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Abstract

The classification of idiopathic inflammatory myopathies (IIM) is based on
clinical, serological and histological criteria. The identification of myositis-
specific antibodies has helped to define more homogeneous groups of myositis
into four dominant subsets: dermatomyositis (DM), antisynthetase syndrome
(ASyS), sporadic inclusion body myositis (SIBM) and immune-mediated necro-
tising myopathy (IMNM). sIBM and IMNM patients present predominantly
with muscle involvement, whereas DM and ASyS patients present additionally
with other extramuscular features, such as skin, lung and joints manifestations.
Moreover, the pathophysiological mechanisms are distinct between each my-
ositis subsets. Recently, interferon (IFN) pathways have been identified as key
players implicated in the pathophysiology of myositis. In DM, the key role of
IFN, especially type I IFN, has been supported by the identification of an IFN
signature in muscle, blood and skin of DM patients. In addition, DM-specific
antibodies are targeting antigens involved in the IFN signalling pathways. The
pathogenicity of type I IFN has been demonstrated by the identification of mu-
tations in the IFN pathways leading to genetic diseases, the monogenic inter-
feronopathies. This constitutive activation of IFN signalling pathways induces
systemic manifestations such as interstitial lung disease, myositis and skin
rashes. Since DM patients share similar features in the context of an acquired
activation of the IFN signalling pathways, we may extend underlying concepts
of monogenic diseases to acquired interferonopathy such as DM. Conversely,
in ASyS, available data suggest a role of type II IFN in blood, muscle and lung.
Indeed, transcriptomic analyses highlighted a type IT IFN gene expression in
ASyS muscle tissue. In sIBM, type I IFN appears to be an important cytokine
involved in muscle inflammation mechanisms and potentially linked to myode-
generative features. For IMNM, currently published data are scarce, suggesting

a minor implication of type II IFN. This review highlights the involvement of
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INTRODUCTION

Inflammatory idiopathic myopathies (IIM) are a group
of rare autoimmune diseases involving muscle tissue but
also other organs. They are categorised into four dom-
inant subsets: dermatomyositis (DM), antisynthetase
syndrome (ASyS), inclusion body myositis (IBM) and
immune-mediated necrotising myopathy (IMNM) based
on clinical manifestations, the presence of myositis-
specific autoantibodies (MSA) and myopathological
findings.

DM and ASyS are systemic diseases associated with
skin, joints and/or lung involvement, in addition to myo-
sitis (1). DM is associated with a characteristic skin rash
(Gottron’s papules/signs with heliotrope rash) as well as
myopathological findings such as perifascicular atrophy
and the presence of perivascular inflammatory infil-
trates (2). Both muscular and cutaneous biopsies display
vasculopathic features (loss of capillaries, C5b—9 immu-
noreactivity on capillaries) (3, 4).

ASyS also harbours a perifascicular pathology char-
acterised by perifascicular necrosis, and the majority of
patients have interstitial lung disease while this latter
feature rarely occurs in DM patients. ASyS is defined by
the presence of one of the anti-histidyl RNA-t-synthetase
antibodies (5, 6), and DM is associated with a different
set of MSAs: anti-Mi2 (7), anti-SAEI1 (8), anti-TIF1y (9),
anti-NXP2 (10) and anti-MDAJS (11-13).

IBM and IMNM are muscle-specific diseases as they
are not substantially associated with extramuscular fea-
tures. Myopathological features of IBM are character-
ised by the combination of muscle inflammation with
endomysial CD8" T cell infiltrates and distinctive degen-
erative muscle features (14-17). In contrast, inflamma-
tory infiltrates are usually mild in IMNM (18).

Transcriptomic and myopathological studies have
demonstrated that interferons (IFNs) play important
roles in the pathophysiology of IIM (19), but the IFN
subtypes involved and their molecular mechanisms dif-
fer in each myositis subset.

Therefore, our objective was to review, clearly layout
and summarise the role of IFNs in myositis. First, we
describe the IFN family, including induction and signal-
ling pathways, and then we discuss the concept of genetic
interferonopathies in order to highlight the pathogenic
role of IFNs in myositis. Finally, we focus on the differ-
ent IFN pathways involved in each myositis subset: DM,
ASyS, sIBM and IMNM.

different IFN subtypes and their specific molecular mechanisms in each myosi-

anti-synthetase syndrome, dermatomyositis, interferon, myositis, sporadic inclusion body

2 | INTERFERONS

2.1 | IFN subtypes
IFNs have been discovered in 1957 by Isaacs and
Lindenmann in a study entitled ‘virus interference’,
where they identified a new factor able to prevent the
virus from entering the cells and called it ‘interferon’ (20).
To date, three types of IFNs have been identified, based
on their specific receptors. In humans, the type I IFN
(IFN-I) family consists of 13 subtypes of IFN« and one
subtype of IFNB, €, k, o each (21); type IT IFN (IFN-II)
includes IFNy only (22, 23), and type IIT IFN (IFN-IIT)
includes IFN-A1 (IL-29), IFN-A2 (IL28A), IFN-A3 (IL-
28B) and IFN-A\4 (24).

The IFN-I receptor, the IFNa receptor (IFNAR), is
a heterodimeric transmembrane receptor composed of
IFNARI1 and IFNAR?2 subunits. IFNARI is constitu-
tively associated with the tyrosine kinase 2 (TYK2) and
IFNAR?2 with the Janus kinase 1 (JAK1). IFNy binds to
a distinct cell surface receptor composed of the IFNGR1
subunit, associated with JAK1 and the IFNGR2, consti-
tutively associated with JAK2. Type III IFNs- also sig-
nal through a heterodimeric receptor composed of the
IFNAR1 (high-affinity chain) and IL-10R2, a subunit
shared with other cytokine receptors (24).

2.2 | IFN-secretion

221 | IFN-I

In humans, there is no, or only minimal, constitutive
secretion of IFN-I. Production of IFN-I is induced by
danger signals (pathogen-associated molecular pat-
terns; PAMP) released by viruses or microbial prod-
ucts. These PAMPs can either stimulate membrane
receptors localised at the cellular or endosomal mem-
branes (Toll-Like Receptors, TLRs) (25), or cytosolic
pattern recognition receptors including nucleotide sen-
sors such as retinoic acid-inducible gene I (RIG-I)-like
receptors (RLRs) or DNA sensors to induce IFN pro-
duction (26).

Endosomal TLRs recognise nucleic acids (double-
strand RNA and single-strand RNA or double-strand
DNA by TLR3, 7/8, 9, respectively) (27). TLR activa-
tion leads to an activation of IFN response factor (IRF)
(25, 28) and IFN production (e.g. IRF5 and IRF7 in
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plasmacytoid dendritic cells (pDCs) or IRF3 in mono-
cytes) (29).

TLR-independent pathways involve RIG-I, mela-
noma differentiation-associated protein 5 (MDAS)
and stimulator of interferon genes protein (STING).
RIG-I and MDAS recognise endogenous RNA (re-
spectively single and double-strand) (30) and induce
IFN by IRF3 and IRF7 activation by a mitochondrial
antiviral-signalling protein (M AVS)-dependent mech-
anism. STING is activated by the synthesis of cyclic
GMP-AMP (cGAMP) triggered by endogenous cyto-
solic double-strand DNA (dsDNA) leading to IFN pro-
duction by IRF3 activation (31).

While TLR-dependent and -independent pathways are
different, both lead to upregulation of IFN-stimulated
genes (ISG) including the IFN gene itself.

All cells harbour IFNR and may produce IFNs, but
some are specialised cells like pDCs (32) or monocytes,
and others like fibroblasts, dendritic cells and epithelial
cells (33).

2.2.2 | IFN-II

IFNy is a cytokine that is primarily produced by cells
of the innate immune system, such as monocytes, mac-
rophages and natural killer (NK) cells (23). IFN-II
can be induced by cytokines or following activation of
pattern recognition receptors. In addition, CD4" Thl
T lymphocytes and CD8" cytotoxic T cells are able to
produce IFNy (34). IFN-II has a key role in macrophage
polarisation but also has homeostatic and anti-tumoural
effects (23).

2.2.3 | IFN-II

As type IFN-I, also IFN-III can be expressed in hemat-
opoietic cells. Among nonhematopoietic cells, epithelial
cells may also produce IFN-III. Both IFN-I and TFN-III
induce the same ISG, but IFN-III primarily targets mu-
cosal epithelial cells and protect against viral attacks (24).

2.3 | IFN signalling, IFN-stimulated
genes and IFN effects

IFN receptors transduce the signal mainly through
JAK-signal transducer and activator of transcription
(JAK-STAT) signalling pathways (31, 35). There are four
JAK (JAK 1, JAK2, JAK3 and TYK?2) and seven dif-
ferent STAT proteins (STAT1, STAT2, STAT3, STAT4,
STATS5a, STATS5b and STAT6) in humans (36). JAK ac-
tivation enhances phosphorylation, dimerisation and
nuclear translocation of STAT resulting in the upreg-
ulation of hundreds of ISGs (35). Even though TFN-I,
-IT and -IIT have different receptors, their activation

rain
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leads to induction of mostly the same set of ISGs (22).
Nevertheless, some ISG promoters include a specific
sequence: interferon-stimulated response element that
is only recognised by the ISGF3 complex (STATI/
STAT2/IRF9), which is only secreted by IFN-I but not
by IFN-II (37).

ISGs have three major effects. First, ISGs have indi-
rect anti-viral effects. This major function was the first
one described (20). Second, IFNs promote immune re-
sponses with an indirect anti-viral effect by activation
of inflammatory mediators (e.g. MxA, OAS, RNASEL)
(31). Third, ISGs are also involved in immune regulation
by downregulating the inflammatory responses (e.g., by
suppression of cytokine signalling [SOCS]) (31,38).

3 | THE PATHOGENIC

ROLE OF IFNS: GENETIC
INTERFERONOPATHIES SHARE
COMMON FEATURES WITH DM
3.1 | Inhumans

The monogenic forms of type I interferonopathies rep-
resent a recent group of diseases combining the charac-
teristics of Mendelian transmission with a constitutive
activation of the IFN-I signalling pathway (39). Aicardi-
Goutieres syndromes (AGS), chilblain lupus in the juve-
nile form, STING-associated vasculopathy with onset in
infancy (SAVI), PSMBS8-related diseases (like Chronic
Atypical Neutrophilic Dermatosis with Lipodystrophy
and Elevated temperature [CANDLE]) and Singleton-
Merten syndrome (SMS) (39, 40), all of which basically
occurring in children, are the main syndromes related to
constitutive activation of IFN-I signalling.

Five different genetic mechanisms leading to an over-
production of IFNs have been identified, so far (41). The
first one is an abnormal accumulation of nucleic acids
linked to a nuclease defect. For example, loss of function
mutations in the exonuclease TREXI (which normally
downregulates STING activation), in the RNase H (2A,
2B and 2C) or the RNase SAMHDI, have been linked
with AGS and familial chilblain lupus (39, 41). The sec-
ond mechanism is a constitutive activation or enhanced
sensitivity of an innate immune sensor or adaptive mol-
ecule. Gain of function mutations in /FIHI (coding for
MDAYS), in DDX58 (coding for RIG-I) or TMEM173
(coding for STING) were reported in AGS, SMS and
SAVI, respectively (40, 42). A defect of IFN-I regula-
tion can lead to an interferonopathy. For example, loss
of function mutations in /SG/5 that normally decreases
ISG activity by glycation (43) lead to interferonopathy
(ADARI mutation found in some AGS). Finally, loss of
function mutations in immunoproteasome subunits (e.g.
PSMBS for p5i subunit) impair its multicatalytic func-
tion causing cellular stress leading to sustained IFN-I
production (41, 44).
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TABLE 1 Overlapping features between DM and genetic interferonopathies

AGS Familial lupus SAVI CANDLE Singleton-merten
Gene/pathway TREXI, RNASEH2, SAMHDI, TREXI, SAMHDI TMEMI173 PSMBS IFIHI DDX58
ADAR, IFIHI

Cutaneous manifestations

Chilblain-like lesions + +

Digital necrosis 3 =

Panniculitis Occasional = = = i

Heliotrope rash = = = + -
Telangiectasia +
Interstitial lung disease = = + - -
Myositis - - + + -
Arthritis - = 4 + -
Constitutional fever + - + - +

Abbreviations: AGS, Aicardi Goutiéres syndrome, SAVI, sting-associated vasculopathy with onset in infancy, CANDLE, Chronic Atypical Neutrophilic

Dermatosis with Lipodystrophy and Elevated temperature.

Several clinical features observed in genetic interfer-
onopathies are very similar to those observed in DM
(Table 1).

3.1.1 | Skin manifestations

Chilblain and ulceration are present in AGS, and distal
erythema and ulceration are observed in one-third of
patients with CANDLE (44). Erythematous oedema of
the eyelids or panniculitis may be observed in genetic
interferonopathies, which are also features encountered
in some forms of DM. The genetic interferonopathy as-
sociated with the cutaneous phenotype having the most
similarities with anti-MDAS5" DM is SAVI. Indeed, tel-
angiectatic erythema of the light-exposed areas and skin
ulcerations are a constant finding. Patients may also
have distal ulcerative lesions. These lesions reflect un-
derlying cutaneous vasculopathy and share similarities
with the type of skin vasculopathy encountered in many
patients with anti-MDAS5" DM (45).

3.1.2 | Muscle manifestations

Muscle inflammation has also been reported in genetic
interferonopathies. Myositis may be observed in 80%
and 25% of patients with CANDLE and SAVI, respec-
tively (44, 45) although the precise characteristics may
differ gradually and qualitatively.

Lung and joint involvements may occur both in DM
and genetic interferonopathies. SAVI patients frequently
develop interstitial lung disease and non-erosive arthri-
tis that may be severe (45). CANDLE patients may also
have non-erosive polyarthritis (44). Among DM, inter-
stitial lung disease and synovitis are features commonly
observed in anti-MDAS" DM (46).

3.2 | Animal models

In vivo models of genetic interferonopathies (loss or gain
of function mutations) confirm the presence of overlap-
ping features with DM.

3.2.1 | Skin manifestations

Cutaneous manifestations have been demonstrated in
TrexI-deficient mice, which develop inflammation of the
skin (47-49). In normal condition, Trex] degrades and
metabolises endogenous DNA and is a specific negative
regulator of STING-dependent signalling. TrexI™ mice
develop specific multiorgan inflammation with T cell
infiltrates in the skin. STING antagonism attenuates
pathological features of the autoinflammatory disease
in these mice (49). Skin changes with vasculopathy were
also demonstrated in a mouse model with a TMEM173
gain of function mutation that leads to the activation of
STING. Two animal models (knock-in with a V154M
substitution and N153S) have been developed to repro-
duce SAVI (50). In the NI53S model, mice developed
skin ulceration with vasculopathy and interstitial lung
disease. In the V154M knock-in model, mice also de-
veloped interstitial pulmonary disease reproducing the
phenotype of SAVI, similar to that in anti-MDAS5" DM
patients.

3.2.2 | Muscle manifestations

Myositis and myocarditis have been demonstrated in some
animal models. In TrexI™~ mice, histological analysis
showed T and B cells in striated and cardiac muscles (48).
In IENGR*'™ mice with knockout of the IFN pathways
regulator SOCS, histological analysis showed massive



A REVIEW OF INTERFERON TYPE I I IIT ROLES

S5of 13

infiltration by T cells, macrophages and oeosinophils in
the skeletal muscle and in the heart (51).

4 | INTERFERON PATHWAY
ACTIVATION IN DM

4.1 | IFN pathway and DM-specific
autoantibodies

Antigenic targets of DM-specific autoantibodies are in-
volved in the IFN pathways. The most striking example is
the anti-MDAS antibody (occurring in 10% of Caucasian
DM patients (1)) associated with a subset of amyopathic
DM with potentially severe interstitial lung disease (46).
As mentioned above, MDAS is an RLR playing a key
role in IFN secretion (30).

Anti-TTF1y antibodies (present in 40% of DM (52))
are associated with DM and a high risk of malignancy
in adults (53). TIF1y (TRIM33) plays a critical role in
downregulating IFN-If production by macrophages (54).
TRIM33 is involved in sumoylation (55), a process in-
volved in post-translational modification by activation of
small-ubiquitin-like modifiers (SUMO) (8). Sumoylation
has an important role in IFN regulation. In the animal
model, sumoylation deficiency causes increased levels of
IFN-Ip in skin and muscle tissues (55).

Small ubiquitin-like modifier activating enzyme
(SAE) activates small-ubiquitin-like modifier-1 (8) in
the process of sumoylation. SAE is targeted by DM-
specific autoantibodies in 10% of patients (1). Mi-2/
NuRD (56) complex and NXP-2 (57) are both inhibitors
of SUMO. Anti-Mi-2 and anti-NXP-2 autoantibodies
are observed in 30-35% and 20% of DM patients, re-
spectively (1).

4.2 | IFN pathway is activated in DM

In 1986, Isenberg et al. were the first to report the pres-
ence of IFN-I and IFN-IT in muscle biopsies of patients
with inflammatory myopathies (58).

4.2.1 | Muscle tissue

First evidence of the involvement of an IFN pathway in
DM was demonstrated by Emslie-Smith et al. in juvenile
DM (59). The authors showed an upregulation of ISG in
juvenile DM muscle biopsies. Later Greenberg et al. re-
ported on the activation of IFN pathways in muscle bi-
opsies from adult DM patients (60). This IFN signature
was not observed in other subsets of inflammatory myo-
pathies such as polymyositis (60). To date, several studies
confirm the presence of an IFN signature in the blood,
muscle and skin of DM patients (43, 60—65).

Brain
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Muscle transcriptomic analyses showed a similarly
upregulated IFN signature in all serological subsets of
DM (19) including muscle biopsies from amyopathic
anti-MDAS5 DM patients (66).

Detection of IFN-stimulated proteins by immunostain-
ing in DM muscle biopsies have permitted to demonstrate
the translation of some ISG. Sarcoplasmic expression of
ISG15, RIG-I and Myxovirus resistance A (MxA) were
observed in the perifascicular area of DM muscle biopsies
(43, 67-70). Of note, based on these findings, MxA immu-
nostaining is now considered the most specific myopatho-
logical diagnostic marker of DM (68, 69).

4.2.2 | Skin tissue

Of the 25 most highly overexpressed genes in the skin of
DM patients, 21 were ISGs (3). Moreover, the intensity of
the IFN signature is mainly correlated with serum levels
of IFN-I (IFN-Ip) and not with IFN-IT (IFNy) (3). A sim-
ilar topography of damage is seen in keratinocytes and
myofibres in DM (71). Ono et al. showed a correlation
between IFN signature in blood and skin and vasculopa-
thy features. Furthermore, they confirmed IFN pathway
involvement at a protein level with MxA staining in the
blood vessels and interstitial fibroblasts of DM patients.
Proteomic analysis of skin biopsies derived from DM pa-
tients showed an IFN signature leading to a reduction of
collagen by dermal fibroblasts (72).

423 | Blood

IFN pathway activation is not restricted to the muscular
and skin compartments. IFN signature has been found
in the peripheral mononuclear blood cells of DM pa-
tients (61, 64, 73).

Among the highly overexpressed ISGs, there are
common genes overexpressed in DM and interferonop-
athies such as [FI27, IFI44L, IFITI, ISGI5, RSAD2
and SIGLECI (74). It should be noted that DM with
anti-MDAS antibodies, which has a similar pheno-
type with SAVI, also has a very similar IFN signature.
Nevertheless, the intensity of the IFN signature is less
than in genetic interferonopathies (75).

Moreover, the level of IFN pathway activation (i.e.
IFN score) correlates with disease activity (61, 73, 76,
77). Accordingly, blood IFN-If levels correlate with skin
disease activity (62, 63), and IFN-I« levels correlate with
disease severity in anti-MDAS" DM (78, 79).

4.3 | IFN productionin DM

The triggers of IFN pathway induction as well as the main
sources of IFNs in dermatomyositis remain unclear.
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Immune cells and IFN production

pDCs are known to produce large amounts of TFN-I (32).
IFN scores correlate with the pDCs density in the skeletal
muscles and the skin of adult and juvenile DM (60, 80)
(Figure 1). These cells can be found in the perifascicular and
perivascular areas of muscle and skin biopsies (60, 81-83).

4.3.2 | Muscle cells

In muscle tissue, RIG-I activation is responsible for an
IFN-If secretion by human myotubes, resulting in an au-
tocrine loop of activation (67). It has been shown that
myogenic precursor cells from juvenile DM muscle produce
higher levels of IFNs compared to those of healthy controls
(84). Previous reports also showed that regenerating muscle
fibres in addition to pDCs may produce IFNs in DM (85).

4.3.3 | Keratinocytes

Keratinocytes can also produce IFN-I and IFN-III in
DM in vitro (86). The IFN secretion in skin is associated

Muscle damage
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with the recruitment of CXCR3" lymphocytes and the
expression of two ISGs, CXCL9 and CXCLI10, corre-
lating with capillary loss in juvenile DM (87). Another
study showed a key role of immunoproteasome subunit
PSMB9 that is up-regulated in DM skin by proteomic
analysis and could decrease collagen secretion when
treated by IFN in vitro (72).

4.4 | IFNs induce muscle damage

Ladislau et al. showed a pathogenic role of IFN-I by
impairing myoblast differentiation and by inducing
atrophy of myotubes in vitro (88). Myotubes demon-
strated an upregulation of two genes involved in the
atrophy process, FBX032 (ATROGINI) and TRIM63
(MURFI).

IFN-I pathway activation also disrupts the capil-
lary network in vitro. Interestingly, the administration
of JAK inhibitors improve IFN-I-induced damage.
Additionally, Meyer et al. showed that IFN-Ip-induced
mitochondrial dysfunction contributes to the impair-
ment of muscle function and persistent inflammation
in DM (89).

Lymphocyte Macrophage
activation  recruitement-activation

| N

X

IFN / MAV-dependent
mechanism
/\ of maturation  gin damage
*~
\ g
+ skin ulcers

Keratinocyte

l

Vasculopathy

—

Vessels

Pathologic effects of interferon in dermatomyositis. /n vitro, type I interferon (IFN-I) induces muscle damage. IFN-I inhibits

myoblast differentiation and decreases myogenin expression. IFN-I induces myofibre atrophy and overexpression of muscle atrophy genes,
ATROGINI (FBX032) and TRIM63 (MURF1I). In vitro, IFN-I impairs angiogenesis of endothelial cells and disrupts the vascular network.
Vasculopathy in dermatomyositis has been linked to indirect muscle pathology features and skin damage like ulcers. In vitro, IFN-I-
stimulated keratinocytes produce IFN-I and IFN-III and activate plasmacytoid dendritic cells (pDC) as IFN-I producers. pDCs are present in
perifascicular and perivascular areas in muscle and skin tissues, but macrophages and muscle fibres may also participate in IFN-I production.
IFNs lead to the recruitment and activation of both innate and adaptive immune cells
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Altogether, these data highlight the key role of the
IFN pathways, especially IFN-I, in the pathophysiology
of DM.

5 | INTERFERON PATHWAY
ACTIVATION IN ASyS

DM and ASyS have previously been considered as part of
the same disease spectrum as both conditions may pre-
sent with similar skin features and a perifascicular pa-
thology. Indeed, Mozaffar and Pestronk were the first to
describe the myopathological features in anti-Jo-1" ASyS
patients demonstrating septal inflammation, and myofi-
bre lesions restricted to the perifascicular area referred
to as an “immune myopathy with perimysial pathology”
(IMPP) (90). More recent studies, have demonstrated that
ASyS muscle biopsies display perifascicular necrosis (91—
93), while DM is associated with perifascicular atrophy
(91), suggesting distinctly separate pathomechanisms.

5.1 | IFN-II pathway in muscle of ASyS
Overexpression of IFN-I related proteins, such as
MxA, ISGI5 and RIG-I, are absent in ASyS (69, 94),
and perifascicular MHC class I (MHC-II) expression
is prominently observed in ASyS but not in DM (93,
95). Interestingly, in muscle biopsies from patients with
ASyS, CD8+ T cells are located in close vicinity to MHC
class-IT" myofibres, suggesting the involvement of the
IFN-II pathway (96). Along that line, in vitro studies
showed that IFN-II can upregulate the MHC-II expres-
sion on primary human myoblasts (97, 98).

Accordingly, RNA sequencing data from a large num-
ber of myositis muscle biopsies showed prominent TFN-II
activation in patients with ASyS (19), and conversely, IFN-
I-induced genes were only mildly expressed in ASyS (19).

5.2 | IFN-II pathway in lungs of
ASYyS patients

The presence of histidine RNA-Synthetase(HisRS)-
reactive CD4" T cells in the bronchioalveolar lavage
fluids as reported in ASyS patients (99). Along that line,
shared oligoclonal CD4" and CDS8" T cells were reported
in the lungs and skeletal muscles associated with differ-
ent myositis subsets (100).

In the bronchoalveolar lavage fluids, these cells dis-
play a Thl phenotype and produce high levels of ITFNy
(99). In addition, these Thl cells are characterised by the
expression of C-C chemokine receptor type 5 (CCRY),
involved in T cell homing. Interestingly, it was demon-
strated that HisRS has chemotactic properties inducing
tissue homing of CCRS5-positive cells (lymphocytes and
antigen-presenting cells) (101).

rain
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In the peripheral blood of ASyS, the presence of HisRS-
reactive CD4" T cells was also reported (99) even
though the Thl involvement was less significant in the
lungs. Along that line, increased levels of IFNy-induced
chemokines CXCL9 and CXCLI10 are observed in the
serum of patients with anti-Jo-1 antibodies (102).

Besides, the addition of ASyS patients’ serum induces
the production of IFN in the blood from healthy donors
(64). Indeed, it has been demonstrated that anti-Jo-1
antibody complexed with necrotic cells is able to stimu-
late peripheral blood mononuclear cells (PBMCs) from
healthy donors to produce IFN-Ia (103, 104).

5.4 | Animal model of HisRS-induced
myositis-associated IFN pathway

Mouse models have been developed and highlight the
role of IFN pathway in ASyS (105).

Experimental autoimmune myositis induced by a
single intramuscular immunisation with HisRS spon-
taneously resolved in few weeks. Persistent muscle in-
flammation and prolonged anti-Jo-1 production were
observed only in mice stimulated by HisRS in the pres-
ence of a TLR7/8 agonist, but absent in IFNapR-null
mice (105).

Altogether these data support the role of IFNs in
ASyS. Myopathological findings and transcriptomic
studies suggest the preferential involvement of TFN-II,
rather than of IFNL

6 | INTERFERON PATHWAY
ACTIVATION IN sIBM

Sporadic inclusion body myositis (SIBM) is a slowly pro-
gressive skeletal muscle disease with degenerative fea-
tures including rimmed vacuoles and related myonuclear
degeneration, mitochondrial pathology and cytoplasmic
protein aggregates within myofibres. Novel muscle histo-
chemical degenerative biomarkers, such as p62, LC3 and
TDP43, are involved in unfolded protein response, en-
doplasmic reticulum stress and altered autophagy. One
of the pathological hallmarks of sIBM is the predomi-
nance of endomysial CD8+ T cells (and macrophages)
surrounding and occasionally invading MHC-I-positive
myofibres.

6.1 | IFN-II pathway in muscle
tissue of sSIBM

CD8+ T cells in sSIBM muscles show a highly differen-
tiated effector phenotype (106-108). Greenberg et al.
found that muscle fibres are invaded by CD8+CDS57+T
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cells (106). The proportion of invaded myofibres cor-
related positivity with the degree of muscle weakness
(106). Microarray data from a large series of muscle
biopsies identified killer cell lectin-like receptor Gl
(KLRGI) as a biomarker of these subpopulations
(107). Accordingly, IFN-IT gene expression is higher
in myofibres invaded by CD8" T cells compared to
expression in non-invaded myofibres (109). These cy-
totoxic CD8+ T cells produce high levels of cytotoxic
molecules such as perforin and granzymes (110, 111).
Along that line, Th-1 cytokines and chemokines such
as IFN-II, CXCL9, CCL5 and IL32 are increased in
sIBM muscle tissue (107).

Analysis of proteomic profiling from muscle biopsies
showed that 39% of upregulated proteins are involved in
IFN-I or mixed IFN-I and IFN-II pathways (112).

Accordingly, immunohistochemistry studies con-
firmed the presence of IFN-related proteins such as
ISGI5 and IRF8 (112). Moreover, high expressions of
CD74 and STATI, as key molecules of IFN macrophage
activation, were detected in sIBM (112). It was also
demonstrated that IFN-II can upregulate cell surface
MHC-I expression on myoblasts (113).

6.2 | IFN-II pathway in blood of sSIBM
Expansion of highly differentiated T cells was also de-
tected in blood of sSIBM patients. sSIBM patients have in-
creased levels of differentiated populations of T cells such
as CD8+CD28null (114), CD8+Tbet+ (115), CD8+CD57+
(106) and CD8+KLRGI+ T cells and high levels of Thl
chemokines and cytokines (CXCL9, CXCL10 and IL-12)
(114, 116). This specific T-cell population is prone to pro-
duce higher levels of IFN-II in sSIBM compared to levels
in healthy controls (114, 116). Moreover, this population
is clonally expanded and shares the same oligoclonal
repertoire that muscle-infiltrating CD8+ T cells have
(108). Greenberg et al. found that 58% of sIBM patients
have abnormal populations of circulating large granular
lymphocytes meeting diagnostic criteria of T cell large
granular lymphocytic leukaemia (LGLL) (106). Highly
differentiated clonal T cells in LGLL are resistant to ap-
optosis (117).

6.3 | IFN-II pathway and muscle degeneration
A growing body of evidence suggests that causality flows
from autoimmunity to degeneration (15, 16). Abnormal
sarcoplasmic accumulation of B-amyloid may also be
explained by the effect of inflammatory cytokines on
muscle cells. Beta-amyloid production may be induced
in human primary myotubes by exposure to IL-1p and
IFN-II (118). However, overexpression of f-amyloid pre-
cursor protein in mouse muscle did not lead to any mus-
cle inflammation (119).

Thus, analysis of the link between IFNs and protein
aggregation in muscle cells is crucial to understand the
pathogenesis of sSIBM, and the immunoproteasome is a
key element (Figure 2). Indeed, several studies showed
that elements of the immunoproteasome are detected
in muscle tissue of sSIBM (107, 113). The immunoprotea-
some is an alternative isoform of the constitutive protea-
some induced by inflammatory cytokines, in particular
by IFNy. The main role of the immunoproteasome is to
process antigens for presentation on MHC-I molecules to
CD8" T cells (120). Specific inhibitors of the immunopro-
teasome reduced surface expression of MHC-I in myo-
blasts induced by IFNy in vitro (113). Nakajo-Nishimura
syndrome (NNS) is a rare autosomal recessive autoin-
flammatory disorder caused by a homozygous mutation
in PSMBS that encodes the immunoproteasome subunit
B5i. NNS is clinically characterised by a pernio-like skin
rash, periodic fever and myositis (121). Interestingly, my-
opathological analysis of small case series of NNS shows
sarcolemmal MHC-I expression, CD4" and CD8" T cell
infiltrations, p62 and TDP43 aggregations and rimmed
vacuoles in myofibres (122) similar to certain patholog-
ical features of sIBM muscle. Myeloid cell lines derived
from pluripotent stem cell of NNS patients show dys-
function of proteasome activity and overproduction of
inflammatory cytokines and chemokines such as IL-6,
CCL2 and CXCLI10 with upregulation of reactive oxygen
species under IFNy and TNFa stimulation (123).

Altogether these data support the role of IFNs, in
particular of IFN-II, in sIBM. IFN-II may be secreted
by specific highly differentiated CD8" T cells that are
detectable in muscle tissue and blood of sSIBM patients.
Myodegenerative features in sIBM may be related to
IFN-II as well.

6.4 | IFN and IMNM
IMNM represent another IIM subset associated with dis-
tinct clinical, serological and histological features. Different
from sIBM, the presence of certain pathognomonic MSAs
(anti-SRP or anti-HMGCR antibodies) are a major feature
of the disease. Recent data point towards a direct patho-
genic effect of these autoantibodies, potentially through the
activation of the classical complement cascade (124).

Although the IFN signalling pathway does not seem
to be the central mechanism of IMNM, transcriptomic
data showed a modest overexpression of IFN-inducible
genes in muscle tissue compared to those in other I[IM
(19). The IFN signature appears more driven by IFN-II
rather than IFN-I with /FI30 as the most upregulated
IFN-inducible gene (19). This predominant IFN-II sig-
nature has been inconsistently identified with gRT-PCR
assays (96, 116, 125).

Indirect arguments are consistent with a potential
role of IFN-II. Although the inflammatory infiltrate
is usually scarce in the muscle biopsies of IMNM,
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a decent amount of macrophages and T cells have
been described in skeletal muscle tissues independent
from myophagocytoses and necrosis. Macrophages
harboured an MI phenotype in the context of Thl
environment with upregulation of STATI, IFNG,
TNFA and IL12 (126). Double-positive macrophages
CD68"STATI" and CD68"NOS2* were identified in
muscle tissues by immunostainings confirming an M-
polarised macrophage profile (125).

Moreover, mild to moderate sarcolemmal MHC-I
expression but the absence of sarcolemmal MHC class
IT is a characteristic myopathological feature observed
in IMNM. As mentioned above, IFN-II induces MHC-I
cell surface expression on myoblasts (109).

Only a few studies evaluated the IFN signalling path-
way in IMNM suggesting a modest role of IFN, espe-
cially by IFN-II.

6.5 | Conclusion

Although IIMs are a heterogeneous group of autoimmune
diseases, the IFN cytokine family plays an important role
in its pathophysiology. DM is the subset where IFNs, and
especially IFN-I, have been highlighted as key pathogenic
cytokines leading to consider DM as an acquired inter-
feronopathy in analogy to the monogenic interferonopa-
thies. In ASyS, both IFN-I and II have been involved but
transcriptomic analyses and pathological data showed a

predominant role of IFN-II. The key role of terminally
differentiated CD8" T cells in sSIBM supports IFN-IT as
an important cytokine, not only involved in muscle in-
flammation but also in muscle degenerative features, pre-
sumably mediated via the immunoproteasome. The role
of IFN appears minor in IMNM compared to that in
other myositis subsets, yet IFN-II remains important for
macrophages signalling.
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