Review

The role of protein aggregation in the pathogenesis
of inclusion body myositis

A M. Snedden'?, K.A B.

Kellett®, J B. Lilleker'?, N.M. Hooper*#, H. Chinoy'~*

Centre for Musculoskeletal Research,
Faculty of Biology, Medicine and Health,
The University of Manchester, UK;
2Manchester Centre for Clinical
Neurosciences, Salford Royal Hospital,
Northern Care Alliance NHS Foundation
Trust, Manchester Academic Health
Science Centre, Salford, UK;

3Division of Neuro-science and Experi-
mental Psychology, School of Biological
Sciences, Faculty of Biology, Medicine and
Health, The University of Manchester, UK,
‘Geolffrey Jefferson Brain Research Centre,
Manchester Academic Health Science
Centre, Northern Care Alliance and
University of Manchester, UK;

’National Institute for Health Research
Manchester Biomedical Research Centre,
Manchester University NHS Foundation
Trust, The University of Manchester, UK;
®Department of Rheumatology, Salford
Royal Hospital, Northern Care Alliance
NHS Foundation Trust, Manchester
Academic Health Science Centre,

Salford, UK.

Andrew M. Snedden, MRCP, MSc
Katherine A.B. Kellett, PhD

James B. Lilleker, MRCP, PhD

Nigel M. Hooper, PhD

H .ector Chinoy, FRCP, PhD

Please address correspondence to:
Andrew Snedden,

Centre for Musculoskeletal Research,
Faculty of Biology, Medicine and Health,
The University of Manchester,

2nd floor, Stopford Building,

Oxford Road,

M 13 9PT Manchester, United Kingdom.
E-mail: andrew.snedden@manchester.ac.uk
Received on January 4, 2022; accepted in
revised form on January 31, 2022.

Clin Exp Rheumatol 2022; 40: 414-424.

© Copyright CLINICAL AND
EXPERIMENTAL RHEUMATOLOGY 2022.

Key words: inclusion body myositis,
pathological protein aggregation,
endoplasmic reticulum stress,
neurodegenerative diseases,

TDP-43 proteinopathies, biomarkers

Funding and competing interests: page 421.

414

ABSTRACT

Inclusion body myositis (IBM) is char-
acterised by infiltration of CD8* T-cells
and signs of protein aggregation such as
rimmed vacuoles and inclusion bodies.
Aggregated proteins include those pre-
sent in neurodegenerative diseases, and
also those involved in protein homeosta-
sis. The aim of this review is to discuss
the pathological effects of protein ag-
gregates and the process of aggregation
following immune attack in IBM.
Immune attack is likely to cause protein
aggregation by impairing endoplasmic
reticulum (ER) and mitochondrial func-
tion. Apoptotic and necrotic pathways
are activated, possibly leading to nu-
cleo-cytoplasmic coagulation. Overex-
pression of nuclear and ribosomal pro-
teins in rimmed vacuoles suggests that
the vacuoles develop from the collapse
of myonuclei and the surrounding ER.
Aggregated proteins can activate the
NLR family pyrin domain containing 3
(NLRP3) inflammasome or provoke a
humoral immune response. Heat shock
proteins, ribosomal proteins and pro-
tein fragments may provoke interferon-
gamma and cytotoxic T-cell responses
in a similar manner to Mycobacterium
tuberculosis antigens. Persistent provo-
cation can lead to T-cell large granular
lymphocytic leukaemia which is resist-
ant to immunosuppression, and would
explain the progression from polymy-
ositis to IBM. Protein aggregates may
impair the cellular machinery, and pro-
teins may propagate along a myocyte in
a prion-like manner. These pathologi-
cal mechanisms may prevent myocyte
regeneration following damage from
eccentric muscle contraction, causing
weakness and atrophy in a character-
istic pattern.

Further understanding of the mecha-
nisms of protein aggregation in IBM
may lead to additional therapies as well
as novel muscle and blood biomarkers.

Earlier diagnosis and treatment may
result in improved outcomes when ef-
fective therapies are available.

Introduction

Inclusion body myositis (IBM) is an
idiopathic  inflammatory = myopathy
(IIM) characterised by the infiltration
of mainly cytotoxic CD8* T-cells into
the endomysium of myocytes, which
does not improve clinically with im-
munosuppressive or non-immunosup-
pressive therapies. Myopathic features
are also found, such as rimmed vacu-
oles, inclusion bodies and ragged red
fibres (1) which reflect protein aggre-
gation and mitochondrial dysfunction.
Many proteins have been detected in
IBM aggregates that are key proteins in
the pathogenesis of neurodegenerative
diseases, such as beta amyloid (Af})
(2), microtubule-associated protein tau
(tau) (3), a-synuclein (4), TAR-DNA
binding protein-43 (TDP-43) (5) and
the prion protein (6). Some authors
therefore reasoned that IBM was un-
responsive to immunosuppression as it
was a predominantly myodegenerative
disease with protein aggregation pro-
voking a secondary immune response
(7, 8). Others reasoned that the tenden-
cy of polymyositis to progress to IBM,
as well as associations with a major his-
tocompatibility complex (MHC) haplo-
type (9), suggested that IBM is primar-
ily an inflammatory myositis causing
impaired protein homeostasis (1, 10).
Recent work has shown that highly dif-
ferentiated cytotoxic CD8* T-cells ex-
pressing killer cell lectin-like receptor
subfamily G1 (KLRGI1) aggressively
invade IBM muscle, with upregulation
of perforins, granzymes and cytokines,
including interferon-gamma (IFN-vy)
(11). These T-cells also had a similar
pattern of cell surface markers and cy-
totoxicity to that seen in T-cell large
granular lymphocytic (T-LGL) leukae-
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mia, which was previously shown to
be associated with IBM (12). T-LGL
leukaemia is a clonal expansion that is
triggered by chronic antigenic stimula-
tion, and treatment with immunothera-
pies have so far had a limited effect
(13). This finding helps explain the
treatment-resistant nature of IBM, and
a monoclonal antibody that specifically
targets these KLRG1* T-cells is in clini-
cal trials (14). Whilst development of a
chronic leukaemia is likely to be a key
factor in IBM pathology, it is unclear
how this T-cell attack leads to protein
aggregation, and the role that protein
aggregates have in myocyte dysfunc-
tion and inflammation. By understand-
ing these mechanisms, we may there-
fore determine which proteins have a
pathological role or can be used as bio-
markers, thus improving the diagnosis
and treatment of IBM.

In this review we will discuss possible
mechanisms that lead to protein aggre-
gation following T-lymphocyte cyto-
toxicity, and discuss the role of these
proteins in triggering further immune
attack and dysfunction of the myocyte.
We also discuss how identification and
characterisation of these proteins may
assist diagnosis of IBM from muscle
and blood samples.

Immune attack and possible
mechanisms of protein
aggregation in IBM
IBM muscle is infiltrated by CD8* T-
cells, but cytotoxic CD4* CD28™!" T-
cells, dendritic cells and plasma cells
can also be found (1). The only known
antigen for this immune response is
Cytosolic 5’-nucleotidase 1A (cN1A)
protein, with antibodies against this
protein found in 33-76% of patients
with IBM (15, 16). Antigen presenta-
tion to T-cells results from cleavage of
proteins by the proteasome, immuno-
proteasome (17) (Fig. 1) and/or other
proteases into peptides, which are then
loaded onto MHC Class I and/or MHC
Class II for transportation to the cell
membrane (18, 19). If the antigen is
recognised, then T-cell attack may oc-
cur concurrently in three ways:
1. The cell releases cytokines such as
IFN-v (20) and tumour necrosis fac-
tor-alpha (TNF-a) (21), resulting in
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responses including upregulation of
MHC Class I and IT (22), inducible
nitric oxide synthase induction (23)
as well as initiation of apoptosis (24)
and necroptosis (see “Cell death and
protein aggregation”) (25).

2. Cytotoxic T-cells release perforins,
which transiently form a pore in the
sarcolemma (Fig.2) (26,27). This al-
lows an influx of Ca?* (28) and gran-
zymes into the myocyte, and gran-
zymes A, B, K and H are known to be
upregulated in IBM (11). Granzymes
are serine proteases that can initiate
apoptosis through either the caspase
cascade or caspase independent path-
ways, leading to nicking of DNA,
generation of reactive oxygen spe-
cies, mitochondrial dysfunction, cy-
tochrome C release from mitochon-
dria and apoptosis (29).

3. The CD95L /Fas ligand (FasL) binds
to the CD95/Fas receptor on the tar-
get cell surface, which activates the
caspase cascade leading to apoptosis
(30). It can also lead to necroptosis
in a caspase independent fashion
(25). Fas is strongly expressed in
atrophic IBM fibres (31).

The precise mechanism by which pro-

longed immune attack leads to protein

aggregation in IBM is not clearly de-
scribed but may be due to several fac-
tors. Prolonged rupture of the sarco-
lemma leads to Ca** influx, electrolyte
and reduction/oxidation (redox) poten-
tial changes in the cytosol (29), which
might then impair endoplasmic reticu-
lum (ER) function and mitochondrial
electron transport chain function. Dys-
regulated redox status, reactive oxygen
species (ROS) as well as activation of

Fas, TNF-Receptors (TNF-R), Toll-

like receptors 3 and 4 (TLR3/TLR4)

can then lead to apoptosis, necroptosis
and pyroptosis (25). Protein aggrega-
tion may ensue in the following ways:

ER dysfunction and protein
aggregation

Changes in the redox potential of the
ER affects oxidative folding of pro-
teins, leading to exposure of their hy-
drophobic residues which are aggre-
gate-prone and thus toxic to the cell
(32). In normal cell function, proteins
are accurately folded and modified in-

side the ER following translation by
ribosomes (33). Misfolding of proteins
alters ER protein homeostasis causing
ER stress, which is detected by signal-
ling peptides and leads to ER-associat-
ed degradation (ERAD). This involves
translocation of proteins to the cyto-
plasm for degradation by the proteas-
ome and activation of the unfolded pro-
tein response (UPR), with upregulation
of ER chaperones and folding proteins
(34). ER stress has been induced in
yeast cells using specific inhibitors or
mutations impairing ERAD and UPR,
leading to widespread aggregation of
hydrophobic and aggregate-prone pro-
teins (35).

A similar process generating aggregate-
prone proteins may therefore occur fol-
lowing ER stress in IBM muscle. In
contrast to yeast cells, the ER in myo-
cytes appears to be continuous with the
sarcoplasmic reticulum (SR) (36), but
there is evidence of compartmentali-
sation of regions and protein transport
(37, 38). Should the compartmentalisa-
tion be disturbed by T-cell attack then
presumably the influx of calcium would
also affect oxidative folding and gener-
ate hydrophobic and aggregate-prone
proteins (Fig. 2, Point 2). SR and ER
disruption may also impair transport of
proteins from ribosomes to the export
sites (37), thus causing accumulation of
protein in the ER.

Mitochondrial dysfunction

and protein aggregation
Mitochondrial electron transport chain
dysfunction due to changes in cell re-
dox potential can lead to protein aggre-
gation in cell culture experiments. The
addition of mitochondrially-targeted
redox agents or an inner membrane
uncoupling agent to breast cancer cell
cultures led to formation of aggregates
>450kDa containing tumour protein
P53, and particles 1-5um across (39).
The aggregates were sequestered in the
autophagosome and resistant to lyso-
somal degradation. Similarly, in yeast
cell cultures with mutations that im-
paired mitochondrial protein transla-
tion, protein homeostasis was impaired
and multiple cytoplasmic protein ag-
gregates containing heat shock protein
104 were formed (40).
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Fig. 1. Autophagy and the ubiquitin-proteasome system.

Proteins are cleared from the cell by autophagy or the ubiquitin-proteasome system (UPS). In selective
autophagy (51), inhibition of the mechanistic Target of Rapamycin (mTOR) pathway leads to activa-
tion of the phosphatidylinositol 3-kinase (PI3K) complex which assists with membrane nucleation and
phagopore formation (1A). The adaptor protein sequestosome-1/p62 binds to ubiquitinated proteins and
then binds to LC3 on the phagopore surface. The phagopore membrane gradually expands to envelop
the cargo proteins (1B) until it does so completely to form the autophagosome (1C). This fuses with
a lysosome to form an autolysosome (1D), where proteins are degraded by lysozymes. In chaperone-
mediated autophagy, Heat shock cognate 71kDa protein (Hsc70) binds to misfolded proteins, then binds
to LAMP2 on the lysosome surface (2A). The protein translocates across and is degraded (2B). Whilst
LAMP2, p62 and LC3 and can used as biomarkers (52) for IBM, p62 appears to aggregate in other
myopathic conditions and so is not specific for IBM (53). In the Ubiquitin-Proteasome system (17)
ubiquitinated proteins can be degraded by the 26S proteasome or immunoproteasome. The immunopro-
teasome is expressed in response to cytokines such as IFN-y, has different subunits and cleavage sites
compared to the 26S Proteasome, and generates peptides which can be presented by MHC Class 1. The
immunoproteasome is upregulated in IBM, with PSMBS (encoding the $5i subunit) in particular being
highly expressed in IBM muscle (Table II) (54). The (35i subunit has also been found in IBM muscle
on immunostaining, and one group found its enzymatic activity was increased in IBM muscle (55),
although another group found it to be reduced (56). If the activity is increased then immunoproteasome-
cleaved protein fragments might have a role as IBM biomarkers.

Cell death and protein aggregation

Whilst granzyme cleavage activates
caspases and induces apoptosis (41),
activation of Fas, TNFR and other
death receptors leads to the formation
of the ripoptosome (42), with the subu-
nits determining whether cell survival,
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apoptosis or necroptosis occurs. Ap-
optosis is a caspase-dependent process
where the cell structure is demolished,
and the cell is phagocytosed before the
cell contents are released (43). Necro-
sis is uncontrolled cell death leading to
rupture of the cell and release of pro-

inflammatory molecules, and when ac-
tivated by the ripoptosome it is called
necroptosis (44). A small study showed
that partial infiltration of IBM muscle
fibres by CD8* T-cells led to apoptosis,
with no apoptosis in the fully invaded
fibres, and very little apoptosis in der-
matomyositis muscle fibres (45). If ap-
optosis is upregulated in IBM, this may
lead to an increase in truncated BH3-in-
teracting domain death agonist (tBID)
and other mediators of apoptosis in
the muscle and blood of these patients,
which could serve as biomarkers.
Pyroptosis, a caspase medicated form
of necrosis, occurs in polymyositis and
dermatomyositis following activation
of the NLR Family Pyrin Domain Con-
taining 3 (NLRP3) inflammasome pro-
moted by glycolysis (46). The NLRP3
inflammasome is also activated in Va-
losin-containing protein (VCP) myopa-
thy (47), a genetic myopathy which has
pathological features similar to IBM
(48). No studies have investigated its
role in IBM, but given the similarities
between IBM, PM and VCP myopathy
it is possible that NLRP3 activation
and pyroptosis also occur in IBM.
Necrotic cells are frequently seen in
IBM and they may occur due to necrop-
tosis, pyroptosis, or secondary necro-
sis if apoptotic cells are not cleared by
macrophages. In cell cultures second-
ary necrosis following apoptosis led
to aggregation of proteins by a mecha-
nism known as nucleo-cytoplasmic
coagulation (NCC), where disulfide
bridges formed between proteins (49).
The authors argued that this is a pro-
tective mechanism to prevent exposure
of epitopes to the immune system and
mitigate autoimmunity, although some
immunogenic proteins were able to es-
cape this. As NCC tended to occur in
similar types of proteins to those found
to aggregate in IBM (e.g. GTPases, heat
shock proteins (Hsps), and nuclear pro-
teins (50)) then it is possible this type of
protein aggregation also occurs in IBM
muscle.

Which proteins aggregate in IBM?
Proteins involved in
neurodegenerative diseases

Early studies of IBM found cytoplas-
mic microtubular filaments on electron

Clinical and Experimental Rheumatology 2022



The role of protein aggregation in IBM / A. M. Snedden et al.

© Normal protein | © Misfolded protein

Prion-like spread??
e

| © Granzyme
P MHC Class I:
/ | \“ Peptide complex
N2/
N
7 Y t
RNA @ Ca}’o
Ribésomes O/ & = °
Sarcoplasmic Endoplasmic < ;
reticulum Reticulum 2' Nl «
»  Ca*
Ca ° ° o Myonucleus I °c
° " Myofibril '
Mitochondrion I Ca?
K7 U
1

Fig. 2. Possible pathogenic roles of protein aggregation in IBM muscle.

1. T-cells release perforins and granzymes, as well as inflammatory cytokines. They also express death
receptor ligands such as FasL (see “Immune attack and mechanisms of protein aggregation in IBM”)
2. Redox changes in the cytosol and disruption of the SR/ER lead to ER stress, protein misfolding and
failure of protein clearance from the ER. This leads to further protein aggregation. 3. Nuclear and ER
proteins aggregate around the nucleus, impairing nuclear function. RVs may be formed after nuclear
and ER collapse. 4. Cytosolic aggregation of protein and changes in the redox potential in the cell may
disrupt mitochondrial function 5. Proteins are not cleared due to failure of autophagy and the UPS-pro-
teasome system. 6. The prion-like spread of proteins in neurodegenerative diseases raises the possibility
of localised prion-like propagation in muscle. 7. Presentation of peptides by MHC Class I is likely to
trigger further immune attack. Aggregated proteins may also activate the NLRP3 inflammasome.

microscopy (EM) (57), which are still
included in current diagnostic crite-
ria (58). Vacuolated fibres were then
stained with Congo Red dye, which
showed amyloid deposits with either
wispy or plaque-like morphology (59).
Askanas et al. found that in IBM mus-
cle amorphous deposits were stained
with antibodies targeting AP in spo-
radic IBM (2). Other studies have had
mixed results, with some studies con-
firming the presence of Amyloid Pre-
cursor Protein (APP) and Af (a toxic
fragment following cleavage of APP by
[- and y-secretase) on immunostaining
(60, 61), and other studies finding no
evidence of AP aggregation (62, 63).
Our group has used [18F] Florbetapir,
a positron emission tomography (PET)
tracer targeting AP, and increased up-
take was seen in IBM patient muscles
compared to controls (64). Although in
pre-clinical studies [18F] Florbetapir
bound avidly to AP plaques in post-
mortem brain tissue (65), it is possible
that there is some non-specific binding
in muscle. It is plausible that APP and
AP may be found in protein aggre-
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gates in IBM, but there is no definite
evidence that they have a major role in
IBM pathology.

Further studies specifically sought other
proteins involved in neurodegenerative
diseases, such as tau (66), prion protein
(67), a-synuclein (68), TDP-43 (69) as
well as proteins involved in maintain-
ing protein homeostasis and markers of
oxidative stress (7). These have mostly
been detected with immunohistochem-
istry, Western blotting and in some
cases EM immunohistochemistry, and
detection of proteins depends on the an-
tibodies used. Proteomic studies have
provided a more systematic assessment
of the proteome in IBM muscle.

Mass spectrometry studies

of the proteome in IBM

One of the first attempts to identify pro-
teins upregulated in IBM by mass spec-
trometry (MS) was performed by Li et
al. where they found upregulation of
16 proteins including APP, transthyre-
tin [accumulates in tissues in amy-
loidosis (70)], superoxide dismutase
1 [mutations in this protein can cause

amyotrophic lateral sclerosis (ALS)
(71)] and various Hsps. Another study
using MS and microarray data found a
reduction in fast twitch sarcomeric and
glycolytic enzyme proteins and mRNA
compared to IIM and normal controls
(72), which is in keeping with the Type
II muscle fibre atrophy seen in IBM
(73). In contrast, Myosin heavy chains
3 and 8 (MYH3 and MYHS) protein
and mRNA were upregulated in IBM,
and these isoforms are associated with
muscle regeneration (74, 75).

Laser microdissection has also been
used to assess different features in IBM
muscle. One study performed tandem
mass spectrometry on myofibres sur-
rounded by inflammatory cells which
had been cut out by laser dissection,
and compared to normal controls (76).
This showed 337 proteins which were
exclusively found in IBM muscle. The
biopsies were immunostained with an-
tibodies for extracellular matrix (ECM)
and basement membrane proteins. The
ECM protein biglycan was deposited
on myofibres that were surrounded or
invaded by inflammatory cells. Bigly-
can is known to be pro-inflammatory
(77) and so may provoke further im-
mune attack.

Another study used laser microdissec-
tion to cut out rimmed vacuoles and
cytoplasmic controls from the same
biopsy, and the relative abundance of
proteins that were detected with mass
spectrometry from each group were
compared (50). This resulted in a list
of 243 proteins that were expressed
1.5 times more in rimmed vacuoles
than cytoplasm. FYVE and coiled-coil
domain-containing protein 1 (FYCO1)
and p62 (Table I) were the most over-
expressed. TDP-43, a heterogeneous
nuclear ribonucleoprotein  (hnRNP)
which aggregates in ALS, was also
markedly overexpressed, as was 60S
ribosomal protein L8 and heterogene-
ous nuclear ribonucleoprotein A2/B1
(hnRNPA2B1) (50). These findings are
consistent with other studies (5, 78).
The high abundance of nuclear and ri-
bosomal proteins suggests that rimmed
vacuoles are from collapsed nuclei and
surrounding ER.

In the list of proteins overexpressed
in RVs in this study, there are notable
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Table I. Relative abundance of proteins in RVs compared to cytoplasm on laser dissection and mass spectrometric analysis of IBM muscle.

Protein Ratio of abundance  Protein Ratio of abundance
in RVs: Cytoplasm in RVs: Cytoplasm
FYVE and coiled-coil domain-containing protein 1 (FYCO1) n/a TAR DNA-binding protein 43 (TDP-43) 47.23
sequestosome-1/ p62 n/a 60S ribosomal protein L8 43.78
acid ceramidase n/a myosin-14 30.89
syncoilin n/a moesin 30.77
transaldolase n/a clathrin heavy chain 1 29.06
collagen alpha-1(XV) chain n/a spectrin beta chain, erythrocytic 20.84
heterogeneous nuclear ribonucleoprotein U n/a plastin-2 19.31
peroxisomal multifunctional enzyme type 2 n/a 40S ribosomal protein S3a 19.14
LIM domain only protein 7 n/a muscle-related coiled-coil protein 18.72
lysosome membrane protein 2 n/a heterogeneous nuclear ribonucleoproteins A2/B1 17.05
macrophage-capping protein n/a fibrinogen gamma chain 15.6
myosin-7B n/a fibulin-5 15.49
protein cordon-bleu n/a protein disulfide-isomerase A6 14.79
protein ATP1B4 n/a transforming growth factor-beta-induced protein ig-h3 1442
ezrin n/a 60S ribosomal protein L17 13.23
ferritin light chain n/a T-complex protein 1 subunit alpha (TCP-1-alpha) 12.87
contactin-associated protein-like 4 n/a xin actin-binding repeat-containing protein 2 (XIRP-2) 12.82

Abundance of proteins in RVs compared to normal cytoplasm in IBM muscle expressed as a ratio. n/a - denotes a protein that was detected in RVs but not
in the cytoplasm. Less abundant proteins detected in RVs that were not detected in cytoplasm are omitted from this Table. Adapted from supplementary data
from (50) Guttsches et al.: Proteomics of rimmed vacuoles define new risk allele in inclusion body myositis. Ann Neurol 2017; 81(2): 227-239. Reprinted

with permission.

absences of APP, tau, a-synuclein and
the prion protein (50). This may be be-
cause these proteins do not have a ma-
jor role in IBM, or may be because they
aggregate in the cytoplasm rather than
the ER and nucleus, and so do not accu-
mulate in RVs. It is possible they might
be found in other protein aggregates in
IBM muscle, such as cytoplasmic in-
clusions which stain with Congo Red
and occasionally Af stains, and “squig-
gly inclusions” which stain with anti-
tau antibodies (79).

Possible pathogenic roles of

proteins which aggregate in IBM

We have discussed how immune attack
can lead to impaired cellular and pro-
tein homeostasis and protein aggrega-
tion, but the opposite is also likely to
occur. Here we discuss how protein ag-
gregation may impair cellular function
and provoke further immune attack.

Antigens for immune response

Aggregates of proteins in IBM muscle
could trigger an immune response me-
diated by the NLRP3 inflammasome.
Activation of the NLRP3 inflamma-
some occurs in two steps (85). The in-
flammasome is first primed by Interleu-
kinl (IL-1) Receptors, TNFRs or TLRs

418

following stimulation by IL-13, TNF-a.
or pathogen associated molecular pat-
terns (PAMPs) such as double stranded
RNA. NLRP3 activation can then be
triggered by diverse stimuli including
hypercalcaemia, ROS, particulate mat-
ter, bacterial and viral proteins and tox-
ins, which then leads to pyroptosis (see
“Cell death and protein aggregation”™)
as well as IL-1p and Interleukin-18
(IL-18) release.

Activation of the NLRP3 inflammas-
ome by TDP-43, a-synuclein, phospho-
rylated tau and paired helical filaments
has been demonstrated in vitro and in
neurodegenerative disease models (86-
88), therefore their aggregation in IBM
muscle may also activate the NLRP3
inflammasome. Similarly, biglycan
(discussed in “Mass spectrometry
studies”), aggregates on the myocyte
membranes in IBM (76) and is known
to activate macrophages (77) and the
NLRP3 inflammasome (89). It is possi-
ble that cN1A, which dephosphorylates
DNA, may mimic a viral protein, thus
activating TLRs and the NLRP3 in-
flammasome in IBM muscle as well as
provoking a humoral immune response.
Other possible protein antigens in IBM
which could cause a humoral immune
response and activate the NLRP3 in-

flammasome include histone H4. This
protein binds to DNA and is prominent-
ly expressed in IBM RVs (50). Antibod-
ies specific to a histone H3:H4 tetramer
are present in hydralazine-induced
lupus (90), but so far these antibodies
have not been reported in IBM patients.
Desmin aggregates are prominent in
RVs (50) and may also provoke a hu-
moral immune response, as antibodies
derived from a single plasma cell from
an IBM patient have been found to be
specific to desmin (91). The signifi-
cance of this is unclear as only a single
plasma cell was found, and anti-desmin
antibodies in IBM patient blood have
not been reported either.

As well as mimicking viral proteins,
partially degraded proteins may mimic
intracellular bacterial pathogens, lead-
ing to a further cytotoxic T-cell re-
sponse. In Mycobacterium tuberculosis
(M. tuberculosis) infection, the bacte-
ria survives in phagosomes after being
phagocytosed by macrophages, before
escaping to the cytoplasm (92). If M.
tuberculosis protein antigens are pre-
sented to CD4* T-cells then this leads
to a release of IFN-y and a cytotoxic
T-cell response (93). In IBM muscle,
misfolded and aggregated proteins may
be only partially degraded by defec-
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tive autophagy or proteasome degrada-
tion, and released back into the cytosol.
These misfolded proteins and their frag-
ments can then be presented to circulat-
ing macrophages and lymphocytes, and
if they mimic a M. tuberculosis protein
then this would provoke IFN-vy release
and a cytotoxic T-cell response. Proteins
that aggregate in IBM and might mimic
intracellular bacterial antigens include
Hsps (94) and ribosomal proteins (50),
as DnaK (a bacterial member the Hsp90
family) (84) and 50S ribosomal protein
L7/LL12 are found in all purified protein
derivatives used in tuberculin skin tests
that diagnose M. tuberculosis infec-
tion (95). Protein fragments may also
mimic 6kDa early secretory antigen
target (ESAT-6), a small protein used to
stimulate lymphocytes that have been
exposed to M. tuberculosis in IFN-y re-
lease assays (96). If such proteins pro-
vided mild but chronic antigenic stimu-
lation to circulating lymphocytes then
this could lead to the development and
infiltration of KLRG1* T-cells with a T-
LGL leukaemia phenotype as described
by Greenberg et al. (11, 12). This could
be a key step in the progression of poly-
myositis, responsive to immunosup-
pression, to treatment-resistant IBM.

Impaired nuclear function

and protein translation

If protein clearance by autophagy and
the UPS system is insufficient, the cell
can sequester ubiquitinated proteins by
transporting them along microtubules
to the perinuclear microtubule organ-
ising centre (MTOC) to form the ag-
gresome (97). Whilst the aggresome is
thought to be protective (98), an in vitro
study in cultured cells found that long-
term aggresome accumulation caused
abnormal nuclear morphology, double
stranded DNA breaks, cell cycle arrest
and disruption of mitotic spindle appa-
ratus (99). In myocytes abnormal ag-
gresome formation has been described
in genetic myopathies including reduc-
ing body diseases (100) as well as in
IBM (56), but both occur at cytoplas-
mic locations and are probably inclu-
sion bodies. However myonuclei are
surrounded by ribosomes and ER (36),
and so perinuclear protein aggregation
from ER dysfunction may still cause
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similar nuclear disruption in IBM myo-
cytes and satellite cells (Fig. 2, Point 3).
TDP-43 is a nuclear protein with func-
tions including regulation of transcrip-
tion, alternative splicing and mRNA
stabilisation, as well as shuttling
mRNA into the cytoplasm (101). TDP-
43 is also required for regeneration of
skeletal muscle in vivo (102), therefore
any loss of normal TDP-43 function in
IBM due to its aggregation may lead to
impaired nuclear function and impaired
regeneration of damaged myocytes. As
well as aggregating in IBM (5), TDP-
43 also aggregates in neurodegenera-
tive diseases including some forms of
Frontotemporal dementia (FTD), ALS
(103, 104) and Limbic-predominant
age-related TDP-43 encephalopathy
(LATE) (105) by initially forming stress
granules (106, 107). In comparison,
cytoplasmic myogranules of TDP-43
that were bound to sarcomeric protein
mRNA were found during regeneration
of chemically injured skeletal muscle,
and localised back to the nuclei several
days after the injury (102). Myogran-
ules from cultured myocytes did not ex-
press markers of stress granules found
in ALS and FTD (106, 107) and were
considered distinct entities. However,
they did form urea-insoluble TDP-43
fibrils in regenerating myocytes in VCP
mutant mice, and when isolated myo-
granules were incubated together they
formed aggregates (102). Therefore,
any impairment of protein clearance
could allow myogranules containing
TDP-43 to aggregate in a myocyte, im-
pairing mRNA processing and protein
translation.

Cytoplasmic TDP-43 aggregates in
muscle biopsies are considered to be a
more reliable biomarker for IBM (108),
and phosphorylated TDP-43 is also
more abundant in IBM muscle (109).
Phosphorylation of TDP-43 (110) (as
well tau (111) and AP (112)) increas-
es its propensity to aggregate, and so
phosphorylated TDP-43 has been as-
sessed as a cerebro-spinal fluid and
blood biomarker of ALS (113). There-
fore, phosphorylated and unphospho-
rylated TDP-43 may also have a role as
a blood biomarker in IBM.

The interferon induced guanylate-
binding protein 2 (GBP2) protein

was five times more abundant in RVs
than healthy cytoplasm in IBM mus-
cle (50), and is translated from GBP2,
the most upregulated mRNA in IBM
muscle compared to normal controls
(54) (Table II). It has multiple func-
tions including defence against viral
and intracellular pathogens, including
M. tuberculosiss (80). In the case of
RNA virus infection, viral replication
was inhibited in vitro by LC3 targeting
GBPs (particularly guanylate-binding
protein 1 (GBP1) and GBP2) to form
oligomers on the cytoplasmic viral rep-
lication complex membrane following
IFN-y stimulation (114). It is possible
that the damaged myonuclei or satellite
cell nuclei in IBM may also trigger this
anti-viral response, thus inhibiting nu-
clear function. Alternatively, GBP2 has
arole in quality control of mRNA splic-
ing (81), and this may be upregulated if
mRNA splicing is impaired in the myo-
nucleus due to protein aggregation.

Prion-like propagation of

protein aggregates

In ALS and FTD there is evidence for
a prion-like spread of TDP-43 as it ap-
pears to propagate to different parts of
the central nervous system (CNS) de-
pending on the stage of these diseases
(115). This is in keeping with the struc-
ture of TDP-43, which contains a nucle-
ar localisation signal (NLS) and a large
prion-like domain at the C-terminal end
(84). The prion protein can be misfold-
ed in the CNS so that it adopts a more
aggregation-prone structure, which in
turn causes other prion proteins to fold
into the same structure (116). These
form toxic aggregates which rapidly
seed to neighbouring cells in the CNS
(116). Similarly, TDP-43 can propagate
across synapses in neuronal culture
(117), and TDP-43 from exosomes tak-
en up into neighbouring cells can seed
TDP-43 aggregates (117).

This prion-like spread of TDP-43 in
ALS and FTD raises the possibility that
TDP-43 aggregates could spread be-
tween myonuclei in myocytes, or even
between myocytes (Fig. 2, Point 6).
Protein propagation in myotubes was
investigated using a mosaic transfection
model (118), where multiple myoblasts
were fused to form a myotube. One my-
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Table II. Top ten genes upregulated in IBM muscle compared to normal controls.

Rank  Genes upregulated in IBM muscle compared to Function
normal controls
1 GBP2- Guanylate-binding protein 2 Defends against viral, bacterial and parasite infections. Quality control for alternative
splicing (80, 81)
2 BIRC3- Baculoviral IAP repeat-containing protein Regulates caspases and apoptosis (82), increases nuclear factor kappa light chain enhancer
of activated B cells (NF-kB) pathway activity (83).
3 PSMBS- Proteasome subunit beta type-8 Cleaves proteins as part of the immunoproteasome to generate peptides that bind to MHC
Class I (19).
4 GBP1- Guanylate-binding protein 1 Defends against viral, bacterial and parasitic infections. Involved in oxidative killing and
delivers microbial peptides to autolysosomes (80).
5 CCL13- C-C motif chemokine 13 Chemokine that attracts monocytes, lymphocytes and basophils (84).
6 ITGAL- Integrin alpha-L Involved in leukocyte adhesion and transmigration, cytotoxic T-cell and antibody medi-
ated killing by granulocytes and monocytes (84).
7 GBPS5- Guanylate-binding protein 5 Activator of NOD- LRR and pyrin domain containing protein 3 (NRLP3) inflammasome
(80, 84).
8 HLA-DQAI- Human leukocyte antigen class 11 MHC Class II protein (84).
histocompatibility antigen, DQ alpha 1 chain
9 CD8A- T-cell surface glycoprotein CD8 alpha chain Co-receptor for MHC Class I: peptide complex (84).

10 HILA-DOA- HLA class II histocompatibility antigen,

DO alpha chain

Modulator of MHC Class II restricted antigen presentation (84).

mRNA sequencing of IBM muscle biopsies, with the 10 most upregulated genes compared to normal controls. Adapted from (54) Pinal-Fernandez et al.:
Machine learning algorithms reveal unique expression profiles in muscle biopsies from patients with different types of myositis. Ann Rheum Dis 2020; 79(9):

1234-42. Reprinted with permission.

onucleus expressed inducible red fluo-
rescent protein genes of different sizes
fused to a classical nuclear localisation
signal (cNLS) in an expression vector.
Following induction, the tagged pro-
teins did propagate between myonuclei,
with smaller proteins spreading further,
although larger proteins could do so if
the classical nuclear import pathway
was inhibited. This finding may be rel-
evant, as cleavage of TDP-43 creates
smaller fragments which could propa-
gate down the myocyte, with some
fragments presumably missing a TDP-
43 Nuclear Localization Signal. Inter-
estingly, 35kDa and 25kDa TDP-43
fragments are found in both IBM and
ALS, suggesting cleavage by the same
proteases in both conditions (109). If
there is propagation of TDP-43 or other
proteins in IBM, then it is unlikely to be
progressive in a similar manner to neu-
rodegenerative diseases, as a longitudi-
nal study shows that weakness in IBM
can plateau or even improve (119).

Mitochondrial dysfunction

Whilst mitochondrial dysfunction in-
duces protein aggregation (discussed
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in section “Immune attack and mecha-
nisms of protein aggregation in IBM”),
the reverse may also be true in IBM
(Fig. 2, Point 4). In ALS and FTD ag-
gregation of TDP-43 results in mito-
chondrial pathology in vivo and in vitro,
and many possible mechanisms have
been implicated (120). This may be due
to importation of TDP-43 into the mi-
tochondrial inner membrane, regulating
oxidative phosphorylation components
and thus increasing ROS and decreas-
ing ATP levels (120). AP and phospho-
rylated tau are also known to be toxic
to mitochondria in Alzheimer’s disease
(121, 122). In contrast, aggregation of
p62 and FYCOI have not been shown
to cause mitochondrial dysfunction,
but these proteins are involved in mi-
tophagy (123, 124). There is some evi-
dence linking TDP-43 aggregation and
mitochondrial dysfunction in IBM, as
TDP-43, phosphorylated TDP-43, p62
and mitochondrial respiratory transport
chain enzymes stained the same dam-
aged myofibres in IBM muscle (109).
Mitochondrial pathology is likely to
precede nuclear collapse in IBM, as it
has been seen in some forms of poly-

myositis without vacuoles, termed PM-
Mito (69), which may be a milder form
or precursor of IBM.

Impaired myocyte regeneration

Impaired myocyte regeneration due to
protein aggregation and organelle dys-
function may explain the pattern of
atrophy in IBM, with marked atrophy
of finger flexors, knee extensors and
gastrocnemius in clinical and imaging
studies (1, 125, 126). It has been pro-
posed that eccentric muscle contrac-
tion causing micro-trauma may be the
initial inflammatory event causing my-
ositis (10). Although no formal studies
have been performed assessing types of
muscle contraction in different muscle
groups during daily activity, it is plau-
sible that there is more eccentric con-
traction in these muscles, such as when
gradually releasing grip from a heavy
object or sitting down in a chair. When
this eccentric contraction occurs mus-
cle length increases and myofilament
overlap decreases until there is a sharp
decrease in tension (127), which allows
a muscle fibre to be overstretched and
damaged (128, 129). Reduced regen-
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eration has been seen in IBM muscle
(79), and so after repeated fibre injury
these muscle groups would become at-
rophied over time.

Conclusions

In this review we have discussed pos-
sible mechanisms of protein aggrega-
tion in IBM following cytotoxic T-cell
attack, and myocyte dysfunction. We
have also discussed possible roles of
aggregated proteins as antigens, dis-
ruptors of nuclear and mitochondrial
function and prions propagating further
protein aggregation in myocytes. How-
ever, a lot of the mechanisms of protein
aggregation and dysfunction in IBM re-
main unknown. This review has focused
on the roles of proteins which accumu-
late in RVs, but RVs are only found in
a small proportion of myocytes in IBM
muscle. Further work needs to be per-
formed on cytoplasmic proteins with
more sensitive proteomic techniques to
identify less abundant proteins but to
also characterise their post-translational
modifications. This may lead to novel
therapeutic targets, and may identify
biomarkers for the diagnosis of IBM,
disease activity and progression.

The recent discovery of invading
KLRGI1* T- cells in IBM muscle (11)
that meet the criteria for T-LGL leukae-
mia (12) helps explain the treatment-
resistant nature of the disease. A mono-
clonal antibody specific for KLRG1 has
been synthesised, and has been used in
a phase I study (14). Preliminary results
show early signs of efficacy, so we may
be on the cusp of having an effective
treatment for IBM. This antibody may
be effective as a monotherapy for IBM,
but drugs which assist in protein home-
ostasis and regeneration such as arimo-
clomol or bimagrumab may be useful
adjunctive therapies.

However, therapies may have a limited
effect on advanced IBM where there is
extensive atrophy and fatty infiltration
(1), and so early diagnosis is important.
A muscle biopsy is invasive and can-
not be performed routinely, but serum
protein biomarkers would allow early
diagnosis and monitoring of a clinical
response, and could even be used as a
routine screening test. For this to oc-
cur, further investigation of protein ag-

Clinical and Experimental Rheumatology 2022

gregation in IBM muscle is necessary,
focusing on characterisation of post-
translational modifications as well as
identification of proteins which may be
released from myocytes.
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