This is partly due to misdiagnosis and a lack of non-invasive diagnostic and
prognostic biomarkers. Although disease models and effective treatments are
scarce, recent studies have focused on depicting the etiology of these disorders
(4). Advances in genome sequencing and genetic analysis have enabled the
diagnosis of monogenic NMDs, and a better understanding of the genome could
help to characterize complex disease inheritance and etiology. This could
eventually aid in the identification of effective treatments for NMDs using

precision medicine (1).
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NMDs are currently classified into 7 main groups: muscular dystrophies,
neuromuscular junction diseases, motor neuron diseases, peripheral nerve
diseases, mitochondrial myopathies, muscle channelopathies, and myopathies.
In this article, we will focus on idiopathic inflammatory myopathies (IIM), which
are characterized by inflammation in the muscles leading to muscle weakness (1).
A comprehensive classification of NMDs into each group is provided in the review

at the supplementary manuscript I.

2, Idiopathic inflammatory myopathies

IIM, also known as myositis, are a heterogeneous group of disorders
characterized by chronic muscle inflammation that presents with a range of
clinical symptoms, responses to treatment, and prognoses. While muscle
weakness, low endurance, and myalgia are common, these disorders often display
extramuscular manifestations such as skin rash, arthritis, interstitial lung disease
and heart involvement, highlighting the systemic inflammatory nature of these

conditions (5).

Initially, polymyositis (PM) was the overarching term used to describe these
conditions. In 1863, a subgroup of the disease with a skin rash was identified and
named dermatomyositis (DM). However, it wasn't until the 1950s that a clinical
definition for PM and DM was proposed. As research progressed, IIM was further
classified into subgroups based on clinical and histopathological manifestations
of muscle tissue (Table 1), including DM (both juvenile and adult onset), PM,
inclusion body myositis (IBM), and amyopathic DM (ADM) (5). More recently,
new subgroups of IIM with distinct clinical manifestations and muscle
histopathological features have been identified based on myositis-specific
autoantibodies, such as antisynthetase syndrome (ASyS) in the 1990s and
immune-mediated necrotizing myopathy (IMNM) in 2006. Additionally,
suggested subgroups of IIM include cancer-associated myositis and overlap
myositis (myositis that coexists with another autoimmune disorder). Diagnosing

IIM and its subgroups requires a combination of clinical symptoms and signs,
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such as muscle biopsy features, magnetic resonance imaging (MRI) patterns,

serological assessment (autoantibodies), and serum levels of muscle enzymes

(Table 1) (5).

Table 1. Classification of the idiopathic inflammatory myopathies (IIM) according to
their histopathological features. MAC: membrane attack complex (Lundberg, I et al.

2021) (5).
Myositis subtype Muscle fibres and tissue  Inflammatory cell MHC | MAC depositions  Other specific
infiltrates expression findings
Dermatomyositis  Perifascicular atrophy, Perivascular, perimysial, Perifascicular ~ Small blood vessels  Sarcoplasmic
reduced number of Tcells, Bcells, macrophages,  fibres MxA expression
capillaries plasmacytoid dendritic cells
Polymyositis Degeneration, necrosis, Endomysial inflammatory Diffuse No specific findings ~ Absence of rimmed
regeneration infiltrate with T cells often distribution vacuoles
surrounding and/or invading
non-necrotic muscle fibres
Immune-mediated  Necrotic fibres with Macrophage predominant, Diffuse Sarcolemmal Na specific findings
necrotizing scattered distribution, paucilymphocytic infiltrates distribution, and/or on small
myopathy different stages of necrosis sometimes blood vessels
and myophagocytosis and only faint

Antisynthetase
syndrome

Inclusion body
myositis

regeneration, endomysial
fibrosis and proliferation

Oedematous and/or
fragmented perimysium
that stains with alkaline
phosphatase, sometimes
perifascicular myofibre
NEecrosis

Rimmed vacuoles, ragged
red fibres, cytochrome
oxidase-negative fibres,

Scattered perimysial CD68',
CD4*, CD8’ cells

Endomysial inflammatory
infiltrate with mainly CD8'
cells surrounding and/or

Perifascicular
predominance

Diffuse
distribution

Fibres adjacent
to the perimysium,
sarcolemmal on
non-necrotic fibres

No specific findings

Myeonuclear actin
filament inclusions in
electron microscopy,
absence of MxA
expression

TDP43, pb2 aggregates,

15-18 nm filaments in
electron microscopy

invading non-necrotic muscle
fibres

groups of atrophic fibres

Instead of targeting specific pathogenic pathways, current treatment for IIM
typically involves high doses of glucocorticoids in combination with other
immunosuppressive drugs. However, the inclusion of heterogeneous patient
populations in past clinical trials has led to highly variable response rates (6). To
improve the power of clinical trials and identify effective treatments for the
different forms of inflammatory myopathies, the current classification of IIM and
the discovery of myositis-specific autoantibodies should aid in defining more

homogeneous patient populations (6).

Despite these improvements, transformative changes in the treatment of
inflammatory myopathies will likely require a deep understanding of disease
mechanisms to reveal novel therapeutic targets (6). As our understanding of
inflammatory myopathy disease mechanisms expands, we can expect the
identification of additional therapeutic targets and the development of new

therapeutic approaches.
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3. Inclusion body myositis

3.1. Introduction, clinical features,

epidemiology & comorbidities

IBM is a progressive muscle disease affecting proximal and distal muscles with
an asymmetrical pattern (Figure 1). The onset is at 50 years old and is more
common in males (2:1) (7). The prevalence varies across geographic populations,
estimated at 1-10 per million (8) but raises to 50-180 per million in the population

over 50 years old (7).

Before being classified as IIM, it was within the group of inclusion body
myopathies, muscular genetic diseases with features including rimmed vacuoles,
but without inflammation(9,10). Previously, IBM was considered the sporadic
(due to absent or unknown genetic basis) form of inclusion body myopathies. The
term sporadic IBM (sIBM) and IBM have been applied synonymously in several

studies(10). However, in this thesis, we will refer to it as IBM.

The initial symptoms of IBM arise in quadriceps and finger flexors (Figure 1),
with patients experiencing difficulties climbing stairs and grasping objects with
their hands. Dysphagia is common and affects 64% of the patients (Figure 1) (8).
The most disabling features in IBM are the need for wheelchair assistance after
15 years of disease onset, severe dysphagia and respiratory function impairment.
Despite extensive research, the cause of IBM is still not fully understood, and

there are currently no effective treatments or biomarkers available.

Dysphagia

Myuositis (sometimes
asymmetrical) of elbow
flexor and elbow extensor

Myuositis and atrophy
of wrist flexors and
finger flexors

Myositis and atrophy
of knee extensors
and ankle dorsiflexors
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Figure 1. Pattern of muscle involvement in Inclusion body myositis (IBM). The hallmarks
of muscle manifestations in IBM are in quadriceps and forearm muscles, leading to
muscle weakness. >60% of IBM patients develop dysphagia. (Lundberg, I et al. 2021)

(5).

The clinical course is typically chronic, with a progression lasting from 5-20 years,
although some patients experience periods of stability lasting from 4-12 years (11).
Several studies attempted to measure the progression in IBM patients, being the
quantitative muscle testing (QMT) and IBM functional rating scale (IBMFRS) the
most common indicators. IBMFRS was the first functional scale developed
exclusively for IBM, ranging from o (disability) to 40 (normal behavior)(12). It
correlates well with lower extremity functions. However, most of the former
studies focused on lower extremity functions or walking/ambulation as an
outcome measure, but insufficient attention was paid to upper extremity
functions and related disability. A more recent study has developed a new IBM
Patient-Reported Outcome with modified measurements for upper extremity
function (13), displaying a better correlation with grip and pinch strength than
the IBMFRS (13,14).

Clinically meaningful scales are essential in measuring disease progression and
the impact of treatments on slowing disease progression, especially in diseases
without conventional laboratory markers of disease activity (12). The lack of
validated outcome measures for disease severity is a barrier to therapeutic trials

in rare diseases such as IBM.

IBM is also associated with various comorbidities, including peripheral
neuropathy (2.7 times more than general population), Sjogren’s syndrome (6.2
times more), haematologic malignancy (3.9 times more) and T-cell large granular
lymphocytic leukemia (58% of the total IBM patients, only found in IBM
population)(8,11). On the contrary, the frequency of neurodegenerative disorders
and solid cancers was similar to the control population. Compared to population
controls, patients with IBM have lower survival, they die 3 years younger on
average (8). The most common causes of death were respiratory failure or
pneumonia (44.4%), cancer (14.8%), and old age and medical comorbidities
(14.8%) in IBM group (8).
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3.2. Diagnosis

The diagnosis is made after clinical observations and muscle histopathology
studies. The updated diagnostic features for IBM were included in the
classification criteria for adult and juvenile IIM in the 2017 European League
Against Rheumatism/ American College of Rheumatology (EULAR/ACR) (15).
However, most of the studies published so far still follow the 2011 European
Neuromuscular Centre (ENMC) guidelines (8,14,16) (Table 2).

Table 2. The 2011 European Neuromuscular Centre (ENMC) guidelines for IBM
diagnosis (Rose MR et al., 2011) (16)

Clinical and laboratory features Classification Pathological features

Duration =12 months Clinico-pathologically defined IBM  All of the following:

Endomysial inflammatory infiltrate

Age at onset >45 years

Knee extension weakness = hip flexion weakness

and/for

Finger flexion weakness > shoulder abduction weakness

sCK no greater than 15xULN

Duration =12 months

Age at onset =45 years

Knee extension weakness = hip flexion weakness

and

Finger flexion weakness > shoulder abduction weakness

$CK no greater than 15xULN

Duration =12 months

Age at onset =45 years

Knee extension weakness = hip flexion weakness or Finger flexion

weakness > shoulder abduction weakness
sCK no greater than 15xULN

Clinically defined 1BM

Rimmed vacuoles
Protein accumulation or 15-18 nm filaments

One or more, but not all, of:

Endomysial inflammatory infiltrate
Up-regulation of MHC class I

Rimmed vacuoles

Protein accumulation or 15-18 nm filaments

One or more, but not all, of:

Endomysial inflammatory infiltrate
Up-regulation of MHC class 1

Rimmed vacuoles

Protein accumulation” or 15-18 nm filaments

*Protein accumulation referred to p62, TDP-43, etc.

Although weakness in quadriceps and finger flexors give a clue about IBM
diagnosis, the definitive diagnosis is given after a muscle biopsy, based on
inflammatory, degenerative and mitochondrial features in the muscle
histopathology (6,17). At inflammatory level, we highlighted the presence of
endomysial inflammatory infiltrates invading muscle fibers and triggering an
overexpression of major histocompatibility complex I (MHC-I). Rimmed
vacuoles formed by aggregation of unfolded proteins comprising transactive
response DNA-binding protein 43 (TDP-43), p62, p-Tau, b-amyloid, etc. and

insufficient autophagy lead to the deposition of proteins inside muscle fibers.
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Mitochondrial alterations are present in cytochrome c oxidase deficient (COX-)
fibers (absence of complex IV from the mitochondrial respiratory chain (MRC)),
associated with multiple mitochondrial DNA deletions, succinate dehydrogenase
positive (SDH+) fibers, and ragged-red fibers (6,17). All these features (Figure 2)

might not be present at the time of diagnosis in a single muscle biopsy, what

delays IBM diagnosis or leads to misdiagnosis.

Figure 2. Pathological findings in Inclusion Body Myositis (IBM) muscle histopathology.
A) Marked variability in fiber size. Some rimmed vacuoles can be seen (head of arrow).
H&E on frozen tissue. B) Universal positivity of the MHC class I antigens. IHQ on frozen
tissue. C) Some rimmed vacuoles (arrows) together with endomisial mononuclear cells
are present (asterisc). Gomori’s TCR on frozen tissue. D) Focal positivity of the MHC
class II antigens can clearly be observed. Inflammatory reaction is also present (star)
IHQ on frozen tissue. Images at 40X from the Muscle Unit at the Hospital Clinic of

Barcelona.

The presence of rimmed vacuoles previously mislead the classification of IBM in
the same group as vacuolar myopathies, also called hereditary inclusion body
myopathies (10,11). However, these disease group do not display inflammation
nor the clinically distinct pattern of IBM, they are monogenic diseases caused by
valosin-containing protein (VCP), laminin subunit alpha-2 (LAMAZ2),

glucosamine = (UDP-N-Acetyl)-2-Epimerase/N-Acetylmannosamine  kinase
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(GNE), myosin heavy chain 2 (MYH2), or other genes and their onset is at

younger ages (10,11,18).

3.3. Pathogenesis

The trigger of IBM pathogenesis has generated a strong debate, with claims
supporting a degenerative vs. an autoimmune disease (10,19—21). Recent studies
advocate for an inflammatory origin (7,11,19). In this section we revise the

inflammatory, degenerative and mitochondrial features of IBM pathogenesis.
3.3.1. Inflammation

The inflammatory pattern of muscles in IBM is characterized by the infiltration
of highly differentiated highly cytotoxic CD8+ T cells in muscle (Figure 2) (22).
These cells express CD57+ and KLRG1 receptor and are resistant to apoptosis
(23). The inflammatory stimuli that trigger the T cell infiltration is still unknown.
After the CD8+ T cell invasion, macrophages, plasma cells and myeloid dendritic
cells move to the site of muscle infiltration, increasing the inflammatory state of
the muscle in IBM (Figure 3) (7,11). The clonal expansion of immune cells

promotes the release of cytotoxic, proinflammatory cytokines and chemokines.

N L N
2 Cytotoxic enzymes

)[granz\rmes.perfurin]

MYOFIBRE
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Figure 3. Pathogenesis of Inclusion Body Myositis (IBM) considering an inflammatory
origin. Highly differentiated and cytotoxic CD8+ T effector cells (TEMRA) are activated
by an unknown trigger and release IFNy and cytotoxic enzymes that induce myofiber
damage. IFNy triggers mitochondrial dysfunction, endoplasmic reticulum (ER) stress
and MHC-I upregulation, the last increasing the ER stress. Mitochondrial dysfunction
and ER stress impair proteasome function, endorsing the appearance of misfolded

proteins and rimmed vacuoles (degeneration) (Greenberg, 2020) (10).

This autoimmune environment promotes the transformation of CD20+ B cells in
the muscle of IBM patients into CD138+ plasma cells, which trigger the
production of autoantibodies (7). 60% of IBM patients contain the circulating
autoantibody cytosolic 5-nucleotidase 1A (cN1A), also found in other

autoimmune diseases (24,25).

Among the cytokines and chemokines released, the levels of chemokine (C-X-C
motif) ligand 9 (CXCL9) and C-C motif chemokine 5 (CCL5) are remarkably
increased, as a result of T cell activation and interferon gamma (IFNy) production
(Figure 3) (11,26). The expression of IFNy-related genes is higher in myofibers
invaded by CD8+ T cells. IFNy also promotes the upregulation of MHC-I in
muscle fibers. Moreover, tumor necrosis factor alpha (TNFa) reduces the amount
of microRNAs involved in muscle differentiation (miRNA-1, miRNA-133a,

miRNA-133b), which are related to both inflammation and degeneration (7).
3.3.2. Degeneration

Abnormal expression of MHC-I in muscle fibers contributes to endoplasmic
reticulum (ER) stress (Figure 3). In these conditions, rimmed vacuoles are
formed, containing b-amyloid peptides, sarcoplasmic p62, microtubule-
associated protein light chain 3 (LC3), VCP and TDP-43, etc. (Figure 3) (8,27).
These aggregates accumulate as a result of an overloaded degradation system,

ubiquitin-proteasome system and dysfunctional autophagy (28).

Briefly, autophagy is an essential self-eating process that cells perform to allow
degradation of old or damaged intracellular components, including soluble
proteins, aggregated proteins, organelles, macromolecular complexes, and

foreign bodies (29). Autophagy is an evolutionary conserved process and has been



22

associated with multiple human diseases. In IBM, autophagy is partially impaired

and rimmed vacuoles accumulate (28,30).

The accumulation of rimmed vacuoles triggers the activation of the unfolded
protein response (UPR)(31). This response promotes the upregulation of
chaperones to compensate the unfolded protein deposits and the increase in the
transcription of cytokines, MHC-I, etc., endorsing the inflammatory

environment.

3.3.3. Mitochondria

Mitochondrial dysfunction in IBM muscles is associated with the presence of
ragged-red, COX- and SDH+ fibers (Figure 3), as seen in mitochondrial diseases.
Ragged-red fibers increase the number of mitochondria around myofibers to
compensate the dysfunctional ones, some of which do not get recycled due to

insufficient autophagy and mitophagy (6,17).

Mitochondrial damage increases with the pro-inflammatory cytokine release
(IL1B, TNFa) due to the CD8+ T cells infiltration in IBM muscles (Figure 2 and
Figure 3)(7). The presence of cytokines increases the levels of the reactive oxygen
and nitrogen species (ROS and RNS), incrementing the oxidative stress, and
consequently the ER stress (Figure 3). This leads to an increased mitochondrial
permeability, potentially opening the mitochondrial membrane pore (MMP) and

facilitating an uncontrolled transport of substances across the membrane (7).

The opening of the MMP endorses a dysfunctional MRC, also affected by an
accumulation of mtDNA mutations, mtDNA depletion (32) and large mtDNA
deletions (30). In COX- fibers we also find a downregulation of MRC complex I

(33).

Damaged mitochondria are not properly recycled due to insufficient autophagy
and mitophagy (30), contributing to the mitochondrial dysfunction.
Consequently, mitochondrial damage and chronic inflammation accelerate

muscle fiber atrophy and muscle aging in IBM muscles (7,30).
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3.4. Genetic studies in IBM and biomarkers

Although IBM is an idiopathic disease with unknown causal gene, multiple
genetic variants have been identified as risk factors that contribute to its
pathogenesis. The most strongly associated region with IBM is the human
leukocyte antigen (HLA) region, specifically the HLA-DRB103:01 variant, which
has independent associations with HLA-DRB101:01 and HLA-DRB113:01 (11).
Heterozygotes with the HLA-DRB103:01-HLA-DRB101:01 and HLA-
DRB103:01-HLA-DRB1*13:01 genotypes were found in higher frequencies than
expected in IBM cases (7,34).

Another genetic variant associated with IBM is a frameshift mutation (rs333) in
the C—C chemokine receptor type 5 (CCR5) on chromosome 3 p21.31 (34—36).
CCR5 binds pro-inflammatory chemokines, and a non-functional or reduced

expression of CCR5 may inhibit T cell migration into muscle fibers (7).

In the mtDNA, an increased prevalence of somatic large mtDNA deletions and
duplications associated with a higher heteroplasmy level in IBM muscle were
reported. Additionally, there was an increased number of mtDNA mutations and
a reduction in mtDNA copy number variations. COX-fibers, which are associated
with T-lymphocyte infiltration and muscle fiber atrophy, have larger mtDNA

deletions, displaying an accelerated mitochondrial muscle aging (7).

Two genotypes of the apolipoprotein E (APOE) gene, involved in lipid transport,
e3/e3 and e4, are associated with IBM. APOE genotype e3/e3 revealed a later
disease onset, while the e4 allele was found in higher frequency in males with IBM
(7,37). Furthermore, a variant in a very long poly-T repeat allele of the
mitochondrial protein translocase of the outer mitochondrial membrane 40
(TOMM40) was associated with a later age of disease onset, particularly in

individuals with APOE genotype e3/e3 (4 years of onset delay) (7).

Rare missense variants in the FYVE and coiled-coil domain autophagy adaptor 1
(FYCO1) and in the VCP and sequestosome 1 (SQSTM1) (p62) were also identified

in individuals with IBM, supporting the involvement of altered protein
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homeostasis and autophagy in IBM pathogenesis. In addition, the prevalence of

47, XXY males and 47, XXX females were particularly high in IBM (7).

Understanding the genetic variants associated with IBM can help identify
diagnostic and prognostic biomarkers for the disease. Biomarkers can be
identified not only at the DNA level but also at the RNA, protein, or metabolite
level. Biomarkers can be used to predict and monitor diseases and their response
to treatment, which can make drug discovery and trials easier, as current

treatments for IBM lack reliable and monitorable clinical outcome measures (38).

3.5. Treatment strategies and clinical trials

IBM has been shown to be refractory to immunotherapy (5), including
immunosuppressive and immunomodulatory treatments (7). One hypothesis is
that delayed diagnosis leads to treatment starting at advanced disease stages
marked by degeneration, fiber atrophy, and fibrosis, where anti-inflammatory

effects may be insufficient (7).

Double-blinded randomized clinical trials in IBM have been limited. Currently,
there are 19 clinical trials in IBM in active or recruiting phase (39). We will explain

some of them in this section.

Myodegeneration has recently become a target in clinical trials (e.g.,
arimoclomol, bimagrumab, follistatin, oxandrolone, and rapamycin), consistent
with its possible involvement in IBM pathophysiology (40). Arimoclomol is an
activator of chaperones, which was supposed to induce protein degradation and
reduce the levels of oxidative stress in IBM. However, the trial failed (31).
Rapamycin is currently in a phase III clinical trial (NCT04789070). Rapamycin
inhibits AMPK, a protein kinase that regulates several intracellular processes,

including survival, protein synthesis, and autophagy (5).

Targeting inflammation, a phase 1 trial is directed to suppress T CD8+ KLRG1+
cells, with ABCo08 drug, a humanized monoclonal antibody (mAb) specific for
KLRG1 (NCT04659031) (7). They are currently recruiting for the phase I1/11I (39).
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The recent innovation in the gene and cell therapies area has also reached IBM
treatment approaches. There are 3 clinical trials based on advanced therapy
medicinal products (ATMPs) (41).

One trial used follistatin, a myostatin antagonist, and was based on quadriceps
injections of follistatin integrated in adeno-associated virus (AAV) vectors. It
improved the 6-minute walk distance and increased muscle fiber diameter, while

decreasing fibrosis and inflammation in IBM patients (31,42).

To increase muscle fiber, a second approach is based on stem cell injections in
the muscle (7). Adipose-derived stem/stromal cells have exhibited
immunomodulatory and angiogenic regenerative properties and may help to
control muscle inflammation and rebuild damaged muscle in IBM. Thus, their

use is being explored in two independent phase I trials (NCT05032131;
NCT04975841) (40).

Regardless of the clinical trials ongoing, supportive care, including physical
therapy, speech/swallowing therapy, nutritional support, and education on falls
prevention, remains the cornerstone of IBM management. Assistive devices may
improve functional ability, and botulinum toxin injections, esophageal dilation,
or cricopharyngeal myotomy may lead to symptomatic improvement of
dysphagia (40). Exercise is currently the only treatment that consistently shows a
varied degree of benefit in IBM, although the optimal exercise program has yet to

be determined (5).

Patient associations, such as Shareg4rare (43), Cure IBM (44), and the Myositis
association (45), as well as international clinical consortiums like ERN Euro-

NMD (46), are strong advocates for new treatment options in IBM.
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CHAPTER 2: Disease models

Disease models are animal, cells or computational models, among others, that
manifest all or some of the pathological mechanisms observed in a specific human
disease. Disease models enable the understanding of the disease onset, evolution
and molecular mechanisms and the development of potential therapies to treat
them (47,48). In this section, we briefly describe some of the animal and cell

models useful for biomedical research.

1. Animal models

Animal models have played a crucial role in advancing biomedical research (49).
As humans are the ultimate target audience of medical research, findings from
human studies hold greater potential for direct application than those obtained
from animal models (50). However, animal models offer several benefits,
including reproducibility, controlled environmental conditions, access to
relevant tissues, precise phenotyping, the potential for an unlimited number of
biological replicates, and the ability to follow up on experimental hypotheses
(50). Moreover, mammalian genomes are highly evolutionary conserved. Thus,
animal models could be useful as human disease models and as a tool to study
disease mechanisms in different tissues and cell types (51) . Nonetheless, animal
models also have limitations, such as being limited to a single genetic background
in some gene-specific models, failing to replicate complex human diseases, and
making it challenging to test certain human disease manifestations (50). In the
following sections, we will review both animal and cell models and highlight their

contributions to biomedical research (Table 3).
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Table 3. Disease models for biomedical research, and specifically, muscle diseases. Among them, there are 2D models like myoblasts and
pluripotent stem cells; 3D models like organoids; microfluidic devices as muscle-on-a-chip; mouse and other animal models and computational
models. Multiple variables must be considered to choose the model of interest to prove a specific hypothesis (Speciale A, et al. 2020)(49)

Stem Cells 2 = Other Animal Computational
Models. Myoblasts Desived Caltutes Organoids Muscle-on-a-Chip Mouse Models Models Modals
ST - = e |
Parameter R TS %D L .
Production Medium, depends . o High, requires . . . . .
complexity Low on protocol Mediun/High engineered chambers High High/Medium Medium/High
Easy access to Medium difficulty, .Medme’gh Medium/High, organ l.uw. d}fﬁcu!.!y, il d‘lfﬁcu‘l_t Y Can account for
On-platform S s Toad difficulty, analyses i ; analyses possible  analyses possible S
readouts, individual individual cell function analyses g contributions only
assay cell anal sibl analvses possibl possible at the ible both at cellular both at cellular ¢ known variables
o et tissue level poee and tissue levels and tissue levels @ 0 =
D & Days to weeks,
uration of :
Minutes to days Days to weeks Days to weeks depends on platform Weeks to months Days to weeks Days
experiments design
Live vasiabili Low variability
Variability and Low variability and High variability High variability Low variability, Low variability, o::l b ty. but requires
clinical relevance relevance and relevance and relevance high relevance high relevance R invivo
relevance :
confirmation
Level of control . . 5 y . . . .
b High Medium/Low Low High High/Medium High/Medium High
Useful for initial Useful for
Blodintsibution Useful for initial Useful forinitial  toxicology and et fox ke Sodeclogy, Usefulfor el to predict
and toxicology toxicology toxicol limited toxicology and limited biodistribution toxicology and life aulies
studies o8 s biodistribution biodistribution studies and life span span assays .
studies assavs
High throughput - " i Medium/High, Medium, depends on . ¢
feasibility ki hlschiu/Eigh depends on tissues platform design i High High
. Medium/High, A
Precision Low, easy to High, takes into ngh' dcpend§ - High, allows high > easy to manipulate I-_hgh W h,m usc-d
Ak : i . tissues and is : High, depends on in combination
medicine manipulate but account individual . level of control and e but low g :
. ) ) iig ae subject to model L Ne ey model availability SR with in vitro/vivo
potential homogenous cultures variability validati personalization ? translational thods
alidation alevanse methods




28

1.1. Mice models

Among animal models in biomedical research, mice have been extensively used
for being a cost-effective model, due to their size, handling and control of the
environment and inbreeding strains. However, mice are smaller than humans,
with a shorter lifespan and 1% of human genes are not present in their genome,

especially in non-coding, promoter or splicing regions (49).

To adjust mouse models to recapitulate human diseases, humanization of mice
by genetic or engrafting tissue approaches are being developed. Genetic mouse
models have allowed to examine the effects of a mutation at a system level (49).
Tissue xenografts in mice has allowed the mimicking of a human pathological
tissue in a model to study their etiology and progression (52). Moreover,
combining mouse strains is appropriate to tackle the risks of a lack of
reproducibility in the results (Table 3). Considering genetic, tissue, and strain
variability in mouse models are essential to improve the reproducibility of the
results in these models to improve the understanding of human diseases and test

new therapeutic interventions (49).

In IBM, three murine models have been claimed as “IBM models”(53): the MCK-
ABPP model, the VCP-mutant model and the IBM xenograft model (19).

The MCK-ABPP transgenic mouse model consists of the C57BL6/SJL transgenic
mouse strain that carries the human amyloid beta precursor protein (ABPP)
cDNA transgene, under control of the muscle creatine kinase (MCK) gene
promoter, resulting in over-expression of ABPP in skeletal muscle (54). This

model failed to produce specific histological features of IBM (53).

The VCP mutant mice, was based on VCP mutations from the genetic disease
inclusion body myopathy. It was confused with IBM because of its degenerative
features and reported to endorse the arimoclomol use in IBM to tackle protein
accumulation and heat shock response (52,53,55). However, this model lacks the

inflammatory component crucial to IBM (14,53).

The IBM mouse xenograft model was recently developed with the transplantation

of human muscle biopsies from IBM patients into nude mice (52). Xenograft
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models derived from patients’ samples have been already developed to test cancer
and personalized medicine treatments, among others (56). Xenografts have
recently been used to study genetic disorders of skeletal muscle, and whole
muscle xenografts have been successfully used to model facioscapulohumeral
muscular dystrophy (FSHD) and test potential therapies (56). Thus, the aim here
was to determine if human muscle xenografts could also be used to model IBM,

being an idiopathic, late-onset, inflammatory muscle disease (14).

The IBM xenograft mimic the inflammatory and degenerative hallmarks of IBM,
including endomysial inflammation, invasion of myofibers by CD3+ T cells, COX-
fibers, and/ MyoKD or rimmed vacuoles. The model was treated with CD3
monoclonal antibodies (OKT3), which significantly eliminated muscle
inflammation (depleted T cells) but did not affect the degenerative pathology (52).
However, we cannot determine whether inflammatory or degenerative changes
are primary in IBM. Remarkably, these xenografts reproduce the genetic and
epigenetic background of human diseases, not possible in other animal models,
and are postulated as in vivo models for understanding disease progression and

testing new potential therapies (14).

1.2. Other animal models

Alongside with mice, other animal models like Drosophila melanogaster,
zebrafish and Caenorhabditis Elegans (C. elegans) have been useful in
deciphering disease mechanisms (Table 3). Here we highlight some of the

contributions of these models to human disease pathology.

The fruit fly, Drosophila melanogaster, can be used as a model to study human
NMDs due to its neural circuits, multinucleated muscle cells, and neuromuscular
junctions, even their complexity is lower than in humans. Genetic mutations in
Drosophila can help to understand the function of specific proteins at the synapse

of the neuromuscular junction and the development of muscular dystrophy over

time (49).



30

Zebrafish (Danio rerio) has also become a valuable organism for studying NMDs
genetic disorders (57). About 70% of human genes have at least one zebrafish
orthologue (58), and mutant zebrafish lines have been created to model common
human myopathies. The transparency of zebrafish embryos, external
development, and ease of genetic manipulation make it an ideal model for high-
throughput drug screening in a whole-organism context. The zebrafish model has
also provided insight into the functional aspects of disease pathogenesis for
several muscle conditions, including RYR1-related myopathies, which have been

linked to oxidative stress through the study of relatively relaxed (ryr) mutants

(59).

Lastly, Caenorhabditis elegans, a nematode with a fully sequenced genome and
40% of human disease genes having a nematode ortholog, is a valuable model to
investigate various human physiological and pathological mechanisms, including

Duchenne muscular dystrophy (DMD) (60).
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2. Cellular models

2.1. Fibroblasts

Fibroblasts are a cell type involved in the formation of connective tissue, to
support and connect other tissues and organs in the body (61). They are essential
cells in the homeostatic balance of tissue function (62) by maintaining the
structure of tissues through the secretion of collagen proteins. They also

participate in wound healing processes.

They are widely used in biomedical research because they are easily grown in lab
from a skin punch biopsy in patients, from which genetic and biochemical
analysis are performed (61). In addition, fibroblasts can be reprogrammed to
become other cell types, through trans-differentiation approaches (e.g.,
myofibroblasts, expressing MyoD gene (63)) or reprogramming of induced
pluripotent stem cells (iPSCs) to obtain pluripotent cells that can be derived to
every cell type, like neurons or muscle cells) (64). These approaches allow the
study of disease etiology and test potential treatments. Currently, mitochondrial
and neurodegenerative diseases are being diagnosed with the use of fibroblasts,
including mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS) and Leigh syndrome (65) among mitochondrial diseases
and Alzheimer (AD) and Parkinson disease (PD) among neurodegenerative ones
(66). These cells are being validated as a model in other diseases. In the following

section, we explain the use of fibroblast as a model for several diseases.

PD, a neurodegenerative disease affecting dopaminergic neurons in the brain, has
benefited from the use of fibroblasts, which avoids the need to perform diagnosis
and pathological study in the target tissue, in the brain, which is invasive and
difficult to access. The fibroblast model for PD was presented in 2012 with their
benefits and drawbacks as a model (66). From there onwards, other studies
examining the mitochondrial, autophagic and transcriptional alterations of
fibroblasts with PD disease have been published (67-69).

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), a motor
neuron and a brain disorder disease, respectively, share the most common

genetic cause, an intronic hexanucleotide repeat expansion (G4C2) in the Cgorf72
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gene (70). The impact of this gene in bioenergetics, autophagy, RNA metabolism
and mitochondrial dysfunction, among others, has been examined with the use

of fibroblasts from Cgorf72 patients (70,71).

In addition to neurological disorders, human dermal fibroblasts are being tested
in psychiatric disorders, like major depressive disorder (MDD) (72). In this study,
they use fibroblasts as a potential model to study the biological mechanisms
behind MDD and the antidepressant drug (ADD) response. MDD is the second
cause of disability worldwide but the efficacy of ADD treatment is inadequate.
Moreover, the etiopathology of MDD and the mechanisms of action of ADD are
highly unknown (72).

Fibroblasts have also been involved in identifying the cause of new disorders. This
was the case of congenital autophagy deficient ATG7 syndrome (73). In this study,
mechanistic experiments in multiple samples including fibroblasts, allowed the
detection of a deleterious, recessive variants in human ATG?7, a core autophagy-
related gene encoding a protein that is essential to autophagy (73). This was a
breakthrough, as impaired autophagy is found in a broad range of complex

human diseases, but congenital autophagy disorders are rare (73).

Furthermore, fibroblasts were used as a model to measure the impact of external
stimuli, like pollutants, cytotoxic agents, mechanical stress, etc. In Park et al. (74),
they used fibroblasts to test the impact of air pollution on autophagy and skin
aging, by analyzing particulate matter in air. In Nadalutti et al. (75), they examine
the cytotoxic effect of formaldehyde, a biological aldehyde generated inside cells
after DNA and protein demethylation, amino acid and one carbon metabolism,
and lipid peroxidation. Formaldehyde accumulation is linked to mitochondrial
dysfunction and DNA damage. In Weider et al. (76), fibroblasts were used as a
model to study periodontal stress, including bite force or orthodontic tooth

movement.

Alongside to biomedical research, fibroblasts have been effective to understand
comparative physiology (77). The comparison of fibroblasts from different species
(human, mice, rat, seals, camel, rhinos) displayed relationships between the
temperature of the habitat and oxygen consumption of the species and their

fibroblasts (77). Although the use of fibroblasts to compare among species might
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be a reductionist approach, fibroblasts may display fidelity to whole animal

physiological phenotypes, facilitating their study (77).

2.2, Myoblasts derived from iPSCs

The discovery of iPSCs was a breakthrough in biomedical research and
specifically, in disease modeling. In 2006, murine adult fibroblasts were
successfully reprogrammed by introducing only four transcription factors
(Oct3/4, Sox2, c-Myc and Klf4) into the cells using retroviral vectors (Figure 4)
(78). The reprogrammed cells, called iPSCs, revealed a pluripotency state found
only in embryonic stem cells, as well as similar morphology, cell growth rate, and

expression of embryonic stem cells genes.
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Figure 4. Application of patient-derived induced pluripotent stem cells (iPSCs). Skin
fibroblasts or peripheral blood mononuclear cells (PBMCs) from patients can be
reprogrammed using Oct3/4, Sox2, c-Myc and Klf4 into iPSCs. iPSCs can differentiate
into the cell type of interest in a specific disease, to be used as disease models for
understanding their pathophysiology and for drug screening. Moreover, reprogramming
skin fibroblasts or PMBCs from healthy individuals into iPSCs allow the potential
introduction of healthy cells into the patients, for cell transplantation therapy, currently
being tested in clinical trials (Chang C et al. 2018) (79)
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Only 1 year later, in 2007, human adult fibroblasts were effectively
reprogrammed to become pluripotent using the same four factors (Figure 4) (80).
Lately, due to the integrative nature of retroviral vectors, there is interest in
reprogramming by using non-integrative methods, such as adenovirus, episomal
vectors, Sendai virus, synthetic mRNAs and recombinant proteins (81). Besides,
distinct types of somatic cells like fibroblasts, urine cells and blood cells have been

reprogrammed successfully (49).

The main advantages of iPSCs are that they are an infinite pool of cells who do
not enter senescence, as they maintain pluripotency; and they can be obtained
from patients’ cells and derived to any cell type of interest (Table 3, Figure 4).
Different iPSCs models have already been developed for a wide variety of
disorders, like neurological diseases, optical atrophies, mitochondriopathies and
even psychiatric disorders (64). The possibility to derive iPSCs into every cell type,
including the ones with difficult access to the target tissue, like neurons and
muscle cells, explains the variety of diseases that applied iPSC to obtain the cell
type of the target tissue. However, the efficiency of conversion and differentiation
to/from iPSCs is moderately low and heterogeneous, there is a high variability
within samples, and they can display morphological and chromosomal
aberrations. In addition, complex diseases without a clear genetic background,
with low penetrance, late onset or with an unknown affected cellular phenotype,

are much more complicated to model using iPSCs technology (64).

The obtaining of myoblasts derived from iPSCs has been accomplished by several
methods. The first one is based on the overexpression of myogenic transcription
factors in the iPSCs, generally MyoD, Pax3 and Pax7, using integrative vectors
such as lentivirus (82). This method is effective, but integrative vectors can trigger
genotoxicity. The other alternative is based on the supplementation with defined
factors for a myogenic induction in iPSCs, trying to mimic the embryonic
development (83). Although it may have a lower efficiency, this approach is safer
and allows the use of the differentiated cells for therapeutic applications (64). The
differentiation protocols in muscle cells are effective. Indeed, skeletal muscle
fibers derived from iPSCs preferentially express myosin heavy-chain isoforms
associated with slow and oxidative muscles, but no longer express developmental

myosins, thus indicating postnatal composition (84).
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One study describing the differentiation of iPSCs to fused myotubes using growth
factors in cell culture was performed by Caron et al. (85), who described iPSCs-
derived skeletal muscle cell model of FSHD. They developed a monolayer system
to differentiate iPSCs into mature skeletal muscle cells within 26 days and 3
stages, from iPSCs to myogenic progenitors, then myoblasts and finally
myotubes, without cell sorting or genetic manipulation. They validated the
approach through gene expression and functional profiles, revealing a different
pattern in FSHD vs. control differentiated skeletal muscle cells. Another study by
Moretti et al. (86), used the same method to differentiate iPSCs to skeletal muscle

cells with DMD.

In IBM, the development of iPSCs and further derivation to muscle cells may be
a useful approach to obtain the cell type of the target tissue, as muscle biopsy
material is limited and myoblasts, explained in the next section, become

senescent after limited rounds of division.

2.3. Myoblasts

Myoblasts are obtained from muscle biopsies from humans or animal models.
The satellite cells (myogenic progenitors) isolated from the tissue, grow and
expand along several rounds of division, until they reach confluence and start to
fuse. Human-derived myoblasts have a slower growth rate and flatter
morphology than the mice myoblasts, so their contraction rate is weaker in
response to electrical stimulation (49). Myoblasts have been extensively used in
NMDs (Table 3) and muscular disorders, including IBM (49,87-89). Due to its
limited division rounds before reaching senescence, several studies have used
immortalized myoblasts to examine disease mechanisms and test potential

therapies (49).

One study using human derived myoblasts in IBM was based on the inhibition of
the autophagy process in vitro to mimic the degenerative changes in IBM, such
as vacuolization, reduced activity of lysosomal enzymes, increased Abg42
oligomers and y-secretase activity (89). Then, sodium phenylbutyrate, an active

chemical chaperone approved in urea cycle disorders that mimics the function of
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molecular chaperones to prevent protein aggregation (90), was applied to the
myoblasts. The effects were that lysosomal activity increased, AB42 oligomers
and y-secretase activity decreased, and muscle-fiber vacuolization was not
observed (89). Phenylbutyrate went into clinical trials in IBM, completed in 2022,

but no results were posted yet (90).

Myoblasts have been obtained not only from human patients, but also from
animal models. In one study, primary rat myoblast cultures were either
transfected with ABPP or exposed to inflammatory cytokines, which led to the
formation of cytoplasmic inclusion bodies, a hallmark of IBM, containing ABPP,
ubiquitin, and TDP-43 among other proteins (91). MHC-I expression and pro-
apoptotic protein caspase-3 were also increased. In these myoblasts, they tested
the effect of arimoclomol, before it was used in a clinical trial. The main finding
was that using rat myoblast cultures, up-regulation of the heat shock response

with arimoclomol reduced key pathological markers of IBM in vitro (91).

Another study based on DMD compared the primary myoblasts with iPSC-
induced myoblasts at gene expression and functional level (88). They found that
myoblasts derived from iPSCs recapitulated the skeletal myogenesis
developmental process and the disease hallmarks characteristic of DMD,
revealing that both myoblasts’ sources were equivalent for disease modeling in
DMD (88).

2.4. 3D models: skeletal muscle organoids and
muscle-on-a-chip

Cell disease models in 2D cultures are evolving towards 3D systems that could
better reflect the cell-to-cell interaction, extracellular matrix exchanges, and 3D
tissue architecture (49). Here we explain organoids, organ-on-a-chip and organ

constructs among 3D models (Table 3).

An organoid is a self-organized 3D tissue that is typically derived from stem cells
(pluripotent, fetal or adult), and which mimics the key functional, structural and

biological complexity of an organ (Table 3) (92). Thus, organoids are becoming a
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tool to model human development and organogenesis, disease etiology, injury
and regeneration. Organoids from brain, retina, kidney, liver, stomach, lung, gut,
heart or muscle have been developed so far (93), displaying the potential to model
human disease in multiple organs and tissues. The physiological structure of
organoids could be useful to test new therapeutic approaches before their clinical
translation. However, their scalability and maturity need to improve, as they
mostly resemble fetal rather than adult tissue, and their reproducibility and

production are limited (Table 3) (49).

Alongside with organoids, organ-on-a-chip are another model being develop to
study disease states and biomechanical forces in vitro by using 3D printing,
microfluidics and microfabrication engineering techniques (Table 3). The critical
features of these devices are the 3D structure, the integration of several cell types
in the chip, and the presence of biomechanical forces in the device, to reflect
tissue physiology. Organ-on-a-chip of brain, gut, heart, kidney, blood-brain
barriers and muscle have been developed, among others. For example, myotonic

dystrophy type 1 (DM1) (94) have been modeled by skeletal muscle-on-a-chip.

The combination of multiple disease models in 3D was given the name “organ
constructs”, complex 3D structures formed by cellular and non-cellular elements
that recapitulate the components, architecture, functionality and
pathophysiology of in vivo organs (95). A broad range of organ constructs are
being generated to study development, model disease onset and evolution and

generate tissue biobanks for regenerative medicine (95).
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CHAPTER 3: Omics technologies, functional studies and
their applications

Understanding the pathogenesis of a disease, identifying biomarkers or potential
therapeutic targets and treatments are possible after performing experiments and

analysis to respond to the hypothesis of interest (49,95).

There are multiple methodologies to test a hypothesis, mainly based on in silico
vs. in vivo or in vitro approaches (49). In silico approaches are based on
computational studies that are able to integrate multiple omics data and identify
interactions in a holistic approach (Table 3). In vitro and in vivo studies are
targeted, by performing functional studies with a specific aim (identify a protein,
the expression of a particular gene, the activity of an enzyme, etc.)(50). In both

approaches, the data is obtained from patients’ samples or from animal models.

The integration of omics and functional studies allows to confirm or discard the
hypothesis of interest, and eventually validate new disease models, describe the
effect of new gene variants, identify therapeutic targets and test effective
treatments. In the following section we explain the impact of omics (specifically,
gene expression studies) and functional studies, to understand their role in

biomedical research.

1. Omics technologies

The field of biomedical research has been transformed by high-throughput
technologies, which led to the development of the systems biology field (50). This
field integrates different omics data types, such as genomics, epigenomics,
transcriptomics, proteomics, and metabolomics, to identify molecular patterns
associated with disease (Figure 5) (50). Briefly, we will go through each of them

and their main applications:

- Genomics: the aim is to find genetic variants associated with disease,
response to treatment and disease progression. For instance, genome-
wide association studies (GWAS) is a successful approach to identify
thousands of genetic variants, called single-nucleotide polymorphisms

(SNP), associated with complex diseases in human populations (Figure 5).
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Whole exome-sequencing (WES) allows for the diagnosis of multiple

mendelian rare diseases (96,97). Other genetic aberrations like copy

number variants (CNV), loss of heterozygosity (LOH), or genomic

rearrangements are identified with genomic tools.
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analysis offer the possibility of identifying alterations at different molecular levels

to unravel pathophysiological mechanisms or potential therapeutic targets.

However, one of the bottlenecks of multi-omics analysis is the integration of data

from different sources. These approaches have been widely applied to cancer

research (Momeni, Z et al. 2020)(98).

- Epigenomics characterizes reversible modifications of DNA or DNA-

associated proteins, such as DNA methylation or histone acetylation,

which regulate gene transcription and cell fate, among other functions

(Figure 5). These modifications have a genetic and an environmental

influence and could be inherited by the offspring (99,100).
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- Transcriptomics examines RNA levels genome-wide and sheds light on the
protein-coding transcriptome, long non-coding RNAs, short RNAs, and
circular RNAs (Figure 5). Dysregulation of these RNAs is associated with
multiple diseases and they may be used as potential biomarkers or
therapeutic targets (101-103).

- Proteomics quantifies peptide abundance, modification, and interaction
(Figure 5). Post-translational modifications in proteins (proteolysis,
glycosylation, phosphorylation, nitrosylation, and ubiquitination) are
related to their function. Thus, these modifications are involved in
intracellular signaling, enzyme activity, protein turnover and transport,
and cell homeostasis (104).

- Metabolomics reveals the metabolic function and profile of small
molecules like amino acids, fatty acids, carbohydrates, etc. often in fluid
samples (Figure 5). An altered pattern of metabolites is usually associated

with a disease (105).

Each type of omics data gives information about correlations or association
between a common driver, that could be a molecule, process or pathway, between
disease and control groups. To find the cause of a disease pattern, we often need
the integration of different omics (106). This way we can identify the pathways
linked to a disease and target the molecular “key drivers” in them (107). When
these “key drivers” are identified, we need to test if they are causal or associated
to the disease pattern. Thus, to relate a specific change to a specific phenotype,

we need to rely on molecular studies in vitro and in vivo.

One example of these studies is related to genomics. In genome or exome
sequencing, the identification of genetic variants of unknown significance (VUS)
are common, as numerous gene variants are unknown in the human genome.
VUS are genetic variants potentially causal of a disease but their function is
unknown (50,108,109). To prove that a VUS is causal of a disease, there are
different approaches at omics and functional level that aid to determine its
function. They can be based on patients’ samples or disease models. Some assays
are based on metabolomics, transcriptomics, protein expression analysis, protein
visualization and subcellular localization of molecules, mitochondrial respiratory

chain activity, etc.
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Sometimes, if we cannot determine the causal effect of a VUS, the omics data can
be stored and reanalyzed later when more evidence is provided (50). This is one
of the main advantages of omics datasets, their enduring availability. However,
omics datasets stored in public repositories require standard terminology and
methodology in all aspects of data collection and analysis, appropriate sample
size, and control of sample processing and data acquisition to avoid batch effects

and technical artifacts that can be confused with biological changes (110-112).

1.1. Transcriptomics studies

Transcriptomics data obtained through RNA seq is used to identify gene
expression patterns. In this section, we will discuss examples where RNA seq was
used to identify a causal variant of a disease or provide insights into disease

pathogenesis.

As mentioned in the previous section, WES and whole genome sequencing (WGS)
are applied in the diagnosis of Mendelian diseases. However, their diagnosis rate
in rare diseases is comprised between 25-50% (97,113). Cummings et al. added
RNA seq to the diagnosis pipeline of rare muscle diseases and diagnosed 17 out
of 50 patients (97). This was supported by Gonorazky et al., who diagnosed 9 out
of 25 cases of monogenetic neuromuscular disorders by RNA seq (113). Both
studies emphasized the importance of sequencing the disease target tissue and
having a sufficient sample size to obtain robust results (97,113). Interestingly,
Gonorazky et al. found that transcriptome in transdifferentiated myoblasts
obtained from fibroblasts where adequately determining the transcriptomic
profile of the target tissue (muscle) while this was not the case of blood

transcriptome analysis (113).

The sample of origin is essential in the output of an RNA seq analysis. In one
study they examined the expression pattern of the same sample type, fibroblasts,
but in different organs, to examine tissue-specific expression by RNA seq (114).
This way, gene expression studies are useful for comparing different models or
tissues of the same disease, or also, the same sample type from different organs

or tissues.
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When comparing the expression of genes in different tissues, a valuable source is
the Genotype-Tissue Expression (GTEx) database (115). GTEx is a consortium
that made possible to study tissue-specific gene expression and regulation in 54

healthy tissues in 1000 healthy individuals.

In the field of IIMs, transcriptomic data alone can be used to identify a muscle
biopsy sample from a patient with DM, ASyS, IMNM or IBM with over 90%
accuracy (5). Amici et al. (116), studied gene expression changes across different
myositis subtypes and generated a co-expression network of shared biological
processes among IIM and distinctive disease processes. Briefly, upregulated
pathways in IIM included muscle regeneration, cytokine-specific profiles, acute
phase response and neutrophil degranulation. Focusing on each IIM, the specific
pathways involved where: type 1 interferon signaling and titin for
dermatomyositis, RNA processing for ASyS and vasculogenesis for IBM. This

project shed light into the gene expression regulation in IIMs (14,116).
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2. Functional studies

Despite the information given my multi-omics data (Figure 5) and molecular
networks, the evidence of molecular alterations requires to be tested in functional
studies, to prove they are causal or associated to a specific phenotype (50). There
are endless examples of cases in which functional studies were applied to unveil
the impact of genetic and molecular changes in a specific phenotype and their
contribution to the diagnosis, prognosis and treatment selection (Figure 6). In
this section we are going to present 4 cases in which functional studies were
applied to prove 4 different hypotheses, sometimes combined with omics analysis
(Figure 6). In the first case, the aim was to unveil the function and mechanism of
the gene variant GLUD2, associated with early onset of PD (109). In the second
case, ATG7 deleterious variants were proven to be the cause of a new disease (73).
In the third case, the metabolic and lipid profile aid in stratifying patients of the
same disease according to their molecular profile (117). In the fourth case, they

validated a new model of disease (118).
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Figure 6. Applications of omics and functional studies to address neurological clinical
needs. A) In longitudinal studies, the identification of early pathological changes (prior
to symptom onset) to target upstream disease-modifying events rather than downstream
palliative care events could aid in stopping or lowering down the disease progression. B)
The use of omics profiling to stratify participants for clinical trials of targeted,
mechanism-based drug candidates. Basket trials could involve participants with multiple
diseases harboring the same actionable mutation, while umbrella trials could involve
participants with a single disease harboring multiple actionable mutations. In both cases,
participants are profiled and matched to a targeted drug candidate. C) Development of
molecular-based diagnostic criteria and treatment selection to stratify patients with a
similar phenotype, using omics profiling. D) Identification of biomarkers for early
diagnostics and treatment, and for monitoring disease evolution. E) Precision medicine
by matching a patient's omics profile with approved drugs. Overall, the aim of molecular
and multi-omics profiling of patients is to aid in the diagnosis, disease monitoring and
treatments selection for patients (Savelieff, MG et al. 2022)(119).

In the first case, GLUD2 is a glutamate dehydrogenase gene located in
mitochondria and involved in recycling glutamate during neurotransmission.
Specifically, it catalyzes the reversible oxidative deamination of glutamate to
alpha-ketoglutarate (120). A rare gain-of-function variant of GLUD2 (T1492G)
was associated with early onset in male PD patients; however, the function and
underlying mechanism of this variant remained unknown. To unveil them, they
generated AAV expressing GLUD2 and its mutant and injected the virus into the
brain of untreated mice or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD mice model (121). In MPTP-induced PD mice, GLUD2
endorses movement deficits and dopaminergic neuron death and reduces

glutamate transporters expression and function (109).

Once the function of GLUD2 was determined, GC-Q-TOF/MS-based
metabolomics was performed to determine the mechanism of GLUD2 damage.
They found that GLUD2 mutation damages mitochondrial function by decreasing
SDH activity to impede the tricarboxylic acid cycle (TCA) in the brain of MPTP-
induced PD mice (109). Thus, these mice showed a lower energetic metabolism
and higher level of apoptosis. This is the mechanism of the variant in GLUD2 that
may contribute to the disease onset of PD. This way, the function and mechanism
of a genetic variant in GLUD2 was untangled with genetic modification tools,
using viral vectors (AAV), mouse models (untreated and MPTP-induced PD mice)

and metabolomics (109).
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In the second case, they identified five families with ataxia and developmental
delay and deleterious, biallelic ATG7 variants who have survived with a severe
loss or complete absence of ATG7, an essential autophagy enzyme with unknown
paralogue (73). The study revealed the clinical significance of dysfunctional
autophagy in humans, responsible of the profound neurologic and developmental
impairments of the patients (Figure 6C) (73). The experimental process was the

following:

1. Exome sequencing from each family and computer modeling to predict
variant pathogenicity.

2. Histochemical, enzyme-linked and immunostaining of skeletal muscle
biopsy in one ATG7-deficient patient. Mild myopathic changes were
found. ATG7 protein was undetectable in cultured myoblasts from that
patient.

3. Cell studies with primary or immortalized patient-derived dermal
fibroblasts where autophagy was induced and then blocked at different
time-points. To analyze the autophagic flux, immunoblotting,
immunofluorescence, long-lived protein degradation and electron
microscopy were performed. ATG7 protein was undetectable or severely
diminished in all patients.

4. Protein modeling in 3D models of homology between the wild-type and
mutated ATG?7 built from the crystal structure of the yeast Atg7—Atg3 and
Atg7—-Atg8 complexes. This was done in yeast because autophagy has been
conserved through evolution and the ATG7 protein sequence is

maintained across species.

After the mechanistic investigations in multiple models, the disease mechanism
of severe loss or absence of ATG7 in human was revealed and is the following:
recessive ATG?7 variants, decrease ATG7 gene expression and ATG?7 protein
function is impaired. This decreases the lipidation of LC3 protein and promotes
p62 accumulation. Less LC3-II formation diminishes autophagic cargo
sequestration and altogether trigger a neurodevelopmental disorder with several
symptoms. In this case, they also suggest two therapeutic approaches: one based

on AAV for gene therapy that correct the amount of ATG7 loss; and the other
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based on small molecules increasing autophagosome formation and degradation

(73).

In the third case, the aim was to identify the plasma metabolomics and lipidomics
signatures that underlie peripheral neuropathy (PN) in an observational study of
individuals with average class 3 obesity (117). They compared obese participants
with and without PN, matched for glycemic status, vs. lean non-neuropathic
controls. The results revealed that plasma metabolomics and lipidomics differs in
obese groups vs. lean group. Inside the obese groups, plasma metabolomics and
lipidomics differ in the ones with and without PN, separating the obese group in
two (117). Metabolic and complex lipid pathways can differentiate obese
individuals with and without PN, independent of glycemic status, making this
approach able to stratify patients of the same disease according to their molecular
profile (Figure 6B, E) (117).

In the fourth case, they determine whether human skeletal muscle xenografts can
be used to model IBM, as mentioned above in the mouse models’ section. IBM
mice xenografts revealed regeneration of human myofibers coupled with
inflammatory and degenerative hallmarks of the disease (118). These hallmarks
were endomysial infiltration of CD8+ T cells, MHC-I up-regulation,
mitochondrial pathology with COX- fibers, rimmed vacuoles, p62-positive
inclusions, nuclear clearance and cytoplasmic aggregation of TDP-43. This way
they validated a new model of disease that can recapitulate the complex genetic

and epigenetic abnormalities that exist in human disease (118).
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HYPOTHESIS

The hypothesis of the project is that new cell models derived from IBM patients
will recapitulate the main molecular hallmarks of the target tissue and will

contribute to:

1. Validate new disease models for IBM.
2. Acquire knowledge of the etiopathology of the disease.

3. Identify biomarkers for an early diagnose and possible management of IBM.
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OBJECTIVES

1.

Validate human-derived dermal fibroblasts from inclusion body myositis
(IBM) patients as a model for IBM identifying the presence of genetic and
functional alterations (inflammatory, degenerative and mitochondrial

changes) that recapitulate the features of the target tissue.

. Validate skeletal muscle cells derived from iPSC obtained from fibroblasts

from IBM patients as a model for IBM, identifying the presence of genetic
and functional alterations (inflammatory, degenerative and mitochondrial

changes) that recapitulate the features of the target tissue.

Evaluate the use of cell models derived from IBM patients (fibroblasts) to
test the comorbidity of IBM and other age-related diseases (like Alzheimer

disease and Diabetes mellitus type 2).

Evaluate the use of cell models derived from IBM patients (fibroblasts) to

identify biomarkers through a multi-omics analysis.
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Abstract

Background Inclusion body myositis (IBM) is an inflammatory myopathy clinically characterized by proximal and dis-
tal muscle weakness, with inflammatory infiltrates, rimmed vacuoles and mitochondrial changes in muscle histopathol-
ogy. There is scarce knowledge on IBM aetiology, and non-established biomarkers or effective treatments are available,
partly due to the lack of validated disease models.

Methods We have performed transcriptomics and functional validation of IBM muscle pathological hallmarks in fibroblasts
from IBM patients (n = 14) and healthy controls (n = 12), paired by age and sex. The results comprise an mRNA-seq,
together with functional inflammatory, autophagy, mitochondrial and metabolic changes between patients and controls.
Results Gene expression profile of IBM vs control fibroblasts revealed 778 differentially expressed genes (P-value
adj < 0.05) related to inflammation, mitochondria, cell cycle regulation and metabolism. Functionally, an increased inflam-
matory profile was observed in IBM fibroblasts with higher supernatant cytokine secretion (three-fold increase). Autophagy
was reduced considering basal protein mediators (18.4% reduced), time-course autophagosome formation (LC3BII 39%
reduced, P-value < 0.05), and autophagosome microscopic evaluation. Mitochondria displayed reduced genetic content
(by 33.9%, P-value < 0.05) and function (30.2%-decrease in respiration, 45.6%-decline in enzymatic activity
(P-value < 0.001), 14.3%-higher oxidative stress, 135.2%-increased antioxidant defence (P-value < 0.05), 11.6%-reduced
mitochondrial membrane potential (P-value < 0.05) and 42.8%-reduced mitochondrial elongation (P-value < 0.05)). In
accordance, at the metabolite level, organic acid showed a 1.8-fold change increase, with conserved amino acid profile.
Correlating to disease evolution, oxidative stress and inflammation emerge as potential markers of prognosis.

Conclusions These findings confirm the presence of molecular disturbances in peripheral tissues from IBM patients
and prompt patients’ derived fibroblasts as a promising disease model, which may eventually be exported to other neu-
romuscular disorders. We additionally identify new molecular players in IBM associated with disease progression, set-
ting the path to deepen in disease aetiology, in the identification of novel biomarkers or in the standardization of bio-
mimetic platforms to assay new therapeutic strategies for preclinical studies.
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Introduction

Inclusion body myositis (IBM) is an inflammatory myopathy
characterized by proximal and distal muscle weakness, inflam-
mation, rimmed vacuoles and mitochondrial alterations in
myofibres.! This rare disease (OMIM 147421) is the most
common acquired muscle disease in patients over 50 years
old.? Its prevalence ranges from 46 to 84 patients per
million,>* raising due to the aging of the population. The
time from symptoms onset to diagnosis is delayed (around
4-5 years) with a high level of misdiagnosis, due to a lack of
specialized diagnostic teams and non-invasive biomarkers.
Despite the progression towards disability being slow, effec-
tive treatments are absent, leading to an unmet medical
need.

Scarce knowledge has been gathered about IBM
aetiology. First characterized in 1978, it is currently catego-
rized as an inflammatory myopathy (or myositis), together
with polymyositis, dermatomyositis, immune-mediated nec-
rotizing myopathy and non-specific myositis.> However,
IBM was considered the sporadic form (sIBM) of inherited
vacuolar myopathies (hIBM, caused by mutations in around
12 genes, mainly VCP), because both shared the presence
of rimmed vacuoles. Inflammation is not present in vacuo-
lar myopathies,>® whereas it is prominent in IBM. This
prompted the classification of IBM among inflammatory
myopathies®>> and, currently, sIBM nomenclature is being
moved to IBM.

The first symptoms appear in quadriceps and finger flexor
muscles, leading to difficulties for climbing stairs and handling
objects. In 60% of the cases, there is dysphagia and swallow-
ing dysfunctions. The diagnosis is based on clinical and muscle
histology studies, where inflammatory infiltrate, rimmed vac-
uoles and mitochondrial abnormalities must be present.
Briefly, muscle biopsies show: (i) inflammation (CD8+ T cells,
aberrant expression of MHC1 and endomysial mononuclear
cell infiltrates in myofibres); (ii) degeneration (rimmed vacu-
oles, ubiquitin-positive inclusions and amyloid deposits) and
(iii) mitochondrial abnormalities (cytochrome c oxidase nega-
tive fibres (COX-), succinate dehydrogenase positive cells
(SDH+) and ragged-red fibres (RRF), corresponding to an in-
creased number of abnormal mitochondria around
myofibres).>>®

Currently, there is no treatment for IBM. Although being an
inflammatory myopathy, corticosteroids have failed, and all
trials with immunosuppressants, immunomodulating agents,
TGFp inhibitors and muscle growth factors have been ineffec-
tive. Intravenous immunoglobulin treatment has been useful
to treat dysphagia, despite this, IBM patients are limited to
physical therapy (with difficulties for some patients) and par-
ticipation in clinical trials.”

Validated disease models for IBM could help to gain insight
into the pathophysiology of this condition, improve diagnosis
and test effective treatments. However, previous attempts to

develop animal models (MCK-SAPP transgenic mice,® vCP
mutant mice models,® and a cholesterol rabbit model*°) re-
vealed serious limitations, probably because they were
mainly based on gene editing, and IBM is an acquired disease
with poor (or merely unknown) genetic base. Consequently,
most of the advances in IBM have been accomplished directly
with samples from affected patients.® Previous studies from
our group revealed some pathological muscle features in
IBM lymphocytes'® or alternative peripheral tissues,** sug-
gesting that IBM hallmarks could be present besides the tar-
get tissue (muscle). Considering fibroblasts are proliferative
cells, used to diagnose mitochondrial diseases and to model
neurodegenerative diseases,*>*° we tested their usefulness
as a potential model to study IBM. Fibroblasts preserve ge-
netic, epigenetic and environmental cues of affected pa-
tients, offering a low-cost maintaining platform to deepen
in disease aetiology, discover novel biomarkers and assay
new therapeutic strategies for preclinical studies.

In this article, we aim to report a detailed phenotyping of
fibroblasts from IBM patients compared with age and
sex-paired healthy controls (CTL), as a promising model for
this disease. We offer the transcriptomic and functional as-
sessment of this cell model together with the clinical and
pathological data of included patients. Briefly, fibroblasts
from IBM patients showed a clear deregulated transcriptomic
pattern of 778 differentially expressed genes (DEGs) and a
pathological inflammatory, degenerative and mitochondrial
profile, resembling the target tissue of the disease. Addition-
ally, the present findings prompt distinct molecular targets as
relevant key players in IBM.

Methods
Study design and population

A case—control study was conducted in the Department of In-
ternal Medicine from Hospital Clinic of Barcelona (Barcelona,
Spain), including 14 patients and 12 healthy volunteers. IBM
patients and healthy volunteers signed the informed consent
(ethical code HCB/2015/0562). Additional information is pro-
vided in the Supporting Information.

Fibroblast culture

Fibroblasts were obtained from a skin biopsy from cases and
controls. Cells were harvested and collected at 80% of conflu-
ence, and phenotyped at passages 3 to 10. Briefly, fibroblasts
from both groups displayed similar morphology and size.
Cell growth rate was slightly reduced in IBM fibroblasts
(0.019 + 0.002 vs. 0.024 + 0.006), although non-significantly.
Additional information is provided in the Supporting
Information.
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RNA extraction, mRNA library preparation and
sequencing

Total RNA was isolated from cell lysates of three IBM and
three CTL fibroblasts. Differential expression analysis was per-
formed with DESeqg2 v1.26.0 R package, and genes were con-
sidered differentially expressed with an adjusted P-
value < 0.05 and absolute fold change |FC| > 1.5. A detailed
description of mRNA libraries, sequencing and analysis is pre-
sented in the Supporting Information.

Inflammation: Bio-Plex assay of secreted
inflammatory cytokines

A Bio-plex assay (Bio-Plex Pro” Human Cytokine 27-plex As-
say #M500KCAFOY) from Bio-Rad (Hercules, CA, USA) was
performed to quantify 27 inflammatory cytokines secreted
in the supernatant of IBM and CTL fibroblasts after 96 h in
culture (undiluted samples) normalized by cell number.

Autophagy protein array

Cell lysates were obtained from IBM and CTL fibroblasts;
250-500 pg of protein per sample were loaded in the Ray
Bio® C Series Human Autophagy Array 1 (Cat#: AAHATG-1-8,
Ray Biotech, Inc., Atlanta, GA, USA), incubated overnight at
4°C and detected by chemiluminescence. Additional informa-
tion is provided in Supporting Information.

Autophagy time-course

Autophagy flux in IBM versus CTL fibroblasts was measured in
a time-course in basal conditions (0 h), and 4 h and 8 h after
the addition of 0.1 uM bafilomycin Al from Streptomyces
griseus (Sigma-Aldrich® #B1793 SIGMA, Missouri, USA), and
analysed through western blot analysis. Blots were probed
against the anti- SQSTM1/p62 (Abcam #ab56416, Cambridge,
UK) and anti-LC3B (Cell Signaling #2775S, Massachusetts,
USA) antibodies. More information provided in the
Supporting Information.

Immunocytochemistry for autophagosome
characterization

Cells were seeded in a 16-well glass slide (Nunc" #178599
Lab-Tek® Chamber Slide™, Austin, USA) at 37°C with 5% CO,
for 24 h. Autophagosomes were stained with anti-LC3 pAB
(MBL International® #PM036, Massachusetts, USA) and im-
ages were taken with a Zeiss LSM confocal microscope
(63%). A detailed protocol is presented in the Supporting
Information.

Mitochondrial respiration

Mitochondrial respiration was measured according to the ox-
ygen consumption of the mitochondrial respiratory chain
(MRC). The oxygen consumption rate was detected with the
XF Cell Mito Stress Test” (Seahorse-XF®24-Analyser, Agilent
Technologies), according to the manufacturer’s protocol. Ad-
ditional information is found in the Supporting Information.

MRC enzymatic activities: COX and citrate synthase
(CS) activities

COX and CS enzymatic activities were assessed in 40 ug of to-
tal protein from each fibroblast sample according to stan-
dardized protocols,15 at 37°C, and expressed as COX/CS ratio.

Oxidative stress

Oxidative stress was measured through lipid peroxidation
(measuring malondialdehyde (MDA) and 4-hydroxyalkenal
(HAE)) and total antioxidant capacity of the cell (TAC).** Re-
agents and protocols are provided in the Supporting
Information.

Mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was quantified
with tetramethyl rhodamine methyl ester (TMRM) and de-
tected with confocal microscopy, as the number of cells with
active mitochondria per total number of cells.

mtDNA genome content

mtDNA content was evaluated with the fragments of the
mitochondrially encoded 12S rRNA gene and the nuclear-
encoded RNase-P gene, amplified by RT-PCR (Applied
Biosystems). The relative mtDNA content was expressed as
the ratio mtDNA 12S rRNA:nDNA RNase-P.

Mitochondrial elongation

Mitochondrial network was immunostained with TOMM20
(St Cruz Bio #sc-11415 (1:100)), imaged with a Zeiss confocal
microscope (63x) and analysed with ImageJ software using a
mitochondrial morphology macro to quantify mitochondrial
elongation (also called aspect ratio: AR = major axis/minor
axis, where a higher AR is linked to healthier mitochondria.*®
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Transmission electron microscopy (TEM)

Fibroblasts were fixed and incubated with 1% OsO, before
being sectioned using Leica ultramicrotome (Leica
Microsystems). Ultrathin sections (50-70 nm) were stained
and observed using a TEM, JEOL JEM-1010 fitted with a Gatan
Orius SC1000 (model 832) digital camera®’ to seek for abnor-
mal organelle structures. Detailed information is presented in
the Supporting Information.

Metabolite quantification

Organic acids were extracted in fibroblasts as previously
reported.*® The trimethylsilyl derivatives obtained were sep-
arated by gas chromatography (Agilent 7890A, Wilmington,
DE, USA) and detected in a mass spectrometer (Agilent
5975C, Wilmington, DE, USA). Amino acids were quantified
in fibroblasts by ultra-performance liquid chromatography
coupled to tandem mass spectrometry, as previously
reported.’® Both measurements were normalized by protein
content. Additional information is detailed in the Supporting
Information.

Statistical analysis

Statistical analysis was performed with the Statistical Package
for the Social Sciences software, version 25 (IBM SPSS Statis-
tics; SPSS Inc) and GraphPad Prism 8 (GraphPad Software,
San Diego, CA, USA). Results were expressed as
mean + SEM or in fold change between conditions, calculated
as mean fold change ratio (and deviation) in IBM patients ver-
sus CTL fibroblasts, normalized by cell number or by protein
content. Obtained data were compared between indepen-
dent experiments using the non-parametric Mann—-Whitney
U test or Kruskal-Walli’s test. Statistically significant results
(P-value < 0.05) were highlighted along the manuscript. Ad-
ditionally, borderline significant results were included accord-
ing to their biological relevance for better understanding of
the biological context.

Results
Clinical and epidemiological data

In this study, IBM patients belonged to Caucasian population
between 40 and 83 years old (mean age 66.9 + 3.6) follow-
ing a 1:1.7 male to female ratio (n = 14). Control subjects
also belonged to the Caucasian population (n = 12), from
35 to 86 years old (mean age 57.4 * 4.6), following a 1:2.5
male to female ratio. According to the IBM functional rating
scale (IBMFRS; ranges from 0 (inability)-40 (normal

behaviour)?®), the IBM cohort scored 25.1 + 2.1, indicating
moderate clinical severity. The average time from symptoms
onset to diagnosis was 37 months; six patients showed
stable IBM prognosis and eight of them had a progressive
disease decline. This overview of clinical data is summarized
in Table 1, together with patients’ muscle biopsy features
that aid in IBM diagnosis.

Transcriptomic phenotyping: Altered gene
expression in IBM fibroblasts

RNA sequencing was performed in fibroblasts from IBM pa-
tients (n = 3) and genetically unrelated healthy subjects
(n = 3). A principal component analysis (PCA) revealed IBM
and healthy subjects clustered separately (Figure 1A), sug-
gesting a differential gene expression pattern of disease,
comprising 778 DEGs with P-value adj (FDR) < 0.05; of them,
457 were downregulated and 321 upregulated (Table S1).
The top 50 DEGs are represented in the heatmap (Figure
1B). Among these DEGs, some are related to inflammation
(MHC components like CD59; T-cell expansion genes like
CLEC2A, CLEC2B, and CLEC3B, and others like CSCS and
TNFAIP6); mitochondria (PCK2, MTHFD2, GPATZ2, ATP2B4,
and CYP2U1I); and other processes like cell cycle regulation,
metabolism of amino acids and derivatives, and so on. Gene
names are found in Table S1.

These DEGs were clustered with a Gene Ontology enrich-
ment analysis, where the most deregulated clusters were re-
lated to cell communication, cell signalling and systems devel-
opment. Gene set enrichment analysis (GSEA) revealed 358
significantly altered pathways (P-value < 0.05), the top ones
found in Figure 1C.

In addition to GSEA, DEGs were analysed using Ingenuity
Pathway Analysis (IPA) software. IPA showed tRNA charging
as the top canonical pathway, top networks related to
cell cycle, DNA replication, cell-to-cell signalling, and interac-
tion, similar to GSEA results, confirming the consistency
of reported findings. Overall, these findings point out a
clear deregulated transcriptomic profile in IBM fibroblasts
and highlight significant pathways and molecular targets
in IBM.

Functional phenotyping

Increased inflammatory profile in IBM fibroblasts
Inflammation is one of the hallmarks of IBM in muscle. To ex-
plore inflammation in IBM versus CTL fibroblasts, we per-
formed an mRNA-seq and measured secreted cytokines in
cell supernatants.

In the transcriptome, we found a differential inflammatory
profile in IBM versus CTL fibroblasts. Briefly, we found 62
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Table 1 Clinical data of the cohorts and features from IBM patients muscle’s biopsies

Sample Time symptoms
code to diagnosis Rimmed Auto Mitochondrial
(IBM) Sex Age  (months) IBMFRS Evolution  vacuoles Inflammation MHC1 Ab CD57 Changes
IBMO1 F 67 26 16 Stability + + NA All —  Normal No
IBM02 M 51 48 16 Progression ++ ++ NA All — Increase No
IBMO3 M 48 48 31 Stability + + NA All — NA Yes
IBM04 F 81 26 17 Progression  +++ + NA All — Normal Yes+
IBMO5 M 63 36 27 Progression + +++ Universal All — NA Yes +
IBM06 M 77 48 28 Progression + + Neg All — Increase  Yes
IBMO07 F 61 36 23 Progression +++ +++ Universal All — NA Yes
IBM08 F 83 12 8 Progression + +++ NA All — T clonal Yes +
IBM09 M 62 84 30 Progression +++ ++ Universal All — Increase Yes
IBM10 M 78 12 28 Progression  +++ +++ + Not All— NA No
universal
IBM11 F 80 24 33 Stability +++ + Universal Ro + Normal Yes +
IBM12 M 71 36 30 Stability +++ +++ Universal Ro52 Increase  Yes
+
IBM13 M 75 72 32 Stability + ++ Universal All — Reduced B Yes
normal
CD57
IBM14 M 40 3 33 Stability +++ ++ Universal All — NA Yes+
Sample CTLO1 CTLO2 CTLO3 CTLO4 CTLOS CTLO6 CTLO7 CTLO8 CTLO9 CTL10 CTL11 CTL12
code
(CTL)
Sex M F F F F F M F F M M M
Age 69 66 61 41 48 47 35 45 82 86 57 52
Summary Fibroblasts (n) Male/female ratio Mean age (years) Time to diagnose (months) IBMFRS
IBM 14 0.6 66.9 + 3.6 37 25.1 + 2.1/40
CTL 12 0.4 57.4 £ 4.6

Note: Data presented as mean = SEM.

Abbreviations: Sex: F, female; M, male; IBMFRS, Inclusion Body Myositis Functional Rating Scale (from 0 to 40 points).20 Rimmed vacuoles:
from 0 to +++; Inflammation: from 0 to +++; MHC1: Major Histocompatibility Complex: Universal; NA: not available; + not universal:
splattered pattern; Auto Ab: Autoantibodies: Myositis specific and associated auto antibodies include: Anti-Jo-1, anti-SRP, anti-Mi2, anti-
TIF1gamma, anti-MDADS5, anti-SAE, anti-NXP2 and anti-HMGCR (specific) and anti-PM/Scl, anti-Ro, anti-La, and anti-U1RNP (associated);
Mitochondrial changes: Yes or No. Yes: RRF and/or COX neg. Yes + (strong alterations). No: no changes; Age and gender-paired distribu-

tion between cohorts (P = NS).

inflammatory-related genes (Table S2) related to MHC1, cyto-
kines and IL receptors, NF-kB pathway, IFN genes and T-cell
expansion genes, which were grouped in gene clusters
(Figure 2A), all involved in IBM pathogenesis.

Considering cytokine secretion in fibroblast supernatants,
we quantified 21 pro-inflammatory cytokines, grouped in
chemokines (eotaxin, 1P10, MCP1, MIP1la, MIP1b, RANTES,
and IL8) and proinflammatory cytokines (GCSF, TNFa, GMCSF,
IL7, IL4, IL13, IL17, IL1b, IL9, FGFb, IL1ra, IFNg, IL6, and VEGF).
Cytokines drifted towards an upregulated three-fold expres-
sion in IBM patients (Figure 2B and Table S3). In particular,
eotaxin (CCL1I), involved in a chemotactic activity for
eosinophils,* showed a statistically significant increase of
4.2 times in IBM versus CTL fibroblasts (P-value < 0.05,
n = 13 IBM vs. 12 CTL), whereas GCSF (that regulate the
production, differentiation, and function of granulocytes)
showed a high 13.3-fold change ratio between groups
(Figure 2B). These findings revealed a trend towards an in-
creased inflammation in IBM fibroblasts at a transcriptomic
and functional level, identifying relevant pathways and tar-
gets in this pathology.

Degenerative features and impaired autophagy in IBM
fibroblasts

Rimmed vacuoles are another hallmark in the muscle of IBM
patients, partly due to misfolded protein depots in the cyto-
plasm of muscle cells, caused by impaired or insufficient au-
tophagy. Here, we examined autophagy in IBM versus CTL fi-
broblasts by mRNA-seq data and analysing target proteins at
basal and time-course manners.

In the gene expression analysis, we found 37 DEGs
related to autophagy (Table S2) affecting many steps of
the signalling cascade (heat-shock proteins, stress-related
factors, proteasome genes and regulators of the master
AMPK gene), which were grouped in degenerative gene
clusters (Figure 3A).

In the functional autophagy analysis, we assessed expres-
sion of 20 proteins at steady-state levels in IBM and CTL fibro-
blasts. The expression of autophagic proteins was 18.4% re-
duced in IBM (Table S4 and Figure 3B), leading towards a
downregulation of the whole autophagic process. In particu-
lar, the following pathways were more affected??: Receptor-
mediated mitophagy (ATG5, ATG12, LC3A, and LC3B),
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Figure 1 Transcriptome analysis of IBM and CTL fibroblasts (n = 3/group). (A) Principal component analysis (PCA) of affected (IBM) versus unaffected
(CTL) subjects. (B) Heatmap of the top 50 differentially expressed genes (DEGs) obtained in a differential expression analysis between both cohorts. All
DEGs are represented in Table S1. (C) Top pathways (with lowest P-value adj) after a functional gene set enrichment analysis (GSEA) and considering
their normalized enrichment score (NES). PCA, heatmap and pathway analysis revealed a differential gene expression pattern in IBM patients, with
DEGs and pathways related to inflammation, mitochondria and other processes like cell cycle regulation and metabolism of amino acids and
derivatives.
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Figure 2 The inflammatory pattern of IBM and CTL fibroblasts. (A) Venn’s diagram of the most affected inflammatory clusters and the number of dif-
ferentially expressed genes (DEGs) involved. Some DEGs are involved in more than one cluster. The list of inflammatory DEGs is represented in Table
S2. (B) Mean fold change ratio (and deviation) of secreted cytokines in IBM patients versus CTL fibroblasts, normalized by cell number (n = 13 IBM vs.
12 CTL; *P-value < 0.05, Mann—Whitney U test) (ratio > 1: Higher concentration in IBM). The concentration of each cytokine and their full names are
represented in Table S3. Briefly, an increased inflammatory profile is observed in IBM versus CTL fibroblasts, with differentially expressed genes (DEGs)
related to MHC1, cytokines, interleukins, and so on and higher cytokine secretion in fibroblast supernatants.

PINKI-PRKN Mediated Mitophagy (ATG12, P62, LC3A, LC3B, displayed a trend of 22.0%, 21.6%, and 17.5% reduction in
and ATG5) and the super pathway Macroautophagy |BM fibroblasts.

(ATG12, ATG7, Rheb, ATG4A, ATG13, Beclin, P62, GABARAP, To evaluate if a decreased autophagic activity was due to
LC3B, ATG5, ATG10, LC3A, ATG3, and ATG4B) that the inactivation of the process or, to higher consumption of
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Figure 3 Autophagy in IBM versus CTL fibroblasts. (A) Venn’s diagram of the most affected degenerative clusters and the number of differentially
expressed genes (DEGs) involved. Some DEGs are involved in more than one cluster. The list of degenerative DEGs is represented in Table S2. (B) Rep-
resentative images of two autophagy protein arrays of one inclusion body myositis (IBM) and one control (CTL) fibroblast and quantification of n = 8/
group autophagy protein arrays. In red, differences in protein concentration (according to spot intensity) among IBM and CTL fibroblasts. In the graph,
mean fold change ratio (and deviation) of autophagy proteins in IBM patients versus CTL fibroblasts, normalized by protein content (ratio < 1: Lower
concentration in IBM). Each protein concentration is depicted in Table S4. (C) Representative images and graphs of an autophagy time-course (at basal,
4 h and 8 h under bafilomycin Al treatment) measured by western blot between IBM (n = 13) and CTL (n = 12) fibroblasts. Results: Mean + SEM, n = 13
IBM versus 11 CTL; Kruskal-Wallis test, *P-value < 0.05. SQSTM1/p62: Autophagy substrate, LC3BII: Autophagy receptor, lipidated form, sypro: Total
protein content. (D) Representative images of autophagosome accumulation in IBM versus CTL fibroblasts treated with bafilomycin A1 (100 nM) for 6 h
obtained by confocal microscope (LC3B in green; nuclei in blue with DAPI, scale 25 uM (inserts 5 pM)). Briefly, autophagy is impaired in terms of dif-
ferentially expressed genes (DEGs) and decreased expression of basal protein mediators, time-course autophagosome formation, and microscopic
evaluation.

mediators caused by a higher autophagic rate, we performed
a time-course experiment that blocked the process. As ob-
served in Figure 3C, flux rate of both LC3BII and p62 effectors
at 4 h and 8 h after bafilomycin Al treatment was
non-significantly reduced between cohorts when normalized
by basal levels. Interestingly, raw data non-normalized by
basal expression showed significantly reduced levels of
LC3B-Il marker at 4 h and 8 h after treatment in IBM fibro-
blasts (44.4% and 33.6% reduced in IBM, P-value < 0.05),
suggesting a lower autophagic performance in the IBM co-
hort. Overall, a decreased autophagic activity could lead to
insufficient cell recycling and accumulation of damaged com-

ponents in the cytoplasm, increasing the endoplasmic reticu-
lum stress and compromising the homeostatic balance within
cells. In the case of p62 expression, we also found a slight re-
duction in IBM fibroblasts (24.9%, 19.0%, and 20.6%
reduced).

To visualize the proportion of autophagic vesicles between
cohorts, we performed immunostaining of LC3B after 6 h
under bafilomycin Al treatment (Figure 3D). The results
revealed a lower accumulation of autophagosomes in IBM
fibroblasts. These findings manifested a deregulated autoph-
agic and degenerative profile in IBM fibroblasts, prompting
relevant pathways and targets in this disease.
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Mitochondrial abnormalities increased oxidative status in
IBM fibroblasts

The third hallmark of IBM in muscle are mitochondrial alter-
ations. In muscle biopsies, there is an increased number of
mitochondria across myofibres (creating RRF) and increased
complex Il expression (SDH+ fibres), probably as an attempt
to compensate dysfunctional mitochondria, evidenced as de-
creased complex IV expression (COX-fibres).5*12324 These
are features of primary mitochondrial diseases. We aimed
to examine the mitochondrial state of IBM versus CTL fibro-
blasts by analysing mitochondrial deregulated genes, and by
functional assessment of bioenergetic and metabolic
performance.

Regarding mitochondrial gene expression, we found 42 mi-
tochondrial DEGs compiled in the Mitocarta (version 3.0),%® in
Table S2. Among them, some DEGs were encoded in the mi-
tochondrial genome (NADH:CoQ oxidoreductase subunits,
COX and ATP synthase), others related to the MRC function
but encoded in the nuclear genome; and tricarboxylic acid cy-
cle (TCA) enzymes. Also, some DEGs were stress-related or
peroxisomal genes. These genes were grouped in gene clus-
ters (Figure 4A).

At functional level, we measured the respiratory profile of
IBM and CTL fibroblasts to quantify the oxygen consumption
rate (Figure 4B). IBM fibroblasts leaned towards a decreased
respiratory pattern (Figure 4B), especially at basal and maxi-
mal respiration levels (28.6% and 31.8% reduced in IBM), sug-
gesting a trend towards less active MRC activity.

These results were supported at the enzymatic level by a
45.6% COX significant decrease, as seen in muscle, normal-
ized by CS activity (P-value < 0.001) (Figure 4C). Moreover,
CS activity shifted towards a 44.6% increase in IBM fibro-
blasts, leading to an increased mitochondrial mass to com-
pensate for COX reduction, as seen in RRF from IBM muscles.

To assess if MRC downward is correlated to oxidative
stress and antioxidant levels, lipid peroxidation markers like
MDA and HAE were measured in cell lysates (Figure 4D). Lipid
peroxidation tended to increase a 14.3% in IBM versus CTL fi-
broblasts, suggesting a trend towards higher oxidative stress
in IBM cells; coupled with a 135.2% significant increased level
of antioxidant defences (TAC) in IBM (P-value < 0.05) (Figure
4D). Moreover, in the mRNA-seq we found aldehyde dehy-
drogenases (ALDHIL2, ALDH1B1, ALDH4A1, and ALDH18A1),
enzymes involved in lipid peroxidation, and some antioxidant
enzymes (CBR3, CYB5R3, ETHE1, PRXL2A, and SQOR), among
the DEGs between IBM and CTL fibroblasts.

Mitochondrial dysfunction is usually linked to the depolar-
ization of MMP, that was significantly decreased by 11.6% in
IBM fibroblasts (P-value < 0.05) (Figure 4E). MMP depolariza-
tion may result in impaired proton pumping, leading to the
opening of the mitochondrial membrane pore, and potential
activation of apoptosis.

mtDNA genome content was significantly decreased by
33.9% in IBM fibroblasts (Figure 4F; P-value < 0.05), as previ-

ously observed in IBM muscle®! and in accordance to abnor-
mal mitochondrial morphology, either externally (showing a
significant 42.8%-reduced mitochondrial elongation, Figure
4F, Figure 5A), and internally (at subcellular level) (Figure
5B). Briefly, using TEM ultrastructural visualization, 76.2% of
IBM fibroblasts revealed abnormal mitochondria (61.9% of
them with altered cristae and 42.2% with a round shape, as-
sociated with unhealthier mitochondria), compared with
25.1% of CTL fibroblasts with abnormal mitochondria (of
which 7.9% had altered cristae and 17.2% a round shape).
At mRNA level, we found three DEGs related to mitochondrial
dynamics (BCL2L1, FKBP8, and MGARP), all downregulated.

Overall, these findings highlight a mitochondrial impair-
ment in IBM fibroblasts and identify contributing pathways
and key players in disease.

Targeted metabolites characterization

To examine if mitochondrial dysfunction was linked to meta-
bolic misbalances beyond the MRC, we measured DEGs and
metabolite levels related to organic acids and amino acids
in IBM and CTL fibroblasts.

At gene expression level, we observed 10 DEGs involved in
organic acids and amino acids metabolism (in Table S5).
Briefly, increased lactic acid and alanine are related to MT-
ND5, MT-CO2, and MT-ATP6, components of the MRC and re-
lated to the TCA cycle. ETHEZ is also linked to increased ala-
nine, ethylmalonic and methyl succinic, and related to the
SQOR gene. PSATI and GPX3, albeit not being mitochondrial
genes, are directly related to mitochondrial metabolism, in-
volved in serine and glycine biosynthesis and pyroglutamic
acid metabolism, respectively.

At functional level, organic acids showed a 1.8-fold change
increase in IBM, suggesting deregulation of intermediary me-
tabolism. The most relevant organic acids were: lactic acid
(biomarker of mitochondrial diseases); succinic acid (part of
MRC complex I, increased in SDH+ fibres in muscle);
pyroglutamic acid (involved in glutathione synthesis); sebacic
acid (involved in the electron transfer from the B-oxidation
pathway to MRC complex IlI) and above all, 20H-glutaric
acid (TCA cycle component which accumulates in case of
mitochondrial defect), that were significantly deregulated
(Figure 6A and Table S6). These components or derivatives
of the TCA cycle are related to amino acids or fatty acid
metabolism and their increase is frequently linked to MRC
dysfunction. Regarding amino acids levels, no relevant
differences were observed between IBM and CTL fibroblasts
(Figure 6B and Table S7).

Metabolic reprogramming in IBM fibroblasts supports mi-
tochondrial dysfunction beyond the MRC, and unravels the
main pathways and targets involved in IBM.

Association of molecular phenotype and disease progression
Phenotyping IBM vs CTL fibroblasts has revealed an overall
differential gene expression and functional profile, especially
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Figure 4 Mitochondrial profile in IBM versus CTL fibroblasts. (A) Venn’s diagram of the most affected mitochondrial clusters and the number of dif-
ferentially expressed genes (DEGs) involved. Many DEGs are involved in more than one cluster. The list of mitochondrial DEGs is represented in Table
S2. (B) Mitochondrial respiratory flux and rates of IBM versus CTL fibroblasts. Each sample was seeded in quadruplicate per condition (n = 10/group,
Mann-Whitney U test). OCR = oxygen consumption rate. Respiratory control ratios were normalized by total protein content and by citrate synthase
(CS) activity as a marker of mitochondrial content. (C) Cytochrome C oxidase (COX), citrate synthase (CS) and COX per CS activity (COX/CS ratio, as a
marker of complex IV from the mitochondrial respiratory chain (MRC) per mitochondrial mass (n = 10/group, P-value < 0.001, Mann—-Whitney U test),
normalized by protein content. (D) Oxidative stress measured through lipid peroxidation in IBM versus CTL fibroblasts normalized by total protein con-
tent (n =9 IBM vs. 8 CTL, Mann—Whitney U test) (MDA: Malondialdehyde; HAE: Hydroxialkenal); coupled to Total antioxidant capacity (TAC) expressed
as LM CRE (copper reducing equivalents) per total cell number (n = 11 IBM vs. 4 CTL, P-value < 0.05, Mann—Whitney U test). (E) Mitochondrial mem-
brane potential (MMP) measured with TMRM + Arimoclomol in IBM versus CTL fibroblasts (n = 4/group, P-value < 0.05, Mann-Whitney U test). The
results were expressed as mean + SEM (*P < 0.05). (F) mtDNA genome content in IBM versus CTL fibroblasts expressed as the ratio of mtDNA 12S
rRNA:nDNA RNase-P (mitochondrial vs. nuclear encoded gene) (n = 9 IBM vs. 8 CTL, P-value < 0.05, Mann—Whitney U test) and mitochondrial elon-
gation (represented by the aspect ratio) in IBM versus CTL fibroblasts (n = 3/group, P-value < 0.05, Mann—Whitney U test). Briefly, mitochondrial per-
formance is disturbed in IBM versus CTL fibroblasts in terms of genetic content, differentially expressed genes (DEGs) and functionality (reduced
respiratory profile, marked COX/CS decline, higher oxidative stress and antioxidant defence activation, reduced MMP and mitochondrial elongation).

considering inflammation, degeneration and mitochondrial As observed in Table 1, six patients showed stable IBM
function. Interestingly, this pattern seems to differ slightly de-  prognosis whereas eight followed a progressive disease de-
pending on disease evolution. cline. The correlation of molecular and clinical data yielded
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(A)

Figure 5 Mitochondrial morphology in IBM versus CTL fibroblasts. (A) Mitochondrial network in a representative image of IBM versus CTL fibroblasts
obtained by confocal microscope (TOMM20 in green; nuclei in blue with DAPI, scale 10 uM) displaying reduced mitochondrial elongation in IBM (as-
sociated to poor mitochondrial health). (B) Transmission electron microscopy (TEM) images of IBM versus CTL fibroblasts. In IBM fibroblasts, some
mitochondria lacked cristae (see inserts) presenting a discontinuous cristae distribution. Also, increased mitochondrial fission (see insert) could explain
the smaller and more circular shape of these organelles associated with unhealthier mitochondria. Additionally, the presence of impaired
autophagosome-lysosome structures in IBM patients (see inserts) might be a result of incomplete autophagy. Briefly, these findings highlight a mito-
chondrial impairment in IBM fibroblasts. Magnification: 30 000x, scale 1 um for each picture and 0.2 pm for inserts.
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Figure 6 Metabolites concentration in IBM versus CTL fibroblasts. (A) Mean fold change ratio (and deviation) of organic acids in IBM patients versus
CTL fibroblasts, normalized by protein content (n = 11 IBM vs. 10 CTL, *P-value < 0.05, Mann-Whitney U test) (ratio > 1: Higher concentration in IBM).
The raw data of each organic acid concentration is represented in Table S6. (B) Mean fold change ratio (and deviation) of amino acids IBM patients
versus CTL fibroblasts, normalized by protein content (n = 11 IBM vs. 10 CTL, Mann-Whitney U test) (ratio > 1: Higher concentration in IBM; ratio < 1:
Lower concentration in IBM). The raw data of each amino acid concentration is represented in Table S7. Briefly, organic acid levels showed a general
increase in IBM, suggesting deregulation of intermediary metabolism related to mitochondrial dysfunction, whereas no relevant differences in amino
acid levels were observed between IBM and CTL fibroblasts.

to the association of increased pro-inflammatory and organic  and antioxidant capacity. Together, stable and progressive
acids signature in stable IBM (Table S8 and Figure 7). IBM present an evident decrease in LC3BIl time-course and
Contrarily, progressive IBM showed increased oxidative stress  COX/CS with respect to CTLs.%®
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Comparison of inflammatory, degenerative and mitochondrial parameters among controls, stable IBM and progressive IBM patients

B CTLs [ Ratio stable IBM/CTLs

Mitochondrial Membrane Potential |
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Pro-mflanymatory cytokines and chemokines

H Ratio progressive IBM/CTLs
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Figure 7 Comparison of inflammatory, degenerative and mitochondrial parameters among controls (CTLs), IBM patients with stable evolution (stable
IBM) and IBM patients with disease progression (progressive IBM). Ratios between IBM (stable or progressive) and control fibroblasts were measured
to compare inflammatory, degenerative and mitochondrial parameters among the three groups (Table S8). Briefly, stable IBM showed an increased
pro-inflammatory and organic acids signature compared with progressive IBM and controls. Progressive IBM showed increased oxidative stress
(ROS) and antioxidant capacity. Together, IBM stable and progressive present an evident decrease in LC3BII time-course (autophagy marker) and
COX/CS (cytochrome c oxidase related to citrate synthase, a marker of mitochondrial mass) with respect to CTLs (ratio > 1: Higher concentration

in IBM; ratio < 1: Lower concentration in IBM).

The presence of common and differential molecular profile
between stable and progressive IBM patients could help in
understanding disease pathogenesis and become potential
markers of prognosis.

Discussion

Here we reported the validation of fibroblasts as a disease
model for untangling IBM and identifying novel pathogenic
molecular players. Briefly, we observed transcriptomic and
functional inflammatory, degenerative and mitochondrial
changes in IBM fibroblasts, which resemble the alterations
found in the target tissue, in muscle.

Previous studies analysed IBM transcriptome at mus-
cular and blood level, but this is the first IBM RNA-seq in fi-

27,28

broblasts. Here we found 778 DEGs, supporting a clear path-
ological pattern of gene expression in IBM.

At the inflammatory level, IBM fibroblast transcriptome re-
vealed altered inflammatory genes resembling muscle fea-
tures, including MHC1 (HLA genes) and IFN genes. These al-
terations were found in an IBM deep neural network
model.?®3% At the functional scale, cytokines secretion in
IBM fibroblasts was increased. Previous studies in IBM mus-
cle detected CD8+ T cell-secreted cytokines and chemokines
related to IFN-y genes (CXCL9, CXCL10, CCL5, and CCL18)
and others, including TNF, IL7, IL15, IL16, and IL32,%%® some
of which were also detected in the sera of IBM patients.?® Al-
though fibroblasts are not part of the immune system, these
results partially mimic the inflammation of IBM muscles.

Regarding degeneration in IBM, impaired autophagy and
disturbed proteostasis have been described in muscle.?*
Some degenerative markers like TDP43, p62, and LC3 show
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an aberrant expression in IBM muscle.>*? Herein, we found
impaired autophagy at gene and functional level, with lower
production of autophagy proteins and deficient formation of
autophagosomes in IBM fibroblasts, leading to insufficient
recycling needs and deposition of cargos within the cell. This
phenotype is remarkable in fibroblasts, as their high turnover
avoids debris accumulation. In contrast, muscle is a
post-mitotic tissue that accumulates cell debris, forming
rimmed vacuoles in IBM, where autophagic deficiencies are
more evident.

Related to deficient macroautophagy and mitophagy in
IBM, there is a lower turnover of mitochondria, leading to
bioenergetic deficits and cell damage due to oxidative stress
generation.?*3? The deficient mitochondrial profile observed
in IBM fibroblasts revealed altered gene expression,
impaired respiratory capacity, increased oxidative stress
and mitochondrial mass (CS), reduced MMP, COX activity,
mtDNA content and mitochondrial elongation, all
previously seen in muscle tissue’**?* and in mitochondrial
myopathies,*>3 suggesting that IBM slightly behaves as a
mitochondrial disease.

Metabolic reprogramming could be linked to mitochon-
drial dysfunction, as proposed in IBM blood metabolomes®?
and primary mitochondrial diseases. Many pathways and
genes related to the IBM blood metabolome are altered in
IBM fibroblasts. Buzkova et al. demonstrated that IBM blood
metabolome clustered more accurately with mitochondrial
myopathies than neuromuscular diseases,®® prompting a
higher mitochondrial implication in IBM than previously
thought. The current results in fibroblasts support previous
findings.

Interestingly, these pathological features of IBM fibroblasts
and muscle (inflammation, degeneration and mitochondrial
dysfunction), resemble standard physiologic aging, including
decreased muscle strength,>® supporting that IBM involves
an accelerated muscle aging.

Considering IBM evolution, it revealed that progressive
IBM (22.1 + 2.7 IBMFRS) is associated to higher imbalances
in oxidant and antioxidant capacities whereas stable IBM
(29.2 £ 2.7 IBMFRS) is associated to higher inflammatory pro-
file. This increased inflammation could be a protective mech-
anism in the stable IBM, as these patients perform better at a
clinical scale (higher IBMFRS). Considering these findings, ox-
idative stress and inflammation emerge as potential markers
of prognosis.

Overall, this is the first attempt to suggest fibroblasts as a
model of IBM pathogenesis, scarcely tested as a model in
neuromuscular diseases.'>** So far, most of the pathological
mechanisms in IBM have been discovered in cells and tissue
samples from patients. However, although preclinical and
omic studies help in understanding disease pathogenesis,
the gap in translation to clinical research remains elusive.>
Currently in IBM, 16 clinical trials are active,®® in which most
treatments were discovered or tested in cell models (e.g.

phenylbutyrate in in vitro muscle fibres®”), suggesting the rel-
evance of disease models in regulatory settings. In this sense,
fibroblasts emerge as a promising model of IBM to discover
new targets and perform screening of biomarkers and poten-
tial therapies.

Nevertheless, there are some limitations in the present
study. First, our limited sample size, mainly due to IBM being
a rare disease, even though for a reference unit like ours. In
addition, even fibroblasts are associated to cost-effective
maintenance conditions, other cell models, closer to the tar-
get tissue, might better reflect IBM pathogenesis. This may
be the case of myotubes differentiated from induced pluripo-
tent stem cells, which avoid the invasiveness of a muscle bi-
opsy, but may offer a closer approach to muscle behaviour.
However, they require complex protocols, rending fibroblasts
to a cost-effective cell model.

Despite these contingencies, in the present study we val-
idated fibroblasts as a disease model for IBM, showing
IBM alterations are present beyond the target tissue of
the disease. This model could be exported to other myosi-
tis or neuromuscular diseases. Additionally, we unveil nu-
merous pathways and specific molecules that emerge as
relevant key players in disease aetiology or evolution, for
further evaluation as candidate biomarkers or therapeutic
targets.
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ABSTRACT

Inclusion body myositis (IBM) is a degenerative inflammatory myopathy that clinically
displays proximal and distal muscle weakness. At histopathological level, the muscle of
IBM patients reveals inflammatory infiltrates, rimmed vacuoles and mitochondrial
changes. IBM etiology is still unknown and there is a lack of validated disease models,
biomarkers and effective treatments for this disease. In this study we developed a cell
model based on derived myotubes from induced pluripotent stem cells (iPSCs) derived
from IBM patients vs. age and sex-paired controls (n=4 per group). In this model, we
evaluated untargeted gene expression profile by an mRNA-seq and targeted functional
pattern of inflammation, degeneration and mitochondrial function. The gene expression
profile revealed 875 differentially expressed genes (DEGs) (654 upregulated and 221
downregulated) related to myopathy features and muscle contraction alterations,
mimicking some clinical symptoms. Of them, only 1 DEG was related to inflammation,
15 to autophagy and 21 to mitochondrial metabolism. Accordingly, at functional level,
inflammation was conserved between cohorts, autophagy slightly altered (with lower
production of autophagy mediators) and mitochondrial function was greatly found
dysfunctional (with conserved respiratory profile and antioxidant capacity, but lower
citrate synthase/cytochrome c oxidase ratio (COX/CS) and significantly higher lactate
secretion). These preliminary findings validate the use of iPSC-myotubes as a model of
IBM that may better reproduce the hallmarks of the disease after stress or toxic
stimulation, ideally in bigger cohorts, and with potential crosstalk with immune mediators.



INTRODUCTION

Inclusion body myositis (IBM) is a degenerative inflammatory myopathy that clinically
displays proximal and distal muscle weakness. At histopathological level, the muscle of
IBM patients reveals inflammatory infiltrates, rimmed vacuoles and mitochondrial
changes [1]. IBM belongs to the idiopathic inflammatory myopathies (l1IM) group, formed
by heterogeneous, systemic autoimmune diseases with muscles or skin as a primary
target [2]. Although many IIM are treated with corticoids and immune-suppressants and
there are many clinical trials ongoing, there is no treatment available for IBM [3]. Indeed,
IBM etiology is still unknown and there is a lack of validated disease models and
biomarkers for this disease.

Clinical manifestations of IBM are predominantly found in muscle, appearing first in
quadriceps and finger flexor muscles, leading to difficulties for climbing stairs and
handling objects [4]. In 60% of the cases, there is dysphagia and consequent swallowing
dysfunctions [2]. Muscle histology studies are required for ultimate diagnosis of this
disease, where inflammatory infiltrate, rimmed vacuoles and mitochondrial abnormalities
must be present [1]. Briefly, muscle biopsies show inflammatory CD8+ T cells, aberrant
expression of MHC-I and endomysial mononuclear cell infiltrates in myofibers. In
degeneration, they present rimmed vacuoles, ubiquitin-positive inclusions and amyloid
deposits. In mitochondria, there are abnormal changes like cytochrome c oxidase
negative fibers (COX-) corresponding to the complex IV from the mitochondrial
respiratory chain (MRC), succinate dehydrogenase positive cells (SDH+) from complex
Il from the MRC, and ragged-red fibers (RRF), related to an increased number of
abnormal mitochondria around myofibers [1,5,6]. The invasiveness of the target tissue
poses difficulties to obtain enough quantity of muscle tissue for further molecular profiling
and potential identification of biomarkers.

The discovery of induced pluripotent stem (iPSCs) cells in 2006 from mouse embryonic
fibroblast [7] and the following year from adult human fibroblasts [8], allowed the
reprogramming in vitro of a somatic differentiated cell back to their pluripotency state.
This discovery prompted our ability to manipulate cell fate [9]. Moreover, it only required
four defined transcription factors: the octamer-binding protein 3/4 (OCT3/4) (also known
as POU5SF1), SOX2, Krippel-like factor 4 (KLF4) and MYC [7-9], collectively known as
OSKM. On the path towards becoming iPSCs, somatic cells should not only achieve
pluripotency, but also acquire the capacity to proliferate indefinitely, key for the
self-renewal of iPSCs.

The history of cell reprogramming started around the 1960s. Before 1962, when the first
successful example of somatic cell nuclear transfer (SCNT) was announced, scientists
thought the differentiation of cells into a lineage was permanent [9]. Shortly after,
embryo-derived stem cells, called embryonic stem cells (ES cells) were established in
vitro, which were able to differentiate into other cell lineages. Together with
transdifferentiation protocols, able to convert one somatic cell into a different somatic
lineage bypassing the pluripotent state, ES paved the way for the discovery of iPSCs,
which functionally resemble ES cells. iPSCs are potentially applied to many fields,
including drug discovery, disease modelling and regenerative medicine [9,10].

In disease modeling, iPSCs allowed the scientific community to have access to every
cell type from many biological samples using a suitable differentiation protocol. For our
study, to obtain skeletal muscle cells, the differentiation protocols were either based on
muscle gene overexpression or on the administration of growth factors to the iPSCs in
culture. In an attempt to resemble the developmental conditions, we chose the growth
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factors differentiation protocol. This way we generated differentiated IBM iPSC-
myotubes to perform untargeted and targeted analysis (by OMICs and functional
analysis, respectively) of IBM muscle hallmarks (inflammation, degeneration and
mitochondrial alterations) in this model. The use of iPSCs in muscular diseases have
been limited to Duchenne muscular dystrophy (DMD) [11-13] and Facioscapulohumeral
muscular dystrophy (FSHD)[14], among others, but has not been applied to IBM.

The lack of validated disease models in IBM, coupled to the potential use of iPSCs to
obtain muscle cells that could enable a closer approach to the target tissue, lead us to
hypothesize that skeletal muscle cells derived from iPSCs cells could recapitulate the
main molecular hallmarks of the target tissue (muscle) and could be used as a tool to
understand the etiology, identify biomarkers and potential treatments for IBM.

RESULTS
Clinical and epidemiological data

The samples included in this study were 4 IBM and 4 healthy controls (CTL). All sources
of patient-derived samples for iPSC-myotubes generation were fibroblasts except for
CTL4 (peripheral blood mononuclear cells, PBMCs), and all were obtained after signing
the corresponding informed consent approved by the ethical committee of our hospital.
Both cohorts were paired by age and sex and belong to the white Caucasian population.
The epidemiological data is found in Table 1.

Table 1. Sample inclusion from inclusion body myositis (IBM) and control (CTL) cohorts

Sample code Gender Age Disease
I1BM1 Female 67

Inclusion
IBM2 Male 63

Body
IBM3 Female 83

Myositis
IBM4 Male 78
CTL1 Male 69
CTL2 Female 61 Healthy
CTL3 Female 52 Volunteer
CTL4 Male 40

Generation of iPSC and differentiation into myotubes

The outline of the experimental approach in this study is found in Fig. 1. It includes the
reprogramming of fibroblasts (and 1 PBMC sample) into iPSCs, their differentiation into
skeletal muscle cells and the phenotyping seeking for IBM hallmarks by mRNA-seq and
functional studies.
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Figure 1. Flowchart: Obtaining iPSCs from fibroblasts and differentiation into muscle cells. First,
a skin biopsy is taken from IBM patients and CTLs and fibroblasts grow. Fibroblasts are
reprogrammed into iPSCs, which are characterized to validate their pluripotency. Afterwards,
iPSCs are differentiated into muscle cells, from myogenic progenitors to myoblasts to myotubes.
Differentiated myotubes are phenotyped at RNA-seq and functional level (inflammation,
autophagy and mitochondrial function) to examine if they are an appropriate disease model for
IBM. Abbreviations: iPSCs: induced pluripotent stem cells; IBM: inclusion body myositis; CTL:
healthy individuals.

First, the obtaining of iPSCs from IBM and CTL fibroblasts (and 1 PBMC sample) was
performed using the transgene-free mMRNA Sendai virus approach. This viral vector
contains OSKM factors, needed for activating the pluripotency status in the cell.

To characterize the newly formed iPSCs, we checked their pluripotency, embryoid body
(EB) formation, G-band karyotype, short tandem repeat (STR) fingerprinting,
mycoplasma absence and transgene clearance. Details of these data are found in Fig.
2, in the Methods section, in Supplementary Fig. 1 and 2, and Supplementary Tables 1,
2 and 3.
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Figure 2. Characterization of 2 IBM and 2 CTLs iPSC lines. A) Phase contrast and alkaline
phosphatase images. Scale bar 200 uyM. B) Immunodetection of pluripotency markers Oct4 and
Nanog. Scale bar: 200 mm. C) Expression of three germ layer markers by immunofluorescence
analysis of in vitro Embryoid Bodies differentiation cell cultures using specific antibodies against
the endodermal marker SOX17, mesodermal marker SMA, and ectodermal marker TUJ1. Nuclei
were stained with DAPI. Scale bar: 100 mm. D) Expression levels of pluripotency (POU5F1,
SOX2, NANOG) and early lineage markers (SOX17, T, TUJ1) determined by real-time PCR in
the iPSC lines and in those same lines differentiated to embryoid bodies. The characterization of
the other 2 IBM and 2 CTL lines is represented in Supplementary Figure 1.



All tests were successful for IBM vs. CTL samples with the exception of transgene
clearance in IBM1 and IBM2, which kept the sendai virus, KOS and c-Myc vectors after
multiple passages and temperature inactivation (39°C) (Supplementary Fig. 1E).
However, these 2 samples did not display aberrant gene expression or functional
alterations, so they were included in the study. This event also happened to Mournetas
et al. 2022 [12], that neither reported apparent consequences on cell phenotyping.

Once the iPSCs were validated, they were derived to skeletal muscle cells using small
molecules and growth factors following a protocol validated by Caron et al. 2016 [14].

To ensure the successful obtaining of differentiated iPSC-myotubes we performed a
gPCR with the following genes: MYOG, MYOD, Desmin and MHC-I (Fig. 3A) and
immunofluorescence of sarcomeric anti-a-actinin (Fig. 3B) for all the samples. Although
the expression of skeletal muscle markers and positive sarcomeric anti-a-actinin staining
in myotubes revealed their muscle maturity.
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Figure 3. Characterization of iPSC-differentiated myotubes in IBM vs CTL lines. A) Expression
levels of muscle markers (MYOG, MYOD, Desmin, MHCI) determined by real-time PCR in the
iPSC lines and in those same lines differentiated to myotubes. B) Immunodetection of sarcomeric
a.-actinin. Nuclei were stained with DAPI. Scale bar: 10 ym.

Gene expression profile of iPSC-myotubes in IBM vs. CTL samples

Once the in vitro model of iPSC-myotubes was successfully characterized, we started
the phenotyping of IBM vs. CTL myotubes for IBM hallmarks. The first step was a mRNA-
seq analysis. In the principal component analysis (PCA) we observed both cohorts
separate according to PC1 (with the exception of IBM1) and PC2 (Fig. 4A), clustering
patients apart from controls. In the heatmap, the top 50 genes with the most differential
expression between IBM vs. CTLs were represented, 3 downregulated while 47
upregulated (Fig. 4B). The downregulated genes in the heatmap are MEIS1, required for
hematopoiesis, megakaryocyte lineage development and vascular patterning and plays
a crucial role in normal development; FAM131B, involved in MAPK signaling; and CD24,
involved in the control of autoimmunity.
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Figure 4. RNA-seq in differentiated myotubes from IBM vs CTL lines. A) Principal component
analysis (PCA). B) Heatmap of the top 50 differentially expressed genes (DEGs) in IBM vs CTLs.
C) Top 10 HPO terms. D) Chords diagram of the targeted RNA-seq analysis. Each pathway is
represented in a different color.

The other 47 upregulated genes in the heatmap mainly belonged to the muscle function,
development and cell function clusters (Fig. 4B). 20/50 top genes were related to muscle
function, many of them related to muscle contraction, including troponins (TNNC1,
TNNC2) and calcium regulation and sarcoplasmic reticulum related genes (TRDN,
TNNI2, HRC)[15]. 4/20 muscle function genes were myopathy-related genes, like TNNIZ2,
MYH7 (in myosin storage myopathy), MYOT (in limb-girdle muscular dystrophy and
myofibrillar myopathies) and ACTA1 (nemaline myopathy and multiple congenital
myopathies)[16]. MYH8, predominantly expressed in fetal skeletal muscle; and SMYD1,
involved in myoblast and myotube differentiation, belong to the muscle function and
development gene clusters. Developmental genes account for 10/50 top DEGs. 11/50
top DEGs are responsible for multiple cell functions including SNCAIP, although low
expressed in muscle, it interacts with alpha-synuclein in neuronal tissue and may play a
role in the formation of cytoplasmic inclusions and neurodegeneration [17].

In the total mMRNA-seq, there were 875 DEGs with p-value adj <0.05 and |log2FC| = 2
between IBM and CTL myotubes, 654 upregulated and 221 downregulated genes
(Supplementary Table 4). In a gene ontology (GO) enrichment analysis, the muscle
function and developmental gene clusters were the most represented in the mRNA-seq,
in the biological process (BP), cell compartment (CC) and molecular function (MF) GO
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database. In the human phenotype ontology (HPO), the top HPO terms were related to
myopathy, including muscle weakness and abnormal muscle fibers (Fig. 4C). KEGG,
Reactome and Wiki Pathways databases confirmed the findings related to altered
muscle function.

All the DEGs, gene clusters and pathways related to myopathy and muscle functions
display clinical manifestations of IBM. For instance, when we examined those DEGs
present in the Muscle gene table of muscular diseases [18], we found 85 DEGs, including
ACTN2, COL6A3 and MYOD1, causal genes of myopathies like distal myopathy,
Bethlem myopathy and congenital myopathy, respectively. Also, as mentioned before in
the heatmap, multiple DEGs were related to muscle contraction. Thus, we examined the
striated muscle contraction pathway, containing 41 genes in the Pathcards database
[19], and found that 26 out of 41 were deregulated in IBM vs. CTL iPSC-myotubes,
confirming the altered muscle contraction in this cell model, by mRNA-seq. We did the
same for developmental genes [20] and found 177 DEGs matching the list in the RNA
data set. All DEGs from the above-mentioned pathways are found in Supplementary
Table 5.

When we delved into the specific molecular and pathophysiological alterations of IBM in
muscle, we performed a targeted search for the genes and pathways involved in
inflammation, degeneration and mitochondria. The list of the DEGs involved in these
functions is found in Supplementary Table 5 and in Fig. 4D.

We only found 1 DEG related to inflammation (IL11), revealing the absence of
inflammation in the gene expression profile of these cells. In autophagy, we found 15
DEGs: 2 related to the amyloid precursor protein (APP) processing, PAWR and PSEN2,
the first involved in the progression of age-related diseases and the second causal of an
inherited form of Alzheimer's disease. BDNF, whose expression is reduced in
Alzheimer's, Parkinson's, and Huntington's disease patients, is also downregulated in
this IBM group. LMNA, upregulated, is required for normal development of peripheral
nervous system and skeletal muscle and for muscle satellite cell proliferation. DEPTOR,
negative regulator of mTORC signaling, and MAP1LC3C, involved in antibacterial
autophagy, are also upregulated. Related to mitochondrial function, 21 DEGs matched
the ones in the Mitocarta 3.0 [21], including ACADS, ACACB and HSD17B8, involved in
fatty acids metabolism, CHCHD10, SMDT1 and COX6A2, involved in mitochondrial
structure and function [21,22]. Specifically, CHCHD10 is part of the cristae structure,
SMDT1 in a calcium channel in the mitochondrial inner membrane, and COX6A2 as the
terminal enzyme of the MRC that catalyzes the electron transfer from cytochrome c to
oxygen. PRXL2A, involved in redox regulation of the cell, and CKMT2, responsible for
the transfer of high energy phosphate from mitochondria to creatinine (cytosolic carrier),
are also among the DEGs related to the Mitocarta 3.0 [21].

Overall, we found a clear pattern of deregulated gene expression in IBM iPSC-myotubes
with trends towards myopathy-related alterations in the mRNA-seq, revealing that the
clinical symptoms of IBM are expressed in these myotubes. At molecular level, the
impairment of degeneration and mitochondrial-related genes was present in this model,
but inflammation was almost absent.

Similar Inflammatory Profile in IBM vs. CTL iPSC-myotubes

To examine the inflammatory profile in a functional test, we performed a cytokine protein
array with 80 cytokines, containing inflammatory and regulatory cytokines, using the
supernatant of myotubes 72h in culture. The secreted cytokines displayed an
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upregulated pattern for 52.5% of the molecules in IBM (Fig. 5A), while 47.5% were
reduced (Fig. 5B). The ratio of the mean IBM vs. mean CTL concentration per cytokine
is displayed in Fig 5.
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Figure 5. Secreted cytokines in the supernatant of IBM vs CTL differentiated myotubes. A)
Upregulated cytokines, the top 10 ones are highlighted. B) Downregulated cytokines, the lowest
10 ones are highlighted. In bold, inflammatory cytokines, in italics, regulatory cytokines including
the ones involved in development, differentiation and proliferation. *p-value<0.05.

Among the cytokines, 60% of them are inflammatory cytokines (mostly pro-inflammatory,
except IL-4, which is anti-inflammatory); and 40% of them are related to development,
growth or differentiation. We referred to the last type of cytokines as regulatory cytokines.
In general, pro-inflammatory cytokines are in the top and the lowest expressed clusters
(circled in Fig. 5), while regulatory cytokines appear more conserved. In numbers,
28.75% of inflammatory cytokines were 1.7-fold increased, and 31.25% of them reduced
with a FC of 0.52. Regulatory cytokines, 23.75% were 1.46-fold increased and 16.25%
of them reduced with a FC of 0.77. The top 10 increased cytokines are six inflammatory
vs. four regulatory cytokines. Among the inflammatory ones, five are chemokines, MCP-
2 (CCL8), MCP-4 (CCL13), MCP-1 (CCL2), NAP-2 (PPBP) and MIP-3a (CCL20),
chemoattractants of different immune cell types and LIGHT (TNFSF14) cytokine, is
involved in T-cell proliferation and IFNy production [16]. The regulatory cytokines,
Osteoprotegerin (TNFRSF11B) is involved in organogenesis, FLT-3 and NT-4 (NTF4) in
cell differentiation and TIMP-2 in tissue homeostasis. The 10 lowest expressed
cytokines, 8 of them are inflammatory vs. 2 regulatory cytokines. Among the
inflammatory cytokines, IL-7, involved in T-cell survival; IL-2 in the proliferation of T and
B lymphocytes, IL-1a in inflammatory and apoptotic response; SDF-1 (CXCL12) in
inflammatory response and tissue homeostasis, GM-CSF (CSF2) in growth and
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differentiation of hematopoietic precursor cells, and 1-309 (CCL1), Eotaxin-3 (CCL26)
and ENA-78 (CXCLD5) in the recruitment of monocytes, eosinophils and basophils, and
neutrophils, respectively. The regulatory cytokines Angiogenin (ANG) and TFG-b1, play
a role in vascularization and cell proliferation and differentiation, respectively.

Despite cytokine secretion showed deregulated expression pattern in IBM patients and
IBM is an inflammatory myopathy, no clear proinflammatory profile was observed. These
molecular data confirmed the lack of inflammation at functional level in this in vitro model,
previously observed by transcriptomic means.

Degeneration and Autophagic Changes in IBM vs. CTL iPSC-myotubes

The functional degenerative profile was analyzed by checking the activity of the
autophagy process in iPSC-myotubes in basal vs. treated conditions (6h under
bafilomycin A1 treatment). First, we checked the formation and accumulation of
autophagosomes visually, through an immunofluorescence of LC3 marker. In basal
conditions, it appeared a similar number of autophagosomes in IBM vs. CTL
(accumulated green dots) (Fig. 6A), while at 6h under bafilomycin A1 treatment, slightly
more autophagosomes were accumulated in the CTL cohort, suggesting that IBM might
have some impairment that hampers the closure of autophagosomes and thus, the
autophagic flux is reduced in IBM iPSC-myotubes.

Immunostaining of LC3B at basal and 6h after bafilomycin A1 treatment in iPSC-myotubes
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Figure 6. Autophagy profile in IBM vs CTL myotubes. A) Immunostaining of LC3 autophagosome
marker at basal conditions vs. 6h-bafilomycin A1 treated myotubes. Arrows pointed the
accumulated autophagosomes (green dots). Scale: 10 uM. B) Autophagy proteins concentration
in basal vs. bafilomycin A1 treatment in IBM vs. CTL.

Later, we wanted to check the protein levels of an extended number of mediators
regulating autophagosome formation and accumulation, so we performed an autophagy
protein array with 20 mediators, in basal vs. treated conditions (6h under bafilomycin A1
treatment, as before). The representative graph (Fig. 6B) contains the ratio of basal vs.
treated concentrations for each protein in the IBM vs. CTL cohorts. In IBM, the similar
concentration of mediators before and after the blockage of the process displays a
reduced autophagic flux, suggesting that autophagy is less active in IBM. In detail, ATG7,
Beclin, LAMP1 and a-synuclein accumulation, observed in CTLs, are absent in IBM
iPSC-myotubes. ATG7 promotes mitophagy, to decrease oxidative stress, and it is
involved in glucose metabolism. Beclin is involved in the initiation of autophagy,
endocytosis and inside mitochondria, in apoptosis. LAMP1 is involved in lysosome
biogenesis. a -synuclein acts as a chaperone of the SNARE complex (vesicular transport
of secretory components)[16,22]. In IBM, ATG3, ATG10 and Rheb are increased. ATG3
is involved in autophagy related cell death and mitochondrial homeostasis when bound
to ATG12; Rheb activates mTORC1, which inhibits autophagy, and ATG10 participates
in the autophagosome formation. This reveals that in IBM, the autophagosome formation
process starts (high ATG10) but after that, the process is somewhere impaired or
blocked, and apoptosis (ATG3) or mTORC pathway (Rheb, inhibits autophagy) reinforce
the idea of autophagy not highly activated at later stages. In CTLs, basal autophagy is
more active, and the difference is higher when the process is blocked by bafilomycin A1,
also in mitochondria (ATG7, Beclin). A lower activity of basal autophagy is often linked
to senescence, so IBM profile could suggest an accelerated aging phenotype in relation
to autophagy, as previously observed by LC3-immunofluorescence staining of cells.

Mitochondrial function is altered in IBM vs. CTL iPSC-myotubes

The mitochondrial phenotype was first analyzed by measuring the oxygen consumption
in the mitochondrial respiration. A Mito Stress test revealed similar respiratory profile in
IBM vs. CTL myotubes (Fig. 7A). In detail, basal respiration, ATP production, H+ leak,
coupling efficiency, maximal respiration and spare respiratory capacity were also similar
between cohorts. In alignment with this results, oxidative stress, as a result of oxygen
consumption or ROS detoxification, was also conserved in terms of antioxidant capacity
(Fig. 7B). However, we found a significant lactate secretion on iPSC-myotubes (Fig. 7B)
together with slightly reduced COX enzymatic activity from the MRC in IBM, along with
the COX/CS ratio (Fig. 7C).
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Figure 7. Mitochondrial profile in IBM vs. CTL myotubes. A) Mitochondrial respiration represented
by kinetics, basal respiration, ATP production, H+ leak, coupling efficiency, maximal respiration
and spare respiratory capacity in IBM vs. CTLs. B) Total antioxidant capacity (TAC) and lactate
secretion in IBM vs. CTLs. C) Citrate synthase (CS) activity and cytochrome ¢ oxidase activity
(COX) and COX/CS ratio.

Despite we found no differences in the mitochondrial respiration profile or antioxidant
defense, there is an overall mitochondrial dysfunction evident through decreased
mitochondrial COX/CS activity and significantly increased lactate secretion.



MATERIALS AND METHODS
1. Study design and sample inclusion

A case-control study was conducted from 2018 to 2022, in the Department of Internal
Medicine from Hospital Clinic of Barcelona (Barcelona, Spain), including 4 patients and
4 age and sex-paired healthy volunteers (Table 1). IBM patients were diagnosed
according to clinical and pathological tests performed in our hospital, after fulfilling the
criteria proposed by the European Neuromuscular Centre for IBM diagnosis [23]. IBM
patients and healthy volunteers signed the informed consent previously approved by the
Ethical Committee of our hospital (code HCB/2019/0558), and by the regional and
national ethical committees.

2. Generation of iPSC
Cell Reprogramming

Fibroblasts derived from seven skin punch biopsy were cultured in 5 mM glucose DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin, at 37 -C, in a humidified
5% CO air incubator (all from Gibco, Waltham, MA, USA). PBMCs were isolated from
total blood using Lymphoprep™ (#07801, Stemcell, Vancouver, Canada) density
gradient. Fibroblasts at passage 4 and PBMCs were transduced with Cytotune iPS 2.0
Sendai Reprogramming kit (A16518, ThermoFisher Scientific, Waltham, MA, USA)
following manufacturer’s instructions. Isolated iPSCs were cultured on Geltrex
(A1413202, Gibco, Waltham, MA, USA) coated 6-well plates in mTeSR1 (85850,
StemCell Technologies, Vancouver, BC, Canada). All the iPSC lines were passaged to
passage 12 or higher with TrypLE Express (12604013, Gibco Waltham, MA, USA) for
full characterization (Supplementary Table 1 and 2).

Pluripotency validation

Alkaline Phosphatase Staining Kit (Abcam 242286) was used to detect alkaline
phosphatase activity. Forimmunofluorescence staining, iPSCs were fixed in 4% PFA for
15 min, permeabilized with 0.1% Triton X-100 (Sigma) for 15 min, blocked for 1 hour in
1% BSA-DPBS, and incubated overnight at 4°C with the respective primary antibodies
against OCT4 and NANOG (Supplementary Table 3). Alexa Fluor 488 or 555-conjugated
secondary antibodies (Fisher Scientific) were used to visualize the immunoreactivity and
DAPI for cell nuclei (Life Technologies). Cells were imaged under the Zoe Fluorescent
Cell Imager (Bio-Rad). qRT-PCR reaction was performed on the iCycler (Bio-Rad), Fast
SYBR Green Master Mix (Bio-Rad) and specific primers (Supplementary Table 3) were
used to quantify the expression of endogenous OCT4, SOX2, and NANOG, which were
normalized with GAPDH as an internal control and relative fold change with respect to
the iPSCs.

Three germ layer differentiation

Differentiation of the three germ layers was demonstrated by using the EB assay. For
spontaneous differentiation through EB formation, iPSCs derived cells were dissociated
by TrypLE™ Express (Gibco) treatment and 40,000 cells per well were transferred to low
attachment 96-well plates (Costar, Corning) in Knockout DMEM supplemented with 20%
Knockout serum replacement, non-essential amino acids, L-glutamine,
penicillin/streptomycin (all from Thermo Fisher Scientific) and b-mercaptoethanol
(Sigma-Aldrich) and 10 uM of thiazovivin or Rock inhibitor (S1049, Selleck, Houston, TX,
USA). Cell aggregates (EBs) were cultured for a total of 16 days with media exchanges
every other day. EBs were manually harvested at day 16. mRNA from the collected EBs
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was extracted using the RNeasy Micro kit (Qiagen). 1ug of RNA was reverse transcribed
with the High-Capacity cDNA Reverse transcription kit (Applied Biosystems). Diluted
cDNA was used for gene expression analysis by gPCR (see Supplementary Table 3 for
oligo sequences).

In parallel, some EBs were transferred, after 8 days in suspension culture, to geltrex-
coated plates and cultured in the same medium for another 8 days for immunostaining
of the three lineage markers. Immunohistochemistry analysis of the EBs showed the
presence of SOX17 (endoderm), TUJ1 (ectoderm) and SMA (mesoderm) markers (Fig.
2C, Supplementary Fig. 1C). Gene expression assay of the EBs also showed high
expression levels of the endoderm marker (SOX17), ectoderm marker (TUJ1) and
mesoderm marker (T) with respect to the undifferentiated state which presented high
expression of the pluripotency genes (POU5F1, NANOG and SOX2) (Fig. 2D and
Supplementary Fig. 1D).

FACS analysis

Pluripotency was analyzed by flow cytometry for the expression of SSEA-4, SSEA-3,
TRA 1-60 and TRA 1-81 (Supplementary Fig. 2A). Cells were dissociated with TrypLE
express (Gibco) and incubated with the antibodies at 4 °C for 20 min. After two washes,
cells were acquired on a FACS Canto Il flow cytometer equipped with FACS Diva
analysis software (Becton Dickinson, San Jose, CA, USA).

DNA Fingerprinting analysis (STR analysis)

DNA Fingerprinting analysis was assessed at 16 independent markers from highly
polymorphic STR sequences of DNA (CSF1PO, D2S1338, D3S1358, D5S818, D7S820,
D8S1179, D13S317, D16S539, D18S51, D19S433, D21S11, FGA, THO1, TPOX, VWA,
AMEL (Amelogenin, gender marker) using AmpFISTR® Identifiler® Plus PCR
Amplification Kit and GeneMapper ID software (Applied Biosystems) in fibroblasts and
PBMCs (before reprogramming) and iPSCs (Supplementary Table 2).

Transgene-free confirmation

Total RNA from cells were extracted from iPSCs with RNeasy Mini Kit (Qiagen), and
reversely transcribed to single strand cDNA with High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). The cDNA was diluted 1:10 and amplified by
PCR with MyFi DNA Polymerase (Bioline) under specific primers against OSKM factors
(primers sequences in Supplementary Table 3).

Mycoplasma detection

Endpoint PCR using mycoplasma specific primers (in Supplementary Table 3) and iPSC
cell culture supernatants was used to detect absence of mycoplasma contamination.

Karyotype analysis

Karyotype of the reprogrammed iPSCs lines was done by the Inborn Errors of
Metabolism Service from the Clinical Biochemistry Institute (Hospital Clinic of Barcelona)
around passage 15. Twenty G-banded metaphase cells per sample were analysed by
cytogenetic analysis. All cells demonstrated a normal female or male karyotype
(Supplementary Fig. 2B).
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3. Obtaining iPSC-myotubes
IPSC differentiation to myotubes using growth factors

iPSCs skeletal muscle differentiation was performed in a 5% CO; incubator, by using the
commercially available Genea Biocells skeletal muscle differentiation kit (SKM-KIT, San
Diego, CA, USA), following manufacturer’s protocol [14]. Briefly, iPSCs were plated at
5000 cells/cm? onto collagen I-coated plates (#5005-100mL, Advanced BioMatrix,
Carlsbad, CA, USA) and maintained for 7 days in skeletal muscle induction medium
(SKMO01). At day 7, cells were dissociated with 0.05% TrypLE Express (12604013, Gibco
Waltham, MA, USA), plated at 5000 cells/cm? onto collagen I-coated plates, and
maintained for 7 days in skeletal myoblast medium (SKMO02). After 14 days of
differentiation, cells were attained and incubated in myotube fusion medium for 7 days
(SKM03+). At day 7, characterization and functional experiments were performed. The
differentiation protocol was performed 3 times in each sample.

Characterization of differentiated myotubes with gPCR and immunofiuorescence of
muscle-associated markers

Myoblasts were seeded in a 96-well glass slide (Greiner BioOne Cell Star Uclear
#655090, Nurtingen, Germany) coated with collagen type | (#5005-100mL, Advanced
BioMatrix, Carlsbad, CA, USA) for 7 days with myoblast media (SKM02) plus 7 days with
myotube fusion media (SKM03+) for cell differentiation at 37°C with 5% CO.. Myoblasts
were stained with a monoclonal sarcomeric anti-a-actinin (A7811 Millipore Sigma,
Burlington, MA, USA) and Alexa Fluor 488 donkey anti-mouse IgG antibody (Invitrogen
A-21202, Life Sciences Europe, NL), counterstaining with DAPI. Images were obtained
with a Zeis LSM 880 laser scanning confocal system using a 63X oil immersion objective.

GoTag® gPCR Master Mix (A6001, Madison, WI, USA) and specific primers
(Supplementary Table 3) were used to quantify the expression of desmin, myoD, myoG,
and MHC-I at day 7 in myotubes, normalized with GAPDH as an internal control.

4. Phenotyping iPSC-myotubes for IBM muscle hallmarks
RNA extraction and mRNA library preparation and sequencing

Total RNA was isolated from cell lysates (2 million of cells) of 4 IBM and 4 CTL myotubes
using RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s
protocol. Total RNA content was assessed through Quawell UV-Vis Spectrophotometer
Q5000. Concentrations were adjusted to 100 ng/uL in RNase-free water. The quality
control of the total RNA was done using the Qubit® RNA HS Assay (Life Technologies)
and RNA 6000 Nano Assay on a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). The
RNASeq libraries were prepared using the TruSeq®Stranded mRNA LT Sample Prep
Kit. 500ng of total RNA were enriched for the mRNA fraction and fragmented. Strand-
specificity was achieved by the second-strand cDNA incorporating dUTPs instead of
dTTPs. Adenylation of the 3’ blunt-ends double stranded cDNA and ligation to previously
added lllumina platform adaptors (with unique dual indexes and unique molecular
identifiers) (Integrated DNA Technologies). The ligation product was enriched with 15
PCR cycles and the final library was validated on an Agilent 2100 Bioanalyzer with the
DNA 7500 assay. The libraries were sequenced on HiSeq 4000 (lllumina) with a read
length of 2x51bp using the HiSeq 4000 SBS kit (lllumina). Primary data analysis, image
analysis, base calling and quality scoring of the run were processed using the
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manufacturer’s software Real Time Analysis (RTA 2.7.7) followed by generation FASTQ
sequence files.

RNA-seq data processing and analysis

RNA-seq reads were mapped against human reference genome (GRCh38) using STAR
software version 2.5.3a [24] with ENCODE parameters. Annotated genes were
quantified using human GENCODE annotation file version 34 with RSEM v1.3.0 [25] and
default parameters. Differential expression analysis was performed with DESeq2
v1.26.0 R package [26] using a Wald test to compare affected and control groups,
adjusting for sex in the model. Genes were considered differentially expressed with an
adjusted p-value < 0.05 and absolute fold change |FC| > 1.5. A Gene Ontology
enrichment analysis was generated with the significant genes using gProfileR v.07.0 [27].
Additionally, a GSEA was performed with a list of pre-ranked genes by the Wald statistic,
using fgsea R package v1.12.0 [28] and the Reactome pathways database. PCA plot
was generated with regularized log transformed (rlog) counts, considering only the top
500 most variable genes. Heatmap plot also represents rlog counts to show scaled
expression of the top 50 DEGs. These plots were generated using ggplot2 v0.1.8 [29]
and pheatmap R packages, respectively. The Pathcards database [30], Gene a la Cart
[16], Mitocarta 3.0 [21], Muscle gene table [31], Autophagy [32] and development [20]
gene lists were used to relate DEGs to the pathways of interest.

Inflammatory cytokine array

Cell culture supernatants of myotubes at day 7 after 72h in culture were loaded in the
Human Cytokine Antibody Array C5 (AAH-CYT-5-8, RayBio® C-Series, Atlanta, GA,
USA), for detecting 80 human cytokines. Supernatants were incubated overnight at 4°C
and detected by chemiluminescence, using the Image Quant TL Software (GE
Healthcare), and calculated by AAH-CYT-5-8 analysis tools provided by RayBiotech, Inc.
(Atlanta, USA). The results were normalized by the cell count in each supernatant.

Immunofluorescence for autophagosome characterization

Myoblasts were seeded in a 96-well glass slide (Greiner BioOne Cell Star Uclear
#655090, Nurtingen, Germany) coated with collagen type | (#5005-100mL, Advanced
BioMatrix, Carlsbad, CA, USA) for 7 days with myoblast media (SKMO02) plus 7 days with
myotube fusion media (SKMO03+) for cell differentiation at 37°C with 5% CO.. In some
samples, degradation of autophagolysosomes was blocked by adding 100nM
bafilomycin A1 from Streptomyces griseus (Sigma-Aldrich® #B1793 SIGMA, Missouri,
USA) for 6 hours vs. untreated samples (basal conditions). Autophagosomes were
stained with anti-LC3 pAB (MBL International® #PMO036, Massachusets, USA) and
donkey anti-rabbit Alexa Fluor® 488 IgG antibody (Life Technologies Europe, NL),
counterstaining with DAPI. Images were obtained with a Zeiss LSM 880 laser scanning
confocal system using a 63X oil immersion objective.

Autophagy protein array

Two cell lysates were obtained from each IBM and CTL myoblast sample. One lysate
was obtained under basal conditions and the other at 6h under 10nm bafilomycin A1
(B1793, Sigma, Burlignton, MA, USA) treatment at 37°C. Each lysate (250 ug of protein)
was loaded in the RayBio® C Series Human Autophagy Array 1 (Cat#: AAHATG-1-8,
RayBiotech, Inc., Atlanta, GA, USA), incubated overnight at 4°C and detected by
chemiluminescence, using the Image Quant TL Software (GE Healthcare), and
calculated by AAH-ATG-1 analysis tools provided by RayBiotech, Inc. (Atlanta, USA).
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Mitochondrial Respiration

Mitochondrial respiration was measured according to the oxygen consumption of the
MRC. The oxygen consumption rate was detected with the XF Cell Mito Stress Test™
(Seahorse-XFe24-Analyzer, Agilent Technologies), according to the manufacturer's
protocol and normalized by the protein content of each sample.

Total Antioxidant Capacity (TAC)

TAC was measured in 100 pL of myotube supernatant (at day 7) after 72h in culture
using an OxiSelect™ Total Antioxidant Capacity Assay kit (Cell Biolabs Inc., San Diego,
CA, USA) by spectrophotometry at 490 nm and normalized by cell count (UM CRE
(Copper Reducing Equivalents)).

MRC Enzymatic Activities: COX and CS function

COX and CS enzymatic activities were measured spectrophotometrically in 40 ug of total
protein from each myotube sample according to standardized protocols[33], at 37°C.

Lactate secretion

Lactate quantifications were performed in 100 uL of myotube supernatant (at day 7) after
72h in culture using the epoc® Blood Analysis System (epoc System Software version
3.32.0, Siemens Healthineers Global, Erlangen, Germany). The lactate concentration
was normalized by cell count (mmols/L/cell).

5. Statistical analysis

Statistical analysis was performed with the Statistical Package for the Social Sciences
software, version 27 (IBM SPSS Statistics; SPSS Inc) and GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA). Results were expressed as mean + SEM or in fold
change between conditions. Obtained data were compared between independent
experiments using the non-parametric Mann-Whitney U test or Kruskal-Wallis test. The
signification threshold was set at p-value < 0.05.

DISCUSSION

In this study, our aim was to model IBM using an in vitro model of myotubes differentiated
from iPSCs. The phenotyping of IBM iPSC-myotubes did not fully replicate all the
characteristic features observed in the target tissue, in muscle, but recapitulated some
of the main hallmarks, reinforcing the value of this model as a platform to study and test
novel insights in IBM. The key point about developing this model was to obtain the same
cell type as the target tissue: myotubes. To characterize to what extent iPSC-myotubes
recapitulated the IBM muscle features, here we evaluated the reprogramming,
differentiation, and phenotyping processes to identify the strengths and limitations of this
model to aid in studying IBM pathophysiology in vitro.

Firstly, the reprogramming of fibroblasts (or other primary cells) to iPSCs has some
limitations. The efficiency of reprogramming can vary, resulting in incomplete
pluripotency in iPSCs [9]. In such cases, the cell population becomes heterogeneous,
with distinct differentiation potentials [34,35]. This heterogeneity makes it challenging to
standardize human pluripotent stem cells in culture (PSCs, both iPSCs and ES cells)
[34,35]. Nevertheless, significant progress has been made in improving the quality of
iPSCs and enhancing the efficiency of generating fully reprogrammed cells.
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Reprogramming cells to pluripotency is a powerful tool that allows the generation of
multiple iPSC clones from an individual [9].

Secondly, when selecting a stem cell-based model for studying human diseases, several
criteria should be considered [10]. iPSC-based models are appropriate for diseases
resulting from a single gene (monogenic disorders), exhibiting high penetrance, early
onset during development, and a clear cellular phenotype. In such cases, iPSCs
successfully display the disease phenotype in vitro. On the contrary, for diseases caused
by multiple genes (complex disorders), displaying low penetrance, late onset, or involving
aberrant morphogenesis in target organs, modeling them using PSCs is more
challenging [10]. However, successful modeling of human diseases from all three
classes using PSCs has been reported [10]. Examples include monogenic diseases such
as Lesch—Nyhan disease [36] and fragile X syndrome [37] , chromosomal diseases such
as Down syndrome [38], and complex disorders such as Turner syndrome [39], autism
spectrum disorder (ASD) [40] and schizophrenia [41]. These advancements have been
particularly promising for complex diseases that are difficult to diagnose prenatally or
reproduce through gene editing. These cases are now modelled by reprogramming
patient cells into iPSCs or SCNT-ES cells [10].

Thirdly, in terms of differentiation protocols for generating muscle cells, we selected a
protocol based on growth factors to mimic the developmental stage. This approach
avoids genotoxicity when transforming iPSC into muscle cells. This strategy was
effective to obtain functional myotubes in IBM vs. CTL groups within a time-efficient
period (around 21 days in culture). However, their survival time in culture was limited to
7-10 days, which may have been insufficient to accumulate additional alterations in the
IBM cohort. Indeed, in other cell types, longer differentiation protocols can be used to
obtain some mature cell types, including neurons and hepatocytes [10].

Despite that, we successfully differentiated iPSCs from IBM and CTLs into myotubes, as
confirmed by the expression of skeletal muscle markers such as sarcomeric a-actinin,
myoD, myoG, MHC-I, and desmin. Moreover, we characterized iPSC-myotubes in an
untargeted vs. targeted approach, and found that in the gene expression profile,
myopathy-related hallmarks pop-up, revealing that clinical alterations were displayed in
these IBM myotubes, together with mitochondrial dysfunction and partial autophagic
alterations. However, inflammation was absent in the cell model.

The absence of inflammation could be due to the lack of crosstalk mediated by T-cells
within myofibers. To address this, a co-culture with IBM lymphocytes or an induction of
stress by bacterial toxins (like lipopolysaccharides), could reinforce the inflammatory
response in IBM iPSC-myotubes.

In autophagy, some blockage of the process was revealed at gene expression and
functional level. The lower accumulation of autophagy proteins in IBM vs. CTLs when
the process was blocked suggested that IBM cells may not be synthesizing enough
autophagy mediators, and eventually blocking the process.

In mitochondria, mitochondrial respiration and antioxidant defense appeared mostly
adequate, but reduced COX/CS activity in IBM and significantly increased lactate levels
uncovered mitochondrial dysfunction. Lower COX/CS activity recapitulates this hallmark
from the muscle of IBM patients. Considering lactate, it is the molecular marker of non-
mitochondrial respiration and the clinical marker of mitochondrial disease. Significantly
higher concentration of lactate secretion in the supernatant of IBM iPSC-myotubes
revealed that mitochondrial dysfunction is present in this cell model and, IBM myotubes
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might need extra source of energy from the anaerobic glycolysis, producing lactate on
the process.

A limitation of this study is the limited sample size of n=4 samples per group, given that
this is a proof-of-concept study and IBM is a rare disease. Despite that, this is the first
attempt to model IBM using iPSCs differentiated myotubes, which reflect some
myopathic, autophagic and mitochondrial alterations from this disease. In addition, iPSC-
myotubes derived from IBM patients’ samples, so they maintain multiple genetic,
epigenetic and environmental cues and they are the cell type of the target tissue. The
drawbacks are that the cost-effectiveness of the model is high, with complex handling
protocols, and time-consuming and expensive experiments. In addition, it lacks
inflammation, a key hallmark in IBM. To tackle inflammation and endorse a more
degenerative and aged phenotype in IBM iPSC-myotubes, several stimuli could be
induced. Indeed, stressors such as hydrogen peroxide, MG-132 and concanamycin A
were used to induce ageing-like features of Parkinson disease in iPSC models [10,42].
Another approach is based on expressing aging-related genes, like progerin, a truncated
version of the lamin A protein involved in Hutchinson—Gilford progeria syndrome of
premature aging [10]. In a study involving Parkinson disease iPSC-derived neurons [43],
markers associated with cellular ageing, such as nuclear morphology, heterochromatin
markers and DNA damage, disappeared in iPSC-derived neurons, but reappeared when
progerin was ectopically expressed in these cells, recapitulating cellular ageing [10]. A
similar approach could be applied to our IBM iPSC-myotubes.

The application of iPSCs to in vitro disease modeling in various cell types has been
widely embraced in the scientific community, as it enables access to invasive tissues
through a non-invasive approach [44]. To overcome the limitations of iPSC disease
modeling, integrated cell culture systems such as co-cultures or organs ‘on-a-chip’
designs, could facilitate the interconnection of tissues in a physiologically relevant
manner [45,46]. These approaches could bring us closer to achieving more accurate
physiological disease models [44], which may be adequate for modeling IBM.

Overall, this proof-of-concept study of IBM iPSC-myotubes revealed that they
recapitulate myopathy, mitochondrial and autophagic alterations, and could be a useful
model for better understanding IBM pathophysiology, for the identification of biomarkers
or as drug screening platforms for potential treatments.
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Abstract: Sporadic inclusion body myositis (sSIBM) is an inflammatory myopathy associated, among
others, with mitochondrial dysfunction. Similar molecular features are found in Alzheimer’s disease
(AD) and Type 2 Diabetes Mellitus (T2DM), underlying potential comorbidity. This study aims to
evaluate common clinical and molecular hallmarks among sIBM, AD, and T2DM. Comorbidity with
AD was assessed in n = 14 sIBM patients by performing neuropsychological and cognitive tests,
cranial magnetic resonance imaging, AD cerebrospinal fluid biomarkers (levels of amyloid beta, total
tau, and phosphorylated tau at threonine-181), and genetic apolipoprotein E genotyping. In the
same sIBM cohort, comorbidity with T2DM was assessed by collecting anthropometric measures
and performing an oral glucose tolerance test and insulin determinations. Results were compared
to the standard population and other myositis (1 = 7 dermatomyositis and n = 7 polymyositis).
Mitochondrial contribution into disease was tested by measurement of oxidative/anaerobic and
oxidant/antioxidant balances, respiration fluxes, and enzymatic activities in sIBM fibroblasts subjected
to different glucose levels. Comorbidity of sIBM with AD was not detected. Clinically, sIBM patients
showed signs of misbalanced glucose homeostasis, similar to other myositis. Such misbalance was
further confirmed at the molecular level by the metabolic inability of sIBM fibroblasts to adapt to
different glucose conditions. Under the standard condition, sIBM fibroblasts showed decreased
respiration (0.71 + 0.08 vs. 1.06 + 0.04 nmols Op/min; p = 0.024) and increased anaerobic metabolism
(6.76 £ 0.52 vs. 3.79 + 0.35 mM lactate; p = 0.052). Moreover, when glucose conditions were
changed, sIBM fibroblasts presented decreased fold change in mitochondrial enzymatic activities
(=12.13 £ 21.86 vs. 199.22 + 62.52 cytochrome c oxidase/citrate synthase ratio; p = 0.017) and increased
oxidative stress per mitochondrial activity (203.76 + 82.77 vs. —69.55 + 21.00; p = 0.047), underlying
scarce metabolic plasticity. These findings do not demonstrate higher prevalence of AD in sIBM
patients, but evidences of prediabetogenic conditions were found. Glucose deregulation in myositis
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suggests the contribution of lifestyle conditions, such as restricted mobility. Additionally, molecular
evidences from sIBM fibroblasts confirm that mitochondrial dysfunction may play a role. Monitoring
T2DM development and mitochondrial contribution to disease in myositis patients could set a path
for novel therapeutic options.

Keywords: sIBM 1; Alzheimer 2; T2DM 3; mitochondria 4; comorbidity 5; myositis 6

1. Introduction

Inflammatory myopathies are a heterogenic group of diseases characterized by a progressive
symmetric weakness and inflammatory infiltrates within the skeletal muscle [1,2]. Regarding their
distinct clinicopathological features, inflammatory myopathies can be classified in four main subtypes:
dermatomyositis (DM), polymyositis (PM), necrotizing autoimmune myopathies (NAM), and sporadic
inclusion body myositis (sIBM) [3].

The former, sIBM, is the unique inflammatory myopathy associated with the accumulation of
misfolded proteins and ageing [2]. With a male:female ratio of 3:1, it is considered a rare disease
(ORPHAG®611) and its prevalence varies from 4.7 per million in the Netherlands [4] to 50 per million
in South Australia [5]. In fact, these rates continue to increase, probably due to improved diagnostic
protocols and increased ageing of the population, making it the most frequent myopathy in individuals
over their 50s, at least in some countries.

In stark contrast with other myositis, sSIBM patients show asymmetrical wasting of proximal and
distal muscles, in particular quadriceps and finger flexors, leading to difficulty in performing tasks
requiring these muscles such as lifting objects or climbing stairs, among others. In addition, neck
extensors and pharyngeal involvement may cause dropped head or dysphagia, respectively, affecting
60% of patients over time [2,5].

At the moment, muscle biopsy remains the definitive diagnostic procedure for sIBM [6]. At the
histopathological level, the combination of inflammatory changes (CD8+ T-cell infiltrate and expression
of class I major histocompatibility complex antigens -MHC-I- in muscle cells), degenerative features
(rimmed vacuoles and intra-cellular protein aggregates) [7], and mitochondrial changes (COX-/SDH+
cells and ragged-red-fibbers) are specific and required for sIBM diagnosis [8]. Although knowledge
about the molecular hallmarks of the disease is increasing every day, sIBM is still a disease without an
effective treatment. Moreover, the aetiology of this progressive degenerative disorder of the skeletal
muscles remains unknown [2].

Interestingly, the presence of inflammation, protein depots, and mitochondrial failure seems
not to be exclusive for sIBM and, in the last few years, growing evidence has supported the
deregulation of these pathways in other chronic and age-related neurodegenerative or metabolic
disorders. Among them, the deregulation of mitochondrial function and associated cell consequences
has been speculated as the major molecular hallmark underlying a number of these disorders, since
mitochondrial dysfunction can trigger, by its own, from bioenergetic failure and oxidative stress
production to protein accumulation, inflammation, and cell death [9], features that are present in most
of these degenerative age-related disorders.

In physiologic conditions, mitochondria are essential for cell survival, playing a central role
in calcium homeostasis, bioenergetics, metabolism, and cell respiration. In pathological conditions,
they are indeed the main organelle involved in triggering apoptosis and producing reactive oxygen
species (ROS).

Thus, mitochondrial homeostasis and balance is fundamental for cell function, especially in
highly energetic and dependent tissues (including muscle, central nervous system, lymphoid organs,
or glands), where its dysfunction may become evident much earlier.
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Despite the fact that pathological mitochondrial evidence is frequently observed in muscle biopsies
from sIBM patients, mitochondrial abnormalities in this disease have scarcely been assessed at a
molecular level [10,11]. Our group described, for the first time, mitochondrial DNA alterations in sIBM
muscle. Furthermore, down-regulated activity of mitochondrial respiratory chain (MRC) has been
found, not only restricted to muscle, also in other peripheral tissues, such as blood [12].

Interestingly, mitochondrial abnormalities, energy failure, respiratory chain impairment,
and generation of ROS have also been described in brain aging related to neural loss and synaptic
alteration [13]. Moreover, the accumulation of a variety of proteins such as 3-amyloid, phospho-Tau,
p62, TDP43, and caveolin, among others, and consequent inflammation in the muscle of sIBM patients
is like those observed in the brains of patients with neurodegenerative disorders, such as Alzheimer’s
disease (AD). For all these common molecular hallmarks, growing support is given to a potential shared
pathophysiology between sIBM and AD [14,15]. In fact, sIBM is also known as the “muscle Alzheimer’s
disease” due to these common deregulations. However, as far as we know, neither epidemiological
nor molecular studies have been conducted so far to corroborate or discard the comorbidity between
these two disorders.

Alzheimer’s disease is the commonest cause of dementia, with huge implications for individuals
and large sociosanitary and economic associated burdens currently affecting 50 million people. AD
is the single biggest cause of dementia, accounting for 50%-75%, and is primarily a condition of
later life, roughly doubling in prevalence every 5 years after age 65 [16]. Dementia is the major
cause of dependence, disability, and mortality. In the coming years, the largest increase in dementia
prevalence is expected to affect 152 million by 2050, which indeed shows patterns of association with
cardiovascular disease, hypertension, and diabetes [17]. Consequently, any data that may support
comorbidity with alternative diseases may be of help to guide assistance and improve the quality of
life in these patients.

Similarly to sIBM and AD, the accumulation of proteins and inflammation has also been described
as a trigger of type 2 diabetes mellitus (T2DM). In fact, the presence of amyloid deposits within the
pancreatic islets is a pathophysiological hallmark of T2DM [18]. Moreover, mitochondrial dysfunction
concerning bioenergetics alterations, respiratory chain disability, and ROS production in T2DM has
also been widely described in different tissues [19,20].

T2DM is one of the most prevalent and chronic metabolic disorders worldwide. It is characterized
by the presence of hyperglycaemia caused by different alterations converging in the development of
insulin resistance accompanied by relative to severe insulin deficiency secretion [21]. This disease
is associated with being overweight in 90% of cases, a family history of T2DM in 75%-90% of cases,
and poor insulin production. It was estimated that in 2017 there were 451 million people with diabetes
worldwide. These figures were expected to increase to 693 million by 2045. Currently, approximately
5 million deaths worldwide were attributable to diabetes [22] and its frequency is expected to increase
on account of extensive diagnosis and aging of the population in developed countries.

The link between AD and T2DM is clearly established in literature [23,24]. However, despite the
fact that there are common molecular mechanisms that are also shared with sIBM, the comorbidity
between T2DM and sIBM has not yet been clarified.

In this study, we aim to evaluate sIBM patients at two levels to assess clinical and molecular
comorbidity between sIBM, AD, and T2DM. From a clinical point of view, we will evaluate the
neurological and metabolic status in a cohort of sSIBM patients to determine the comorbidity between
sIBM and AD or T2DM, respectively. In addition, we aim to include a cohort of patients with
inflammatory myopathies other than sIBM, such as DM and PM, to evaluate differential or common
deregulation with diseases that clinically overlap with sIBM. From a molecular point of view, we aim to
evaluate common molecular hallmarks between these degenerative and age-related diseases, focusing
our interest on the mitochondrial homeostasis of sIBM fibroblasts that will be subjected to different
pathophysiological conditions.
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2. Experimental Section

2.1. Study Population

The sIBM cases were diagnosed by clinical and pathological tests in the Department of Internal
Medicine from the Hospital Clinic of Barcelona (Barcelona, Spain). All the patients fulfilled the
criteria proposed by the European Neuromuscular Centre for sIBM diagnosis [25]. Exclusion criteria
were: age < 40 years, family history of hereditary mitochondrial disease and HIV infection, or drug
abuse. A cohort of 14 patients was consequently included after signing the informed consent
previously approved by the Ethical Committee of our institution (code HCB/2015/0562). Then,
10 underwent neurological evaluation and 8 (not necessarily the same participants) underwent T2DM
and mitochondrial testing, depending on their possibilities to endure invasive or uncomfortable tests
such as magnetic resonance imaging (MRI), lumbar puncture, or biopsy performance.

On inclusion, sIBM patients completed the IBMERS (inclusion body myositis functional rating
scale), a validated disease-specific functional rating scale to assess disease severity. Epidemiological
and clinical data (age, gender, and ethnicity) were also recruited.

2.1.1. Biopsy Performance

Muscles biopsies were performed for diagnostic purposes indicated for muscle weakness or raised
creatine kinase (CK) levels. Surgical muscle biopsies were obtained by trained physicians and the
samples were processed routinely in the laboratory as described elsewhere [26].

2.1.2. Histological Studies

Fresh samples were frozen in cooled isopentane, sectioned by cryotome at —30 °C, and stained
and reacted with different reagents for diagnostic purposes: haematoxylin and eosin, modified
Gomori’s trichrome, non-specific esterase, periodic acid-Schiff stain, Oil Red O, acid and alkaline
phosphatase, NADH, COX, SDH, and ATPase at pH 4.3, 4.6 and 9.4, as reported elsewhere [26].
In addition, some immunohistochemistry reactions such as MHC-I as well as p62 were performed.
In parallel, blood samples or cerebrospinal fluid (CSF) from sIBM patients were collected, when
indicated, for analytic purposes.

2.1.3. Control Population

According to the standards for diagnosis, results of clinical evaluation for T2DM and AD in sIBM
patients were compared to age bracket control data from individuals free of disease or, alternatively,
with a cohort of patients with inflammatory myopathies other than sIBM, such as DM (n = 7) and
PM (n = 7). This second cohort was prospectively included in parallel to sIBM patients to evaluate
differential or common deregulation with diseases that clinically overlap with sIBM. These patients
were also diagnosed at the Department of Internal Medicine from the Hospital Clinic of Barcelona
(Barcelona, Spain) following the current established clinical and pathological criteria [3]. Experimental
studies for mitochondrial evaluation were performed in the same cohort of sIBM patients and compared
to healthy control volunteers (C; n = 5), who were prospectively included.

2.2. Neurological Evaluation of sIBM Patients

This part of the study included neuropsychological and cognitive tests, cranial MRI, AD biomarkers
in CSF (amyloid beta or Afi42 levels, total tau, and phosphorylated tau at threonine-181 content),
and apolipoprotein E (APOE) genotype.
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2.2.1. Clinical, Psychological, and Cognitive Assessment

Participants were evaluated by a trained neurologist with a comprehensive neuropsychological
battery of tests. Clinical diagnosis was established following the current clinical criteria for mild
cognitive impairment (MCI) [27] and dementia due to AD [28].

The neuropsychological battery of tests encompassed five cognitive domains. The memory
domain included the Free and Cued Selective Reminding Test [29], the landscape test [30], and the
Rey—Osterrieth complex figure [31]. The language domain comprised of the Boston Naming Test [32]
and a semantic fluency task [33]. The praxis domain contained a copy of the Rey—-Osterrieth complex
figure and the ideomotor subtest of the Western Aphasia Battery [34]. The visual perception domain
included the object decision, number location, and incomplete letters subtests of the Visual Object
and Space Perception battery [35]. The executive functions domain consisted of the Trail Making
Test [36], the Stroop Test [37], the Symbol Digit Modalities Test [38], and the Digit Span test of the
Wechsler Adult Intelligence Scale [39]. Global cognition was assessed with the Mini Mental State
Evaluation (MMSE) [40]. Premorbid intelligence was assessed with the Spanish word accentuation
test [41]. Cognitive reserve was evaluated with the cognitive reserve questionnaire [42]. Finally, anxiety
and depression levels were measured with the Hospital Anxiety and Depression Scale.

2.2.2. Image Acquisition

For each participant, a T1-weighted, high-resolution, MPRAGE structural MRI scan (echo time
(TE) 2.98 ms, repetition time (TR) 2300 ms, inversion time 900 ms, flip angle 9°, bandwidth 240 Hz/pixel,
matrix 256 x 256, 240 axial slices, isometric voxel size 14 1.0 mm?3) was acquired at the IDIBAPS'’s
Imaging core facilities with a 3T whole-body MRI scanner (Siemens Magnetom Trio; Hospital Clinic,
Barcelona, Spain).

For all subjects, global cortical atrophy (GCA), medial temporal lobe atrophy (MTL), and white
matter integrity (Fazekas) scores were obtained by a trained radiologist.

2.2.3. Determination of AD CSF Biomarkers and Apolipoprotein E (APOE) Genotype

Subjects underwent a lumbar puncture between 9 a.m. and 12 p.m. In the extraction, 10 mL of
CSF was collected. The samples were centrifuged and stored in polypropylene tubes at —80 °C within
the first hour after extraction. CSF Af342 levels, total tau (tau), and phosphorylated tau at threonine-181
(ptau) were measured by enzyme-linked immunosorbent assay kits (Innogenetics, Ghent, Belgium).
The following cut off points were considered: (a) A42 < 550 pg/mL, (b) tau > 385 pg/mL, and (c) ptau
> 65 pg/mL.

Genomic DNA was extracted from the peripheral blood of probands using the QlAamp DNAblood
minikit (Qiagen AG, Basel, Switzerland). APOE genotyping was performed by polymerase chain
reaction amplification and Hhal restriction enzyme digestion.

2.3. T2DM Evaluation of sIBM Patients

2.3.1. Oral Glucose Tolerance Test (OGTT) Procedures

Procedures for the 2h-OGTT required previous fasting after midnight, to obtain baseline fasting
glucose level, and further administration of the oral glucose load (75 g) within a 5 min period. Blood
specimens to determine the plasma glucose level were subsequently drawn at 30, 60, 90, and 120 min,
timed from the beginning of the glucose load. Patients were established as having impaired fasting
glucose (IFG; if the venous plasma glucose level was greater than 100 and less than 126 mg/dL) or
having impaired glucose tolerance (IGT; if the 120-min venous plasma glucose value fell between
140 and 200 mg/dL). Criteria for new-onset T2DM was a fasting plasma glucose level greater than
126 mg/dL or 120-min venous plasma glucose level greater than 200 mg/dL on the OGTT.
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2.3.2. Medical Records Data

The following data were collected from medical records: circulating baseline levels of insulin
(mU/L) and glycated haemoglobin, HbAlc (%). Homeostatic model assessment of insulin resistance
(HOMA-IR) was calculated to determine the insulin resistance as: (basal insulin level in pU/mL X basal
glucose level in mmol/L)/22.5. Anthropometric and physical examination data concerning weight
and height were also recruited to calculate body mass index (BMI; calculated as weight in kilograms
divided by the square of the height in meters).

2.4. Mitochondrial Characterization in sIBM Patients

2.4.1. Fibroblasts Culture

Fibroblasts were obtained by a skin punch biopsy. Cells were grown in 25 mM glucose
Dulbecco’s Modified Eagle’s medium (DMEM from Gibco, Life Technologies, Burlington, ON, Canada)
supplemented with 10% heat-inactivated foetal bovine serum and 1% penicillin-streptomycin at 37 °C
in a humidified 5% CO; air incubator until 80% optimal confluence was reached. Fibroblasts were
harvested with 2.5% trypsin (Gibco, Life Technologies, Burlington, ON, Canada) and centrifuged at
500 g for 8 min. All functional assays were performed in cells between passages 5 and 10.

To test fibroblast response to pro-diabetogenic in vitro conditions, cells were cultured under
different glucose conditions: high glucose (HG: 25 mM) and low glucose (LG: 5 mM) DMEM media
10 days prior the experiment, mimicking the glucose deregulation observed in T2DM.

Expected response to 10 days glucose decrease (from HG to LG) should promote mitochondrial
activation to enhance energetic output. To evaluate mitochondria activation in front of glucose
reduction, we tested oxidative vs. anaerobic metabolism and oxidant/antioxidant balance, together
with mitochondprial respiration and enzymatic activities.

2.4.2. Mitochondrial Respiration

Mitochondrial respiration is the result of oxygen consumption by the MRC. It was measured in
1 million cells by high-resolution respirometry using Oroboros™ Oxygraph-2K® technology (Innsbruck,
Austria) in non-permeabilized fibroblasts, following the manufacturer’s protocols [43]. Two measures
were obtained: one of them is considered a sign of proper mitochondrial function and is calculated as
the ratio between the basal respiration flux (standard oxygen consumption) in respect to the maximal
respiration capacity (by adding the uncoupler CCCP). In parallel, proton leak was secondarily measured
(by adding oligomycin) as a sign of inefficient and unhealthy MRC activity. Results were expressed
relative to cell count and were expressed as nmols/min.

2.4.3. Lactate Production

Lactate measures were performed in 100 pL of fresh supernatant fibroblast culture using the
epoc® Blood Analysis System, epoc System Software version 3.32.0 (Siemens Healthineers Global,
Erlangen, Germany), normalized by cell count and expressed as mmols/L.

2.4.4. Total Antioxidant Capacity

Total Antioxidant Capacity (TAC) was measured in 100 uL of cell supernatant using an OxiSelect™
Total Antioxidant Capacity Assay kit (Cell Biolabs Inc., San Diego, CA, USA) by spectrophotometry
(absorption maximum at 490 nm), normalized by cell count and expressed as uM CRE (Copper
Reducing Equivalents).

2.4.5. MRC Enzymatic Activity

Cytochrome c oxidase (COX) function was assessed in 40 pg of total protein from each fibroblast
sample according to standardized protocols [44] and normalized by mitochondrial content, measured
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as citrate synthase (CS) enzymatic activity. CS is a mitochondrial enzyme from the Krebs cycle and is
widely considered to be a reliable marker of mitochondrial amount. Both enzymatic activities were
measured by spectrophotometry, using internal controls, and were expressed as the ratio between COX
vs. CS function.

2.4.6. Oxidative Stress Assay

Lipid peroxidation (an indicator of oxidative damage produced by ROS to cellular lipid
compounds) was quantified in 150 pg of protein from a fibroblast sample using the OxysResearch™
LPO-586"" kit (Deltaclon, Portland, OR, USA) through the spectrophotometric measurement
of malondialdehyde and 4-hidroxyalkenal, both of which are products of fatty acid peroxide
decomposition. Lipid peroxidation was normalized by COX/CS activity as a measure of oxidative
stress production per mitochondrial activity.

2.5. Statistics

Results were expressed as mean + standard error of the mean (SEM) or in fold change
between conditions (HG vs. LG). Statistical analysis was performed after filtering for outliers
to evaluate differential phenotypes depending on group-assignment (patients or controls) by using
the non-parametric independent sample Mann-Whitney U test. The signification threshold was set at
p <0.05.

3. Results

3.1. Clinical DATA

The sIBM patients included in this study corresponded to n = 14 subjects aged between 48 and
90 (mean age 67.70 + 3.84 years), 9:5 male to female ratio, and all white Caucasian. According to the
design of the study, no statistical differences were observed in regards to age, gender, or ethnicity
between sIBM patients and the control cohorts. Specifically, PM patients presented a mean age of
69.57 + 5.39 years and a 1:6 male to female ratio, DM subjects a mean age of 66.67 + 3.20 years and a 2:5
male to female ratio, and healthy control volunteers aged 57.12 + 5.38 years and presented a 1:4 male
to female ratio, all white Caucasian, according to sIBM demographic characteristics.

At the time of inclusion, the sIBM patient cohort scored 22.00 + 2.37 out of 40 with the IBMFRS
test, indicating moderate-to-advanced sIBM clinical severity.

3.2. Neurological Evaluation of sSIBM Patients

3.2.1. Patient Characteristics

Ten sIBM patients underwent the neurological assessment. Education level ranged between 7 and
18 years and the cognitive reserve questionnaire scored 7 to 18 points. Demographics of the cognitive
study are shown in Table 1.

3.2.2. Clinical and Neuropsychological Assessment

Eight out of the ten subjects that underwent clinical and neuropsychological evaluation were
cognitively impaired. From those, 5 were diagnosed with MCI and 3 with dementia (two of them were
diagnosed as AD).

Three subjects presented symptoms of anxiety and/or depression. MMSE ranged between 6 and
29 (maximum MMSE score in health is 30 points) and the neuropsychological profile of the study
subjects was heterogeneous, although most of them showed an amnestic pattern (verbal and/or visual
memory decline).
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Table 1. Demographic characteristics of sSIBM patients included in the cognitive study.
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10
Demographics
Gender J Q d d Q J d Q Q d
Age 68.9 724 774 489 67.3 63.0 66.8 81.6 90.5 62.2
Years of education 9 8 18 12 8 11 17 11 7 11
CRQ 11 - 21 12 12 16 18 14 9 21
Cognitive data
Clinical diagnosis MCI AD AD Control MCI Control MCI MCI Dementia MCI
HADS anxiety/depression 0/4 - 3/3 9/5 6/16 4/1 4/3 9/10 4/5 3/1
MMSE 28/30 19/30 23/30 29/30 26/30 27/30 29/30 24/30 6/30 29/30
Neuropsychological profile Amnestic Global Global Cognitively Amnestic Cognitively Amnestic Amnestic Severe global Amnestic
(mild) deterioration  deterioration normal (mild) normal (mild) (mild) deterioration (mild)
MRI data
GCA scale (0-3) 2 1 2 0 1 0 1 - - 1
MTA score (0-4) 2 3 3 0 1 0 0 - - 1
Fazekas scale (0-3) 3 1 2 1 1 1 1 - - 1
Biological & CSF data
APOE genotype e4/3t - e3/3 - e3/2 e3/3 - - - e3/3
ABy 519.1 - 434.0 - 907.0 634.6 - - - 1059.0
Tau 217.9 - - - 163.0 136.2 - - - 225.0
pTau 40.7 - 182.2 - 39.0 29.6 - - - 42.0

Null cognitive impairment was observed in sIBM patients when compared to age bracket control data. Key. CRQ: Cognitive Reserve Questionnaire; HADS: Hospital Anxiety & Depression
Scale; MMSE: MiniMental State Examination (20 to 24 score suggests mild dementia, 13 to 20 moderate dementia, and less than 12 indicates severe dementia); GCA: Global Cortical
Atrophy; MTA: Medial Temporal lobe Atrophy score (score 0: no atrophy; score 1: only widening of choroid fissure; score 2: also widening of temporal horn of lateral ventricle; score 3:
moderate loss of hippocampal volume; score 4: severe volume loss of hippocampus); Fazekas: Fazekas scale for white matter lesions (score 0: none or single punctate white matter
hyperintensities; score 1: multiple punctate lesions; score 2: beginning confluency of lesions — bridging; score 3: large confluent lesions); APOE: Apolipoprotein E; CSF: cerebrospinal fluid;
ABy: Amyloid-beta isoform 42; Tau: total tau; pTau: phosphorylated tau. ¥ APOE ¢4 carrier.
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Despite reported disturbances in the clinical and neuropsychological assessment, no higher
incidence of dementia or AD was detected in sIBM patients when the results were compared to the
prevalence of dementia in Europe [45]. See clinical and neuropsychological data of the Neurological
study in Table 1.

3.2.3. MRI Data

Eight sIBM subjects underwent the magnetic resonance scan. Medial temporal lobe atrophy
(MTL score > 1) was found in 3 subjects (maximum pathological score is 4 points) and all individuals
presented different levels of white matter deterioration, including two subjects with a Fazekas score
> 2 (maximum pathological score is 3) (see Table 1).

However, MTL score > 1 was also found in controls in previous studies [46]. Furthermore, in
our study, 1 out of 2 subjects with MTL >1 had normal AD CSF biomarkers, thus excluding AD [27].
Consequently, we concluded that MRI analysis of sIBM patients reported no higher incidence of AD.

3.2.4. AD CSF Biomarkers and APOE Genotype

Five subjects completed the CSF testing for AD biomarkers and APOE genotype. CSF biomarker
levels were positive for AD in one case and, additionally, one subject was an APOE ¢4 carrier. From the
3 dementia cases, one presented a typical AD CSF profile, another received a clinical diagnosis of AD
without biological confirmation, and the last one presented advanced dementia at 90 years. None of
the MCI had a typical AD CSF biomarker pattern, although one subject presented reduced levels of
CSF Afsgp with normal CSF tau and phosphor-tau levels (amyloidosis alone; data regarding AD CSF
biomarkers and APOE genotype is shown in Table 1).

We found only 1 out of 5 patients with typical AD CSF biomarkers and this percentage is very
similar to the frequencies of brain amyloidosis found in individuals with normal cognitive function at
similar ages [47].

Considering the diagnostic criteria stablished by the National Institute on Aging-Alzheimer’s
Association workgroups [27], neither CSF biomarkers nor APOE genotyping stand for higher prevalence
of AD in sIBM patients when compared with age bracket control data.

3.3. T2DM Evaluation of sIBM Patients

The OGTT was performed to n = 8 sIBM patients with respect to the normality ranges of age
bracket control data [48]. When basal glucose level was measured, 38% (3/8) of patients showed
disturbances: 25% (2/8) were in the prediabetic range (plasma glucose level greater than 100 and less
than 126 mg/dL), while the other 13% (1/8) were considered as T2DM patients (Figure 1).

The 2 h venous plasma glucose level in the sIBM cohort (n = 7) showed alterations in 42% (3/7)
of the patients, while 14% (1/7) were in the prediabetic range (the plasma glucose level fell between
140 and 200 mg/dL) and the remaining 28% (2/7) felt into the T2DM category (glucose level greater
than 200 mg/dL). Moreover, medical records in blood tests from the sIBM population (1 = 8) showed
increased HbAlc % in 50% (4/8) of these patients (HbAlc greater than 5.7). Finally, when HOMA-IR
was assessed in the sIBM cohort (1 = 7), 14% (1/7) of the patients were close to insulin resistance values
(HOMA-IR > 5; Figure 1).

With respect to the age bracket control data [48], all evaluated sIBM patients presented one or
more deregulated parameter of glucose metabolism, suggesting a prediabetogenic state. Moreover,
when sIBM subjects were compared with respect to other patients presenting with alternative
myopathies (DM and PM), similar deregulation of glucose parameters was observed, as shown
in Figure 1 and Table 2.
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Figure 1. Type 2 Diabetes Mellitus (T2DM) markers analyzed in different myositis populations
suggesting frequent alteration in most of the biomarkers when compared to age bracket control data:
(a) Basal glucose levels; (b) Two hours glucose level; (c) HbAlc % of glycated haemoglobin; and
(d) HOMA-IR: Homeostatic model assessment of insulin resistance (normal value 1-3; insulin resistance
is consistent with greater than 5 HOMA-IR values). Key: sIBM: sporadic Inclusion Body Myositis;
DM: Dermatomyositis; PM: Polymyositis.; Pre: Prediabetic; NV: Normal values.

Specifically, the basal glucose level was also determined in a cohort of patients with DM (n = 7)
and PM (n = 7) showing prediabetic state values in 43% (3/7) of cases from both populations. The 2 h
venous plasma glucose level in the DM population was greater in 43% (3/7) of patients, which is
considered suggestive of a prediabetic state, while the PM cohort showed altered values in 71% (5/7) of
patients, 28% (2/7) were considered as in a prediabetic state, and the other 43% (3/7) were consistent
with T2DM. Medical data records from blood tests of DM and PM populations also showed altered
HbA1c profiles in both cohorts. Particularly, 14% (1/7) of DM and 43% (3/7) of PM had greater values
compared to age bracket control data (HbAlc < 5.7%) [48]. Finally, the HOMA-IR calculation showed
that 14% (1/7) of the DM cohort and 43% (3/7) of the PM population showed greater HOMA-IR ratio
than age bracket control ranges, however the obtained data is under the insulin resistance values
(HOMA-IR > 5).

Considering the T2DM definition stratified by age from the American College of Endocrinology [49],
the alteration of T2DM biomarkers in sIBM patients (and in the rest of the studied cohorts as PM and
DM) is consistent with a prediabetic condition, eventually demonstrating the clinical comorbidity
between these diseases.

3.4. Mitochondrial Characterization in sIBM Patients

Under standard conditions (see Figure 2), sIBM fibroblasts showed significantly decreased basal
to maximal respiration (0.71 + 0.08 vs. 1.06 + 0.04 nmols/min; p = 0.024), increased anaerobic
metabolism (5.76 + 0.52 vs. 3.79 + 0.35 mM lacate; p = 0.052), and TAC levels (403.89 + 107.02 vs.
171.73 + 23.17 uM CRE; p = 0.006), reflecting the mitochondrial dysfunction characteristic of the target
tissue of the disease (muscle).
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Table 2. Type 2 Diabetes Mellitus (T2DM) markers in different myositis populations.

GluOh Glu2h Ins Hb1Ac HOMA-IR BMI

sIBM1 . .
sIBM2 . .
sIBM3 .
sIBM4 . .
sIBM5 . . .

sIBM6 . .

sIBM7 . . .
sIBM8 . .
DM1 . .
DM2 . .
DM3 . .
DM4 . .

DM5 .
DM6 .

DM7 . . .
PM1 . . . .
PM2 .

PM3 ° . .

PM4 . ° .

PM5 . . . .
PM6 ° .

PM7 °

The black spot in one patient for a specific parameter indicates an altered value with respect to bracket control
data. These findings suggesting a prediabetogenic state for most of the patients and the deregulation of one or
more parameters of the glucose metabolism in all studied myositis. Key: Glu 0 h: basal glucose level; Glu 2 h:
venous plasma glucose level at 2 h after the oral glucose tolerance test (OGTT); Ins: basal insuline levels; Hb1Ac:
glycated haemoglobin; HOMA-IR: Homeostatic model assessment of insulin resistance; BMI: body mass index,
calculated as body weight in kg divided by height in m? and considered altered >25; sIBM: sporadic inclusion
myositis; PM: polymyositis; DM: dermatomyositis.
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Figure 2. Mitochondrial characterization at standard conditions demonstrated deregulated
mitochondrial function in sIBM fibroblasts when compared to healthy controls. (a) Oxygen consumption
expressed as a ratio of basal respiration vs. max. respiration; (b) Lactate secretion expressed
in mmols/L and (c¢) TAC (Total Antioxidant Capacity) expressed as uM CRE, Copper Reducing
Equivalents. (b,c) measurements were normalized by total cell amount. sIBM: sporadic inclusion
myositis; Ctrl: Healthy controls.
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Cells increase mitochondrial activity in response to the decrease of glucose levels, probably as an
attempt to maximize the energetic output in case of glucose restriction. Such activation was observed in
control fibroblasts when subjected to glucose changing conditions (HG vs. LG) in terms of respiration.
Under high glucose concentration, the mitochondrial respiration rate was low, indicating decreased
oxygen consumption and high anaerobic metabolism. When the glucose concentration was diminished,
oxygen consumption increased, indicating the activation of the aerobic (mitochondrial) metabolism
(Supplementary Figure S1).

Contrarily, when sIBM fibroblasts were subjected to glucose decrease to evaluate mitochondrial
contribution to sIBM-T2DM comorbidity, such activation was not observed. Specifically, sSIBM
fibroblasts vs. controls showed decreased fold change basal to maximal respiration (1.65 + 15.74 vs.
34.88 + 58.02) and enzymatic activities (=12.13 + 21.86 vs. 199.22 + 62.52 COX/CS ratio; p = 0.017).
Additionally, a lack of mitochondrial activation in sIBM fibroblasts was accompanied by increased
fold change proton leak (92.29 + 73.89 vs. 6.16 + 83.05) and oxidative stress per mitochondrial activity
(203.76 + 82.77 vs. —69.55 + 21.00; p = 0.047) (Figure 3).
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Figure 3. Mitochondrial characterization after glucose changing conditions demonstrating the inability
of sIBM fibroblasts to adapt to different glucose conditions when compared to heathy controls.
Fold change adaptation from HG (high glucose) to LG (low glucose) for (a) Basal respiration vs. max
respiration, (b) Enzymatic activities (cytochrome c oxidase/citrate synthase; COX/CS), (c) Proton leak,
(d) Oxidative stress (OS) per mitochondrial activity (COX/CS). sIBM: sporadic inclusion myositis;
Ctrl: Healthy controls.

Glucose misbalance manifested at a clinical level in sIBM patients was further confirmed in vitro
by the inability of sIBM fibroblasts to adapt to different glucose conditions, thus underlying the clinical
and molecular comorbidity between sIBM and T2DM.

4. Discussion

Despite medical literature postulating potential comorbidity of sIBM with AD and T2DM, scarce
data and epidemiological studies (if any) had been conducted to date to evaluate such overlap.
Before our investigation, none of the sIBM patients had been diagnosed of T2DM or AD. In the present
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study, and regardless of the small sample size herein tested, we found null comorbidity between sIBM
and AD, but trends towards comorbidity between sIBM and T2DM.

Despite sIBM having been described as “Alzheimer in muscle” and both disorders sharing some
pathophysiological mechanisms [14,15,50,51], the present outputs suggest that AD pathology is not
more frequent in sIBM patients than in the age-paired population. These findings suggest that despite
both diseases sharing common molecular pathways (including mitochondrial dysfunction, protein
deposition, and inflammation, among others), such disorders present different regulatory mechanisms
and/or the disease is specific, in each case, to a different target tissue.

Interestingly, partial comorbidity between sIBM and T2DM has been demonstrated in this work.
Clinically, the metabolic deregulation in sIBM patients is characterized by the initial impairment of
glucose metabolism compared with age bracket control data. Despite the fact that only a few of them
could be concomitantly diagnosed by sIBM and T2DM, most of the sIBM patients showed clear signs
of a prediabetogenic condition that underlie the comorbidity between both diseases.

Such coexistence of T2DM in sIBM patients could be due to common etiological links between
both disorders. Previous literature describes similar mitochondrial alterations in T2DM and
sIBM [5,20,52,53].

At a molecular level, the mitochondrial characterization of fibroblasts from sIBM patients
under standard conditions of the present study demonstrate increased anaerobic metabolism and
antioxidant capacity at the detriment of mitochondrial oxygen consumption. These results suggest
that mitochondrial dysfunction is present in sSIBM patients and is not only restricted to the target tissue
of the disease (muscle), but may also extend to peripheric alternative tissues, including fibroblasts,
as previously demonstrated in the case of blood cells [12]. These findings validate fibroblasts as a cell
model for the study of sIBM, as previously demonstrated in cases of neurodegenerative and metabolic
diseases including AD and T2DM [54-57].

Moreover, we used these fibroblasts to evaluate mitochondrial contribution into sIBM-T2DM
comorbidity by exposing sIBM fibroblasts to different glucose conditions. That way, we observed that
control fibroblasts showed full mitochondrial plasticity to adapt to different glucose environments,
whilst sIBM fibroblasts were mitochondrially unable to adapt its metabolism. Particularly, sIBM
fibroblasts were unable to increase their mitochondrial function in terms of respiration and MRC
enzymatic activities in front of changes in glucose bioavailability. Mitochondrial dysfunction in sIBM
fibroblasts may lead to reduced bioenergetics and consequent cell compromise. In fact, such metabolic
stiffness leads sIBM fibroblasts to increased proton leak and oxidative stress, frequently associated
with cell damage [58,59] and disease [9].

To our knowledge, there are no clinical or molecular evidences supporting the preferential affection
of muscle tissue in sIBM or the particular targeting of certain muscles (greater in finger flexors and
quadriceps), but there is probably a molecular rationale underlying such differential targeting and
mitochondria (among others) may stand behind this.

Overall, these data demonstrate that mitochondrial dysfunction limit sIBM cell adaption to
changing glucose metabolism, being a source of cell damage and the potential pathophysiological
link between sIBM and T2DM. These molecular data confirm clinical comorbidity between both
disorders, pointing out sIBM as a new population of underdiagnosed T2DM patients. T2DM is a
silent infradiagnosed disease and any clue for emerging groups of risks may account for the reduction
of further associated consequences. Interestingly, partial deregulated glucose metabolism was also
found in other myositis as PM and DM, thus suggesting common lifestyle cues’ contribution in
observed comorbidity.

Probably, both mitochondrial deregulation and lifestyle habits (such as restricted mobility) may
be conditioning the manifestation of metabolic disorders such as T2DM in sIBM patients. Due to
its idiosyncrasy, myositis are a group of disorders characterized by weakness and wasting of the
muscle and consequently low physical activity or a sedentary lifestyle. This situation is associated with
the development of several chronic diseases including T2DM. Additionally, due to skeletal muscle
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contribution to glucose homeostasis and muscle wasting on account of low patient activity, in a kind of
vicious circle, glucose metabolism deregulation may be the final fate of a sedentary lifestyle, in this
case, triggered by myositis and mitochondrial dysfunction.

Consequently, some general recommendations may be added in the clinical follow-up of patients
with myopathy to prevent or manage potential T2DM development in accordance with international
standards [60]. They are based on the control of risk factors for T2DM and metabolic syndrome
development, including the avoidance of sedentarism and obesity through the performance of exercise
(quite restricted in most cases of patients with myositis), but also dietetic control (reduction of caloric
intake in cases of obesity, especially carbohydrates).

Some limitations must be acknowledged in the present work. The reduced number of patients
included in the study may be the major downfall. Of note, due to the low prevalence of sIBM
disorder (considered a rare disease), the study of bigger cohorts is often hampered but recommended.
Additionally, further studies are warranted to provide more in-depth understanding of the deregulated
pathways underlying glucose impairment in sIBM patients and whether the lipid profile and other
features characteristic of the metabolic syndrome are affected in sIBM, even myositis in general, to
establish a better correlation between these disorders and the metabolic syndrome. Similarly, the parallel
inclusion of fibroblasts from PM or DM patients would have been of interest to deepen the knowledge
of common and specific molecular patterns shared among these disorders that clinically overlap.

5. Conclusions

In summary, the conclusions of the present work stand for null comorbidity between sIBM and
AD but partial comorbidity between sIBM and T2DM through the impairment of glucose homeostasis,
mitochondrial function, and probably lifestyle conditions. Although further investigation is needed to
validate this pilot study, these findings provide better knowledge of sSIBM complications.

On account that effective treatment for sIBM is not yet available, this should be a red flag and the
monitorization of the prediabetic state in myositis patients to avoid potential complications in clinical
practice associated with the management of both diseases should be considered, thus contributing to
improving the quality of life of patients with inflammatory myopathies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1446/s1,
Figure S1: Mitochondrial respiratory activation of control fibroblasts when glucose levels are reduced from HG
to LG.
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Abstract: Inclusion body myositis (IBM) is an acquired inflammatory myopathy affecting proximal
and distal muscles leading to weakness in patients over 50s. Diagnosis is based on clinical and his-
tological findings in muscle related to inflammation, degeneration and mitochondria. In IBM, a
shortage of validated disease models, lack of biomarkers and effective treatments lead to an unmet
medical need. To overcome these hurdles, we performed an omics analysis of multiple samples from
IBM patients (saliva, fibroblasts, urine, plasma and muscle) to gain insight into the pathophysiology
of IBM. Degeneration was evident by the presence of amyloid £ peptide 1-42 (AB1-42) in the saliva
of IBM patients. Metabolic disarrangements in IBM were manifested by an imbalanced organic acid
profile in fibroblasts and urine. Specifically, abnormal levels of L-pyroglutamic and orotic acid were
supported by abnormal expression of related metabolites in plasma and urine (glutathione and py-
rimidines) and aberrant expression of upstream gene regulators (L2ZHGDH, IDH2, OPLAH and
ASL) in muscle. Combined levels of L-pyroglutamic and orotic acid displayed an outstanding bi-
omarker signature in urine with 100% sensitivity and specificity. The confirmation of systemic met-
abolic disarrangements in IBM and the identification of novel biomarkers unveil novel insights that
require validation in larger cohorts.

Keywords: Inclusion body myositis (IBM), metabolism, organic acids, nucleotides, biomarker

1. Introduction

IBM is an acquired inflammatory myopathy (IM) affecting patients over 50 years old,
which prevalence ranges from 50-180 per million [1,2]. The first symptoms arise in the
quadriceps and finger flexors, with complications in climbing stairs and grasping objects.
These symptoms evolve towards proximal and distal muscle weakness that eventually
impairs ambulation within 10-15 years from the disease onset. Moreover, 60% of the pa-
tients are also affected by dysphagia [3,4]. Diagnosis is based on clinical and histological
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findings at inflammatory, degenerative and mitochondrial levels. Inflammation is trig- 47
gered by the infiltration of CD8+ cytotoxic T-cells in myofibers and the upregulation of 48
major histocompatibility complex I (MHC-I). Degeneration is presented in the form of 49
rimmed vacuoles and the inclusion of TDP43, p62 and amyloid protein deposits. In mito- 50
chondria, ragged-red fibers, complex IV (COX negative) from the mitochondrial respira- 51
tory chain (MRC) and complex II (SDH positive) fibers are displayed, also present in pri- 52
mary mitochondrial diseases and mitochondrial myopathies [1,5-7]. 53
IBM-related inflammation is critical in the disease and is the reason it groups within 54
IMs such as dermatomyositis, polymyositis, anti-synthetase syndrome, necrotizing myo- 55
pathy and non-specific myositis. Indeed, apoptosis-resistant highly differentiated and cy- 56
totoxic CD8+ T cells (with KLRG1 receptor) might trigger the onset of IBM [1,3,8], yetisin 57
doubt whether the trigger is inflammatory or degenerative. However, inflammatory treat- 58
ments, effective for other IMs, like immunosuppressants and immunomodulatory treat- 59
ments, are ineffective for IBM. Ongoing clinical trials in IBM include a monoclonal anti- 60
body against the KLRG1 receptor to deplete the highly differentiated and cytotoxic CD8+ 61
T cells (clinical trial code: NCT04659031), rapamycin (previously approved to prevent re- 62
jection in organ transplantation and to treat certain types of cancer) that blocks effector T 63
cells while preserving T regulatory cells and inducing autophagy (NCT04789070), and 64
even stem cell muscle injections (NCT04975841)[1]. 65
Considering mitochondrial damage in IBM, it has been speculated that could be the 66
result of pro-inflammatory cytokine release (IL-13, TNF-a, etc.) that would increase oxi- 67
dative, nitrosative and endoplasmic reticulum stress. Such lesions may endanger mito- 68
chondrial membrane permeability and transport, leading to a dysfunctional MRC that 69
would accumulate mtDNA mutations [1,3,9]. Dysfunctional mitochondria may be aggra- 70
vated by insufficient autophagy and specifically mitophagy, further increasing inflamma- 71
tion by mitochondrial damage. All this contributes to a positive feedback loop that may 72
eventually trigger muscle fiber atrophy and accelerated muscle aging [1,6]. To avoid or 73
reduce the lesions produced by increased oxidative stress, several antioxidant defense 74
systems are activated, including superoxide dismutases (SOD) and glutathione (GSH) re- 75
dox systems [10]. An increase in GSH, catalyzed by the GSH peroxidases (GPX) enzymes, 76
is usually associated to higher production of oxidants and electrophiles in cells [11,12]. 77
Consequently, the lack of sufficient GSH antioxidant activity may aggravate the outcome 78
of the disease [10-12]. Thus, some GSH analogs have been tested as therapeutics, while 79
decreasing GSH activity has been proven effective as an anti-tumor target, making tumors 80
more susceptible to chemotherapy or radiotherapy[11]. None of these antioxidant thera- 81
pies, neither metabolic strategies, have been ever tested in IBM, despite IBM displays 82
pathological traits of mitochondrial function and despite some metabolic disorders often 83
show muscle involvement. 84
Targeting treatment efficacy could be eased in the presence of validated IBM disease 85
models. So far, most of the pathophysiology of IBM has been revealed from biological sam- 86
ples from the target tissue (muscle histopathology studies, RNA-seq, etc.) or peripheral 87
tissues (blood RNA-seq and metabolomes, lymphocytes, and fibroblasts model validation) 88
[5,7,13,14]. A mice xenograft, containing IBM muscle biopsies[15], became a breakthrough 89
in the field to allow in vivo evaluation of disease pathophysiology. The major contribution 90
of this model has been the finding that rimmed vacuoles resist after mice xenografts were 91
treated with anti-CD3+, which reduced CD8+ T cells and impairs MHC-I upregulation, 92
supporting the idea that new treatments should target degeneration to treat muscle weak- 93
ness. Another relevant model of IBM was developed and validated by our group [13] using 94
patients’ derived fibroblasts, that recapitulated the main hallmarks of the target tissue of =~ 95
the disease (inflammatory, degenerative and metabolic muscle imbalances). Mitochondrial 96
impaired function in IBM fibroblasts was similar to that of primary mitochondrial dis- 97
eases[7,16] and was present in a peripheral tissue out of muscle, confirming molecular dis- 98
turbances at systemic level. A relevant finding of the study was an abnormal organic acid 99
profile in fibroblasts associated with MRC dysfunction and oxidative stress. This alteration 100
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uncovered the potential use of metabolites and fibroblasts to identify biomarkers needed 101
to monitor disease progression. However, neither that nor other studies have screened 102
those markers in non-invasive fluids of IBM patients. 103
The same study highlighted the usefulness of omics technology to seek novel mole- 104
cular players in disease that may emerge as surrogate biomarkers or therapeutic targets. 105
Indeed, the identification of genetic variants, proteins, or metabolites associated with dis- 106
ease onset and progression in several diseases has been acquired on account of the devel- 107
opment of unbiased, high-throughput omics technologies [17]. These analyses provide 108
massive amounts of data from a small quantity of biological material and a reduced num- 109
ber of measurements. In addition, omics can be combined (e.g., RNA-seq, target metabo- 110
lome, WES, etc.) and integrated to obtain a broad view of disease pathophysiology [17]. 111
Thus, in the present article, we aimed to identify novel target molecules and pathways 112

in IBM that may be validated as non-invasive biomarkers, especially focusing on the mito- 113
chondrial and metabolic profile of the disease by performing an omics analysis (targeted 114
metabolome and RNA seq) of different biological samples from IBM patients (saliva, urine, 115

plasma, fibroblasts and muscle). 116
2. Materials and Methods 117
2.1. Study design 118

A case-control study was conducted from 2018 to 2022, in the Department of Internal 119
Medicine at Hospital Clinic of Barcelona (Barcelona, Spain). IBM patients were diagnosed 120
according to clinical and pathological tests performed in our hospital, after fulfilling the 121
criteria proposed by the European Neuromuscular Centre for IBM diagnosis [18]. Exclu- 122
sion criteria were: age <40 years old, family history of hereditary mitochondrial disease; 123
comorbidities and concomitant infections or drug abuse. IBM patients participating in the 124
study signed the informed consent previously approved by the Ethical Committee of our 125
hospital (code HCB/2017/0808). CTL were collected from healthy volunteers, age and gen- 126
der-paired to IBM patients, after excluding any comorbidity or pathological process, and 127

signed the corresponding informed consent. 128
129
2.2. Sample collection 130

Saliva samples were passively collected (no stimulation) in sterile plastic containers, 131
adding 0.5 mg sodium azide (Sigma #52002, Saint Louis, MO, USA) and 0.5 mg thioflavin = 132
S (Sigma #T1892, Saint Louis, MO, USA), to prevent bacterial growth and Af342 aggrega- 133
tion, respectively [19-21]. 9 IBM cases and 5 CTL were collected. Samples were immedi- 134
ately frozen at -80°C until used. 135

Fibroblasts were obtained from a skin punch biopsy from 14 cases and 12 controls. 136
Cells were grown in 25 mM glucose DMEM supplemented with 10% FBS and 1% penicil- 137
lin-streptomycin, at 37°C, in a humidified 5% CO: air incubator (all from Gibco, Waltham, 138
MA, USA). Cells were harvested and collected by trypsin (Gibco, Waltham, MA, USA), at 139

80% of confluence, and characterized at passages 3 to 10. 140
Urine was collected from 6 cases and 6 controls, and organic acid and nucleotide 141
content was analyzed and normalized by creatinine levels. 142
Plasma was collected from 12 patients and 12 controls and used to determine GPX 143
activity. 144

Muscle biopsies were performed for diagnostic purposes [22,23]. Leftover biopsy ma- 145
terial from 5 IBM patients and 6 CTL (defined as individuals without histological myopa- 146

thic alterations) were included in this study for mRNA seq study. 147
148
2.3. Af$1-42 detection 149

To detect AS1-42 in saliva, 50 pl per sample was added to an enzyme-linked im- 150
munosorbent assay (ELISA) plate, per duplicate (Biomatik #EKU02331, Ontario, Canada) 151
following the manufacturer’s protocol. 152

153
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2.4. Metabolite quantification 154
Total protein amount in fibroblasts samples were quantified using a bicinchoninic 155

acid protein assay (BCA) (Thermo Scientific #23255, MA, USA), and 5 mg/ml were resus- 156

pended in 200 pL pf PBS and centrifuged (1500g; 10 min) to collect the supernatant. Urine 157

samples were normalized by creatinine content. Organic acids were extracted with ethyl 158

acetate and diethyl ether and derived with bis(trimethylsilyl) trifluoro-acetamide, as pre- 159

viously reported [24]. The trimethylsilyl derivatives obtained were separated by gas chro- 160

matography (Agilent 7890A, Wilmington, DE, USA) and detected in a mass spectrometer 161

(Agilent 5975C, Wilmington, DE, USA). The results were expressed as m/z ratio. 162
163
2.5. Glutathione peroxidase (GPX) activity assay 164

To quantify the GPX activity, 10 pl of plasma per sample was used in an enzymatic 165
assay (MAK437, Sigma-Aldrich, Saint Louis, MO, USA), following the manufacturer’s 166

protocol. 167
168
2.6. RNA extraction and mRNA library preparation and sequencing 169

Total RNA was isolated from the muscle by tissue homogenization (OMNI Tissue) 170
with (Roche #11667165001, Basel, Switzerland) and isopropanol (Sigma #190764, Saint 171
Louis, MO, USA) precipitation protocols. Total content was assessed through Quawell 172
UV-VIS Spectrophotometer Q5000. Concentrations were adjusted to 100 ng/ul in RNase- 173
free water. The quality control of the total RNA was done using the Qubit RNA HS Assay 174
(Life Technologies) and RNA 6000 Nano Assay on a Bioanalyzer 2100 (Agilent, Santa 175
Clara, CA, USA). The RNA-seq libraries were prepared using the TruSeq Stranded mRNA 176
LT Sample Prep Kit. Briefly, total RNA (500ng) was enriched for the mRNA fraction and 177
fragmented. Strand-specificity was achieved by the second-strand cDNA incorporating 178
dUTPs instead of dTTPs. The blunt-ended double stranded cDNA was 3'adenylated and 179
[Nlumina platform compatible adaptors with unique dual indexes and unique molecular 180
identifiers (Integrated DNA Technologies) were ligated. The ligation product was en- 181
riched with 15 PCR cycles and the final library was validated on an Agilent 2100 Bioana- 182
lyzer with the DNA 7500 assay. The libraries were sequenced on 4000 (Illumina) with a 183
read length of 2x51bp using the HiSeq 4000 SBS kit (Illumina). Primary data analysis, im- 184
age analysis, base calling and quality scoring of the run were processed using the manu- 185
facturer's software Real Time Analysis (RTA 2.7.7) followed by the generation of FASTQ 186

sequence files. 187
188
2.7. RNA-seq data processing and analysis 189

RNA-seq reads were mapped against the human reference genome (GRCh38) using 190
STAR software version 2.5.3a [25] with ENCODE parameters. Annotated genes were 191
quantified using human GENCODE annotation file version 34 with RSEM v1.3.0 [26] and = 192
default parameters. Differential expression analysis was performed with DESeq2 V1.26.0 193
R package [27] using a Wald test to compare affected and control groups, adjusting for 194
sex in the model. Genes were considered differentially expressed with an adjusted p-value 195
<0.05 and absolute fold change |FCI> 1.5. Differentially expressed genes (DEGs) were fil- 196
tered according to the ones found in Mitocarta 3.0 [28], and specifically, to the Metabolism 197
pathway. In the Metaboanalyst platform two analysis were performed: a Joint pathway 198
analysis and Network analysis, both combining transcriptomics and targeted metabolom- 199

ics lists with their fold values [29]. 200
201
2.8. Statistical analysis 202

Statistical analysis was performed with the Statistical Package for the Social Sciences 203
software, version 27 (IBM SPSS Statistics; SPSS Inc) and GraphPad Prism 9 (GraphPad 204
Software, San Diego. CA, USA). Results were expressed as mean + SEM or in FC between 205
conditions, normalized by creatinine or protein load. Obtained data were compared be- 206
tween independent experiments using the non-parametric Mann-Whitney U test or 207
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Kruskal-Wallis's test. Receiver Operating Characteristic (ROC) curves and the area under 208
the ROC curve (AUC) were examined to check biomarker performance. AUC ranges from 209
0 to 1, where values > 0.7 reflect good biomarker performance. Sensitivity and specificity =~ 210
values were determined with a binary logistic regression analysis using Wald test method. 211

The signification threshold was set at p-value < 0.05. 212

213
3. Results 214
3.1. Clinical and epidemiological data 215

In this study, the cohort of IBM patients was composed of white Caucasian popula- 216
tion ranging from 40 to 83 years old, while controls (CTL; healthy individuals at the time 217
of inclusion) were from the same population and ranged from 38 to 79 years old. Both 218
cohorts were paired by age and sex. The number of samples per cohort, male vs. female 219

ratio, and mean age in each cohort can be found in Table 1. 220
221
Table 1. Clinical and epidemiological data of the cohorts involved in the study 222

Num samples Male/ Female Mean age
Sample type = Summary

(n) Ratio (years)
IBM 14 0.6 66.9+3.6
Fibroblasts
CTL 12 04 574+4.6
IBM 6 0.5 70.8+ 3.7
Urine
CTL 6 0.5 712+ 34
IBM 5 0.40 62.616.4
Muscle
CTL 6 0.67 44.6+4.7
IBM 9 0.44 67.2+4.7
Saliva
CTL 5 0.6 57.0 £5.9
IBM 12 0.6 63.7+3.5
Plasma

CTL 12 0.6 75.3+0.9
Data presented as mean + SEM. Abbreviations: IBM: Inclusion Body Myositis patients. CTL: 223
healthy individuals; Age and gender-paired distribution between cohorts. 224
225
226
3. 2. Degeneration markers: Ap1-42 concentration was higher in IBM samples 227

The presence of amyloid 3 in rimmed vacuoles and protein depots of muscle tissue 228
from IBM patients has been recently questioned [30]. Despite this long-standing belief is 229
currently in controversy, we previously confirmed altered levels of amyloidogenic degen- 230
erative markers in plasma from IBM patients (including BACE-1 and PS-1[31]) and de- 231
cided to evaluate the presence of A31-42 (linked to - and y-secretase enzymes) in a fluid 232
that could be easily accessible: saliva samples from IBM patients vs. CTL. Interestingly, 233
Ap1-42 displayed trends towards higher concentration in the IBM cohort (43.7+12.5 vs. 234
13.3+6.7, p-value=0.15) (Figure 1a) and significant 66.70% and 50.00% sensitivity and spec- 235
ificity scores as a surrogate marker of disease, with a high AUC of 0.78 + 0.13 (p- 236
value=0.12) (Figure 1b and Table S1). Although these results should be validated in bigger = 237
size cohorts, A[31-42 emerges as a promising marker to potentially discriminate between 238
cohorts. 239

240
241
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Figure 1. Amyloid  peptide 1-42 (A1-42) in saliva samples. (a) Bar graphs of the concen- 243

tration of A31-42 in inclusion body myositis (IBM) vs control (CTL) samples. (b) Receiver 244
Operating Characteristic (ROC) curve and area under the ROC curve (AUC) of Afs1-42 245
(AUC=0.78 £ 0.13. p-value=0 .12). Sensitivity and specificity scores of 66.70% and 50.00%. 246
respectively. Higher A[31-42 concentration and high AUC scores in IBM suggested it could 247

aid to discriminate between cohorts. 248
249
250
3.3. Mitochondrial alterations 251
3. 3. 1. Organic acids profile increased in IBM fibroblasts 252

Targeted metabolome characterization of organic acids in fibroblasts represented by 253

FC between IBM and CTL fibroblasts revealed higher concentration in IBM in Figure 2a. 254
Such aberrant profile suggests altered intermediary metabolism potentially related to 255
MRC dysfunction. Among them, we focused on L-pyroglutamic and 2-hydroxy glutaric 256
acids (4.6 + 0.6 vs. 3.0 + 0.1, p-value=0.04 and 0.2+0.1 vs. 0.03+0.01, p-value=0.01, respec- 257
tively) (Figure 2b), linked to GSH synthesis and tricarboxylic acid cycle (TCA) cycle, re- 258
spectively. These organic acids may also be detected in non-invasive fluids as urine. 259
Their ROC curves were significant in both cases. L-pyroglutamic acid showed 260
AUC=0.7620.12 (p-value=0.04) accompanied by significant 72.7% sensitivity and 80% 261
specificity values; and 2-hydroxy glutaric acid showed high AUC=0.84+0.09 for (p- 262
value=0.01), with 72.70% and 77.80% sensitivity and specificity values (Figure 2c and Ta- 263
ble S1). Thus, the next step was to evaluate the signature of organic acids in other periph- 264
eral samples of IBM patients that may be used as a liquid biopsy for evaluation of disease. 265
To promote non-invasive sample profiling, we decided to examine the organic acids in 266
urine. 267
268

269
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Figure 2. Organic acids profile in inclusion body myositis (IBM) vs. controls (CTL) fibro- 271
blasts (n=11 vs 10). (a) Fold change (FC) of the concentration of organic acids in IBM vs 272
CTL fibroblasts (*p-value<0.05). (b) Bar graph of L-pyroglutamic and 2-hydroxyvaleric 273
acids (p-value <0.05). (c) Receiver Operating Characteristic (ROC) curve and area under 274
the ROC curve (AUC) of L-pyroglutamic (AUC=0.79 + 0.12. p-value=0.03) and 2-hy- 275
droxyvaleric acids (AUC=0.84 + 0.09. p-value=0.01). Their sensitivity and specificity values 276
are 72.7% and 80% for L-pyroglutamic acid and 72.70% and 77.80% for 2-hydroxy glutaric 277
acid. All the organic acids had an increased concentration in IBM vs CTL fibroblasts, being 278
L-pyroglutamic and 2-hydroxy glutaric acids the most remarkable, the first linked to glu- 279

tathione synthesis and the second to TCA cycle. 280
281
282
3. 3. 2. Organic acids profiling in urine reveals altered metabolism in IBM 283

In the urine of IBM patients, roughly half of the organic acids presented an upregu- 284
lation and half a reduction, observed in Figure 3a. The most relevant organic acids were 285
L-pyroglutamic (as in fibroblasts; 17.0 £ 9.1 vs. 7.0 + 1.7, p-value=0.48) and orotic acid (6.1 286
+ 1.8 vs. 1.7 = 0.5, p-value=0.01, Figure 3b), linked to GSH synthesis and pyrimidine bio- 287
synthetic pathway, respectively. Their ROC curves presented an AUC = 0.64+0.17 (p- 288
value= 0.42, with 50% sensitivity and 83.3% specificity) for L-pyroglutamic acid and AUC 289
=0.94+0.07 (p-value=0.01) in orotic acid, with 100% sensitivity and 83.3% specificity scores 290
(Figure 3c and Table S1). These sensitivity and specificity values increased to the 100% 291
when L-pyroglutamic and orotic acid were tested combined. The presence of altered or- 292
ganic acids in urine supported the imbalanced organic acid profile in fibroblasts and tar- 293

gets L-pyroglutamic and orotic acid as potential fluid biomarkers in disease. 294
295
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Figure 3. Organic acids profile in the urine of inclusion body myositis (IBM) vs. control
(CTL) samples (n=6/group). (a) Fold change (FC) of the concentration of organic acids in
the urine of 1BM vs CTLs. (b) Bar graphs of L-pyroglutamic and orotic acids (p-value
<0.05). (c) Receiver operating Characteristic (ROC) curve and area under the ROC curve
(AUC) of L-pyroglutamic (AUC=0.64 + 0.17. p-value=0.42) and orotic acids (AUC=0.94 +
0.07. p-value=0.01). Their sensitivity and specificity values are 50.0% and 83.3% for L-py-
roglutamic acid and 100.0% and 83.3% for orotic acid, but 100% sensitivity and specificity
when both acids were tested together. The presence of altered organic acids in urine sup-
ported the imbalanced organic acid profile in fibroblasts and targets L-pyroglutamic and
orotic acid as potential fluid biomarkers.
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309
3. 3.2. 1. Metabolites related to organic acids 310
311
3.3.2. 1. 1. Nucleotide synthesis precursors increased in the urine of IBM patients 312

As orotic acid plays a role in the pyrimidine biosynthetic pathway, we evaluated the 313
nucleotide metabolism in urine in IBM vs. CTLs samples. Briefly, almost all pyrimidines 314
and purines had a higher concentration in IBM in urine (Figure 4a), with orotidine and 315
pseudo uridine being statistically significant (1.0 £ 0.2 vs 0.5 £ 0.1, p-value=0.03, and 39.1 316
* 6.8 vs. 13.2 + 2.3, p-value=0.01, respectively). These two metabolites are linked to the 317
pyrimidine biosynthesis pathway; orotidine being the product of orotic acid plus 5-phos- 318
phoribosyl-1-pyrophosphate (PRPP) catalyzed by uridine monophosphate synthetase 319
(UMPS) in its orotate phosphoribosyl transferase activity; and pseudo uridine being the 320
product of orotidine catalyzed by UMPS in its orotidine-5-phosphate decarboxylase 321

(OMP decarboxylase) activity [32]. 322
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Figure 4. Nucleotides in urine and glutathione in plasma of inclusion body myositis (IBM) 323
vs. control (CTL) samples (n=6/group). (a) Fold change (FC) of the concentration of nucle- 324
otides in urine of IBM vs CTLs. (b) Bar graphs of orotidine and pseudo uridine (p-value 325
<0-05). (c) Receiver Operating Characteristic (ROC) curve and area under the ROC curve 326
(AUC) of orotidine (AUC=0.89 + 0.10. p-value=0.02) and pseudo uridine (AUC=0.94 £ 0.07. 327
p-value=0.01). Their sensitivity and specificity values are 66.7% and 83.3% for orotidine 328
and 83.3% for both in pseudo uridine. (d) Glutathione peroxidase (GPX) activity in IBM 329
vs CTL plasma samples (p-value=0.05). (e) Receiver Operating Characteristic (ROC) curve 330
and area under the ROC curve (AUC) of GPX (AUC=0.74 +0.11, p-value=0.05), with 66.7% 331
sensitivity and 75.0% specificity. Almost all nucleotides had a higher concentration in IBM 332
in urine, with orotidine and pseudo uridine being statistically significant, supporting the 333
altered orotic acid biosynthesis previously observed. GPX activity was also higher in IBM, 334
endorsing an increased glutathione redox system activity linked to oxidative stress. 335

336
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The quantification of these two pyrimidines (Figure 4b) and the evaluation of their 338
ROC curves displayed an AUC= 0.89 + 0.10 (p-value=0.02) for orotidine, with 66.7% sen- 339
sitivity and 83.3% specificity; and AUC=0.94+0.07 (p-value=0.01) for pseudo uridine, with 340
83.3% sensitivity and specificity (Figure 4c and Table S1), supporting the altered orotic 341

acid biosynthesis previously observed. 342
343
3.3.2.1.2. GPX activity levels in plasma 344

The increase in L-pyroglutamic acid in fibroblasts and urine, could be potentially 345
linked to GSH metabolism. Thus, we examined the activity of GPX to investigate the an- 346
tioxidant defense system activity in the plasma of IBM vs CTLs. 347

The GPX activity was increased in IBM samples (292.0+25.9 vs. 231.4+13.7, p- 348
value=0.05, Figure 4d) and significant 66.7% and 75.0% sensitivity and specificity scores, 349
with high AUC of 0.74 + 0.11 (p-value=0.05) (Figure 4e and Table S1). This assay revealed 350
a higher activity in IBM, potentially needed to compensate for an increase in oxidative 351
stress, previously described to contribute to neuromuscular diseases physiopathology 352

[33]. 353
354

3. 3. 2. 2. Metabolic-upstream related genes in the IBM muscle transcriptome 355
356

All metabolic disarrangements leaded to the identification of target metabolites re- 357
lated to nucleotide, TCA and glutathione system in different samples of IBM patients (Fig- 358
ure 5), that scored high values of specificity and sensibility (Table S1). Thus, the detection 359
of target metabolites in fibroblasts and urine interrogates whether these pathways could 360
be altered in the target tissue of the disease (muscle). Therefore, we filtered the genes re- 361
lated to metabolism among the DEGs of the muscle transcriptome between IBM and CTL 362
muscles and we observed a larger number of DEGs from IBM patients related to metabo- 363
lism. Specifically, from the 418 DEGs in IBM patients related to mitochondria [28], 197 were 364
linked to metabolism [28], 32 were upregulated and 165 downregulated (Table S2). The top 365
upregulated DEGs are OXCT2, KMO, MTHFD1L, CYP27B1, AIFM3, in descendant order; 366
whereas the most downregulated DEGs are ACOT11, ALDH6A1, BCO2, GPT2, SLC25A30, 367
in ascendant order. In depth, OXCT2 is involved in ketone body catabolism; KMO in tryp- 368
tophan metabolism; MTHFD1L in purine biosynthesis; CYP27B1 in calcium homeostasis 369
and AIFMS3 in apoptosis; while ACOT11 plays a role in fatty acids and CoA metabolism; 370
ALDH6AL1 valine and pyrimidine catabolic pathways; BCO2 in vitamin A biosynthesis; 371
GPT2 in pyruvate metabolism and SLC25A30 in mitochondrial membrane transport. 372
These data supported functional metabolic deregulation at genetic level and confirmed the 373
relevance of metabolic deregulation in disease. 374

375
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Figure 5. Schematic representation of the tricarboxylic acid cycle (TCA) (in blue), purine (in
red) and pyrimidine (in green) metabolism (both part of the nucleotide metabolism) and
oxidative stress (in turquoise). All of them are related to the metabolic profile examined in
the organic acids, nucleotides and RNA seq analysis. Abbreviations: IMP: inosine mono-
phosphate; AMP: adenosine monophosphate; OMP: orotate monophosphate; UMP: uridine
5'-monophosphate; SAH: S-adenosylhomocysteine; GSH: glutathione; GSSG: glutathione di-
sulfide; GPX: glutathione peroxidase.

Specifically, these 197 metabolism-related genes were clustered in 9 Mito Pathways
[28], which are carbohydrate, lipid, amino acid, nucleotide, vitamin, and sulfur metabo-
lism, detoxification, electron carriers and metals and cofactors, represented in Figure 6.
Among them, the top affected Mito Pathways were carbohydrate metabolism with a 56.8%
of DEGs involved (42/74 DEGs in common) and metals and cofactors with a 52.8% (65/123
DEGs matched) [28] (Table S3). In all pathways, more DEGs were downregulated than
upregulated. In addition, some genes were involved in more than one pathway, as seen
in Figure 6, revealing how the metabolism is interconnected and every alteration could be
directly or indirectly linked to a specific dysfunction.
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Figure 6. Metabolic pathways in the muscle RNA-seq of inclusion body myositis (IBM) vs 398

controls (CTL). Each pathway is represented with a different color with the genes unique 399
to that pathway (domes) and the interactions of genes across pathways (chords). Wider 400
domes and chords represent a higher number of genes. Among them, carbohydrate metabo- 401
lism and metals and cofactors with a 56.8% and 52.8% of DEGs involved were the most af- 402
fected metabolic pathways (Table S2). Overall, these data supported functional metabolic 403
deregulation at gene expression level and confirmed the relevance of metabolic deregula- 404

tion in disease. 405
406
407
3. 4. Gene-metabolites interaction: potential interactome framework for IBM samples 408

To reveal whether metabolic DEGs may be related to deregulated organic acid profile 409

in urine and potentially biomarkers of disease, we linked the previously relevant organic 410
acids in fibroblasts and urine to their respective DEGs at the muscle level, represented in 411
Figure 7. In brief, 2-hydroxy glutaric acid, increased in fibroblasts, was linked to L-2 and 412
D-2-hydroxy glutaric aciduria genes (LZHGDH and IDH?2), that were downregulated in 413
muscle, as expected, and in common to primary 2-Hydroxy glutaric aciduria disease (OR- 414
PHA:19) [34]. In the case of L-pyroglutamic acid, increased in fibroblasts and urine, was 415
linked to the 5-Oxoprolinase ATP-Hydrolyzing (OPLAH) gene, accordingly downregu- 416
lated in muscle, as in primary 5-Oxoprolinuria disease (ORPHA:289846) [34,35]. Down- 417
regulated OPLAH is related to GSH defects in muscle, which leads to an increased con- 418
centration of L-pyroglutamic acid in urine. Regarding orotic acid, increased in urine, is 419
associated with Argininosuccinate Lyase (ASL) gene, upregulated in muscle, as expected 420
and in common to primary Argininosuccinic aciduria disorder (ORPHA:23) [34]. ASL is 421
part of the urea cycle, but also plays a role in fumarate and arginine synthesis in muscle. 422
All these multi-omics and interactome connection between metabolites and genes con- 423
firmed the metabolic dysregulation in IBM. 424
425
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Figure 7. Interactome of the metabolic differentially expressed genes (DEGs) in muscle
related to the significantly altered organic acids pattern (in fibroblasts and urine) and their
associated pathways. In different colors (blue, green and pink) the upstream (genes) and
downstream (organic acids and nucleotides) effectors of each pathway.

In parallel to the associations in Figure 7, we also performed a Metaboanalyst analy-
sis [29] combining DEGs related to metabolism in muscle vs. organic acids and nucleotides
in urine. This approach allows to identify interactions by connecting gene expression to
metabolite data. Concisely, when compared against DEGs in metabolism, 10 pathways in
organic acids and 7 in nucleotides were statistically significant (FDR < 0.05). All 7 path-
ways enriched in nucleotide analysis were also enriched in organic acids, being the TCA
cycle the most relevant pathway (represented in Figure 5), followed by Valine, leucine
and isoleucine degradation, Propanoate metabolism and Pyruvate metabolism (Table S54).
In the network enrichment analysis, the TCA cycle was the most enriched network fol-
lowed by Alanine, aspartate and glutamate metabolism (FDR < 0.05) in metabolic DEGs
combined with organic acids; while Purine metabolism and Pyrimidine metabolism were
the significantly enriched networks (FDR<0.05) in metabolic DEGs combined with nucle-
otides (Table S4). In short, the data reinforced the interconnection of all affected metabolic
pathways and the relevance of metabolic changes in disease.

4. Discussion

The discovery of biomarkers linked to diagnosis or prognosis in IBM is scarce despite
the development of omics technologies and high-throughput screenings of several sam-
ples and patients [17]. In IBM, the major advances in biomarker identification include the
description of HLA haplotypes HLA-DRB1*03:01, HLA-DRB1*01:01 and HLA-
DRB1*13:01 [1,36], the last two being IBM-specific alleles; the discovery of IBM specific
CD8+ KLRG1+ T cells [8,37]; NT5c1A autoantibody in the sera of IBM patients [38,39];
cadherin 1 (CDH1) overexpressed in IBM muscle [40]; and type I and vy interferon path-
ways (detected at transcriptomic and proteomic level) [41], that supported the immune
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interaction between immune cells and myofibers in IBM. Of note, none of the previous 457
biomarker signatures are related to the degenerative or mitochondrial changesinIBM and 458
none of them are real-time measures that may be evaluated in liquid biopsy to reflect dis- 459
ease evolution or prognosis. 460

This study aimed to perform multi-omics profiling through high throughput analysis 461
of numerous biological samples from IBM patients to infer novel target molecules witha 462
differential profile in disease. We first explored Ap1-42 measurement in IBM saliva that 463
yielded to relevant but non-significant conclusions that should be better explored in stud- 464
ies with larger cohorts. Interestingly, previous findings of our group depicting aberrant 465
levels of BACE1 and PSN1 proteins in plasma of IBM patients may confirm the systemic 466
affection of disease and implication of amyloidogenesis in IBM [31]. 467

Later, the fact that IBM mitochondrial alterations resemble mitochondrial primary 468
and secondary diseases [5,7,13,16], leaded us to analyze the metabolic profile in IBM sam- 469
ples, first in fibroblasts and then in urine. Briefly, the targeted metabolic profile of IBM 470
fibroblasts displayed a higher expression of organic acids in IBM, with L-pyroglutamic 471
and 2-hydroxy glutaric acid, the latter closely related with the TCA cycle, as the most re- 472
markable ones. When the organic acid profile was examined in urine and more metabo- 473
lites were detected, L-pyroglutamic acid and orotic acid emerged as surrogate biomarkers 474
of disease. Orotic acid can be increased in different metabolic conditions involving urea 475
cycle disorders and pyrimidine biosynthesis defects. Carriers of these conditions may dis- 476
play subtle orotic acid increments in urine, but considering that these are rare diseases, it 477
is unlike that our cohort of IBM patients harbor variants in genes relates with these meta- 478
bolic pathways. Pyroglutamic acid excretion in urine can increase due to genetic but also 479
environmental conditions [35,42], such as special diets, drug treatments, prematurity or 480
malnutrition). Although we did not rule out the presence of these factors in our cohort of 481
patients, the increased pyroglutamic acid values also in fibroblasts, that it should not be 482
influenced by environmental conditions, strongly support the feasibility of this surrogate 483
for the study of IBM patients. To understand these organic acid alterations in disease, we 484
determined GSH content and nucleotide levels in urine, due to their association to L-py- 485
roglutamic acid and orotic acid metabolism, respectively. GPX activity was increased in 486
IBM plasma samples, suggesting a need to counterbalance oxidative stress in IBM [13,33]. 487
Specifically, GPX catalyzes the following reaction: GSH + H20: - GSSG + H20 (where 488
GSSG is GSH disulfide) to maintain redox cell homeostasis by attracting free radicals to 489
reduced GSH and convert them into GSSG and H20. Related to orotic acid, orotidine and 490
pseudo uridine, from the pyrimidine biosynthetic pathway, were increased in IBM sam- 491
ples in urine. These findings reinforce the metabolic and oxidant component of IBM, prob- 492
ably present also in other IMs [33]. 493

When the metabolic profile was linked to the metabolic-related DEGs in RNA-seqin 494
muscle, we observed a correlation between some DEGs and organic acids, confirming the = 495
value of L-pyroglutamic acid and orotic acid as potential biomarker signatures in IBM 49
urine and the relevance of metabolism in disease. Specifically, the interactome analysis 497
revealed the following Mito pathways affected in disease: carbohydrate, lipid, amino acid, 498
nucleotide, vitamin, and sulfur metabolism, detoxification, electron carriers and metals 499
and cofactors. In addition to Mito pathways, the Metaboanalyst combining metabolic 500
DEGs in muscle, with organic acids and nucleotides in urine revealed that the TCA cycle, 501
Valine, leucine and isoleucine degradation, Propanoate metabolism and Pyruvate metab- 502
olism were the most enriched pathways, endorsing the mitochondrial and metabolic role 503
in the muscle DEGs. 504

Previously, other studies also found increased nucleotide synthesis precursors and 505
altered pyrimidine and GSH metabolism among IBM pathway analysis [5], linked to L- 506
pyroglutamic acid and orotic acid respectively, although it was in the blood from IBM 507
patients. Indeed, the IBM pathway analysis in the blood metabolomes also resembles the 508
Metaboanalyst pathway and network analysis that we observed in IBM in urine and mus- 509
cle, supporting the RNA-seq to metabolome link in muscle vs. fluid samples (urine and 510
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blood) and the robustness of the present findings. However, previous analyses were only 511
conducted at transcriptomic level; this is the first study analyzing metabolites in non-in- 512
vasive fluids of IBM patients. 513
Most of the biomarkers identified displayed high sensitivity and specificity scores 514

and prompted the idea of potential support in diagnosis and follow-up by a non-invasive 515
approach. However, we propose L-pyroglutamic combined to orotic acid as a surrogate 516
biomarker of disease in urine, due to their highest sensitivity (100%) and specificity (100%) 517
scores when tested together. Separately, L-pyroglutamic acid is a biomarker in Eosino- 518
philic Esophagitis (in urine) and Glutathione Synthetase Deficiency (in urine and in blood) 519
diseases. Chronically high levels of L-pyroglutamic acid are associated with several in- 520
born errors of metabolism like 5-Oxoprolinuria, 5-oxoprolinase deficiency, Glutathione 521
Synthetase Deficiency, Hakinsinuria and Propionic acidemia [43]. Similarly, orotic acid in =~ 522
urine is a biomarker of the following metabolic diseases: Ornithine Transcarbamylase De- 523
ficiency, N-Acetylglutamate Synthase Deficiency and Orotic Aciduria [44]. None of them 524
have been associated with muscular diseases, thus avoiding potential overlap on clinical 525
symptoms between these conditions. These results should be confirmed in a larger cohort, 526
as well as validate its potential use as a prognostic marker in accordance with disease 527
evolution. 528
Despite the novelty of these results and their translational relevance for clinical man- 529
agement, we should acknowledge some limitations. The main one is the small sample size 530
of the study, mainly because IBM is a rare disease, with difficult access to biological sam- 531
ples. Interestingly, the intertwined and narrow relationship between the results obtained 532
across the different analyses and tissues, made these findings stronger and validate the 533
usefulness of multi-omics approaches to identify biomarkers in disease. 534
In detail, combining metabolite vs. RN A-seq profile (Fig. 7) revealed that L-pyroglu- 535
tamic acid, increased in fibroblasts and urine, was linked to downregulated OPLAH gene, 536
related to GSH defects in muscle and responsible for an increased concentration of L-py- 537
roglutamic acid in urine [35]. Orotic acid, increased in urine, was associated with the ASL 538
gene, part of the urea cycle, which is only metabolically completed in the liver, but also 539
plays a role in fumarate and arginine synthesis in muscle. These associations should be 540
confirmed in studies with larger cohorts, but these results display the emergent value of 541
reported metabolites with high sensitivity and specificity scores, the potential supportin 542
diagnosis and follow-up of patient management, the systemic affection of this disease 543
(previously thought to be restricted to muscle) and the relevance of metabolism in IBM 544
(only thought to be minor and secondary). Whether these findings could guide future 545
treatment strategies is still a matter of doubt, but the implication of metabolism and oxi- 546
dative stress in IBM is now undeniable. 547
In future studies, the metabolic profiling of the same patients at different time points 548

of the disease could contribute to a better understanding of disease evolution and the 549
evaluation of reported biomarkers for disease prognosis, especially considering that IBM 550
is a progressive disease but some patients experience little or no disease progression 551
through periods of 4 to 12 years [3]. A better screening of IBM evolution could also aid in 552
the stratification of patients, according to their progression rate and considering the hy- 553
pothesis of IBM as a spectrum disorder [38]. Similarly, the use of these biomarkers in re- 554
sponse to treatment efficacy could also yield to interesting conclusions. 555
In conclusion, multi-omics profiling is a powerful tool to reveal disease-specific met- 556
abolic dysregulation. By performing metabolic and RNA-seq profiling of fibroblasts, 557
urine, plasma and muscle samples from IBM patients, we have identified potential bi- 558
omarker signatures considering organic acids to gene expression associations. This pre- 559
liminary study revealed promising metabolic fingerprints for examining disease progres- 560
sion and treatment efficacy. 561
562
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5. Conclusions 564

e Metabolic dysregulation in IBM is present outside the target tissue (muscle), 565
as seen with altered organic acids in fibroblasts and urine. 566
e Multi-omics profiling of patients’ samples allows the evaluation of disease- 567
associated phenotypes in an untargeted approach to potentially detect novel 568

molecular players. 569
e The detection of L-pyroglutamic and orotic acids in urine displayed an out- 570
standing biomarker signature, with 100% sensitivity and specificity. 571

e The validation of potential biomarkers in non-invasive samples like urine 572
may eventually aid in the screening of patients’ disease progression and 573
treatment efficacy. 574

Supplementary Materials: The following supporting information can be downloaded at: 575
www.mdpi.com/xxx/s1, Table S1: Biomarker performance values for target molecules; Table S2: Dif- 576
ferentially expressed genes (DEGs) involved in metabolism (extracted from Mitocarta 3.0) from 577
RNA-seq in the muscle of IBM patients (n=5) vs. CTL (n=6), Table S3: Metabolic Mito Pathways with 578
the number of differentially expressed genes (DEGs) involved (from IBM muscle RNA-seq); Table 579
S4: Metaboanalyst analysis combining metabolic differentially expressed genes (DEGs) in muscle 580
RNA-seq with organic acids and nucleotides in urine. Significant pathways from pathway analysis 581
and network enrichment analysis are represented in the table. 582
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Abstract: Neuromuscular diseases (NMDs) are a heterogeneous group of acquired or inherited rare
disorders caused by injury or dysfunction of the anterior horn cells of the spinal cord (lower motor
neurons), peripheral nerves, neuromuscular junctions, or skeletal muscles leading to muscle weakness
and waste. Unfortunately, most of them entail serious or even fatal consequences. The prevalence
rates among NMDs range between 1 and 10 per 100,000 population, but their rarity and diversity
pose difficulties for healthcare and research. Some molecular hallmarks are being explored to
elucidate the mechanisms triggering disease, to set the path for further advances. In fact, in the
present review we outline the metabolic alterations of NMDs, mainly focusing on the role of
mitochondria. The aim of the review is to discuss the mechanisms underlying energy production,
oxidative stress generation, cell signaling, autophagy, and inflammation triggered or conditioned
by the mitochondria. Briefly, increased levels of inflammation have been linked to reactive oxygen
species (ROS) accumulation, which is key in mitochondrial genomic instability and mitochondrial
respiratory chain (MRC) dysfunction. ROS burst, impaired autophagy, and increased inflammation
are observed in many NMDs. Increasing knowledge of the etiology of NMDs will help to develop
better diagnosis and treatments, eventually reducing the health and economic burden of NMDs for
patients and healthcare systems.

Keywords: neuromuscular diseases (NMDs); mitophagy; reactive oxygen species (ROS);
damage-associated molecular patterns (DAMPs); oxidative stress; mitochondrial respiratory
chain (MRC)

1. Introduction

1.1. Neuromuscular Diseases (NMDs)

NMDs are a heterogeneous group of acquired or inherited rare disorders caused by injury
or dysfunction of the anterior horn cells of the spinal cord (lower motor neurons), peripheral
nerves, neuromuscular junctions (NM]J), or skeletal muscles, resulting in muscle weakness and waste,
swallowing and breathing difficulties, and cardiac failure [1]. NMDs share some common features:
weakness, twitching, torpidity, and cramps but signs and symptoms of various NMDs might be very
different [2]. Unfortunately, most of them entail serious or even fatal consequences.

NMDs exhibit a diversity of symptoms due to large genetic and clinical heterogeneity, as more
than 500 genes are implicated in their pathogenesis, setting difficulties for healthcare and research [2,3].
Most NMDs’ prevalence ranges between 1 and 10 per 100,000 population [4]. Given the rarity and
diversity of NMDs, patients experience long delays in diagnosis (typically 7 years) and 30% are never
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achieved [1], probably because many of them lack non-invasive diagnostic and prognostic biomarkers.
Likewise, models of disease or therapeutic options are infrequent, but growing interests and knowledge
are focused in depicting the etiology of these disorders [5].

Currently, diagnosing NMD starts with clinical observation, which can identify atrophy or loss of
muscle bulk or tone. Blood tests can determine abnormal levels of various common metabolites and
antigens in certain NMD. In addition, electromyography (EMG) helps to assess the health of muscles
and lower motor neuron nerve cells that control those muscles to diagnose a number of NMD [6].
Once muscle affection is assured, multitude of diagnostic algorithms are developed to establish the
specific disorder. Usually, muscle biopsy takes part in the diagnostic clues. Depending on the clinical
and pathological presentation, the study of mitochondrial DNA (mtDNA) genome and mitochondrial
respiratory chain (MRC) function is also required [7]. This fact indicates the mitochondrial etiology of
some NMDs and why mitochondrial deregulation may play a role in the rest.

Despite the challenges in NMD diagnosis, genetic diagnosis of these diseases has improved over
the last 20 years [8]. Advances in sequencing and understanding the human genome has helped to
detect monogenic NMD. Improved diagnosis and increased life expectancy may rise the prevalence of
NMD worldwide while massive genome sequencing helps to depict complex disease inheritance and
etiology. In addition, research in pathways affected in NMD is essential to improve the treatments and
guide toward more personalized therapies in NMDs.

Classification of NMDs

The knowledge about new NMDs is continually increasing and changing. Currently, there are 7
main groups of NMDs, represented in Figure 1, which are [6,9,10]:

e  Muscular dystrophies (MD): affect the structure of the muscle cells, causing weakness and
degeneration of the skeletal muscles. MD subtypes are described in Table 1.

e  Myopathies other than dystrophies: affect tone and contraction of muscles controlling voluntary
movements; may include inflammation of muscles or related tissues, resulting in muscular
weakness. Numerous myopathies have been described and classified in different groups (Table 2).

e  Neuromuscular junction (NM]) diseases: result from the destruction, dysfunction, or absence of
one or more key proteins involved in the transmission of signals between nerves and muscles
(Table 3).

e  Motor neuron diseases: involve nerve cells in the spinal cord (lower motor neurons). Lower motor
neurons progressively lose their function, causing the muscles they control to become weak and
eventually non-functional (Table 3).

e  Peripheral nerve diseases: involve motor and sensory nerves that connect the brain and spinal
cord to the rest of the body causing impaired sensations, movement or other functions (Table 4).

e  Mitochondrial diseases: involve errors in metabolism that affect energy production in muscle cells
(Table 4).

e Jon channel diseases: diseases associated with defects in proteins forming ion channels, leading to
muscular weakness, absent muscle tone, or episodic muscle paralysis (Table 5).
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Figure 1. Representation of a motor unit according to the classification of the main neuromuscular
diseases (NMDs). Muscle cells and neurons interact in the neuromuscular junction (NMJ) where muscle
cells receive the instructions from the lower motor neurons to perform the actions required. Thus,
body movement is actioned by muscle fibers but controlled by the nervous system. Consequently,
alterations in muscle fibers or nerves can both trigger a NMD. Figure created with BioRender.com.
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Table 1. Examples of studies reporting altered mitochondrial functions in muscular dystrophies.

4 0f 29

Most Affected

Examples of

NMD Group Namfe of Main Description of Principal Disease Description of Malt.l Mitochondrial Mitochondrial Mam. Evidence Relevant Mutations
Diseases Features Alteration Level/Disease Model References .
Pathways in Genes
Atrophy of the skeletal. cardiac Reduced mitochondrial mass, complexI  Increased MPTP in vitro, cells, animal
Becker MD (BMD) phy / ’ activity and ATP levels, and increased opening, ROS levels, (C. elegans, mdx mice),  [11-13] DMD
and pulmonary muscles 24 . . .
Ca~" levels and inflammation patient (CT)
Muscle weakness and possible joint  Most common CMD are collagen VI Increased MPTP in vitro, cells, animal LMNA. DPM3
Congenital MD (CMD)  deformities with slow progression = myopathies, with visible mitochondrial opening and defective  (Col6al -/- mice), [2,14,15] # /
. . . DAG1, TRAPPC11
and shortened life span dysfunction autophagy patient (CT)
General muscle weakness and
wasting due to lack of dystrophin Massive aggregates of mitochondria, Increased MPTP in vitro, cells, animal
Duchenne MD (DMD)  protein. Shortened lifespan. Rarely lower activities of MRC complexes III opening, ROS levels (C. elegans, mdx mice),  [8,11,12,14,16-21] DMD
affects women (milder symptoms and IV and increased CaZ*. and inflammation patient (CT)
and better prognosis)
. Muscular weakness and atroPhy of Reduced expression .Of MRClcomplex ) Decreased MRC and in vitro and animal
Emery-Dreifuss MD shoulder, upper arm, and shin genes and upregulation of mitochondrial . . ) LMNA, EMD,
k U X altered mitochondrial ~ models (C. elegans, [2,22-24]
(EDMD) muscles, with early joint disassembly genes, altered . . . FHL1
- . . . biogenesis mice)
contractures and cardiomyopathy ~ mitochondrial location and morphology
Muscular Faciosca-pulohume-ral  Muscle weakness that affects Reduced antioxidative response Higher ROS and TRPV4 DUX4
Dystro-phies MDP(F SHD) mainly facial, shoulder, molecules (low levels of zinc, selenium, mitochondrial cells and patient (CT) [14,17,25,26] SM CH]/31 .
(MD) and arm muscles and vitamin C) dysfunction
. . . Morphologic mitochondrial MPTP dysregulation in vitro, cells, animal SGCG, LMNA,
L‘m:’]:g‘ﬁg)MD Kiaklnes; a;‘.d “;ansémﬁ Ojlg‘er abnormalities, including RRF and and mitochondrial (521AT mice), patient  [2,5,14,27] DYSE, TCAP,
scies n fups and shoulders decreased COX dysfunction (CT) TRIM32, TNPO3 *
Muscle loss and weakness due o Altered mitochondrial proteins
Myotonic dystrophy inability to relax them. It affects (decrf;ased EF-Tu, hsp§0, GR.P75’ dienoyl ER stress an.d . CNBP (ZNF9),
. . CoA isomerase) and disruption of mitochondrial cells and patient (CT) [14,28,29]
(MD) facial muscles first, but also feet, R . . DMPK
ubiquitin-proteasome systems in MD2 dysfunction
hands, and neck .
(affects proximal muscles)
Weakness of eye face, an(-i throat PABPNI1 protein aggregates, reduced ER stress, . L .
Oculopha-ryngeal MD  muscles leading to drooping A X . mitochondrial in vitro, cells, animal, .
. : complex I and V mitochondrial proteins, . . [24,30-32] PABPN1
(OPMD) eyelids and problems with . dysfunction and patient (CT)
. altered UPR and apoptosis .
swallowing apoptosis
Weakness and wasting of muscles ~ Decreased mitochondrial membrane
Distal MD (DD) (or of the hands, forearms, and lower potential, increased mitochondrial MPTP opening and in vitro, cells, patient ) ,
Distal myopathy) legs with slow progression. oxygen consumption and Ca?* and ATP depletion (CT) [14,33,34] FLNG, TIN, DYSF

Many DD diseases

deficiencies in MRC complexes I and IV

Family of muscular dystrophies (MD) and their respective disease features, mitochondrial alterations, affected mitochondrial pathways, evidence level of altered mechanisms, mutations
in causal genes and relevant references. Examples of genes with mutations causal/related to a MD taken from Muscle gene table (accessed July 2020) [35]. * More LGMD mutations:
HNRNPDL, CAPN3, COL6A1, SGCA, SGCB, SGCG, SGCD, POMT1, POMT2, POMGNT1, POMGNT2, FKTN, ANO5, COL6A2, COL6A3, DAG1, PLEC, TRAPPC11, GMPPB, ISPD,
POGLUT1, DNA]JB6, FKRP, TTN, LAMA?2, BVES. Abbreviations: MPTP: mitochondrial permeability transition pore; ROS: reactive oxygen species; CT: clinical trials; RRF: ragged-red fibers;
COX: cytochrome ¢ oxidase, MRC complex IV; ER: endoplasmic reticulum; UPR: unfolded protein response.
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Table 2. Examples of studies reporting altered mitochondrial functions in myopathies other than dystrophies.

50f29

Most Affected

Examples of

NMD Group Nam.e of Main Description of Principal Disease Description of Malt.l Mitochondrial Mitochondrial Mam. Evidence Relevant Mutations in
Diseases Features Alteration Level/Disease Model References
Pathways Genes
RYR1, DNM2,
Inherited diseases that affect the The most frequent congenital reduced MRC and MTM1, TNPO3,
Congenital mvopathies tone and contraction of skeletal myopathies are core myopathies, with mitochondrial in vitro, cells, animal, [14,29,36,37] COL6A1/2/3,
8 yop muscles causing general muscle reduced MRC activity and near-total . atient (CT) e COL12A1,
& & Y depletion p
weakness depletion of mitochondria epieto PYROXD1,
MSTO1
Weakness and atrophy (shrinking)
of the muscles around the . .
shoulders and hips, muscle Hypothyroid myopathy: decreased
stiffness, cramps ar/l d slowed TFAM, reduced mitochondrial DNA mitochondrial
. . ! ps copy number and mitochondrial structure, ER stress )
Endocrine myopathies  reflexes caused by abnormal . - . - cells [38-40]
activity of the thvroid eland. Two alterations (COX- fibers). Hyperthyroid:  (proteotoxicity),
typesmypo thyr();i d (re%uceci moderate increase in mitochondrial size  autophagy failure
hormone levels) and hyperthyroid and protein aggregates
myopathies (excess in hormones)
. Chronic m.uilcte 1nﬂa1m magon 1 Abnormal mitochondria in sIBM (RRFs Altered mitochondrial
Myopa-thies Inflammatory ?;tcioszrr:élewee}\]ki?s:nngr?;:}See and COX- fibers). In sIBM and PM, structure, mtDNA in vitro, cells, animal, (714,41 42] VCP, HNRNPA1,
myopathies in ﬂ§mma tory myopa t'hy with more mtDNA deletions in muscle and altered  deletions and patient (CT) T GNE
mitochondrial alteration autophagy autophagy
Group of disorders caused each by 5
a different genetic defect that Altered MRC: substrates are not propeFly S . GAA, AGL, GBE1,
. . . . ) . processed or cannot enter mitochondria ~ reduced MRC and in vitro, cells, patient
Metabolic myopathies  impairs the body’s metabolism . . . [7,28,43] PYGM, PFKM,
causing muscle weakness, exercise affecting energy productl.on of the cell. ATP depletion (CT) PHKA1
intolerance, muscle pain or cramps mtDNA or nDNA mutations
Characterized by muscle weakness, ~Mitochondrial abnormalities with RRF MRC dysfunction, MYOT. DES
Mvofibrillar cardiomyopathy, myalgia, loss of and enlarged mitochondria. Protein autophagy and ER PYRO)/(Dl !
mvo Zthies (MEM) sensation and weakness in the aggregates affecting distribution and stress, reduced in vitro, cells, patient [14,44-46] CRYAB L1583
yop limbs (peripheral neuropathy), and  function of mitochondria. Deficiencies in ~ mitochondrial FLNC ]’3 AG3 :FTN
respiratory failure MRC complex I and IV biogenesis . !
Rare genetic disorder characterized
by weakness and wasting of
Scapulopero-neal specific muscles: shoulder blade mtDNA mutations reported in a few mtDNA cells [47-49] VCP, FHL1

myopathy

area (scapula) and the smaller of
the two leg muscle groups below
the knee (peroneal)

cases

Family of myopathies other than dystrophies and their respective disease features, mitochondrial alterations, affected mitochondrial pathways, evidence level of altered mechanisms,
mutations in causal genes and relevant references. Examples of genes with mutations causal/related to a myopathy taken from muscle gene table (accessed July 2020) [35]. Abbreviations:
MRC: mitochondrial respiratory chain; CT: clinical trials; TEAM: mitochondrial transcription factor A; COX-: cytochrome c oxidase negative fibers; ER: endoplasmic reticulum; sIBM:

sporadic Inclusion Body Myositis; RRF: ragged-red fibers; PM: polymyositis; mtDNA: mitochondrial DNA; nDNA: nuclear DNA.
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Table 3. Examples of studies reporting altered mitochondrial functions in Neuromuscular Junction Diseases (NMJ) and Motor Neuron Diseases.

Most Affected

Examples of

NMD Group Namfe of Main Description of Principal Disease Description of Malt.l Mitochondrial Mitochondrial Mam. Evidence Relevant Mutations in
Diseases Features Alteration Level/Disease Model References
Pathways Genes
Weakness and fatigue resulting
from problems at NM]J. Different Gene defect in mitochondrial citrate ggﬁﬁgll - PLEC,
. . types of CMS, according to the part  carrier SLC25A1 underlie deficits in NM]J in vitro, cells, animal .
Congenital myasthenic b S, . . . . X : CHRND, CHRNE,
of the NM]J affected: presynaptic transmission. SLC25A1 is involved in NMJ signaling (zebrafish, mice), [50-53]
syndromes (CMS) . . . . COLQ, CHAT,
(the nerve cell), postsynaptic (the many biological processes (e.g., patient (CT) SYT2. AGRN
muscle cell) or synaptic (the space  glycolysis, autophagy) SLC5’A7 SYT,2
in between) ’
Autoimmune disease that attacks
Neuro-m lar the calcium channels in the NM]J
el.luﬁc ﬁ:::al a Lambert-Eaton and interferes with the ability of
]diseases myasthenic syndrome  nerve cells to send acetylcholine to  Altered calcium channels NM]J signaling cells, patient (CT) [50,54-56] SYT2
(LEMS) muscle cells, affecting muscle
(NMJ) - ;
contraction and causing muscle
weakness
Chronic autoimmune disorder in
which antibodies destroy mitochondrial
Myasthenia gravis neuromuscular connections. It Mitochondrial morphological alterations  morphology, cells, animal (rat, [55,57,58] CHAT
MG) affects voluntary muscles of the and RRF neuromuscular mice), patient (CT) R
body, especially the eyes, mouth, connections
throat, and limbs
Fatal dlseas‘e with dggeneratlon of Accumulation of mitochondrial in L. . SOD1, ALS2,
. nerve cells in the spinal cord and . . . Increased ROS and in vitro, cells, animal )
Amyotrophic lateral brain. It affects voluntary control of proximal axons, mitochondrial injury by altered mitochondrial ~ (SOD1G93A mice) [7,14,17,18,45,59— SPG111,
sclerosis (ALS) ) Y ROS excess, COX I mtDNA mutation and . . 65] HNRNPAI,
arms and legs and eventually leads RRF structure patient (CT) SQSTM1*
to trouble breathing
Genetic disorder in which loss of Reduced MMP. Increased expression of ~ MPTP opening,
. lower motor neurons affect - . . .
Spinal-bulbar apoptotic proteins that activate increased ROS and - .
Motor neuron voluntary muscle movement, R R . in vitro, cells, animal,
. muscular atrophy o . . mitochondrial caspase pathway. AR apoptosis. Lower . [66-70] AR
diseases specifically facial, swallowing ) ) PR . . patient (CT)
(SBMA) ) unfolding and oligomerization induces mitochondrial mass
muscles and limbs. Only affects .
men toxicity and ER stress
Genetic disease affecting the central SMN1, IGHMBP2,
Spinal muscular and peripheral nervous system, Decreased enzyme act1v1t1'es involving mltochor'ldnal in vitro, cells, animal,  [8,14,16-18,67,69— SIGMARI,
trophy (SMA) and voluntary muscle movement, =~ MRC complexes I-IV causing dysfunction and patient (CT) 71] PLEKHGS,
a mainly shoulders, hips, thighs, and = mitochondrial dysfunction altered MRC DNAJB2, VRK1,
upper back TRPV4

Family of neuromuscular junction diseases (NMJ]) and motor neuron diseases and their respective disease features, mitochondrial alterations, affected mitochondrial pathways, evidence
level of altered mechanisms, mutations in causal genes and relevant references. Example of genes with mutations causal/related to a NM] diseases taken from muscle gene table (accessed
July 2020) [35]. * More ALS mutations: ubiquilin 2, C9orf72, SIGMAR1, CHCHD10, C9orf72, VCP, TDP-43, SETX, FUS, VAPB. Abbreviations: NM]J: neuromuscular junction; CT: clinical
trials; RRF: ragged-red fibers; ROS: reactive oxygen species; COX I: cytochrome c oxidase subunit I; mtDNA: mitochondrial DNA; MMP: mitochondrial membrane potential; AR: androgen
receptor; MPTP: mitochondrial permeability transition pore; ER: endoplasmic reticulum.



Antioxidants 2020, 9, 964

Table 4. Examples of studies reporting altered mitochondrial functions in peripheral nerve diseases and mitochondrial diseases.
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Most Affected

Examples of

NMD Group Namfe of Main Description of Principal Disease Description of Malt.l Mitochondrial Mitochondrial Mam. Evidence Relevant Mutations in
Diseases Features Alteration Level/Disease Model References
Pathways Genes
Inherited disorder that affects CMT1: PMP22,
. R . . . MPZ. CMT2:
nerves outside of your brain and Altered mitochondrial dynamics and . .
. . . R mitochondrial - . MEFN2, LMNA,
Charcot-Marie-Tooth spinal cord, nerves that supply feet, axonal transport of mitochondria, X in vitro, cells, animal, [14,17,26,45,67,72—
. R . . dynamics and ER R y VCP, DNM2,
disease (CMT) legs, hands, and arms. Two causing axonal degeneration. Mutations stress patient (CT) 74] IGHMBP2
subtypes: CMT1 (demyelinating),  in mitochondrial fusion regulatory genes A
. CMT?2 (axonal) DNAJB2, AARS,
Peripheral DYNC1H1, SOD2

nerve diseases

Inherited condition characterized
by abnormally large and

Abnormal and enlarged mitochondria in

altered mitochondrial

. dysfunctional axons. First, limbs Lo size and L. .
Giant axonal . . Schwann cells, deficiencies of complexes R . in vitro, cells, animal,
have problems with walking, . X mitochondrial R [7,75,76] GAN
neuropathy (GAN) VA Iand IV, several mtDNA point mutations . patient (CT)
followed by difficulties R X dynamics, reduced
- . and multiple mtDNA deletions. .
coordinating movements (ataxia), MRC function
and require wheelchair assistance
Genetic defects that affect
mitochondria can cause muscular Altered energy
and neurological problems (e.g., Mutations in mtDNA or nDNA affecting  production and redox in vitro, cells, animal MRPS25, TIMM22,
Mitochon-drial muscle weakness, exercise proteins involved in MRC, mitochondrial ~ signaling, (ANT- r;’lice) . atient [9,77-79] NDUFAFI,
myopathies intolerance, trouble with balance morphology (RRF) and protein mitochondrial CT) ‘P ’ COX6A2,
and coordination). Many aggregation (UPR) morphology and ER SLC25A42
Mitochon-drial mitochondrial myopathies are stress
diseases known
Muscle weakness and ataxia, loss of
l;:clle;rézzasni;?eosri(:lg}att}lzn due to Altered synthesis of frataxin affects oxidative stress, in vitro, cells, patient
Friedreich’s ataxia (FA) . Y . . . mitochondprial iron metabolism and mitochondrial 4 " P [7,80,81] FXN
mitochondrial protein frataxin. It . .. . . (CT)
homeostasis and antioxidant protection  dysfunction

mostly affects the spinal cord,
peripheral nerves and cerebellum

Family of peripheral nerve diseases and mitochondrial diseases and their respective disease features, mitochondrial alterations, affected mitochondrial pathways, evidence level of altered
mechanisms, mutations in causal genes and relevant references. Example of genes with mutations causal/related to a peripheral nerve disease or mitochondrial disease taken from muscle
gene table (accessed July 2020) [35]. Abbreviations: ER: endoplasmic reticulum; CT: clinical trials; mtDNA: mitochondrial DNA; MRC: mitochondrial respiratory chain; nDNA: nuclear
DNA; RRF: ragged-red fibers; UPR: unfolded protein response.



Antioxidants 2020, 9, 964

Table 5. Examples of studies reporting altered mitochondrial functions in ion channel diseases.

8 of 29

Most Affected

Examples of

NMD Group Nam.e of Main Description of Principal Disease Description of Mair.l Mitochondrial Mitochondrial Main_ Evidence Relevant Mutations in
Diseases Features Alteration Level/Disease Model References
Pathways Genes
Altered potassium channel gene
Andersen-Tawil affect the heartbeat and the ability .0 op 0oy 4 nel opathies affect the KCNJ2
syndrome of muscles to stay ready to contract. K*, Ca2*, VDAC and MPTP channels.
Paralysis may occur Reduced channel activity rate results in reduced MMP, in vitro, cells, animal
Genetic alterations in sodium reduced MMP and delayed mitochondrial (mice, rat, C. elegans, [82-85]
Hyperkalemic periodic  channels results in temporary repolarization, causing mitochondrial dysfunction, apoptosis  patient (CT) SCN4A, T704M,
paralysis muscle weakness, and eventually, dysfunction. Intracellular Ca?* M1592V
tempqrary paral'ys1s . homeostasis, mitochondrial bioenergetic
A Lo GerTetlc defects in calcium or metabolism, and modulation of cell SCN4A
Hypokalemic periodic ~ sodium channel cause a loss of survival and death are also affected CACNAlS,

paralysis

Ion channel
diseases (or

Channe-lopathies) Myotonia congenita

Paramyotonia
congenita

Potassium-aggravated
myotonia (or Sodium
Channel myotonias)

muscle excitability when serum
potassium is low

Disease caused by mutations in the
gene encoding a chloride channel
necessary for stopping muscle
contraction. Delayed muscle
relaxation triggers muscle stiffness
Mutations in the muscle sodium
channel gene prolong the channel’s
opening, higher muscle excitation
triggering episodes of muscle
stiffness and weakness, mostly in
the face, neck and upper extremities
Sustained muscle tensing causes
muscle stiffness that worsens after
exercise and may be aggravated by
eating potassium-rich foods

ATP1A2, KCNE3

CLCN1 (CLC-1),
SCN4A

SCN4A

SCN4A

Family of ion channel diseases and their respective disease features, mitochondrial alterations, affected mitochondrial pathways, evidence level of altered mechanisms, mutations in causal
genes and relevant references. Example of genes with mutations causal/related to an ion channel disease taken from muscle gene table (accessed July 2020) [35]. Abbreviations: VDAC:
voltage-dependent anion channels; MPTP: mitochondrial permeability transition pore; MMP: mitochondrial membrane potential.
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1.2. Muscle and Nerve System

As outlined in the classification of NMDs, either muscle or nerve dysfunction can result in a NMD.
Both tissues are formed by highly specialized cells; neurons in the peripheral nervous system and
muscle cells (organized into sarcomeres) in skeletal muscles. Although nerve and muscle tissues contain
areservoir of stem cells for tissue remodeling and regeneration (called satellite cells in muscles), the rate
of cell and tissue renewal is quite low, and neurons and sarcomeres, once formed, never proliferate.
This is one of the features that causes nerve and muscle tissue disease in case of cell injury.

One of the reasons for cell injury is the strong dependence that nerve and muscle tissue
have on mitochondrial function. Their high energetic needs are almost entirely sustained by
oxidative metabolism (high-energy demands provided by mitochondrial oxidative respiration). Thus,
any deficiency at mitochondrial level may endanger cell and tissue function, being the base of NMDs.

At structural level, the interaction of nervous and musculoskeletal system occurs in the NMJ,
also called motor end plate [54]. Muscles are organized in bundles, called muscle fibers, made up
of myocytes (muscle cells). Muscle fibers together with lower motor neurons form the motor unit.
To reach motor units, nerve impulses travel from the central nervous system (CNS) to the spinal cord
and to the whole body within peripheral nerves [86]. In Figure 1, a motor unit is represented together
with the classification of the main NMDs.

Muscle fibers are innervated with motor neuron axon terminals. The communication of muscle
cells with lower motor neurons is mainly based in changes in the membrane potential and ion channel
opening and closing. Briefly, when lower motor neurons are stimulated, their membrane potential
changes due to exchange of sodium (Na*) and potassium (K*) across the cell membrane, prompting
the depolarization of the neuron. Inside the neuron, Na* entrance through specific channels promotes
the release of calcium (Ca?") ions from the endoplasmic reticulum (ER) into the cytosol, triggering
the further release of neurotransmitters out of nerve cells. These neurotransmitters are sensed by
muscle cells, promoting the contraction of muscle fibers [87]. Muscle contraction is mainly controlled
by Ca®" fluxes.

Ca?* increase in the cytosol of muscle cells allows actin and myosin (contractile proteins),
to interact, causing muscle contraction. Right after, Ca?* are pumped back into the ER causing muscle
relaxation [87]. Overall, body movement is actioned by muscle fibers controlled by the nervous system.

Energetic supply is essential for ion exchange and NM] functioning. Based on energetic criteria
and mitochondrial metabolism, muscle fibers can be divided into two categories: type I (slow-twitch)
fibers and type II (fast-twitch) fibers. Type I fibers contain more mitochondria and myoglobin than
type II fibers. Mitochondria generate ATP by cellular respiration, for which oxygen is required and
provided by myoglobin, which stores and carries oxygen in muscle cells. Type Il fibers synthesize the
majority of their energy through anaerobic respiration, without the need of oxygen, a faster process
than mitochondrial respiration but that provides lower amount of ATP [88].

Overall, the CNS and muscle require high amount of energy, mostly produced in mitochondria,
and that is why mitochondrial defects are causal or remarkable in the development of NMDs [14].
As mitochondria are essential in nerve and muscle tissue function, primary mitochondrial diseases,
caused by mutations in a mitochondrial gene, generally manifest as encephalomyopathies [89], mainly
affecting brain and muscle tissues. This is the case of mitochondrial encephalomyopathy with lactic
acidosis syndrome (MELAS) or myoclonic epilepsy with ragged-red fibers (MERRF). NMD such
as Charcot-Marie-Tooth neuropathy type 2A (CMT2A) [74] or amyotrophic lateral sclerosis (ALS)
can also be caused by mitochondrial mutations (CMT2A can be caused by mutations in MFN2
and ALS by mutations in SOD1) [59]. Interestingly, mitochondria can also play a secondary role
in the development of the rest of NMD when the mutation or deficiency is not directly related or
located in the mitochondria, since affected cells will need additional ATP to support homeostatic
mechanisms disbalanced (anti-stress or antioxidant responses), while minimizing the production
of ROS. If mitochondria are unable to counterbalance cell dysfunction, a secondary mitochondrial
disease will appear, like spinal muscular atrophy (SMA) (usually caused by a mutation in SMN1) [71]
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or Duchenne muscular dystrophy (DMD) due to mutation in DMD) [90]. Therefore, mitochondrial
function is key in the onset or progression of most of NMDs, regardless of their genetic origin.

1.3. Mitochondrial Function

Despite their clinical and pathological diversity, some overlaps can arise among all NMDs. One of
them are molecular events revealing metabolic alterations related to the mitochondria. Although
originally considered the “powerhouse of the cell” [91], mitochondria are organelles with a central role
in multiple cellular processes: ATP production, apoptosis, 3-oxidation of fatty acids, iron-sulfur cluster
synthesis and in a broader range of signaling pathways. Additionally, in case of troubleshooting,
mitochondpria are the main center of ROS production and cell death through the control of apoptosis [92].
Thus, mitochondrial health is essential for cell function and any misbalance in bioenergetics can
endanger cell, tissue, and patient survival [93].

Mitochondria can multiply their number in case of energy need or survival of cells, through
a process called mitochondrial biogenesis [94]. In addition, mitochondria are dynamic organelles
that constantly fuse and divide to increase their energy supply (fusion) or target the mitochondria
for degradation (fission). This process is called mitochondrial dynamics and triggers changes in
mitochondrial number, morphology, and size [92].

Even if the number of mitochondria rises in a cell, impairment of MRC increases the production of
ROS [95], which increases the oxidative stress levels in cells, activating mechanisms to counterbalance
this excessive ROS. These repair mechanisms start with autophagy and mitophagy. Autophagy is the
clearance of damaged organelles and protein aggregates by lysosomal degradation; while mitophagy
is a specialized autophagy that degrades dysfunctional mitochondria to maintain mitochondrial
integrity [96]. Both processes remove the excess of ROS produced in mitochondria. Excessive ROS can
also affect the ER, as it is one of the main sensors of cellular stress. ER and mitochondria are connected
through mitochondria-ER membrane contact sites, called mitochondria-associated membranes (MAMs).
When ER senses ROS, ER redox status can change, and might induce ER stress [97]. To defend against
ER stress and overcome potential protein misfolding, cells can activate an adaptive unfolded protein
response (UPR), which increases the size and capacity of ER to reduce ER stress and increase the
removal of misfolded proteins by autophagy [98].

In addition, excessive ROS can trigger an intracellular inflammatory response [99] which has
an impact in mitochondrial genomic instability and respiratory chain dysfunction [100]. ROS burst,
impaired autophagy, and increased inflammation are observed in many NMDs [101], whose prevalence
increases with aging. However, these mechanisms have not been thoroughly revised in all groups of
NMD and have not been compared before.

Overall, the aim of this review is to point out the role of excessive oxidative stress in mitochondrial
function and its impact in autophagy and inflammation in NMDs (Tables 1-5). Increasing knowledge
of the etiology of NMDs will help to develop better diagnosis and treatments to modify the natural
history of these chronic disabling diseases, eventually reducing both health and economic burdens of
NMDs for patients and healthcare systems [9].

2. Mitochondrial Pathways Altered in NMD

2.1. Mitochondrial Genome and mtDNA Mutations

Mitochondria contain their own genome, which encodes 13 proteins, 22 tRNAs, and 2 rRNAs.
The remaining proteins involved in mitochondrial structure and function are encoded by the nuclear
DNA, translated in the cytosol and translocated into mitochondria [92]. Although mtDNA only encodes
+1% of the mitochondrial proteins, these elements are critical components of the MRC, essential for
mitochondrial function [94]. Nuclear and mitochondrial intergenomic communication is essential to
build the MRC complexes that enables cell bioenergetics and promotes healthy organ function [102].



Antioxidants 2020, 9, 964 11 of 29

If mtDNA mutates, these mutations can be present in all mtDNA copies in the cell (homoplasmy)
or only in a fraction (heteroplasmy). Almost all humans carry low levels of heteroplasmic mtDNA
point mutations, which could be pathogenic [103]. Both the subcellular distribution of mutated mtDNA
and the intrinsic pathogenicity of the mutation itself may also be important in determining whether a
mtDNA defect is expressed phenotypically [7]. mtDNA mutations are also related to the aging process
or age-associated diseases [94].

The distribution of a mutation in different tissues may change with time depending on the mitotic
activity of the tissue [92]. In tissues with ongoing cell division, there is a chance that a defect in mtDNA
may be selected in or out. This may explain the predilection for mitochondrial diseases to manifest
clinically in postmitotic tissues such as the central nervous system and skeletal muscle. This mechanism
may also explain why some mitochondrial phenotypes change with time [7,104].

Pathogenic mtDNA mutations must be present in 60-90% of mitochondria in a cell to trigger
MRC dysfunction [105]. Computational models estimate that only mtDNA mutations generated in
early life could expand to reach the threshold and cause MRC dysfunction in aging human adults [106].
One of the reasons is because mtDNA is organized into mitochondrial nucleoids [107] and coupled
with mitochondrial transcription factor A (TFAM), to make mtDNA less accessible to mutations than
naked DNA. In fact, lower amount of TFAM is found in hypothyroid myopathy (endocrine myopathy,
Table 2), triggering reduced mtDNA copy number and mitochondrial dysfunction [38].

Other NMDs associated to mtDNA mutations are metabolic myopathies, ALS, CMT2,
mitochondrial myopathies, and Friedreich’s ataxia (Tables 2—4).

Apart from mtDNA point mutations, single large deletion in mtDNA at high levels
cause multisystem diseases in children and NMDs associated with chronic progressive external
ophthalmoplegia in adults and proximal myopathy [76,79]. Other NMDs with mtDNA deletions are
sporadic inclusion body myositis (sSIBM) (reported in 67% of sIBM patients) [108,109] and giant axonal
neuropathy (GAN). These deletions are generally spontaneously acquired [105], probably as accidents
during mtDNA replication in the oocyte, in the early embryo or later on, along lifetime. Some multiple
large mtDNA deletions are inherited, as they are caused by mutations in nuclear genes involved in
mtDNA replication, nucleotide synthesis or transport [92]. Spontaneous mtDNA deletions appear
to accumulate with time, and may increase the likelihood that tissue function will be impaired with
time [7].

Above all, mtDNA variants (mutations and deletions) have a broad range of impact, from the ones
that are causal of monogenic disorders to those that are a risky allele for complex diseases, in which
clinical penetrance also depend on environmental factors. For example, de novo mtDNA monogenic
mutations m.3243A > G and m.8344A > G trigger MELAS and MERREF, respectively, and can arise
spontaneously, because of replication errors. Another high impact variant is a large 4,977-bp deletion
of mtDNA, the most common cause of Kearns-Sayre syndrome. These mutations usually occur de
novo within two or three human generations and, for deletions, tend to affect only one generation [104].
In all cases, the specific mutation, the level of heteroplasmy, the threshold effect that determines the
level of phenotypic penetrance and which tissues are affected, directly determine the inheritance of the
disease and the onset and progression of these disorders.

2.2. Mitochondrial Respiratory Chain (MRC)

The MRC contains five multimeric enzymatic complexes. Complexes I-IV oxidize and transfer
their electrons, in the form of hydrogen ions, to the next complex. Once in complex IV, electrons are
transferred to molecular oxygen, producing water [7,95]. Complex V generates ATP from adenosine
diphosphate (ADP) using the transmembrane electrical potential generated by proton translocation
along the MRC [14]. This production of ATP from the reduction of oxygen, known as mitochondrial
coupling, is what generates the energy needed for cellular function [110]. In parallel, MRC generates
ROS as a subproduct of oxygen metabolism, especially in case of disease. Mutations in mtDNA can
trigger the impairment of MRC, affecting energy production and cellular dysfunction [111], observed
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in some NMDs and mitochondrial diseases [112]. mtDNA mutates more than ten times faster than
nuclear DNA, and this high mutation rate in mtDNA is based on the proximity of mtDNA to the
inner mitochondrial membrane, where ROS are generated as by-products of MRC chain, coupled
with a lack of histones and efficient DNA repair mechanisms. In addition, mtDNA has low number
of noncoding regions between genes, leading to random mutations that impact coding sequences of
genes responsible of MRC.

In particular, most of the muscular dystrophies (MD) have some MRC complexes with impaired
or decreased function (Table 1): complex I in Becker MD (BMD), complexes III and IV in DMD,
and complexes I and V in oculopharyngeal (OPMD) and in distal MD (DD). Other NMDs with MRC
alterations are myofibrillar myopathies (complexes I and IV) (Table 2), ALS (CIV subunit I) (Table 3),
SMA (complexes I and IV) (Table 3), GAN (complexes I and IV) (Table 4), and sIBM (complex IV) [108].
Impaired MRC function promotes mitochondrial dysfunction, eventually leading to progressive
weakness and muscle wasting.

To understand the extent of the how MRC dysfunction affects the progression of a NMDs or vice
versa, here we present the case of hypothyroid myopathy (endocrine myopathy, Table 2) and ALS
(motor neuron diseases, Table 3).

In hypothyroid myopathy, there is an abnormal activity of the thyroid gland, leading to reduced
hormone levels. Thyroid hormones affect skeletal muscle through T3 receptors, located on the
mitochondrial membrane of skeletal muscle fibers [113,114]. This MRC-thyroid hormones connection is
mediated by several molecular mechanisms that include both direct and indirect effects on mitochondrial
structure, function, and biogenesis. One effect in hypothyroid myopathy is a reduced mitochondrial
oxidative metabolism, due to decreased hormonal levels and a reduced amount and activity of complex
IV (cytochrome c oxidase negative fibers (or COX-)). In addition, T3 receptors, together with the
thyroid hormone receptor, increase the expression of some nuclear-encoded respiratory genes, such as
cytochrome c1 and b-F1- ATPase subunit genes [38].

Regarding ALS, ALS-associated P525L mutant interacts with ATP synthase complex subunit
TP5B, disrupting the formation of ATP synthase complex, thus inhibiting the production of ATP [115].
Both are examples of the complex and intricated pathways governing NMDs in which mitochondria,
and herein explained, MRC, play a role.

2.3. Mitochondrial Quality Control

2.3.1. Mitochondrial Biogenesis

Mitochondprial biogenesis increases the number of mitochondria, what can lead to a higher energy
supply and survival of cells; or if mutated mtDNA expands to higher levels, low energy supply,
and cell death. Both outcomes depend on random clonal expansion of mitochondria [103]. Although
mitochondrial biogenesis is energy-consuming, it helps to increase energy production and often restores
mitochondrial function. Mitochondrial biogenesis can react to many external stimuli, such as exercise,
hormones, and possibly dietary restriction, in addition to mitochondrial dysfunction [92]. In the case of
mitochondrial dysfunction, coordination between mitochondrial synthesis (mitochondrial biogenesis)
and degradation (mitophagy) regulates mitochondrial content, quality, and function.

To initiate mitochondrial biogenesis, synthesis of more MRC complexes is required.
MRC components are both encoded in nuclear and mtDNA, although their transcripts are not
synthesized simultaneously. Cytosolic translation unidirectionally controls mitochondprial translation,
both orchestrated by the nuclear genome. The nuclear genes coding for the MRC are rapidly induced
under nutrient shift, whereas mitochondrial genes coding for the MRC are induced more slowly.
Mitochondrial MRC’s slow kinetics may underlie the lack of environment-responsive mitochondrial
transcription factors. Instead of transcription factors, mitochondria contain mRNA-specific translational
activators, involved in initiation, elongation, and feedback control of MRC complexes assembly [102].
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If mitochondrial biogenesis is disrupted, it may result in mitochondrial dysfunction and
loss of respiratory capacity [103], observed in patients with mitochondrial diseases. However,
excessive mitochondrial biogenesis can also be a sign of disease. In fact, in the muscle of patients
with mitochondrial disease, mitochondrial biogenesis generates the so-called ragged-red fibers
(RRF), an increase in the number of mitochondria surrounding muscle fibers aimed to compensate
mitochondrial dysfunction (Figure 2). RRF typically loss COX activity (partially encoded in
the mitochondrial genome) and increase complex II function (succinate dehydrogenase, SDH,
entirely encoded in the nuclear genome). Thus, RRF mainly accumulate abnormal proliferated
mitochondria [94].

Alterations in some pathways may trigger accumulation of mitochondria in RRF (e.g., changes
in mitochondrial protein synthesis). In addition, RRF usually contain a higher amount of mutant
mtDNA genomes than non-RRF. Overall, RRF are a tag of defective oxidative phosphorylation in the
affected muscle fibers [7]. In fact, RRF are found in many NMDs like limb-girdle MD (LGMD), sIBM,
myofibrillar myopathies, myasthenia gravis, ALS, and mitochondrial myopathies (Tables 1-4).

2.3.2. Mitochondrial Dynamics

Mitochondria are highly dynamic organelles that continuously fuse, divide, and move,
and mitochondrial function is controlled and maintained by these morphologic changes. Mitochondrial
fission is mainly mediated by dynamin-related guanosine triphosphatase (GTPase) protein 1 (Drp1l);
while in mitochondrial fusion, the outer and inner mitochondrial membranes primarily fuse mediated
by dynamin-related GTPases mitofusin (Mfn 1 and 2) and optic atrophy 1 (OPA1), respectively [103].
The most direct consequence of mitochondrial division and fusion is the change in size of the
mitochondria [105]. Interestingly, these processes promote the exchange of genetic and structural
material among participant mitochondria, thus enabling the renewal of damaged components, or its
expansion throughout the mitochondrial net (Figure 2). However, mitochondria can also increase in
number when there are the specific requirements.

When mitochondria are damaged, they undergo changes in mitochondrial membrane potential
(MMP) causing depolarization. Altered MMP can also impact the mitochondrial fission/fusion
machinery and thereby mitochondrial morphology. Mitochondrial fission generates fragmented
mitochondria with increased ROS production [106], which may help in the separation of dysfunctional
mitochondria from healthy mitochondria and is a prerequisite for mitochondrial degradation (in
a process called mitophagy) [107]. The detrimental effect of mitochondrial fission is the release of
cytochrome ¢ from mitochondria, which could activate apoptosis signaling through activation of
Bax/Bak pore [103]. Apoptotic cell death may be an important mediator of nervous system injury
in the mitochondrial encephalomyopathies [7]. Other NMD with increased apoptosis are OPMD,
spinal-bulbar muscular atrophy (SBMA), and ion channel diseases. Defects in ion channel diseases may
directly reduce MMP and delay repolarization, affecting the modulation of cell survival and increasing
cell apoptosis.

Mitochondprial dynamics is also implicated in the pathogenesis of NMDs like inherited peripheral
neuropathy, GAN [76], infantile-onset encephalopathy [116], autosomal dominant optic atrophy [101],
and CMT2A [74]. The last three are characterized by mutations involving mitochondrial fusion
regulatory genes, OPA1 and MFN2, respectively [117]. Some mutations in mitochondrial dynamics
genes can trigger severe effects or even death. An example is a lethal dominant negative allele of DRP1
that affects mitochondrial and peroxisomes fission in newborns and triggers abnormalities in brain
development and optic atrophy [118].

Mitochondrial dynamics have also been thoroughly studied in ALS. As mutations in several
genes are responsible of ALS, depending on the gene mutated, fusion or fission of mitochondria
are enhanced. For example, TDP-43 mutations enhance Mitochondrial fission 1 protein (Fis 1)
expression, which increases DRP1 recruitment, leading to higher mitochondrial fission, and a
fragmented morphology of mitochondria. In ALS caused by SOD1, increased DRP1 and reduced
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Mfn1/Opal lead to higher level of mitochondrial fission and a fragmented mitochondrial network;
while in ALS related to C9ORF72 mutation, higher Mfn1 levels triggered increased mitochondrial
fusion and an elongated morphology [119]. Thus, the deregulation of mitochondrial dynamics is
frequently associated to NMDs and its proper function protects and counteracts the progression of
some NMDs.
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Figure 2. Schematic view of the mechanistic model of mitochondrial-related pathways in a cell. 1. MRC
generates ATP in the inner mitochondrial membrane. In this process, also ROS are produced. 2. In case of
excessive ROS levels, mitochondrial membrane potential decreases, allowing MPTP to open and release
DAMPs (mtDNA, cardiolipin, ceramides) to the cytosol. These DAMPs can trigger an inflammatory
response. In this scheme, the inflammatory cascade represented is the one activated by mtDNA. mtDNA
activates cGAS in cytosol, that eventually induces the expression of interferon-related genes (IRF3/IRF7).
In parallel, mtDNA activates TLR9, which activates NF-kB, and thus, NLRP3 inflammasome, expression
of pro-inflammatory cytokines, and among them, IL-1 response. 3. Increased ROS levels can result from
MRC dysfunction. To compensate dysfunctional mitochondria, mitochondrial biogenesis increases the
number of mitochondria in a cell. Excessive mitochondria around muscle cells form RRF. 4. Excessive
ROS, RRE inflammation, and ER stress damage mitochondria, which alterations are sensed by autophagy
and mitophagy. Autophagy and mitophagy remove damaged mitochondria, and consequently stop
the inflammatory response, supporting repair mechanisms in the cell. If autophagy and mitophagy are
altered, mitochondria cannot be recycled, leading to apoptosis. Abbreviations: MRC: mitochondrial
respiratory chain; ROS: reactive oxygen species; MPTP: mitochondrial permeability transition pore;
DAMPs: damage-associated molecular patterns; mtDNA: mitochondrial DNA; cGAS: cyclic GMP-AMP
synthase; TLRY: toll-like receptor 9; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B
cells; NLRP3: NOD-like receptor protein 3; RRF: ragged-red fibers; ER: endoplasmic reticulum; MAVS:
mitochondrial antiviral signaling protein. Figure created with BioRender.com.

2.3.3. Autophagy and Mitophagy

Lysosomes were discovered in 1955 [109], and soon was observed that cytoplasmic components
could be located in lysosomes [120]. This was the basis for De Duve (1963) to coin the
term autophagy [121]. Autophagy is a lysosomal degradation process characterized by the
formation of double-membrane autophagosomes from cytoplasmic material and damaged organelles.
Autophagosomes fuse with lysosomes to degrade their content by acidic hydrolases. Autophagic
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degradation generates amino acids and fatty acids for protein synthesis or oxidation in the MRC to
produce ATP for cell survival under starvation conditions. Other functions of autophagy include
removal of damaged organelles and protein aggregates, control of cellular biomass and elimination of
intracellular pathogens [92]. There are three subtypes of autophagy: macroautophagy, microautophagy,
and chaperone-mediated autophagy, divided according to the mechanism used to send intracellular
material to be degraded in the lysosomes and the kind of cargo for degradation.

Briefly, mitophagy—the specific autophagy of mitochondria—initiates with the recognition of
damaged mitochondria by the E3-ubiquitin ligase Parkin, which decorates the outer mitochondrial
membrane proteins with poly-Ub chains [122]. p62 binds polyubiquitinated proteins and damaged
organelles and target them to autophagosomal clearance via its ubiquitin association domain (UBA)
and LC3 binding motif (LIR), respectively [123]. Absence of specific mitophagy proteins can
block autophagosomal or lysosomal clearance leading to an accumulation of damaged proteins
and dysfunctional organelles in autophagosomes [124,125].

Mitophagy can occur under several circumstances: metabolic alterations (starvation, particularly),
differentiation of some cell types (requiring mitochondrial clearance), and selective targeting and
removal of dysfunctional mitochondria [126]. Mitophagy of dysfunctional mitochondria is also called
PTEN-induced putative kinase 1 (PINK1)-Parkin-mediated mitochondrial quality-control system [92],
since both PTEN and PINK1 are among the main effectors of mitophagy.

The extent of mitophagy varies in different tissues. For instance, heart, skeletal muscle, nervous
system, hepatic and renal tissue have higher mitophagy than thymus and spleen [127]. Defects
in mitophagy can lead to accumulation of dysfunctional mitochondria and increased levels of
mitochondrial ROS and damage-associated molecular pattern (DAMPs), which are self-molecules that
resemble pathogenic ones and can trigger an inflammatory response (Figure 2). Both mitochondrial
ROS and DAMPs can initiate an inflammatory response [128]. In addition, impaired mitophagy
has been linked with aging, metabolic disorders, cancer, senescence, inflammation, and genomic
instability [107]. Regarding NMDs, impaired autophagy has been revealed in congenital MD (CMD),
endocrine myopathies, inflammatory myopathies, myofibrillar myopathy and congenital myasthenic
syndromes, among others.

In CMD linked to collagen VI deficiency, impaired autophagy is responsible for spontaneous
apoptosis, dysfunctional mitochondria and myofibers degeneration. Defective autophagy causes
accumulation of abnormal organelles and apoptotic degeneration of muscle fibers. Accumulation
of defective mitochondria increases oxidative stress and ROS production, which also contribute to
increase apoptosis. The cause of defective autophagy in CMD is a reduced protein amount of beclin-1
and Bnip3, what leads to a defective activation of the autophagy process [15].

As mitophagy protects from the accumulation of defective mitochondria and ROS overproduction,
this process is frequently impaired in NMDs affecting both nerve and muscle function.

2.4. Mitochondrial ROS and ER Stress

ROS comprises superoxide anion (O,°7), hydrogen peroxide (H,O;), hydroxyl radical (OH®),
peroxylradical (ROO®), and nitric oxide (NO®). Although mitochondrial oxidative metabolism is a major
source of ROS in many cell types, outside mitochondria there are other enzymes associated with ROS
production, like NADPH oxidase, neural nitric oxide synthase, and monoamine oxidase [129]. A balance
between oxidative species and antioxidant defense mechanisms is required for cell homeostasis [130].
Briefly, the antioxidant response is mediated by enzymes responsible for metabolizing or neutralizing
ROS, such as catalase, glutathione peroxidase, or superoxide dismutase (SODs) [131].

The high proportion of ROS generation in MRC is due to the transfer of electrons in the
inner mitochondrial membrane until they encounter oxygen, when electrons are converted in water.
Under hypoxia or pathologic conditions this process is not completed, resulting in an increase of
superoxide anions [131]. For example, mutation in SOD2, an antioxidant enzyme encoded in the
mitochondrial genome, triggers the development of CMT, a NMD [132]. Mutations in SOD1 gene are
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found in ALS. SOD1 encodes the Cu-Zn superoxide dismutase, one of three proteins involved in the
conversion of free superoxide radicals to molecular oxygen and hydrogen peroxide. Mutations in the
SOD1 gene are found in 10-20% of familial ALS cases and 1-5% of sporadic ALS cases globally [133];
so far, more than 170 mutations of the SOD1 gene are known in ALS [119].

Other NMDs in which high ROS levels are not compensated and cells hold excessive oxidative
stress are BMD, DMD, FSHD, ALS, SBMA, mitochondrial myopathies, and FA.

When overproduction of ROS cannot be compensated by antioxidant defenses or mitophagy;,
ER receives ROS signals through MAMSs, which may eventually activate cell stress responses to
compensate and overcome this adverse situation [134].

ER is the main organelle in charge of protein biosynthesis and folding and one of the main cell
sensors to stress insults. Alterations of the ER redox status can negatively affect protein folding and
result in ER stress. ER stress occurs when the rate at which new protein entering the ER exceeds its
folding capacity, which can lead to the activation of three transmembrane proteins: inositol-requiring
enzyme lx (IRElx), PKR-like ER kinase (PERK), and the activation transcription factor 6 (ATF6),
which altogether trigger a UPR [134]. The UPR is comprised of a series of transcriptional, translational,
and post-translational processes that can lower the rate of protein synthesis and increase the protein
folding capacity of the ER machinery. This results in an increase of misfolded protein elimination,
and escalating the size of the ER compartment thereby reducing the ER stress [98]. Usually, transient
ER stress can be overcome by UPR, but if the damaging stimulus persists, inflammatory response
genes are activated [131].

ER-mitochondria crosstalk is involved in several pathways including cell proliferation, apoptosis,
autophagy, lipid metabolism, Ca?+ signaling, UPR, inflammation, and bioenergetics. Alterations in this
ER-mitochondria crosstalk are associated with multiple diseases, like motor neuron diseases, myotonic
dystrophy, OPMD, endocrine myopathies, myofibrillar myopathies, SBMA, CMT, and mitochondrial
myopathies. In ALS, over expression of both wild-type and mutated TDP-43 leads to a decrease in
ER-mitochondria physical and functional coupling, affecting Ca?* regulation. Ca* dysregulation is
considered to be a primary cause of motor neuron death in ALS [135]. Ca2* is responsible for the link
between metabolic impairment and MAMs interaction. This is seen in cancer cells, which are able to
remodel their intracellular Ca®* signaling, enhancing their survival and proliferation. Modulation of
ER-mitochondrial Ca?* crosstalk favors resistance to apoptosis [136].

In addition to triggering ER stress, if ROS damage overwhelms these repair mechanisms,
MMP may decrease, thus potentially leading to the increase in the permeability of mitochondrial
membranes. Higher permeability in mitochondrial membrane can activate the mitochondrial
permeability transition pore (MPTP) and thus, the release of DAMPs to the cytosol (mtDNA), ceramides,
formaldehyde) [137,138]. MPTP and ROS can also promote the activation of mitochondrial fission and
mitophagy to eliminate damaged mitochondria (Figure 2). In mitochondrial fission, MAMSs signal the
ER tubules to encircle mitochondria and tag the sites for mitochondrial division [139]. Accordingly
to mitochondrial implication in NMDs, dysregulation of MPTP opening and defective autophagy
have been associated with muscular dystrophies, like collagen VI myopathies (CMD), BMD, DMD,
LGMD, and DD [14,15] and, remarkably, most of NMDs show some level of deregulation in most of
these pathways.

2.5. Mitochondrially Induced Inflammatory Response

Inflammatory responses recognize pathogen-associated molecular patterns (PAMPs), derived
from infection, through a variety of receptors. However, because of the bacterial origin of mitochondria,
their proteins are structurally similar to those in bacteria and enable their recognition by the same
receptors of the immune system, reinforcing the notion of mitochondria as hubs of immunity [140].
Thus, mitochondrial DAMPs can also trigger an inflammatory response [128]. DAMPs include proteins
and peptides, such as N-formyl peptides and TFAM, as well as lipids, and metabolites such as
cardiolipin, succinate and ATP, and mtDNA [139].
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2.5.1. Implication of mtDNA in Inflammation

In particular, mtDNA is recognized by multiple innate immune receptors: cytosolic cyclic
GMP-AMP synthase (cGAS), endosomal Toll-like receptor 9 (TLR9), and NOD, LRR, and Pyrin
domain-containing protein 3 (NLRP3) [140]. Here we briefly remark the main effects of these innate
immune responses.

Cytosolic mtDNA enhances cytosolic antiviral signaling and expression of interferon-stimulated
genes (IRF3/IRF7), which results in the activation of cGAS DNA sensor and STING-IRF3-dependent
signaling [141]. These pathways activate transcription factors NF- kB and IRF3 through the kinases
IKK and TBK1, respectively. MtDNA stress triggered by TFAM deficiency has been reported to release
mtDNA to the cytosol [101].

TLR9 is a nucleic acid sensor that binds to unmethylated CpG DNA, like mtDNA. In basal
conditions, TLR9Y is located in the ER, but when it is stimulated, TLR9 translocates to the membrane of
endosomes or lysosomes, where it binds to ligands and triggers cell inflammation [140].

TLR9 interaction with mtDNA occurs in the endolysosomal compartment and activates the
myeloid differentiation primary response protein 88 (MyD88), which induces a number of kinases
and transcriptional factors, namely mitogen-activated protein kinases (MAPK) [101]. MAPK leads to
nuclear factor-kB (NF-kB) and IRF7 activation to enhance pro-inflammatory and interferon type I (IFN-1)
responses, respectively [89]. NF-kB signaling increases the expression of other pro-inflammatory
cytokines such as tumor necrosis factor-a (TNF-a), interleukin (IL)-6, IL-1b [128]. Furthermore,
TLR9 senses incomplete digestion in lysosomes of damaged mitochondria, because of impaired
mitophagy, without the mtDNA release to cytosol.

The activation of the inflammasome NLRP3 involves two sequential signals. The inflammasome
priming and assembly signal is induced by NF-«B, which acts downstream of TLRs and other
immune receptors [142]. NF-kB activates the expression of inflammasome components and inactive
forms of the cytokines, including pro-IL-1b. When active, NLRP3 inflammasome activates caspase-1,
which processes pro-IL-13 and pro-IL-18 [100,143]. DAMPs directly activate NLRP3 inflammasome as
well. Mitochondria are suggested to regulate the activity of the NLRP3 inflammasome complex, by:
activating mitophagy (reduces inflammation by clearing mitochondrial-bound NLRP3 complexes) and
releasing mitochondrial ROS (amplifies inflammasome immunogenic signal) [140].

In normal conditions, NLRP3 protein is located on the ER. Under oxidative stress and in response
to inflammation, NLRP3 can be translocated to MAMs. MAMs transmit danger signals through
physical interaction, promoting coordinated responses to oxidative stress, such as triggering mitophagy
to remove damaged mitochondria [131].

Altogether, mitochondria-induced inflammation usually is initiated by mitochondrial ROS,
which can cause the activation of MAPKSs by inhibiting MAPK phosphatase. Activated MAPK may
aid in the production of IL-6 and TNF. Mitochondrial ROS accumulation can also activate NLRP3
inflammasome, which promotes the maturation of IL-13 and IL-18. mtDNA accumulation in the
cytosol can interact with TLR-9 (in lysosomes) to induce inflammatory responses (e.g., in autosomal
dominant optic atrophy [101]. This pathologic feature has been described in sIBM and in LMNA-related
NMDs (CMD, Emery-Dreifuss MD, LGMD, CMT, etc.)) [144]. Further, cytosolic mtDNA can activate
cGAS-STING to induce IFN-1 or the NLRP3 inflammasome which can induce the maturation/secretion
of pro-inflammatory cytokines [101]. Thus, mtDNA can activate major innate immune responses by
acting as a DAMP from the mitochondria. Overall, mtDNA is released from mitochondria to the
cytosol, where it is recognized by immune receptors, which trigger a signaling cascade that leads to
the production of cytokines or transcription of inflammatory genes in the nucleus (Figure 2) [143].
This close association between mitochondria and inflammation triggered from affected cells, explains
why NMDs are usually associated with inflammatory effects.
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2.5.2. Implication of Mitochondrial ROS in Inflammation

Regarding mitochondrial ROS, they are sensed by mitochondrial antiviral signaling protein
(MAVS), key in viral RNA infections. MAVS can activate pathways that regulate NF-kB and IRF3/IRF7
to induce gene expression [145]. It also can interact with the outer mitochondrial membrane,
where mitochondrial ROS can trigger MAVS oligomerization, promoting IFN-1 production. In addition,
MAVS can associate with NLRP3 and triggers its oligomerization, leading to caspase-1 activation [146].

NLRP3 is activated by mitochondrial ROS but also by cardiolipin, an inner mitochondrial
membrane lipid. Cardiolipin translocates to the outer mitochondrial membrane after mitochondrial
membrane depolarization, where it can recruit NLRP3. Cardiolipin-NLRP3 interaction suggests the
role of mitochondria as a hub for the activation of innate immunity [143].

Similar to MAVS, NLRP3 also responds to mitochondrial ROS and can cause mitochondrial
damage that promotes the generation of additional ROS. NLRP3 drives the production of IL-1§3,
IL-18, and pyroptosis. mtDNA can also activate NLRP3, and is also sensed by TLR9, which leads to
immune and inflammatory gene expression. Mitochondria are therefore critical for signaling by three
major innate immune pathways: RIG-/MAVS, NLRP3, and TLR9 [143]. All these pathways rely on
mitochondria-inflammatory response and, consequently, are altered in numerous NMDs.

2.5.3. Feedback Regulation of the Mitochondrial Inflammatory Response

NF-kB has a role as a pro-inflammatory and anti-inflammatory transcription factor in
mitochondrial-induced inflammation. NF-kB anti-inflammatory functions prevent premature and
excessive NLRP3-inflammasome activation, avoiding chronic inflammatory disease and inflammation
caused by cell and tissue stress [147]. Self-limiting inflammation is also important for maintaining
homeostasis, tissue repair, and regeneration, which restores integrity of epithelial barriers and thereby
attenuates PAMP and DAMP availability [100].

Autophagy is the mechanism underlying NF-kB-mediated inhibition of NLRP3 inflammasome.
After inducing the expression of pro-inflammatory cytokines and NLRP3, NF-kB is able to switch
the initial pro-inflammatory to an anti-inflammatory state to avoid excessive inflammation. Thus,
NF-kB induces the expression of p62, which eliminates NLRP3 by mitophagy [138]. Therefore,
the “NF-kB-p62/SQSTM1-mitophagy” pathway provides an essential regulatory loop through which
NF-kB orchestrates a reparative inflammatory response and prevents excessive collateral damage [100].

Dysregulation of the NLRP3-inflammasome is frequently associated with diverse inflammatory,
metabolic, and malignant diseases, including gouty arthritis, Alzheimer’s disease, obesity, type II
diabetes, and colorectal cancer [148]. Other NMDs with increased inflammation are ALS (with aberrant
activation of NF-kB) [17], muscular dystrophies (like BMD and DMD), and inflammatory myopathies.
Therefore, proper control of NLRP3-inflammasome activity and overall inflammatory cascade are
critical for preventing disease development.

The aging process itself is linked to elevated low-grade inflammation or para-inflammation,
characterized by constitutive production of low amounts of IL-l1b, TNF and IL-6.
The NLRP3-inflammasome activation and insufficient mitophagy link accumulation of damaged
mitochondria to the para-inflammatory state. Normal, healthy aging may be compromised and greatly
enhanced by accumulation of somatically mutated mitochondria, which are more likely to release
mitochondrial ROS and fragmented mtDNA that act as direct NLRP3-inflammasome activators [100].
This explains why most of NMDs arise hand by hand to aging processes.

3. Treatment Strategies in NMDs

As stated before, mitochondria play a key role in the early process of nerve and muscle degeneration
and affects the progression of NMDs. Although current understanding of mitochondrial dysfunction
in NMD is still evolving, there are some potential therapeutic strategies that tackle mitochondrial
deregulated pathways.
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The number of NMDs for which treatments are available is limited. This scarcity of therapeutic
options lays on the rarity and diversity of NMDs, the complexity of their genetic inheritance,
the abundance and distribution of muscle tissue, and low treatment efficacy [14]. The rarity of NMDs
limits the available patients for recruitment for clinical trials, which highly depends on the quality and
reliability of data obtained in cell and animal experiments [149].

Despite there is no cure for most NMDs, some can be effectively managed and treated.
Some common interventions include drug therapy, surgery, or patient support groups, to improve
physical and psychological wellbeing of NMD patients [6]. Innovative breakthroughs are approaching
owing to antisense oligonucleotides (ASO) and gene replacement therapies, currently under
development. Here we summarize the main points of different treatment strategies, most of them
posing supportive pharmacologic options aimed not to cure but to slow down disease progression.

Drug therapy in NMDs comprises a wide range of treatments. Immunosuppressive drugs are
widely used to treat certain muscle, nerve, and NMJ diseases. Anticonvulsants and antidepressants
might aid in treating the pain of neuropathy [6]. More specifically, senolytic drugs (e.g., resveratrol)
help to remove senescent cells to reduce the overall pro-inflammatory profile, although inflammation
differs among tissues and makes it difficult to only target senescent cells [82]. Interestingly, resveratrol
has been associated to promote mitochondrial health and renewal through different mechanisms [150].

Other treatment options are being developed to specifically target mitochondria. For example
metformin, used as an anticancer drug, increases the activation of AMPK, favoring autophagy of
damaged mitochondria (e.g., in mitochondrial diseases and DMD); caloric restriction, which reduces
ROS production and thus, DNA damage (in collagen VI myopathies); and mitohormesis, based in
inducing mild mitochondrial stress during life to induce an antioxidant response (e.g., by vitamin E).
Some dietary supplements boost mitochondrial capacity like niacin (vitamin B3) in mitochondrial
myopathy; epicatechin in BMD, or triheptanoin, CoQ10 and tocotrienols in ALS [151].

Moreover, exercise has shown to induce autophagy to overcome sarcopenia (e.g., in metabolic
myopathies) [152]. In young and old mice, exercise training has even promoted biogenesis of
mitochondria and mitochondrial autophagy to reduce the expression of proinflammatory cytokines by
up to 49% [82]. Unfortunately, exercise is not always possible in patients affected by NMDs.

Other mitochondrial pathways that could be tackled therapeutically are dysregulation of MPTP
opening, mitochondrial fission, and ER stress. MPTP modifiers (e.g., CsA, cyclophilin D inhibitors)
might potentially aid in many NMDs [14]. Targeting mitochondrial fission is based on its direct relation
to apoptosis, thus reducing fission might reduce cell death. Treating ER stress could be relevant in many
NMD and other proteinopathies [30]. Currently, these therapeutic approaches are under development.

In addition to drug therapy, some NMDs benefit from surgery. Depending on the NMD,
patients may receive neurological, thoracic, orthopedic, or other surgeries. Physical, occupational,
or rehabilitation therapies may help before or after these interventions [6].

Recently, other approaches more related to personalized medicine are being developed or even
in the market, like ASO and gene therapy. ASOs are short, synthetic single-stranded nucleic acids
that bind targeted RNAs sequences to promote their degradation or modify splicing by impeding
the binding of RNA splicing factors [153]. This approach has been developed in SMA and DMD and
approved by FDA. In SMA, an ASO that switches the splicing to include an exon in the pre-mRNA of
SMN2 gene has become the first treatment for SMA approved by FDA, commercialized by Biogen
(MA, USA) under the name Nusinersen [67].

In DMD, an exon skipping ASO called Eteplirsen is also approved and commercially available.
In this case, exon-skipping of damaged dystrophin in DMD generates a shortened but still functional
version of dystrophin [154]. Other NMDs like LGMD could benefit from ASO exon skipping,
by restoring the disrupted reading frame of the SGCG gene [5,27].

Apart from ASOs, gene replacement therapies are under development. In SMA, there is a gene
replacement therapy available for patients younger than 2 years old. In this case, SMN1 gene cDNA
is packaged in an adeno-associated virus 9 vector (AAVY), which are non-pathogenic, delivered
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intravenously and can cross the blood brain barrier to transduce neurons [155]. Once inside neurons,
SMN1 cDNA constitutively expresses, with long-term expression in differentiated cells after a single
dose, but not in mitotically active cells. This drug has shown efficacy in infantile SMA patients
and is commercialized by Avexis under the name Zolgensma [67,156]. Other gene therapies using
CRISPR/Cas-mediated approaches in NMD have shown efficacy in models of DMD, CMD, LGMD,
DML1, and FSHD [157], becoming promising therapeutic approaches for further transference into
clinical settings.

Altogether, currently there are nearly 200 potential therapies under development for NMD
(in preclinical and clinical stages), mainly targeting ALS, SMA, and DMD [158]. Around 43% are
small molecules (targeting receptor modulation, epigenetic reprogramming, redox metabolism, etc.),
14% gene therapy and 9% antisense oligonucleotides (ASOs) [159]. This shows that personalized
medicine is increasingly offering new treatments for rare diseases, like NMDs. Indeed, the number of
molecules in clinical trials for NMD has sharply increased in the last 5 years [158]. This proves NMD
therapies are becoming a highly dynamic and potentially achieving field [8].

Notably, treatments not only focus in improving physical health of NMD patients, but also patients
and families receive education and counselling to check their wellbeing. This may include getting
involved in support groups or genetic counsellors (e.g., physical therapists, nutritionists). Patient’s
associations are highly interested in creating support groups and analyze the quality of life of NMD
patients and carers. One ongoing project, promoted by Share4Rare and released in the beginning of
2020, consists in a study called “Understanding how neuromuscular diseases impact learning and
working opportunities for patients and carers.” They claim that patients with rare NMDs are a scattered
community, often dispersed, and poorly represented. Even with the increased interest in developing
research and potential therapeutic options in clinical trials in the last 10 years, little is known about
the impact on quality of life of NMDs. With this study, they focus on understanding the psychosocial
impact of NMD on patients, families, and caregivers [160].

4. Discussion

Despite we must acknowledge the impossibility of summarizing all previous knowledge in the
current review, the present revision aimed to outline the state-of-the-art in the main etiologies of NMDs
related to mitochondrial metabolism. The role of oxidative stress, mitochondrial biogenesis, autophagy,
and inflammation related to mitochondria have been thoroughly described and linked to the affected
NMDs (Figure 2). Overall, mitochondrial defects play a key role in the early process of neuronal and
muscle degeneration and further affects the progression of NMDs.

NMDs can appear as a result of damage in nerve, muscle, or both tissues. In fact, the classification
of NMDs include seven groups, two of them with primary muscle affection (MD and myopathies
other than dystrophies), three of them with primary nerve dysfunction (NM] diseases, peripheral
nerve diseases and motor neuron diseases) and last two with both tissues affected (mitochondrial
diseases and ion channel diseases). More attention should be focused on identifying prognostic and
diagnostic biomarkers that target a specific pathway to accurately diagnose every NMD and control
its progression.

Despite the number of treatments for NMD is still limited, some experimental treatments are
currently under development to tackle mitochondrial deregulated pathways in NMDs. Current
studies and clinical trials in many disabling NMDs aim to improve the wellbeing of patients and their
families, but deep understanding of mitochondrial dysfunction in NMD will be essential to validate
and establish further therapeutic targets.

The preclinical and clinical research advances in NMDs in the last years have been astounding.
Better cell and animal models have helped in the characterization of many NMDs. Furthermore,
the broad diversity and rarity of these diseases have revealed the importance of carefully studying
every NMD history and progression. This more accurate approach is translating to more personalized
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treatments, as seen with new ASOs and gene therapies recently released to the market, and will
eventually lead to a higher success rate in clinical trials for these disabling diseases.

5. Conclusions

e  NMDs have a direct or indirect influence of mitochondria in their etiology. Mitochondrial genetic
defects directly affect nerves and muscles in NMDs; but when there is an alternative cause of
disease, unproper mitochondrial function can limit energetic supply of compensatory mechanisms,
thus indirectly conditioning the progression of disease.

e Defects in oxidative metabolism can lead to accumulation of ROS, potentially affecting the ER and
triggering inflammation, which eventually may lead to cell death and tissue damage.

e To avoid cell damage and excessive oxidative stress, mitochondrial quality control processes
closely monitor changes in mitochondrial metabolism. In case of trouble, different responses arise
by the increase in the number of mitochondria (mitochondrial biogenesis), by changing their
morphology and size (mitochondrial dynamics) or recycling them (mitophagy). Most of these
processes are altered in NMDs, highlighting the relevance of mitochondria in the development
and progression of these disorders.

e Understanding nerves, muscles, and mitochondrial defects in NMDs is essential to improve
diagnosis and treatments for these major incapacitating diseases.

e  Despite growing efforts to clarify the etiology of NMD, the complexity of reality is still far beyond
current knowledge and information provided in the present review, challenging new researchers
to develop novel approaches.
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DISCUSSION

IBM is an idiopathic complex disease, with a late onset, unknown
pathophysiology, limited disease models and ineffective treatments. Multiple
attempts to unravel its origin, genetic variants contributing to the disease,
potential disease models and treatments, have still not reached a consensus about
how to deal with IBM.

The purpose to perform this project was based on the lack of models in IBM that
aid in understanding its pathophysiology, identify potential biomarkers and assay
new therapeutical options. In our attempt to be as close as possible to the patient

clinical state, we decided to develop cell models based on IBM patients’ samples.

This thesis presented four manuscripts about the use of cell models in IBM,
including the validation of fibroblasts and myotubes derived from iPSC as disease
models for IBM, the use of fibroblasts for analyzing IBM potential comorbidities
and their application to multi-omics analysis to identify potential biomarkers and

molecular targets.

The first work, using IBM-derived cell fibroblasts, was inspired by the use of
fibroblasts in neurodegenerative and mitochondrial diseases. As IBM has
degenerative and mitochondrial defects, we tested if these, along with
inflammatory alterations, were recapitulated in IBM fibroblasts. Indeed, we
confirmed the hypothesis, with IBM fibroblasts revealing inflammatory,
degenerative and mitochondrial alterations at transcriptomic and functional
level. Specifically, the mRNA seq profile of IBM vs. CTL fibroblasts displayed 778
differentially expressed genes (DEGs) (|log2FC| >1.5 and p-value adj < 0.05)
associated with inflammation, mitochondria, cell cycle regulation and
metabolism gene clusters. In addition, there was a higher cytokine secretion in

IBM fibroblasts, and reduced autophagic activity, by a lower expression of
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autophagy protein mediators and lower formation of autophagosomes. In
mitochondria, the mtDNA genetic content was decreased, together with reduced
mitochondrial respiration, COX/CS activity, mitochondrial membrane potential
and mitochondrial elongation. By contrast, oxidative stress, antioxidant capacity
and organic acids concentration were increased. Moreover, we tried to stratify the
IBM cohort in two subgroups, according to their progression or stabilization of
the disease. As mentioned before, IBM is a progressive degenerative disease that
can evolve through decades and have periods of stability for 4-12 years (11). In
our findings, oxidative stress and inflammation were correlated to IBM
prognosis, arising as potential markers of disease evolution. These findings could
be exported to other muscular diseases, as fibroblasts are a cost-effective model

and are being used in multiple biomedical research settings worldwide.

The limitations of this study were the small sample size, as IBM is a rare disease
and it is challenging to collect big cohorts of patients for further studies, even for
a specialized muscle unit like ours. In addition, the inflammatory response was

weaker in fibroblasts, due to these cells not being immune cells.

Alongside fibroblasts, we aimed to develop a cell model closer (in physiology) to
the target tissue of IBM, to muscle. This model was based on myotubes derived
from iPSC, in an attempt to obtain muscle cells from a non-invasive source
(fibroblasts or blood instead of muscle) and characterizing them as a potential
disease model. For this, we evaluated the transcriptomic and functional profile,
by assessing the inflammatory, degenerative and mitochondrial hallmarks from
IBM. The DEGs from the transcriptome were related to myopathic and muscle
contraction features in IBM myotubes, recapitulating some of the clinical
observation in the muscle. At molecular level, inflammatory cytokine levels
between IBM and CTL were similar, revealing an absence of immune response
related to IBM, potentially due to a lack of inflammatory crosstalk between
differentiated myotubes and immune cells. Autophagy displayed a reduced
activity, with a lower concentration of autophagy protein mediators. In
mitochondria, an increased anaerobic respiration by significant lactate
production and lower COX/CS activity suggested a trends towards mitochondrial
dysfunction, but the mitochondrial respiratory profile and antioxidant capacity

did not display changes. Briefly, myotubes suggest a trend towards myopathic,



161

autophagic and mitochondrial changes in IBM. However, inflammation was
absent, and the lack of more pronounced alterations could be due to
reprogramming, lack of inflammatory crosstalk in myotube vs. immune cells or
shortage of time in culture to develop alterations. To address these limitations,
we suggest that a co-culture with iPSC-differentiated myotubes and IBM-derived
lymphocytes could activate the myotubes and display an inflammatory response.
We should examine if the inflammation reduces after the stimulus is removed or
if the myotubes keep an inflammatory fingerprint that resembles the IBM muscle
inflammatory hallmarks. Nevertheless, we also need to recapitulate the late onset
age of IBM, associated with aging. Thus, for this reason, we suggest that myotubes
may require contact with ageing factors (chemical, environmental or genetic

stressors) to reveal an aged IBM phenotype.

Coming back to the fibroblast model, we decided to look for comorbidities in IBM,
in this case with AD and Type 2 Diabetes Mellitus diseases (T2DM). In former
studies in IBM, the presence of rimmed vacuoles containing TDP-43, b-amyloid,
p62, p-Tau, etc. in the cytoplasm of muscle fibers resembled the b-amyloid
plaques in the brain of AD patients. Thus, IBM was formerly called “the Alzheimer
in muscle”, although this terminology has been already dismissed and no
association between IBM patients and a higher prevalence towards AD was
found. The association with T2DM could be linked to the patients’ lifestyle.
Restricted mobility could be associated with the reported misbalanced glucose
homeostasis at clinical level, suggesting prediabetes conditions in IBM patients,
also observed in other IIMs. This altered glucose metabolism was confirmed at
molecular level, as when glucose conditions were changed, fibroblasts were
unable to adapt and displayed a reduced mitochondrial respiration and increased
anaerobic respiration in IBM, coupled with lower COX/citrate synthase (CS)
activity and higher oxidative stress levels. In the three diseases, IBM, AD and
T2DM, the mitochondrial dysfunction is present, suggesting mitochondria could

be an effective therapeutical target.

The constraints of this study were, again, the limited sample size due to IBM
being a rare disease. Moreover, it could be interesting to deep into the glucose
metabolism pathways to understand their dysregulation in IBM and check if they

share some traits with T2DM. These pathways may be also analyzed in other IIM
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like PM to determine if it is a distinctive trait of IBM or shared among the IIM

group.

Following with the mitochondrial contribution in IBM, the metabolite findings in
the IBM fibroblast model, drive us to search for altered molecules in other fluid
samples, such as urine, saliva and plasma samples. Indeed, we found an altered
organic acid profile in IBM fibroblasts and urine, highlighting L-pyroglutamic
and orotic acids. These associations lead us to pointing the glutathione and orotic
acid-related pyrimidine metabolism, specially orotidine, as potential metabolic
targets in IBM. These findings firmly support the mitochondrial contribution to
IBM. In addition, we found a correlation between the metabolic profile of IBM
patients and the metabolic genes with a differential gene expression in the muscle
of IBM patients, with L2HGDH, IDH2, OPLAH and ASL genes as potential
upstream gene regulators in muscle. In subsequent studies, the analysis of the
metabolic state of patients along their disease progression, could aid in
understanding disease evolution and metabolic fingerprints might contribute in
this, considering IBM is a progressive degenerative disease. The evaluation of
IBM progression may aid in the stratification of patients according to their

disease progression rate, or in the response to treatment efficacy.

For the previous studies, we performed multiple experimental set-ups,
intertwining clinical data from the IBM cohort, with functional and omics
analysis. This combination allows to compare the results of a holistic vs. target
approach, at omics vs. experimental level. However, the restricted number of
patients in our cohort, due to IBM being a rare disease, requires the validation of
our findings in bigger cohorts. Moreover, we must point out the technical
complexity of setting new cell models, specially iPSCs, as they required cell
reprogramming, characterization and differentiation before starting the
experiments to obtain results from the model. Additionally, iPSCs need to be
approved by several ethical committees, at institutional, regional and national
levels before the study, but also, once they are obtained, to be deposited in a
national biobank. These processes add complexity in the set-up and performance

of the studies.

Aside from the technical and biological complexity of the cell models for IBM

herein explained, here we remarked the limitations of disease models alongside
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their potential to be useful. From a more theoretical point of view, disease models
for preclinical studies are required for understanding disease pathophysiology
and to identify potential biomarkers, molecular contributors to the disease and

new treatments.

There are several aspects to determine how useful a model could or should be:
the first one is face validity, based on characterizing the disease hallmarks in the
models and determining if the model displays the pathogenic features of a specific
disease (122). This was our focus in the cell models of IBM, to characterize the
IBM inflammatory, degenerative and mitochondrial changes in multiple IBM
samples. The second one is construct validity, focused on the onset of pathogenic
features in the disease model appearing for the same reasons than in the patients
(122). The third one, key in translational research, is the predictive validity,
meaning that the observations in the model should predict the outcomes in
patients (122). This is key in testing potential treatments in preclinical and
clinical trials, but also, in understanding the pathophysiological responses, to
determine if the same effect is happening in the model and the patients. The
predictive validity should cover diverse genetic backgrounds, especially in
complex diseases, as several risk loci can display a similar clinical phenotype but
same or distinct treatment response (122). We must be receptive to models not
entirely recapitulating the human physiology but still being useful for specific

disease conditions and aims.

Appropriate preclinical models are required to generate accurate and predictive
data. Thus, they should be clinically relevant for all the disease progression,
reliable in the model predictions, highly validated and their bias should be
previously identified (123). Moreover, there is a need to report negative results in
the scientific community and also, to regulate all of the above issues. However, in
the case of new treatments from animal to human testing, the failures remain at
90% of the cases for decades (124). In many cases, this is due to unpredicted
toxicity, such as cases in which safety issues in animal tests were irrelevant but

appeared in human trials, or scarce efficacy (124).

In recent years, several alternatives have appeared to reduce animal testing. The
European Union Reference Laboratory for alternatives to animal testing (EURL

ECVAM), part of the Joint Research Centre of the European Union, advocates for
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the use of non-animal models like cells, organoids, organ-on-a-chip or in silico
models (125). They published several guidelines that promote the three Rs in
animal testing: Replacement, Reduction and Refinement of animal use in basic,
applied, translation research and for regulatory purposes (125). Reducing animal

use would also decrease study time and costs.

For instance, in the case of AD and PD, both neurodegenerative diseases, they
reported the use of non-animal models according to publications between 2013
and 2018 (126). Thus, tissues or fluids derived from patients accounted for 28%
of models in AD and 15% in PD (126). Primary or stem cells represented a 11% in
AD and 38% in PD, while human-derived cell lines a 9 vs. 11% in AD and PD,
respectively. Biochemical (cell-free) assays accounted for 18% in AD and 12% in
PD (126). More complex models like co-cultures, organoids, or organ on a chip
represented a 4%, 0% and 11% in AD, and 2% in the three cases for PD. In silico
models constituted a 19% in AD and 18% in PD, respectively (126). All these
percentages depicted the progressive introduction of non-animal disease models

in research, clinical and regulatory settings.

Coming back to the limited sample size in IBM, IIM and other rare diseases, it
impairs the collection of samples for assembling bigger cohorts, needed to obtain
robust results. To overcome this, we need the myositis community to collaborate
more to share their clinical, molecular and omics data in favor of the scientific
community and the patients, for better understanding of the pathophysiology of
these diseases, for recruiting patients for clinical trials, and eventually delivering

effective treatments to these patients.

Currently, The International IBM Consortium Genetic Study (IIBMCGS), led by
the University College London (UCL) Institute of Neurology, recruited 750 blood
IBM samples for a GWAS to search for genetic variants contributing to IBM and
understand the disease pathways in this disease to be able to accelerate treatment
options. This study is active till 2027 (127,128). Another consortium, the Myositis
Genetic Consortium (MYOGEN), recently published the identification of novel
associations in IIMs using genome-wide imputation through a ImmunoChip
array (36). They included 2,565 IIM patient samples, from which 252 were IBM
samples, and 10,260 ethnically matched control samples (Caucasian ethnicity).

They found 3 genetic associations in IIM, in STAT4, SDK2, and LINC00924 genes
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(36). In IBM, they identified CCR5, already associated with rheumatic disease
(36). These large cohort studies, considering the rarity of IIM and specifically

IBM, expand the understanding of the genetic basis in these diseases.

In the search for treatments, the field has revolutionized in recent years with the
application of omics profiling of patients. As mentioned before, understanding
the genetic or molecular profile of a patient, alongside their clinical history, allows
a more precise diagnosis, prognosis and treatment selection for patients, instead

of only taking decisions according to their clinical phenotype.

Multiple research consortiums at international levels, have been pioneered in
sharing, financing and discussing the latest results in massive data volumes in
genomics, cancer, or rare diseases, among others (129). Consortiums such as the
Global Alliance for Genomics and Health (GA4GH, www.ga4gh.org) (130),
research infrastructures like ELIXIR (131) and Big Data to Knowledge (BD2K)

(132), and international initiatives such as the International Cancer Genome
Consortium (ICGC), the International Human Epigenome Consortium (IHEC),
and the International Rare Disease Consortium (IRDiRC), are an example of
these consortiums (129). In the case of GA4GH, they are focused on building
technical standards and policy frameworks to secure the use of genomic and other
clinical data to apply genomic into clinical practice to predict treatment responses
or find patients with the same condition worldwide (130). In rare diseases,
IRDiRC is centered in delivering accurate diagnosis, treatments and care to rare
disease patients within one year from the disease symptoms onset. IRDiRC
committees are focused on tackling gaps and key points in rare diseases by
producing guidelines and other resources (133). In order to integrate and reuse
scholarly data, multiple stakeholders from academia, industry, funding agencies
and publishers established the “The FAIR Guiding Principles for scientific data
management and stewardship” (134). FAIR principles stand for findable,
accessible, interoperable and reusable data management, to enable open science,
reproducibility and faster breakthroughs. The abovementioned consortiums

adhered to FAIR principles (134).

It is essential to appreciate the coordinated effort of clinicians, basic and
computational researchers, ethical committees, funding and regulatory agencies

to maintain international platforms for sharing and interpretating biomedical
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data to improve the understanding of multiple diseases and provide a better care
for their patients. Moreover, integrating biomedical, clinical and computational
level is challenging. An initiative in charge of this is called the Disease Maps
Project, which aims to represent disease mechanisms for several diseases
(135,136). They integrate signaling pathways, metabolic and gene regulatory
networks. Clinicians and basic researchers ensure that all the disease

contributors and knowledge are represented appropriately (135,136).

In translational medicine, disease maps are used to interpret omics data (e.g.
pathway analysis) and to generate new hypothesis, for predictive analysis (e.g.
causal gene variants in a disease) and for clinical support data. There are disease
maps available for specific diseases like COVID-19, PD, Asthma, Rheumatoid
Arthritis, Cancer, Sarcopenia, hearth failure, atherosclerosis and Sjogren’s
syndrome, among others (135,136). A disease map for IBM or other IIMs would

be valuable.

Indeed, Sjogren syndrome displays an associated comorbidity with IBM (5,30)
together with IBM related features like anti-cN-1A antibodies, HLA-DR3
haplotype (predisposes to autoimmune diseases), and an association to T cell
large granular lymphocytic leukeamia (30). Hepatitis C virus, displaying immune
senescence and T cell exhaustion, also shares traits with IBM(14). Also, some
myopathies manifest IBM-like features like pathomorphology (similar
histopathological patterns) (in Granulomatous and HIV-associated myositis),
immune senescence and T cell exhaustion also in HIV-associated myositis; and
mitochondrial damage in NRTI-associated myopathy (14,30). Understanding
these interactions among immune pathologies could shed light into the

pathogenesis of IBM (30).

However, there is still a knowledge gap to understand the effect of multiple
genetic and molecular alterations in the phenotype, complicating the application
of molecular studies straightforward to the clinical assistance. Indeed, this is one
of the bottlenecks of the bench-to-bed translation in translational research. We
expect this gap will narrow in upcoming years with the contribution of the recent

scientific developments.
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A current project that tackles these gaps is called Treatabolome (137), in charge
of determining treatments for untreated rare diseases according to their genetic
variants. The aim is to develop a database able to seek for available treatments to
be applied to rare diseases, to find gene and variant specific treatments and to

reduce the patient’s treatment obstacles.

Aligned with this approach, drug repurposing, with the aid of artificial
intelligence (Al), is emerging as a new tool to find potential drug candidates for
untreated rare diseases. To identify a candidate for drug repurposing, it is
required to determine a molecular signature associated with disease severity.
With this target, the search for an overlap in previously approved drugs (by FDA
or EMA) begins. If drug candidates are found within the approved drugs, some of
them are prioritized and tested in vitro (e.g. in iPSC-derived myotubes) or in vivo
(e.g. in animal models). Drug repurposing has advanced hugely with the

integration of data allowed by AI models.

Alongside high throughput approaches seeking for new treatments, patients’
associations and a significant number of clinicians advocate for implementing
quality of life (QoL) assessments in the natural history of IBM patients, in clinical
trials, or observational studies, to introduce the patients’ view and understand
what matters most for them (5). IBM and other IIMs affect the QoL of patients
and could lead to long-term disability. However, it is challenging to standardize
a protocol to measure QoL. Moreover, as some IIM manifest also outside muscle
(e.g. skin rash in DM), indicators of systemic alterations could be beneficial but

quite unknown and not yet validated (5).

A therapeutic program directly related to improving the QoL of IIM patients
could be the prescription of physical therapy. New findings provide evidence that
exercise is both safe and beneficial for adults with IIM, as it has been shown to
enhance muscle function and QoL in individuals with IIM (5). Exercise programs
designed to enhance strength and function activate specific molecular pathways
that regulate aerobic capacity, promote capillary growth, and facilitate muscle
remodeling, while alleviating the inflammatory response within the muscles (5).
Consequently, it is advisable to include exercise, under the guidance of physical
therapists, as an early intervention for IIM patients, with gradual progression

tailored to each individual's response. The majority of patients tolerate exercise
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well, experiencing no adverse effects (5). Considering the favorable outcomes,

physical exercise should be regarded as a standard treatment for IIMs.

In summary, with this thesis we provided an insight into IBM molecular
mechanisms with the aid of cellular models derived from IBM patients. The
development of fibroblasts and iPSC-differentiated myotubes models for IBM
have allowed the characterization of muscle histopathology findings, which are
inflammation, degeneration and mitochondrial changes, outside the muscle
tissue but keeping the patients’ genetic background. Alternative models, such as
mice models, cannot replicate the patients’ genetic background to that extent.
Moreover, we assessed if our cohort of IBM fibroblasts displayed comorbidities
with other prevalent diseases like AD or T2DM diseases, all sharing
mitochondrial dysfunction within their pathophysiology. In an attempt to have a
broader view of IBM pathophysiology, we perform a gene expression analysis by
mRNA seq of the target tissue, muscle, compared to fibroblasts and iPSC-
differentiated myotubes. DEGs of each of the samples provided an overview of
what pathological pathways were altered and which ones were shared between
the cell models and the target tissue. Moreover, the additional screening of fluid
samples, like urine or plasma, was aimed to check and support the presence of
systemic alterations related to the IBM hallmarks, as well as facilitating their
detection in a non-invasive manner. However, we must acknowledge the limited
sample size of our cohorts as well as the supportive information the cell models
herein displayed can provide to the muscle biopsy required in the diagnosis of
IBM. In addition, we should take advantage of the knowledge provided by other
pathologies with shared mechanisms, like AD and PD related to mitochondrial
and degeneration alterations; or Sjogren syndrome disease map, as anti-cN-1A
antibodies, HLA-DR3 haplotype and an association to T cell large granular
lymphocytic leukemia are shared with IBM. Moreover, we must keep in mind that
IBM is a rare disease, and IBM-related consortiums are key to validate results
from proof of concept studies in bigger cohorts of patients. In this step, we have
to acknowledge the importance of including, sharing and protecting clinical data
registries for IBM and all rare diseases, to move faster from research to clinical
applications. Overall, the coordination of multiple stakeholders including basic
researchers, clinicians, regulatory and funding agencies and pharmaceutical

companies is key in providing a better understanding, care and treatments in
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multiple diseases, including IBM. We hope our study sheds light on alternative

models for IBM and provides ideas to progress in the IBM care context.
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CONCLUSIONS

The conclusions derived from this thesis are the following ones:

1.

Fibroblasts from inclusion body myositis patients revealed the presence of
inflammatory, degenerative and mitochondrial disturbances, resembling
those present in the muscle tissue, becoming a potential disease model for
inclusion body myositis and eventually other neuromuscular diseases.
Skeletal muscle cells derived from induced pluripotent stem cells obtained
from inclusion body myositis patients fibroblasts’ displayed myopathic,
autophagic and mitochondrial changes resembling the target tissue of the
disease.

The comorbidity of inclusion body myositis with other age-related diseases
revealed that pre-diabetes conditions were found in inclusion body
myositis fibroblasts in relation to Diabetes mellitus type 2, but no
correlation with Alzheimer’s disease was found.

Metabolic disarrangements in inclusion body myositis fibroblasts and
fluid samples revealed that L-pyroglutamic and orotic acids could be
potential biomarkers for inclusion body myositis.

Cell models derived from inclusion body myositis patients are a tool to
investigate the etiology of the disease, aid in the identification of
biomarkers and in the evaluation of potential comorbidities with other
diseases.

The role of the metabolic and mitochondrial component in inclusion body
myositis is relevant and could be also affected in other muscular diseases.
Despite inclusion body myositis is a muscular disease without clinical
symptoms outside of the muscle, there are molecular changes in other
tissues, suggesting that there might be a systemic alteration.

The identification of altered genes at transcriptomic level in inclusion body
myositis could aid in identifying upstream regulators and affected
signaling pathways that shed light into inclusion body myositis
pathophysiology.
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