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Introduction

Filamentous tubular structures in muscle
fibre were already described over 40 years
ago [5], and attributed to chronic inflam-
mation caused by myxovirus due to their
similar morphology. As a result of other
similar cases demonstrating accumulation
in the form of protein inclusions, an inde-
pendent entity named sporadic inclusion
body myositis (sIBM) was proposed [30].
The disease involves progressive muscle
loss (atrophy), whereby the thigh exten-
sor and long digital flexors are particular-
ly affected. As a result, these patients ex-
perience progressive loss of strength in the
legs with increasingly restricted ability to
stand and walk. In addition, patients grad-
ually lose the strength to form a fist and
make targeted, fine finger movements.
The oesophagus is often also involved,
causing swallowing and eating difficulties.
After a 5-year course, patients often de-
pend on mobility aides, sometimes even a
wheelchair. Quality of life is in general sig-
nificantly reduced by the disease and no
effective therapy is available to date. Vari-
ous studies report that no significant im-
provement in muscle strength could be
seen when medication to reduce or mod-
ulate the inflammatory reaction in mus-
cle, such as immunoglobulins, glucocor-
ticosteroids, azathioprine and methotrex-
ate, was given [9].

The first losses in strength as a result
of sIBM are often seen after the age of so0.
With a prevalence of over 50 per million,
the disease belongs in the rare-disease
category. However, sIBM is the most fre-
quently acquired muscle disorder in older
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patients in particular. It is clearly distinct
from other inflammatory muscle diseas-
es such as dermatomyositis and polymy-
ositis. Distinguishing characteristics in-
clude predominant involvement of shoul-
der girdle and pelvis muscles, which is not
a main feature of sIBM. Dermatomyositis
and polymyositis often present at younger
ages, sometimes even in adolescence, and
usually respond well to immunosuppres-
sion or immunomodulatory therapy. The
main difference, however, lies in the clear-
ly differing pathology as seen on biopsy.
Only in sIBM can a typical formation of

vacuoles (so-called red rimmed vacuoles)
and inclusion bodies be seen in addition
to significant inflammation (B Fig. 1).
Alongside the most common forms
of sIBM there are hereditary forms of
the disease. A mutation on the UDP-N-
acetylglucosamine 2-epimerase/N-ace-
tylmannosamine kinase gene is respon-
sible for autosomal-recessive IBM. An
autosomal dominant hereditary form is
caused by a mutation in valosin contain-
ing protein and is associated with memo-
ry loss and bone disease. These generally
very rare hereditary forms of IBM, how-

Fig. 1 A Trichrome histochemistry of a muscle biopsy in an sIBM patient. Muscle cells entirely sur-
rounded by inflammatory cells can be seen (arrow). At the same time, muscle fibres with typical red
rimmed vacuoles and inclusion bodies are visible (arrowhead in magnified insert)
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Fig. 2 A a mRNA expression in relation to GAPDH by means of quantitative PCR in sIBM patients
(n=12), polymyositis (PM; n=12) and dermatomyositis (DM; n=11). Marker expression in relation to
non-myopathic controls (n=12). *p<0.05, **p<0.01 and ***p< 0.001. b Immunohistochemical double
and serial staining for MHC-I, CXCL-9, CCL-3 and IL-1f. The staining signal in muscle in sIBM patients is
found mainly in muscle fibres, the signal in dermatomyositis is found mainly in connective tissue cells
and capillaries, while it remains lower in polymyositis and restricted to individual areas with increased
inflammation. (Images obtained from the open-access publication [23] with permission)

ever, are clearly distinct from the sporadic
variants, partly due to a completely differ-
ent distribution pattern in affected mus-
cles and partly due to the absence of in-
flammation in tissue samples.
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The present article describes the com-
plex network of mechanisms found in
sIBM.

Inflammatory cells in
skeletal muscle

Certain surface molecules which have
their own individual signature are pres-
ent in greater numbers in sIBM, in par-
ticular so-called HLA (human leukocyte
antigen)-B8 and HL-DR3. A similar ac-
cumulation of certain HLA molecules
is seen predominantly in classic autoim-
mune diseases such as rheumatoid arthri-
tis or multiple sclerosis. This is an indi-
cation that specific autoimmune mecha-
nisms play a role in sIBM. Moreover, the
onset of other autoimmune diseases of the
thyroid or connective tissue, e.g. rheu-
matoid arthritis, is often concomitant to
sIBM. Severe inflammation and produc-
tion of various inflammatory mediators
[cytokines such as tumor necrosis factor
(TNF)-a and chemokines such as che-
mokine ligand (CXC-L)-9] can be seen in
sIBM muscle. While these mediators can
cause direct damage to muscle fibres on
the one hand, particular cells in the im-
mune system are called into the muscle,
such as macrophages and T-leukocytes
as well as B-lymphocytes, on the other. A
large number of studies were able to show
that there is an increase in T-cells in the
skeletal muscle in the case of sIBM, as in
polymyositis. This type of immune cell
division in inflamed tissue is called “local
clonal expansion’, since the cells originate
clone-like from a single original cell. Us-
ing the very elegant and highly sensitive
method of spectratyping, with initial PCR
followed by high-resolution electropho-
resis, clonal expansion could also be ob-
served in sIBM [7][21]. This kind of anal-
ysis is virtually able to record the “genetic
fingerprint“ of all T-cells found in the rele-
vant sample. To evoke a sufficiently strong
and specific growth signal in a T-cell, cer-
tain surface molecules need to bind to the
lymphocytes. This sort of specific inter-
action is usually reserved for specialized,
antigen-presenting cells such as dendrit-
ic cells: Following metabolization of dam-
aged muscle fibres for example, these cells
are able to deliver appropriate protein
molecules on the surface in order to effect
an activation of T-cells against precisely
this molecule. In the case of sIBM, as in
other autoimmune disease, a similar acti-
vation of T-cells can also take place in the
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inflamed tissue itself. In muscle, this anti-
gen presentation can be taken over by the
muscle fibres themselves. As shown by the
work of Heinz Wiendl as well as our own
data, muscle fibres themselves possess the
relevant molecules to activate T-cells [22]
[28]. In addition to the expression of ma-
jor histocompatibility complex (MHC),
which is present in almost every fibre in
sIBM, in contrast to healthy muscle, co-
stimulatory factors also play an important
role. It could be shown that the co-stim-
ulatory molecule inducible co-stimulator
(ICOS) and its ligand (ICOS-L) are up-
regulated in muscle in the case of sIBM.
Moreover, it was observed that ICOS-L on
muscle fibres came into contact with cell-
damaging, cytotoxic (CD8-positive) T-
cells. Corresponding “co-stimulation” via
ICOS could also influence the destructive-
ness of cytotoxic T-cells.

Thus, muscle fibres in sIBM could be
involved in all three steps of T-cell autoim-
munity: (1) Recruitment via secretion of
mediators; (2) local antigen presentation;
(3) activation of T-lymphocytes [29].

The development of
B-amyloid in sIBM

In addition to the marked inflammatory
reaction seen in sIBM, there is an accumu-
lation of defective proteins in the muscle.
At the same time, all the molecules which
play a role in Alzheimer’s, Parkinson’s and
Huntington’s disease, e.g. tau, ubiquitin,
APO-E and a-synuclein, occur in sIBM
[1]. The most commonly occurring pro-
tein is B-amyloid, which is deposited in
the brain primarily in Alzheimer’s disease
and is cleaved from the precursor mole-
cule amyloid precursor protein (APP) by
secretases. In contrast to Alzheimer’s dis-
ease, where 3-amyloid is mainly found ex-
tracellularly as plaques, it remains within
the muscle fibres in sIBM. In a cell culture
model, overexpression of APP lead to the
development of vacuoles and the subse-
quent degeneration of muscle cells [2]. Al-
s0, in genetically altered mice, increased
development of APP led to an accumula-
tion of B-amyloid and pathological chang-
es to the skeletal muscles, closely resem-
bling IBM [12][24]. A dysfunction of the
ubiquitin-proteasome system has already
been considered as a principal cause of

this accumulation of pathological mole-
cules [1]. This is one of two significant cas-
cades which establish an equilibrium be-
tween required proteins and proteins no
longer needed, whereby older proteins are
marked by ubiquitin and degraded via the
proteasome pathway. In general, failure of
this mechanism leads to an undesired ac-
cumulation of proteins, which cause oth-
er dysfunctions or cell damage within the
cells. By developing compartments such
as vacuoles or inclusion bodies, the dam-
age potential of these proteins can be re-
duced.

A second mechanism for the degrada-
tion of a cell's own proteins is autophagy, a
highly conserved cell process [15]. Autoph-
agy is a lysosomal process whereby pro-
tein degradation takes place within vesi-
cles formed by a double membrane which
can enclose both free proteins and whole
organelles. The vesicles then fuse with ly-
sosomes which contain the necessary en-
zymes to degrade the proteins contained in
the autophagic vesicle and make the rem-
nants of the cell available for re-use, much
like in a recycling process. Autophagy is
indispensable for a cell in order to prevent
unwanted proteins accumulating in the
cell and possibly merging to form harm-
ful aggregates. Autophagic mechanisms
also play a particular role in neurodegen-
erative diseases where an accumulation of
unwanted proteins is significant in the de-
velopment of the disease [10][13][20]. New
data from our group have shown that the
vacuoles in sIBM muscle are also autoph-
agic vesicles, which appear to play a role
in the formation of -amyloid [14]. A sig-
nificant marker for autophagic activity is
light-chain (LC) protein-3, since this is in-
volved in the development of vacuoles and
can be detected by means of immunoblot-
ting. It could initially be shown that GFP-
LC-3 accumulated in muscle cells after the
addition of chloroquine. This demonstrat-
ed that macroautophagy in muscle cells is
continuously present. In the autophagic
vacuoles, only the cell's own APP could be
detected, none from external ovalbumin.
In sIBM patients, 7.2% LC-3-positive fibres
were found compared with 1.4% in healthy
muscle. Although other typical vacuolar
muscle diseases, such as Pompe disease
with 32.9%, had a significantly higher lev-
el of vacuolar fibres, only in sIBM could a

e-Neuroforum 2010 - 1:81-88
DOI 10.1007/513295-010-0010-1
© Springer-Verlag 2010

J. Schmidt
Of amyloid and inflammation:
causes of chronic muscle disease

Abstract

Classic inflammatory diseases of the skel-
etal muscle such as polymyositis and der-
matomyositis often lead to rapid weaken-
ing of the arm and leg muscles. Inflamma-
tion in the muscle is caused primarily by im-
mune cells and antibodies. Most patients re-
spond well to standard immunosuppressive
therapy. In sporadic inclusion body myositis
(sIBM), similar pathomechanisms play a role,
including cytotoxic T-lymphocytes, which at-
tack and damage muscle fibers. At the same
time, sIBM is characterized by an accumula-
tion of aberrant molecules, particularly B-am-
yloid, which play a role in neurodegenera-
tive diseases. This degeneration with forma-
tion of inclusion bodies and vacuoles may be
the cause of the slow yet relentlessly progres-
sive damage to the skeletal muscle and the
lack of treatment efficacy of standard immu-
nosuppression. Recent reports demonstrate
that there is a specific interrelationship be-
tween inflammation with generation of me-
diators such as interleukin (IL)-1B and the
amyloid-associated degeneration. The molec-
ular mechanisms discussed here are impor-
tant for the future design of better treatment
strategies for chronic muscle inflammation.
Furthermore, these mechanisms can contrib-
ute to a better understanding of the patho-
genesis of neurodegenerative diseases.
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Fig. 3 A a Correlation of mRNA expression of APP with relevant inflammatory markers such as the degree of inflammation in
H&E sections, as well as mRNA expression of chemokines and cytokines (mRNA data from @ Fig. 2). b Immunohistochemical
double staining for MHC-I (cell membrane) and B-amyloid (sarcoplasm) in a representative muscle of an sIBM patient (DAPI
nuclear counterstaining). Arrows indicate muscle fibres which are double-positive for MHC-l and 3-amyloid. (Images obtained
from the open-access publication [23] with permission)

clear co-staining for B-amyloid (81% of fi-
bres) be seen; none, however, was seen in
controls. Taken together, these data indi-
cate that autophagic breakdown of APP/
B-amyloid could play a role in the develop-
ment of sSIBM. However, it remains unclear
whether this mechanism has a protective
or rather a destructive function in sIBM,
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since autophagy can also occur alongside
programmed cell death (apoptosis) [26].

The association between
inflammation and
B-amyloid in muscle

In addition to the above-mentioned de-
generation with increased development of

B-amyloid and inflammatory cell migra-
tion, a multitude of inflammatory medi-
ators are formed in sIBM, which are each
able to direct a specific cellular immune
response to the muscle (overview in [6]),
in particular the CC and CXC chemokines
CCL-3, CCL-4, CXCL-9 and CXCL-10. In
addition, both immune cells and muscle
fibres themselves form inflammatory me-
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Fig. 4 » Human primary
muscle cultures following
exposure to IFN-y and IL-
1B. Striking upregulation of
protein expression of APP
after 24-72 h can be seen
using immunocytochem-
istry (@) and Western Blot
(b). B-amyloid accumula-
tion is shown by thiofla-
vin-S staining after 48 h (c).
(Images obtained from the
open-access publication
[23] with permission)

Thioflavin-S

diators (cytokines), such as IL-1p, TNF-a
and TGF-p (overview in [25]). In a recent-
ly published work, our group investigat-
ed the mRNA level of the relevant disease
markers in sIBM and compared this with
dermatomyositis and polymyositis, the
other inflammatory muscle diseases. Us-
ing quantitative (real-time) PCR, it could
be seen that significantly higher levels of
chemokines CXCL-9, CCL-3 and CCL-4,
as well as cytokines IFN-y, TNF-a and IL-
1B were expressed in sSIBM compared with
healthy control muscle (8 Fig. 2a).
Moreover, the mRNA level in sSIBM
was in most cases markedly higher than
in polymyositis or dermatomyositis. Tis-
sue staining showed that the protein levels
of inflammatory markers such as MHC-
I, CXCL-9, CCL-3 and IL-1f in sIBM
were also each formed by the muscle fi-
bres themselves, whereas in polymyositis/
dermatomyositis these molecules are pri-
marily formed by inflammatory cells or
in connective tissue, or by blood vessels
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(8 Fig. 2b). Markers which were associ-
ated with amyloid, cell stress or degener-
ation/regeneration, such as APP, aB-crys-
tallin, desmin or NCAM were also in-
creased in sSIBM compared with controls,
however not compared with polymyosi-
tis or dermatomyositis. Further investiga-
tion of mRNA data showed that APP as
the major degeneration molecule correlat-
ed significantly with the relevant inflam-
matory markers CXCL-9, CCL-3, CCL-4
and IFN-y (B Fig. 3a). No similar corre-
lation could be found for polymyositis and
dermatomyositis. Tissue staining provid-
ed precisely the same evidence of an as-
sociation between inflammation and de-
generation: The inflammatory marker
MHC-1 was found in the same muscle fi-
bres which were also positive for f-am-
yloid (B Fig. 3b). On a functional lev-
el, it could be demonstrated that the cy-
tokine IL-1P in primary human mus-
cle cultures caused upregulation of APP
(8 Fig. 4a). Additional stimulation with
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IFN-y increased this effect, which is like-
ly explained by increased formation of the
binding molecule (receptor) for IL-18 on
the surface of the muscle cell. This up-reg-
ulation could be confirmed by Western
Blot and the time course of this increase
more accurately investigated (B Fig. 4b).
There was also an increase in the ultimate-
ly depositing molecule, amyloid, in these
muscle cells (B Fig. 4c).

The molecular mechanism of the as-
sociation between B-amyloid and IL-1f in
muscle has not been investigated in depth
as yet. BACE1 has been considered in this
context, the production or activation of
which can also be increased under inflam-
matory conditions and lead to increased
breakdown of B-amyloid from APP, as
could already be shown in other cell sys-
tems [11]. A further mechanism which
could explain the association between in-
flammation and degeneration in sIBM is
autophagy. As mentioned above, new da-
ta indicate that vacuoles play a role in the
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Fig. 5 A Current model of the possible mechanisms of sIBM. Upon infection or other mechanism of damage to the muscle,
unalterable conditions such as genetic factors may be the reason for an inflammatory reaction to cause degeneration with in-
creased APP production and B-amyloid deposition. At the same time, there is a cell stress reaction that can, in turn, cause in-
creased degeneration on the one hand while triggering or promoting an inflammatory reaction on the other. Following mus-
cle damage, it is dependent upon certain opposing mechanisms as to whether the fibre survives or dies. Protective molecules
such as chaperones can weaken a cell stress reaction or its effects on the cell, while compartmentalization of aberrant mole-
cules such as B-amyloid in vacuoles or inclusion bodies may reduce its damaging effect. Increased protein metabolism may
counteract progressive degeneration on the one hand; however, on the other increased inflammation is possible due to the
presentation of antigens via the autophagy/MHC-II pathway

generation of in f-amyloid in sSIBM mus-
cle. At the same time, it has been known
for several years that the breakdown of
proteins by means of macroautophagy
can lead to their presentation as antigens
by fragments reaching the cell surface via
the MHC-II pathway [19]. In this way, cy-
tokine-associated up-regulation of MHC-
I, as seen in muscle inflammation in
sIBM patients, could simultaneously also
cause the presentation of degeneration-as-
sociated molecules such as B-amyloid. To
support this, a recent report demonstrat-
ed that, at 94%, almost all muscle fibres
which were double-positive for MHC-II
and B-amyloid also contain a signal for
LC3, thereby corresponding to macroau-
tophagic vacuoles [14].

Cell stress mechanisms

One possible pathway for the association
between inflammation and degeneration
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in sIBM muscle is cell stress. There are
different types of cell stress, which can be
caused by inflammation or the formation
of free radicals. aB-crystallin has already
been described as a cell stress molecule in
muscle cells [8]: as a heat shock protein,
aB-crystallin can for example protect cer-
tain filament proteins such as actin or des-
min in a ‘chaperone’ function. Moreover,
aB-crystallin has also been attributed a
role in the elimination of B-amyloid and/
or its cell-damaging effects [8]. It could be
shown in IBM muscle that aB-crystallin
is present in fibres which demonstrate no
abnormalities in terms of form or inter-
nal structure, i.e., which appeared mor-
phologically normal [3]. These mus-
cle fibres have been referred to as “X fi-
bres”, since it was assumed that they car-
ry a very early pathological change, which
would become manifest over time in the
form of changes in cell structure, such as
vacuoles for example. In a recently pub-

lished work, our group was able to shown
that aB-crystalline und p-amyloid corre-
late significantly with one another [16]. In
particular, so-called “X fibres” were of-
ten positive for APP or even B-amyloid,
which could also be shown together with
other markers for regeneration or degen-
eration, such as NCAM or desmin in the
same fibre. Fibres with vacuoles or other
morphological signs of degeneration were
also double-positive for aB-crystallin and
APP/B-amyloid. In functional investiga-
tions with muscle cultures it was found
that the inflammatory cytokine IL-1p
together with IFN-y caused up-regula-
tion of aB-crystallin and simultaneous-
ly increased the expression of APP. Thus
these data suggest an early cell reaction
which can precede an accumulation of
B-amyloid in sSIBM muscle.

A second form of cell stress is the pro-
duction of free radicals such as nitric ox-



ide (NO), which can be produced by an
inducible synthesis, iNOS.

A further association between a cell
stress reaction and the accumulation of
abnormal proteins in muscle comprises
an endoplasmic reticulum cell stress reac-
tion, e.g. in that the intracellular machin-
ery forms a multitude of MHC-1 mole-
cules. The negative effects of this endo-
plasmic reticulum cell stress reaction on
muscle fibres has been observed in both
animal models and cell culture systems
[4][17]. Further investigations suggest
that autophagic metabolization of pro-
teins plays a particular role in this process
[18][27].

To summarise, there are indications of
an early cell stress reaction in sSIBM mus-
cle, which could be of significant rele-
vance in the development of chronic in-
flammation as well as in the accumulation
of abnormal proteins.

Conclusion

sIBM is the most frequently acquired
muscle disease in patients over 50 years,
causing progressive muscle loss with in-
creasing weakness, which leads to re-
duced ability to walk. There is no effec-
tive treatment available to date, which

is partly due to the fact that the cause is
as yet unknown. @ Fig. 5 shows a mod-
el of possible disease mechanisms, which
include a specific inflammatory reaction
and an accumulation of aberrant mole-
cules in muscle fibres. The inflammato-
ry mechanisms cause an increase in self-
destructive T-lymphocytes, which attack
the muscle fibres. B-lymphocytes and a
generation of self-reactive antibodies al-
so appear to be involved. In the immune
reaction in muscle, the fibres are able to
play a role in determining the entire rep-
ertoire of the autoimmune cascade: (1)
the production of chemokines contrib-
utes to the migration of immune cells in-
to the muscle; (2) co-stimulatory mol-
ecules on the surface of muscle fibres
could be involved in the presentation of
auto-antigens; (3) the distribution of cy-
tokines contributes to a long-lasting in-
flammatory milieu in that an increase in
immune cells in the form of clonal expan-
sion can take place. In addition to 3-am-
yloid, there is increased deposition in the

muscle of other molecules involved in
degenerative diseases, such as tau and
presenilin, among others. Autophagic
mechanisms also play a role in the gen-
eration of $-amyloid and can simultane-
ously increase or trigger the inflammato-
ry reaction. IL-1f is of particular impor-
tance in this inflammation, since it also
causes increased production of APP und
B-amyloid in muscle cells. Even before
this inflammatory cascade and detect-
able degenerative mechanisms, there is
production of cell stress molecules such
as aB-crystallin, which indicates a possi-
ble dysfunction in molecules important
for cell stress.

The data presented in this overview arti-
cle demonstrate that our understanding
of the cause of sIBM has improved con-
siderably in recent years. However, signif-
icant associations remain incompletely
understood. Only a better understanding
of the disease mechanisms will make it
possible to develop targeted and prom-
ising novel treatment strategies. More-
over, these mechanisms could contrib-
ute significantly to our understanding of
neurodegenerative diseases.
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