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ABSTRACT 
The idiopathic inflammatory myopathies (IIMs) are a heterogeneous group of chronic 
muscle disorders, typically displaying infiltrating T cells in skeletal muscle tissue and 
classified into polymyositis, dermatomyositis and sporadic inclusion body myositis. 
Several studies involving both humans and animal models point towards a role for T 
cells in the pathogenesis of IIMs, however, the precise phenotype, functionality and 
specificity of pathogenic T cells remain elusive. Increased frequencies of a subset of T 
cells, known as CD28null T cells, in peripheral blood and affected organs in various 
chronic inflammatory disorders, are reported by several studies. Such CD28null T cells 
are highly differentiated T cells lacking the co-stimulatory molecule CD28, which 
acquire expression of other receptors commonly associated with natural killer cells, and 
display proinflammatory, cytotoxic and apoptosis resistant features. In contrast to 
CD28null T cells, regulatory T cells are T cell subset critical for maintaining immune 
tolerance and also described to assist in the muscle repair process. 

The aims of this thesis were to investigate CD28null T cell subsets in both muscle 
tissue and peripheral blood of patients with IIMs, by evaluating frequencies, phenotype, 
function and clinical relevance of these cells. The cytotoxic mechanisms of CD28null T 
cells towards autologous muscle cells were investigated using in vitro T cell - muscle 
cell co-cultures. Muscle tissues of patients were investigated for the effects of 
conventional immunosuppressive therapies on CD28null and regulatory T cell subsets. 
Glucocorticoid and regulatory T cells mediated immunosuppressive effects on 
circulating CD28nulls T cells were evaluated using in vitro assays.  

We demonstrate that muscle-infiltrating T cells are predominantly CD4+CD28null and 
CD8+CD28null T cells in patients with polymyositis and dermatomyositis. Also in 
sporadic inclusion body myositis, where the role of immune system is controversial, T 
cell infiltrates in muscle tissue are dominated by CD28null T cells. Circulating 
CD28null T cell subsets of both CD4 and CD8 lineage were more common in patients 
compared to healthy controls, and were associated with human cytomegalovirus 
infection. These cells displayed oligoclonal expansions, proinflammatory cytokine 
secretion and degranulation potential, and also contained perforin. Using autologous in 
vitro co-cultures, we showed that the cytotoxic effects of CD28null T cells towards 
muscle cells are mediated largely via perforin-dependent mechanisms and regulated by 
IFNγ-induced HLA expression on muscle cells. Interestingly, poor clinical response in 
patients following immunosuppressive therapy was linked to persistence of CD28null T 
cells in muscle tissue. CD4+CD28null T cells were also found to be resistant towards 
glucocorticoid and regulatory T cell mediated immunosuppression in in vitro assays. 

These findings imply that CD28null T cells represent clinically important effector cells 
in IIMs, capable of attacking muscle fibers and inducing chronic inflammation 
mediated pathogenesis. Ineffectiveness of current immunosuppressive therapies 
appears to be linked with persistent CD28null T cells in muscle tissue as well as their 
immunosuppression resistant properties; therefore, these cells represent potential target 
candidates for future therapies.  
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1 GENERAL INTRODUCTION 
Inflammatory myopathies are a group of diseases characterized by progressive muscle 
weakness along with chronic muscle inflammation. These diseases are also known as 
idiopathic inflammatory myopathies (IIMs) or collectively as myositis. "Idiopathic" 
means that the cause is not known and "myositis" means muscle inflammation. Several 
findings indicate that IIMs may belong to immune-mediated inflammatory diseases 
category, where the immune system, which usually protects our body from diseases 
caused by infections or cancer, cause excessive inflammation in body's organs and 
tissues, leading to functional impairment. Abnormal and chronic inflammations are the 
main features of such diseases. Prior studies have reported the abnormal presence of 
cells linked to immune system including T cells in the skeletal muscle tissue of patients 
with IIMs. However, the mechanisms underlying the initiation and progression of the 
muscle pathology and specific role of immune cells are not clearly understood. 

T cells (T lymphocytes) are specialized cells of our adaptive immune system, which 
function as key players in both maintaining immune tolerance against self-tissues and 
orchestrating multicomponent immune attack on pathogenic foreign microorganisms. 
Upon encountering a pathogen, T cell expansion takes place, and a subset of T cells 
known as memory T cells are maintained in the body to allow immediate recognition 
and effector function upon re-encounter of the pathogen. Memory T cells are thus 
equipped to kill and eradicate pathogens efficiently. However, increased frequencies of 
T cell subsets with memory phenotype, known as CD28null T cells, are reported in 
various chronic inflammatory disorders, indicating that these cells may cause 
inflammatory damage in various organs and tissue. The studies included in this thesis 
explore, whether CD28null T cell subsets can be regarded as pathogenic cells in 
inflammatory myopathies, and if yes, what could be the pathogenic mechanisms. Along 
with CD28null T cells, regulatory T cells were also investigated, which help to 
maintain self-tolerance and muscle repair. Furthermore, the effects of currently used 
immunosuppressive treatments on these T cell subsets were evaluated in patients with 
IIMs. 

The thesis attempts to introduce relevant topics adequately in the background, which 
would help reader to understand the results and discussion. The suggested pathogenic 
mechanisms are based upon previous knowledge combined with findings in this thesis. 
However, hypothesis and suggested mechanisms are my personal view and should be 
confirmed by future studies before drawing conclusions.   
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2 BACKGROUND  

2.1 IDIOPATHIC INFLAMMATORY MYOPATHIES  

2.1.1 Introduction 

The idiopathic inflammatory myopathies (IIM/IIMs), collectively named as myositis, 
are a heterogeneous group of chronic muscle disorders, which are characterized 
clinically by skeletal muscle weakness and low endurance, and histopathologically by 
inflammatory cell infiltrates in muscle tissue 1. Based on clinical and histopathological 
differences, IIMs have been classified mostly into polymyositis (PM), dermatomyositis 
(DM) and sporadic inclusion body myositis (sIBM) 2,3.  Involvement of other organs 
than muscles is also frequently seen in DM and PM but less frequently in sIBM. 
Involvement of skin in DM, and lungs in PM and DM indicate that these myopathies 
are rather systemic connective tissues diseases 1.  

 

2.1.2 Classification criteria 

Currently, Bohan and Peter 4,5 - and Tanimoto 6 criteria are the most commonly used 
criteria for diagnosis and classification of PM and DM. These are based on clinical, 
histopathological and neurophysiological evaluation in combination with serum levels 
of muscle enzymes. However, there are several limitations to these criteria because they 
do not incorporate recently discovered molecular biomarkers such as autoantibodies, 
which could classify patients more accurately based on their disease mechanisms. The 
lack of updated classification criteria has also hampered the research and development 
of novel treatments in IIMs subtypes. Nevertheless, Bohan and Peter classification 
criteria were used for determining PM and DM included in this thesis work. The above 
criteria do not distinguish sIBM. Therefore, the criteria suggested by Grigg´s et al were 
used for sIBM classification 7,8, although we did not rely on the compulsion of electron 
microscopy evaluation.  

 

2.1.3 Epidemiology and clinical manifestations 

The PM/DM/sIBM belong to a rare clinical disease category with the incidence of 0.1–
1/100 000/year and the prevalence of 1–6/100 000/year 9. DM affects both adults and 
children and is more common in women. PM occurs mostly after second decade of life 
while sIBM mostly occurs in individuals older than 50-60 years. A male preponderance 
is observed in sIBM 9,10.  

Patients with PM and DM are described to display progressive weakness mainly of 
proximal limb muscles, while in patients with sIBM, distal muscles are often affected 
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with pronounced weakness and atrophy in addition to proximal muscles. However, a 
recent study in our group demonstrated that distal muscles are also affected in patients 
with PM and DM 11. Proximal muscle weakness presents symptomatically as 
difficulties in everyday activities such as climbing the stairs, dressing, bathing, lifting 
objects or combing hair. Distal muscle weakness presents with difficulties in buttoning 
of shirts, sewing, writing etc. In all forms of IIM, pharyngeal and neck-flexor muscles 
are usually involved, leading to difficulties in swallowing and holding up the neck. In 
advanced cases, breathing difficulties may be encountered due to involvement of 
respiratory muscles.  Severe weakness if untreated, almost always leads to muscle 
wasting. Myalgia and muscle tenderness (pain) may be present but the frequencies are 
unclear. Weakness in PM and DM progresses sub-acutely over a period of weeks or 
months and rarely acutely; by contrast sIBM muscle weakness progresses very slowly 
over years. Other common symptoms include fatigue and weight loss and malaise as a 
result of inflammation, muscle atrophy, pain and weakness. Some patients can also 
display arthralgia, arthritis, myocarditis and arrhythmias. Initial symptoms mostly 
include slow onset of muscle fatigue, but skin and lungs might also be involved. 
Increased incidences of malignancies are observed in patients with DM, particularly in 
patients older than 50 years. Symptoms can appear in different organs at different time 
points as the disease progresses. Involvement of multiple organs may lead to more 
severe complications, diagnostic difficulties, poor prognosis and reduced life 
expectancy. 9,10,12,13 (Inflammatory Myopathies. Harrison's Principles of Internal 
Medicine 16th Edition, Vol II) 

 

 

Figure 1: Skeletal muscle structure and connective tissue layers. There are three layers of 
connective tissue in a skeletal muscle. The epimysium is the outermost layer and surrounds the 
whole skeletal muscle. The perimysium surrounds the muscle fascicles and contains blood 
vessels and nerves. A fascicle contains a group of muscle fibers (between 10-100). The 
endomysium surrounds each single muscle fiber and is a thin, delicate covering of loose 
connective tissue. Endomysium also contains blood capillaries and nerves. (Picture and legend 
adapted from Wikipedia & Gray's Anatomy: IV. Myology) 
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negative effect onmuscle contractility, or apersistent
atrophy because of disuse or defectivemuscle regen-
eration. Another explanationcouldbe replacement of
muscle tissue by fat which is often seen in patients
with IBM, regardless of immunosuppressive treat-
ment. Possible molecular mechanisms that could
contributeto thepersistentchronicmuscleweakness
in polymyositis and dermatomyositis will be further
discussedbelow.

Muscle weakness in myositis

Loss of muscle fibres owing to myocytotoxic effect of immune cells

The most often advocated mechanism of muscle
weakness inmyositis is an immune-mediated loss of
muscle fibres through a myocytotoxic effect of infil-
trating inflammatory cells [6]. Muscle tissue in poly-
myositis, dermatomyositis and IBM is typically char-
acterized by infiltration of inflammatory cells; in
particular, of T cells, macrophages, dendritic cells
and occasionally B cells [2, 13]. The T-cell infiltrates
are composed of CD4+ and CD8+ T cells [2]. A direct
cytotoxic effect throughan interactionbetweenCD8+
T cells andmajor histocompatiblility complex (MHC)
class I onmuscle fibers has been suggested as a me-
chanismformusclefiberdamage inpolymyositis and
inclusionbodymyositis. However, the costimulatory
molecules required for the T cell-mediated cytotoxic
effects have not been convincingly demonstrated in
muscle tissue of myositis patients. In the light of
this, the recently demonstrated high prevalence of
CD28null T cells inmuscle tissue of myositis patients
is of particular interest as these T cells have a pheno-
type that resembles natural killer (NK) cells and can
exert a cytotoxic effect without CD28 and its ligands
[14]. It is also interesting that the NK cell properties
are observed for both CD4+ and CD8+ CD28null T
cells. Therefore, T cell-mediatedmyocytotoxicity and
loss of muscle fibres could be induced by both CD4+

and CD8+ CD28null T cells (Fig. 2), but whether
CD28null T cells really have a myocytotoic effect re-
mains tobedetermined.

Cytokine-mediated muscle weakness

The presence of several cytokines and chemokines
has been reported in muscle tissue of myositis pa-
tients. Cytokines have pleiotropic effects and may
have pro- or anti-inflammatory properties and there-
by serve as targets for therapy. Several different
cytokineshaveeffects onmuscle fibres, bothonmus-
cle fibre contractility and remodelling; these effects
will be the focus of the discussion in this review. The

(a)

(b)

(c)

Fig. 1 (a–c) Characteristics of healthymuscle and ofmuscle
from patients with polymyositis and dermatomyositis. (a)
Cross-sectional muscle biopsy tissue from a healthy subject
(haematoxylinandeosinstaining). Image courtesyofDrCeci-
lia Grundtman. (b) Cross-sectional muscle biopsy sample
from a patient with polymyositis; image shows fibre size
variation, several fibres with central nuclei, mononuclear
inflammatory cells with an endomysial distribution and sur-
rounding muscle fibres (haematoxylin and eosin staining),
degenerating fibres (thick arrows) and regenerating fibres
(broken arrows). Image courtesy of Dr Inger Nennesmo. (c)
Cross-sectional muscle biopsy sample from a patient with
dermatomyositis; image shows a perimysial and perivascu-
lar inflammatory cell infiltrate and perifascicular distribution
of small fibres (arrows) so-called perifascicular muscle
atrophy). Often, these smaller fibres are regenerating fibres.
ImagecourtesyofDr IngerNennesmo.

I. Loell & I. E. Lundberg | Review: Muscle weakness in myositis

ª 2011 The Association for the Publication of the Journal of Internal Medicine Journal of Internal Medicine 269; 243–257 245

 
Figure 2.  (a–c) Characteristics of 
healthy muscle and of muscle from 
patients with polymyositis and 
dermatomyositis. (a) Cross-sectional 
muscle biopsy tissue from a healthy subject 
(haematoxylin and eosin staining). Image 
courtesy of Dr Cecilia Grundtman. (b) 
Cross-sectional muscle biopsy sample from 
a patient with polymyositis; image shows 
fibre size variation, several fibres with 
central nuclei, mononuclear inflammatory 
cells with an endomysial distribution and 
surrounding muscle fibres (haematoxylin 
and eosin staining), degenerating fibres 
(thick arrows) and regenerating fibres 
(broken arrows). Image courtesy of Dr Inger 
Nennesmo. (c) Cross-sectional muscle 
biopsy sample from a patient with 
dermatomyositis; image shows a perimysial 
and perivascular inflammatory cell infiltrate 
and perifascicular distribution of small 
fibres (arrows) so-called perifascicular 
muscle atrophy). Often, these smaller fibres 
are regenerating fibres. Image courtesy of 
Dr Inger Nennesmo. 

Figure and legend reprinted by permission 
from John Wiley & Sons. Publication: Loell 
I & Lundberg IE. Journal of Internal 
Medicine. 2011 Mar; 269(3):243-57 

Figure 3: Characteristics of muscle from 
patients with sporadic inclusion body 
myositis.               
Cross-sectional skeletal muscle biopsy 
tissue stained with Gomori Trichrome, 
which allows the visualization of the 
rimmed vacuoles, the hallmark of sporadic 
inclusion body myositis. Mononuclear 
endomysial infiltrates which surrounds and 
sometime invade muscle fibres, are seen in 
muscle biopsy section.  Fiber sizes vary 
greatly, among which small fibers may be 
degenerating and regenerating fibers. 
(Image courtesy of Dr Inger Nennesmo). 
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2.1.4 Histopathology of disease subsets 

Muscle is the major target organ in the inflammatory myopathies, and distinct 
histopathological features among different subtypes point towards different disease 
mechanisms among subtypes.  Typically, but not exclusively, DM is characterized by 
perivascular and perimysial/perifascicular inflammatory infiltrate which is often 
associated with perifascicular atrophy (Figure 1 and Figure 2). Complement and 
membrane attack complex (MAC) deposition have been detected around the vessels in 
DM muscle 14. These findings indicate an autoimmune reaction directed against blood 
vessel leading to microvasculature destruction, followed by various muscle pathologies. 
On the contrary, PM and sIBM are characterized by endomysial inflammatory 
infiltrates at multiple foci surrounding muscle fibers (Figure 1, Figure 2 and Figure 
3), indicating a direct autoimmune attack against the muscle compartment. 1,10. In all 
subsets of IIMs, irregular sizes of fibers are observed in cross-sectional area, with many 
fibers displaying atrophic features (smaller size) (Figure 2 and Figure 3). These 
atrophic fibers often have signs of regeneration, which could reflect chronic 
degeneration and regeneration processes in these muscles 13. In sIBM, presence of 
rimmed-vacuoles is an additional feature (Figure 3), along with tiny amyloid 
deposition in or near those vacuoles, which can be identified by Crystal-violet or 
Congo-red stains 10.  

However, histopathological features of muscle tissue are not always distinct, and many 
patients display mild or no immune cells/inflammatory infiltrate in muscle biopsies 
despite pronounced muscle weakness. The absence of immune infiltrates in the muscle 
biopsies could be due to patchy nature of infiltrate. This problem to a certain extent can 
be overcome by MRI (magnetic resonance imaging) guided muscle biopsy in the areas 
with edema, which improve the chance to capture the regions with immune infiltrate 
15,16. Nevertheless, various findings suggest that both immune and non-immune 
mechanism could be in involved in muscle pathology 17,18. Moreover, sIBM muscle 
show features suggestive of many degenerative phenomena such as unfolded protein 
response, endoplasmic-reticulum stress, lysosome and mitochondrial abnormalities 19-

21.  Although, pathogenic mechanisms in different subtype of IIMs are complex and not 
clearly understood, the general understanding and proposed immune mechanisms are 
summarized in Figure 4. 
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Figure 4: Potential immune mechanisms in myositis pathogenesis. Immune activators, for 
example, respiratory infection, trigger disease in myositis susceptibility gene carriers. Other 
environmental factors might contribute. b | Innate and adaptive responses are activated in lymph 
nodes; macrophages secrete cytokines; mDCs present antigens to T cells; activated T cells 
assist B-cell activation and proliferation; some B cells differentiate into autoantibody-secreting 
plasma cells. c |Activated immune cells enter general circulation. Upon encountering specific 
antigens, immune cells penetrate endothelia, into local muscle. di | In polymyositis (and perhaps 
sIBM), CD8+ T cells expressing perforin-1 and granzyme invade non-necrotic muscle fibers 
expressing MHC class I molecules (continuous MHC expression might be induced by pDC-
derived type I IFN); mDCs activate T cells, and macrophage-derived cytokines control T-cell 
homeostasis, activation and proliferation. dii | In dermatomyositis, infiltrates—composed of 
CD4+ T cells, B cells, DCs and macrophages—usually invade perivascular and perimysial 
muscle tissue, and might organize into structures resembling lymph node germinal centers. ei 
|Immunohistochemistry of muscle tissue from a patient with polymyositis, showing CD8+ T 
cells localized to endomysium. eii | Perivascular localization of CD4+ T cells in muscle tissue 
of a patient with dermatomyositis, revealed by immunohistochemistry. Abbreviations: IFN, 
interferon; mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell; sIBM, sporadic 
inclusion body myositis. (Figure and legend reprinted by permission from Nature Publishing 
Group. Publication: Zong, M. & Lundberg, I. E. (2011) Nat Rev Rheumatol. 2011 
May;7(5):297-306) 

 

2.1.5 Role of T cells in IIM pathogenesis 

When immune infiltrates are observed in muscle tissue of IIMs, they consist of mainly 
T cells, macrophages and other immune cells (less frequent). Endomysial mononuclear 
infiltrates consisting of mainly CD8+ T cells and macrophages which invade HLA 
class-I expressing non-necrotic muscle fibers, are described as typical of PM and sIBM 
muscle. While perimysial/perivascular infiltrates consisting mainly of CD4+ T cells 
with occasional B cells and macrophages are described as typical of DM muscle. 22-26 
However, above definitions are probably oversimplified in the context of recent 
findings, where both CD4+ and CD8+ T cells have been reported in endomysial and 
perimysial infiltrates of all IIM subtypes 27.  

In addition, several studies describe the presence of cytotoxic and cytolytic molecules 
in T cells surrounding muscle fibers in IIMs subtypes. The presence of perforin, 
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granzyme and granulysin have been detected in the T cells which invade muscle fibers 
2,28-31. Clonally expanded and perforin positive T cells have been detected in both 
peripheral blood and muscle tissue of patients with IIMs 32-34. 

The role of T cells in IIMs pathogenesis has also been supported by some recent animal 
models studies. A murine polymyositis model demonstrated that beta2-microglobulin-
null and perforin-null mutant mice display significantly lower number of myositis 
incidences along with lower muscle inflammation and injury, compared to wild type 
mice 35. The adoptive transfer of CD8+ T cells alone or CD4+ T cells alone, or in 
combination could induce myositis in naive recipient mice, although the outcome of 
disease incidence and severity varied depending on the murine models 35,36. Murine 
studies also points towards the role of FoxP3+ regulatory T (Treg) cells in myositis 
pathogenesis. Recent studies in two different myositis models demonstrate that Treg 
cells depletion leads to more severe disease, and addition of in vitro expanded Treg 
cells led to disease improvement 36,37.  

Despite above findings that imply the role of T cells in pathogenesis of myositis, the 
precise phenotype and functionality of pathogenic T cell subsets are not clearly 
understood in the setting of human inflammatory myopathies.   

 

2.1.6 Viral triggers 

Viruses are known to combat with the immune system and induce interferon 
productions 38. Several viruses are described to be indirectly associated with many 
chronic and acute myopathy conditions. Specific subtypes of coxsackievirus have been 
implicated in inflammatory myopathies 39,40 and RNA from coxsackievirus have also 
been detected in patients with PM and DM 41. However, this was contradicted by other 
studies, reporting the absence of any candidate viral genome in the muscle tissue 42,43. 
Additionally, retroviruses such as Human Immunodeficiency Virus (HIV) and Human 
T-cell Lymphotropic Virus Type 1 (HTLV-1) have been implicated in various chronic 
and acute myopathies 44-47. Infections with retrovirus have been associated with the 
development of inflammatory myopathies with features of PM and sIBM, in both 
humans and nonhuman primates 48-52. The manifestations of inflammatory myopathies 
in the retroviral-infected individuals could occur in both early and late stages of 
infection. More recently, infections with Human Cytomegalovirus (HCMV) 46,53-57, 
Epstein–Barr virus (EBV) 58,59, Hepatitis C virus (HCV) 60-66 and Hepatitis B virus 
(HBV) 67-69 have also been reported to be associated with the several forms of 
myopathies. However, the presence of candidate viral genome and viral replication in 
muscle tissue of myositis patients are controversial 10,42,54,70. Nevertheless, association 
of various viral infections with myopathies suggests that even in absence of viral 
replication within muscle, chronic viral infection may trigger a persistent inflammatory 
response, where the virus-specific T cell could play essential role in breakdown of 
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tolerance towards the muscle compartment.  However, the role of viruses and virus-
specific T cells in the pathogenesis of IIMs is not clearly understood.  

 

2.1.7 Treatment in IIM subtypes 

Due to lack of understanding of disease mechanisms, conventional myositis therapies 
are largely based on general immunosuppression. There have been very few controlled 
trials in IIM subtypes. Therefore, the treatment recommendations are largely based on 
clinical experience and open-label trials 1,71. Conventional treatment regimen for PM 
and DM includes high doses of glucocorticoids 0.75–1.00 mg/kg per day, most often 
for several weeks. Response to such treatment is seen in many patients, however side 
effects are common, and the recovery of former physical and muscle functions are rare. 
Therefore, more recently, many experts recommend combination therapies by including 
another immunosuppressive/s in order to improve the response and reduce the need for 
steroids. The frequently used first line drugs for combination therapies are methotrexate 
at 15-25mg/week or azathioprine at 2mg/kg per day.1  In case of adverse events, second 
line drugs are cyclosporin-A, with equal potency as methotrexate 72 or mycophenylate 
mofetil based on various case reports 73,74. Glucocorticoids interfere with signaling 
pathways related to immune activation and at high doses, capable of inducing apoptosis 
in immune cells including T cells 75 76. The mechanisms of action of glucocorticoids 
and specific effects on T cells have been described in section 1.3. Additional 
immunosuppressives such as methotrexate, azathioprine, cyclosporine-A and 
mycophenylate mofetil, mainly block the proliferative properties of immune cells 77. 
Patients refractory to first line or above treatments are sometime given intravenous 
immunoglobulins (IVIG) 71. IVIG is derived from large pools of donated human 
plasma and known to have immunosuppressive effects.  However, the response to IVIG 
treatment is also variable. Some steroid-resistant patients with esophageal involvement 
show good response, however many patients do not respond to IVIG.78-81 In contrast to 
PM and DM, above-mentioned immunosuppressive treatments usually fails in sIBM 
patients and currently, there is no effective treatment for sIBM 10,81,82.  

 

2.1.8 Treatment resistance and persistence of immune infiltrate in 
muscle tissue 

Ineffectiveness of conventional immunosuppressive therapies in IIMs is also reflected 
in histopathology, as the inflammatory infiltrates in muscle tissue persist in several 
patients despite aggressive treatment. The persistent inflammatory infiltrates and 
inflammatory markers have also been shown to be associated with remaining muscle 
weakness 83-85.  
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Although, T cells are implicated in the IIM pathogenesis, whether specific subsets of T 
cells could persist in IIM muscle despite aggressive immunosuppressive treatment, and 
may escape apoptotic and immunosuppressive effects of glucocorticoids, is not known. 
My thesis attempts to address these questions, in the context of conventional 
immunosuppressive treatments (glucocorticoids alone or combination with additional 
immunosuppressive drugs). Effects of IVIG are previously studied by our group 86, and 
not part of this thesis. Barbasso Helmers and colleagues demonstrated that high doses 
of IVIG had only limited effects on the molecular markers and immune cells associated 
with inflammation in muscle tissue, and T cells were present in equal degree before and 
after IVIG treatment. 
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2.2 GLUCOCORTICOID EFFECTS 

Glucocorticoids belong to a class of steroid hormones, which regulate a variety of 
important biological functions 87. Endogenous glucocorticoids exert various kind of 
immunomodulatory activity including the control of T cell homeostasis 76. Due to their 
profound anti-inflammatory and immunosuppressive effect as well as the property to 
induce lymphocyte apoptosis, synthetic glucocorticoids are among the most commonly 
prescribed drugs worldwide.  

 

2.2.1 Mechanisms of glucocorticoids action 

The effects of glucocorticoids are pleiotropic, dose-dependent and not fully understood. 
These effects can be either genomic or non-genomic in nature 88.  The genomic effects 
are largely believed to be responsible for many anti-inflammatory and 
immunoregulatory effects, however such effects are described to take many hours to 
many days 88,89. Therefore, the immediate therapeutic effects of glucocorticoids are 
thought to be mediated through non-genomics effects 90.  

2.2.1.1 Non-genomic effects 

At high doses of glucocorticoids (prednisone-equivalent dose of >30 mg per day) 91, 
three different mechanisms can lead to non-genomic effects 88. Non-specific interaction 
of glucocorticoids with cell membrane or membrane associated proteins, which can 
hinder the functions of immune cells such as proliferation, migration, phagocytosis and 
antigen presentation 89. The specific interaction with glucocorticoid receptors  (GCRs), 
where interaction with membrane-bound GCR can inhibit T cell receptor signaling 92, 
or interaction with cytosolic GCR can inhibit arachidonic acid pathway 93.   

2.2.1.2 Genomics effects 

Genomic effects of glucocorticoids are better characterized than non-genomic effects. 
The binding of inactive cGCR with glucocorticoids convert them into active cGCR, 
which translocate into nucleus and binds to specific DNA binding sites known as 
glucocorticoid responsive elements. The binding of cGCR-glucocorticoid complex at 
glucocorticoid responsive elements can either induce or inhibit transcription, the 
processes known as transactivation or transrepression respectively 94.  Anti-
inflammatory effects are believed to occur mostly through transrepression events, 
which involves interference in binding or functions of transcription factors involved in 
inflammatory pathways. On the contrary, adverse effects of glucocorticoids are mostly 
assigned to transactivation events. 88,95,96 
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2.2.2 Immunosuppressive effects of glucocorticoids on T cells  

During thymic selection of T cells in mice, glucocorticoid-induced apoptosis is one of 
the major mechanisms responsible for the negative selection of self-reactive double 
positive (CD4+CD8+) thymocytes, due to their high sensitivity towards glucocorticoid-
induced apoptosis 87,97. Mature T cells are considered rather less sensitive to 
glucocorticoid-induced apoptosis 98. Nevertheless, murine studies show that 
glucocorticoids can induce apoptosis in mature T cells also via membrane-bound GCR, 
however the density of membrane-bound GCR on T cells is critical rather than merely 
the expression. 99 100 

Instead, immunosuppressive effects of glucocorticoids on T cells are largely mediated 
through various other pathways than apoptosis. For example, T cell proliferation upon 
mitogenic stimuli can be inhibited by glucocorticoids. Glucocorticoids have been 
shown to interfere with the expression of large number of cytokines, thereby affecting 
T cell proliferation and functions. 76 Other effects of glucocorticoids on T cells includes 
down-regulation of surface adhesion molecules e.g., ICAM-1 and E-selection 101; 
Inhibition of CD40 ligand upregulation on activated CD4+ T cells 102; Interference with 
granzyme-B transcription and early T cell Receptor (TCR) signaling events. Most of 
the data concerning the effects of glucocorticoids on T cells comes from murine 
studies, so the effects on human cells could vary compared to mice.   

2.2.2.1 Effect of glucocorticoids on different T cell subsets in human 

The role of glucocorticoids in the regulation of human T cell subsets remains 
controversial. Glucocorticoids induced polarization of naïve T cells towards a Th2 and 
regulatory T cell phenotype has been reported by some studies 103,104. Also, treatment 
with glucocorticoids has been reported to increase peripheral regulatory T cells and 
FOXP3 levels in diseases such as asthma and systemic lupus erythematosus (SLE).105-

107 Contrastingly, intra-articular glucocorticoid treatment decreased both the number 
and the frequency of FOXP3+ regulatory T cells in synovial tissue of rheumatoid 
arthritis patients 108. Another study describes no effect on regulatory T cells upon oral 
glucocorticoid treatment in asthmatic patients 109. In general, effects of glucocorticoids 
on mature and effector human T cell subsets remain largely unclear. Also, it was not 
known how glucocorticoids based immunosuppressive treatment affects different T cell 
subsets in IIM muscle tissue. 

 

2.2.3 Adverse effects of glucocorticoids on skeletal muscle and other 
organs 

Prolonged uses of glucocorticoids are associated with several adverse effects such as 
osteoporosis, weight gain, adrenal suppression leading to steroid-induced Cushing's 
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syndrome, systemic arterial hypertension, cataracts, metabolic syndromes and catabolic 
effects on skeletal muscle 110. These adverse effects are dependent on the 
glucocorticoid dose and the duration of therapy as well as genetic predisposition of 
patients, which govern the saturation level of glucocorticoid receptors and susceptibility 
towards these effects 111. Importantly, upon prolonged exposure, glucocorticoids may 
have detrimental effect on the homeostasis of skeletal muscle itself, mainly via 
inducing catabolic effects and interfering with muscle regeneration process. Such 
adverse effects could result in exaggerated muscle weakness referred to as ‘steroid 
myopathy’. The catabolic effects of glucocorticoids on skeletal muscle are mediated 
largely via affecting two pathways which are linked to regulation of muscle mass, (i) 
IGF-1-PI3K-Akt pathway, which induces muscle protein synthesis and increase in 
muscle mass, and (ii) myostatin signaling pathway, which is a negative regulator of 
muscle mass. Normally, IGF-1 pathway dominantly inhibits the myostatin signaling 
pathway, however glucocorticoids block the effects of the IGF-1 pathway as well as 
upregulate catabolic effects of myostatin pathway, leading to a coupled effect on the 
induction of skeletal muscle catabolism. 88,112  

Skeletal muscle holds the capacity to regenerate upon injury, where immune cells play 
crucial role in muscle repair process (described in section 1.4.5). However, 
glucocorticoids can negatively affect muscle regeneration process via interfering with 
differentiation of myoblasts and /or disrupting the immune response involved in muscle 
repair process 88,113,114.  

In conclusion, although glucocorticoids are aimed at dampening the 
inflammation/immune cell mediated muscle damage in inflammatory myopathies, the 
adverse effects of glucocorticoids on skeletal muscle itself cannot be ignored. 
Therefore, development of improved and specific therapies for patients with 
inflammatory myopathies is highly recommended.  
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2.3 SKELETAL MUSCLE STRUCTURE, FUNCTION, HOMEOSTASIS AND 
INTERACTION WITH IMMUNE SYSTEM  

 

2.3.1 Skeletal muscle structure & function 

Skeletal muscle constitutes up to 50% of total body mass, making it the largest organ in 
the human body. Skeletal muscles are the tissue structure specialized to generate 
mechanical force, and are made up of thousands of skeletal muscle fibers (myofibers), 
that are bundled together and attached to bones by tendons (Figure 5) 115. Myofibers 
are large syncytial (multi-nucleated) cells, generated during development by the fusion 
of mononucleated myoblasts. Myofibers are covered by a specialized plasma 
membrane known as sarcolemma, which connects and propagate signals from motor 
neurons and other external stimuli into muscle fibers.  Myofibers are surrounded by a 
layer of extracellular matrix known as the basement membrane, which constitute both 
an internal basal lamina and an external reticular lamina 116.  In the protective niche 
between sarcolemma and basal lamina, the muscle regenerative cells (satellite 
cells/muscle stem cells) resides, which can proliferate and differentiate into myoblast 
helping muscle repair.  

 

 

Figure 5.  Skeletal muscle structure and composition. Skeletal muscle is composed of 
numerous bundles of muscle fibers. Each bundle consists of multiple fibers, and individual 
fibers encompass many myofibrils. Sarcomeres are the structural units of myofibrils and are 
made up of actin and myosin filaments. Abbreviation: T-tubule, transverse tubule. (Figure and 
the legend reprinted by permission from Annual Reviews. Publication: Tabebordbar M et al., 
Annu. Rev Pathol. 2013 Jan 24;8:441-75). 
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The contraction of muscle fibers is calcium-dependent, which is facilitated by a 
specialized cytoplasm known as sarcoplasm and modified endoplasmic reticulum (ER) 
know as sarcoplasmic reticulum (SR). The sarcolemma is enclosed with Transverse 
tubules (T-tubules) facilitating the propagation of action potentials and activation the 
SR thoroughly. Myofibers contain many myofibrils acting as contraction units and are 
surrounded by SR. Myofibrils constitute thin myofilaments (actin) and thick 
myofilaments (myosin) which leads to striated appearance of skeletal muscle in the 
microscope.  Actin filaments make up the light band (I-band), and myosin filaments 
make up the dark band (A-band) (Figure 5). The structure between two Z-lines 
constitutes one sarcomere, which is the structural unit of the myofibril 117. 

The depolarization of the sarcolemma via action potential initiates the muscle 
contraction process. The depolarization induces opening of sarcoplasmic calcium 
channels, leading to increase in the intracellular calcium concentration. This triggers the 
calcium-dependent movement of actin verses myosin filaments leading to contraction 
of sarcomeres, collectively generating the muscle contraction. The transmission of 
contraction signals from myofibers to the extracellular matrix and to neighboring 
myofibers is mediated through protein assemblies known as costameres. 115  

 

2.3.2 Myonuclei and myonuclear domain  

Muscle fibers are post-mitotic cells and are unable to divide and replicate. Myonuclei 
are essential for skeletal muscle homeostasis, maintenance and adaptive responses 118.  
The theory of myonuclear domain suggests that each skeletal muscle nucleus controls 
an area of surrounding cytoplasm 119 and supports sufficient protein production in 
limited area of local “domain” 120. Myonuclear domain size is different for fast and 
slow fiber types due to difference in protein turnover rate and oxidative capacity 121. 
Nevertheless, the number of myonuclei can increase or decrease in different situations 
such as, increase in response to muscle growth, hypertrophy or overload and decrease 
in case of muscle atrophy. 118. 

 

2.3.3 Muscle injury and cell death pathways 

2.3.3.1 Acute and contraction-induced muscle damage 

Acute muscle injury can occur due to physical and chemical insults, which can induce 
rapid myofiber necrosis. Various myotoxins such as in bee or snake venoms mostly 
disrupts the integrity and function of sarcolemma leading to subsequent necrosis 115. 
There could be several other causes of acute and contraction-induced muscle injuries, 
however such mechanisms of muscle damages are beyond the scope of this thesis.  
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2.3.3.2 Role of autophagy muscle homeostasis 

In addition to providing mechanical force, skeletal muscles are also one of the most 
important sites for the control of metabolism in mammals. During catabolic 
conditions, mobilizations of muscle proteins to liver for gluconeogenesis, functions as 
the alternative energy source for other organs. In this context, the ubiquitin-proteasome 
and autophagy-lysosome systems are emerging as the major proteolytic pathways in 
atrophying muscles 122.  

The arrangements of various organelles and contractile proteins are different in muscle 
fibers compared to mononuclear cells. For example mitochondria and sarcoplasmic 
reticulum and contractile proteins are embedded among the myofibrils in comparison to 
cytosol localization in other cells. Physical mobility requires enormous energy 
generated by the muscle mitochondria by production of reactive oxygen species (ROS). 
The ROS production can have harmful effects on many cellular components. Therefore, 
muscle cells require an efficient system for the clearance of unfolded proteins, toxic 
byproducts and dysfunctional organelles. Recent findings indicate that autophagy 
pathway play important role in muscle homeostasis 122.  

In autophagy, double membrane vesicles are generated which engulf portion of 
cytoplasm, organelles, glycogen and protein aggregates 123 124.  Autophagosomes are 
then fused to lysosomes in order to degrade the contents inside.  Impaired autophagy 
either causes accumulation of abnormal organelles and toxic proteins or excessive 
degradation of muscle proteins, both of these can lead to myofiber degeneration and 
myopathies 125. For example, the accumulation of non-digested autophagosomes forms 
the morphological structures known as rimmed vacuoles and induces protein 
aggregation 126, similarly to vacuoles in muscle of sIBM patients.  A recent study also 
shows that altered expression of genes involved in autophagy are linked to impaired 
muscle remodeling in chronic hemiplegic human skeletal muscle 127.  However, the role 
of autophagy in the control of muscle cell homeostasis has not been understood 
substantially. 

 

2.3.3.3 Apoptosis and necrosis in skeletal muscle fibers 

Apoptosis is one of the most important mechanisms of programmed cell death in 
mononuclear cells, and is characterized by cytoplasmic and nuclear condensation, DNA 
fragmentation, and formation of apoptotic bodies and maintenance of an intact plasma 
membrane during cell death 128. An important feature of apoptosis is the rapid clearance 
of these apoptotic bodies by resident phagocytes, which prevents tissue from harmful 
inflammatory response.  On the contrary, necrosis has been described as uncontrolled 
release of cellular components due to processes such as swelling and membrane 
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breakdown, leading to inflammatory response associated with macrophage activity. In 
the absence of phagocytosis, apoptotic bodies could proceed towards lysis, which is 
termed as secondary or apoptotic necrosis. The loss of membrane integrity in other 
processes of cells death such pyroptosis and oncosis could also leads to necrosis 128.   

In multinuclear cells such as skeletal muscle fiber, presence of apoptosis is less evident 
and various data are conflicting and unclear.  According to some reports, apoptosis 
generally affects single nuclei rather than inducing the death of the entire myofiber 129.  
Such process has been named as nuclear apoptosis and is suggested to have negative 
effects on gene expression in the myonuclear domain. In contrast, other reports indicate 
that myogenic cells such as satellite cells and myoblasts are more sensitive to oxidative 
stress and pro-apoptotic factors compared to well-differentiated cells, such as myotubes 
and myofibers 130-132. 

While, light microscopic examination reveals muscle fiber necrosis in many disease 
states, apoptotic cell death is much less evident 133. Although it is not fully understood, 
autophagy seems to play important role in muscle homeostasis in normal conditions as 
described above, while the muscle fiber necrosis is mostly indicative of pathological 
state 134.  The role of apoptosis in skeletal muscle homeostasis is unclear and whether 
apoptosis plays any role in pathogenesis of inflammatory myopathies, is not known.  

 

2.3.3.4 Effect of age and systemic environment on skeletal muscle 

Studies with single fiber and in vitro motility assays indicate that part of 
the muscle dysfunction in aged individuals is due to increased post-translational 
modifications in proteins such as myosin 135.  The chance of post-translational 
modifications of proteins increases due to lower protein turnover rates.  Also, the 
impaired regenerative capacity of old muscles has been linked with lower 
differentiation capacity of satellite cells. Interestingly, the satellite cells from older 
individual display improved myogenic capacity in the presence of serum from young 
individuals, indicating the importance of systemic environment in muscle regeneration 
136. It has also been shown that systemic inflammation and cytokines such as TNF not 
only suppresses satellite cell differentiation but also induces apoptosis in satellite cells 
137. Therefore, systemic inflammation such as in patients with PM and DM, and age 
related factors could negatively affect muscle regeneration process. 138 

 

2.3.4 Skeletal muscle cell death in inflammatory myopathies 

Necrosis has been reported as cell death mechanism in inflammatory myopathies by a 
number of studies so far. Although, in PM and sIBM, classical histopathological picture 
shows the presence of CD8+ T cells attacking the muscle fibers, and therefore one 
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would expect to see signs of apoptotic cell death in muscle fibers. However, majority of 
studies do not find any evidence of apoptosis in the muscle fibers of patients with 
inflammatory myopathies 132,133,139-144. There are some contradictory findings, where it 
is often difficult to distinguish TUNEL staining in myonuclei compared to staining in 
infiltrating cells in those studies 145 and the positive TUNEL staining could belong to 
infiltrating cells.  

Also, there are contradictory data regarding expression of apoptosis related factors in 
myositis muscle tissue. Although, expression and upregulation of pro-apoptotic factors 
such as Fas have been reported in myositis muscle tissue, the co-expression of anti-
apoptotic molecules such as Bcl-2, FLICE (Fas-associated death domain-like IL-1- 
converting enzyme)-inhibitory protein (FLIP) and IAP (inhibitor of apoptosis proteins) 
explain the apoptosis resistant nature of myofibers in inflammatory myopathies 
132,139,140,143,145-147.   

Proinflammatory cytokines such as TNF, IL-1β, and IFNγ induce autocrine nitric oxide 
(NO) production in cultured muscle cells, leading to oxidative damage 148. Indeed, 
muscle fibers in myositis display increased levels of inducible and neuronal nitric oxide 
synthase (NOS) 149. The NO induced oxidative stress may not only induce muscle fiber 
necrosis but may also lead to decreased ATP generation and contractile function 150. In 
addition, recent findings indicate that impaired autophagy could also play a role in the 
pathogenesis of myositis, if not in all, at least in some subtypes 1,19,21,151,152, which could 
be linked to ER stress 1. However, the exact mechanisms (immune or non-immune) that 
are primarily responsible for the pathogenesis of inflammatory myopathies remain 
unknown.  

 

2.3.5 Muscle tissue repair/regeneration and role of immune system 

Muscle fibers, like many eukaryotic cells, have the capacity to repair minor membrane 
damages using membrane patch. Defects in muscle membrane repair lead to various 
forms of myopathies, for example, mutation in dysferlin is linked to limb-girdle 
muscular dystrophy type 2B and Miyoshi myopathy 153. In inflammatory myopathies 
too, the leakage of creatine kinase (CK) indicate muscle membrane damage and/or 
impairment in membrane repair process. However, detailed mechanism and role of the 
other proteins in muscle membrane repair is poorly understood and out of the scope of 
this thesis.  

In most instances post injury, skeletal muscle repair is mediated via satellite cell muscle 
regeneration and remodelling processes 13,115,154. Satellite cells are unipotent adult 
muscle stem cells which proliferate and differentiate into myoblasts in response to 
muscle damage. The myoblasts fuse with damaged myofibers or with one another to 
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generate new myofibers. Satellite cells contain self-renewal capacity which maintain 
themselves in the muscle tissue throughout lifespan in order to help muscle repair 155.   

Satellite cells normally are in a mitotically and metabolically quiescent state, however, 
become activated in response to injury or chronic muscle degeneration.  Muscle tissue 
damage leads to release of various growth factors and cytokines from extracellular 
matrix and neighboring endothelial, interstitial  and immune cells that trigger the 
proliferation of satellite cells 156,157. In addition to tissue growth factors and cytokines, 
the infiltrating immune cells and resident fibro-adipogenic precursors (FAPs) also 
affect the outcome of satellite cell muscle regeneration process. The regenerative 
capacity of satellite cells is impaired in the absence of infiltrating immune cells 158, 
indicating the essential roles of immune cells in muscle repair. However inappropriate 
or excessive immune infiltration could adversely affect the regeneration process.  
Among immune cells, neutrophils are recruited first, followed by M1 macrophages and 
thereafter M2 macrophages 159. With the interaction with neutrophils, M1 macrophages 
can further promote muscle damage by producing of high levels of NO and 
inflammatory cytokines 160. In contrast, M2 macrophages are involved in tissue repair 
and are described to be anti- inflammatory. Both neutrophils and macrophages are 
described to participate in clearance of cellular debris after injury and inflammatory 
damage. The M2 macrophages in particular induce satellite cell activation and 
proliferation and further regulate muscle cell regeneration and remodeling 161.  

 

2.3.6 Difference in muscle inflammation between acute and chronic 
muscle injuries: Breaking of self-tolerance and role of T cells 

In response to acute muscle injury, usually a stereotypical inflammatory response is 
followed by repair process, as described above. In contrast, chronic muscle damage 
leads to a rather different and more complex process, which is relatively less 
understood 161. It is believed that the major difference lies in the breakdown of 
tolerance towards muscle compartment in chronic muscle injuries, which is very 
unlikely in acute injuries. Most knowledge about muscle-immune system interaction in 
chronic muscle damage arises from studies on mdx mouse model. The mdx mouse 
model is a commonly used animal model of Duchenne’s Muscular Dystrophy (DMD). 
Similar to DMD in human, mdx mice have loss of function mutation in dystrophin 
gene, which leads to progressive muscle degeneration, necrosis and chronic muscle 
inflammation 162. Dystrophin is a rod shaped cytoplasmic protein and vital part of 
protein complex costamere involved in maintaining the integrity of muscle.  

The reduction of mdx pathology upon depletion of CD4+ and CD8+ T cells and in the 
perforin mutant mice, and the transfer of muscle pathology from mxd mice to healthy 
mice by adoptive transfer of muscle primed immune cells, collectively demonstrates 
the significant role of both CD8+ and CD4+ T cells in chronic muscle destruction 
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163,164. Also, as described in IIM section (1.2.5), both human and murine studies point 
towards pathogenic role of T cells in inflammatory myopathies.  

However, it is not clear, how this breakage of tolerance occurs in patients with 
myositis, where skeletal muscles are considered normal regarding any genetic defect. 
Which subsets of CD4+ and CD8+ T cells could play role towards breakage of 
tolerance and muscle damage in myositis? The studies included in this thesis aim to 
characterize precise phenotype and functionality of T cell subsets, which could lead to 
chronic inflammation in muscle tissue.  

 

2.3.7 Impairment of muscle regeneration in chronic muscular 
degeneration 

Chronic inflammation or chronic muscular degeneration may lead to satellite cell 
exhaustion, thereby impairing the regeneration process. The reason for this exhaustion 
is most likely due to proliferation-induced telomere shortening and damage associated 
cell attrition 165,166.  A faulty muscle regeneration process usually leads to fibrosis and 
fat tissue accumulation, which further impairs the regeneration process 167.  In fact, 
signs of muscle fiber degeneration and regeneration, fibrosis and fat tissue 
accumulation are commonly seen in myositis 13. However, it is not understood, whether 
a major defect lies in muscle regeneration or immune mediated muscle damage in 
inflammatory myopathies.  

 

2.3.8 Myotoxic factors in immune system 

2.3.8.1 Granzyme-B 

Granzymes belong to a family of conserved serine proteases, which are usually stored 
within cytotoxic granules of cytotoxic lymphocytes and known to be involved in 
immune cell mediated targeted cell death 168. There are 11 granzymes in mice and 5 
granzymes in humans known so far, among which granzymes-B (GrB) is one of the 
most abundant and most studied subtype.  Previously believed only to be expressed by 
Natural Killer cells (NK cells) and CD8+ T cells, recent findings show that GrB can be 
expressed by many other cell types too such as CD4+ T cells, regulatory T cells, 
neutrophils, basophils, mast cells, macrophages, dendritic cells and many non-immune 
cells 168. The protease inhibitor-9 is the only known endogenous inhibitor of GrB, 
which is expressed mainly by immune cells in order to prevent accidental GrB 
mediated apoptotic cell death 169.  Conventionally, GrB is known for its involvement in 
perforin-dependent intracellular apoptosis in target cells. However, recently it has been 
shown that GrB could also have many extracellular, perforin independent and apoptosis 
independent roles 168.  
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2.3.8.2 Perforin and its role in granzyme entry into target cells 

It is well established that in cytotoxic lymphocytes, GrB is released towards target cells 
along with perforin via the polarization of cytotoxic granules in the direction of 
immunological synapse 170. Perforin is a calcium dependent pore forming protein which 
can form 5-20nm pores in plasma membrane upon multimerization 171. Traditionally, it 
was believed that perforin directly facilitates the entry of granzymes into target cells by 
formation of pores in target cell membrane. However, recent models suggest that GrB 
may be endocytosed by the target cells independent of perforin. Thereafter, GrB is 
released from endosomes into cytosol in perforin-dependent mechanism and leads to 
initiation of apoptosis cascade 172-174. So far, a role of perforin beyond granzyme entry 
facilitation is not known. Perforin deficiency is associated with impaired lymphocyte 
cytotoxicity in both human and mice, which confirms the role of perforin in cytotoxic 
lymphocytes-induced granzyme mediated apoptosis. 168  

In the context of perforin-granzyme mediated cell death in muscle fibers, the role of 
perforin in muscle fiber death has been confirmed by several murine studies 35,163.  
Although, classical apoptosis pathways may be rare or absent in muscle fibers, based 
on the histological evidences in myositis, it appears that perforin-granzyme could lead 
to direct necrosis and additional cell death pathways in muscle fibers. However, such 
mechanisms need to be confirmed by future studies.    

 

2.3.8.3 Extracellular granzyme-B activities.  

Recently, several groups have reported the presence of GrB in various extracellular 
matrix (ECM) and body fluids 168. The reported median levels of GrB in the plasma of 
healthy individuals is 20-40 pg/ml 175,176, whereas increased levels of extracellular GrB 
have been reported in inflamed tissue of various chronic inflammatory conditions such 
as synovial fluid in rheumatoid arthritis, bronchoalveolar lavage (BAL) in chronic 
obstructive pulmonary disease (COPD) and lung inflammation, and the cerebrospinal 
fluid in multiple sclerosis 177,178. GrB is suggested to also have various extracellular 
functions such as cleavage of ECM proteins, which could be linked to various 
pathologies.  The mechanism responsible for higher levels of extracellular GrB is not 
fully understood, whether it is leaked from immunological synapse spaces or released 
systemically in response to other stimuli. 
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2.3.8.4 Role of granzyme-B in myositis: 

The presence of GrB and perforin expressing cells in the endomysial site of myositis 
patients suggest a role of GrB in muscle fiber damage and necrosis 31. In addition, GrB 
could promote autoantibody production against certain proteins such as histidyl-transfer 
RNA synthetase and PMS-1, by exposing immunogenic epitopes of autoantigen upon 
cleavage 179-182. Interestingly, GrB specific cleavage occurs mainly in cases where 
protein conformation is altered compare to normal. These findings indicate potential 
role of GrB in regulation of many events in vivo such as cell signaling, cell death 
pathways and tissue homeostasis.  

 

2.3.8.5 Effect of TNF on muscle damage and repair 

The effect of TNF in muscle inflammation and repair is complex. Impairment of 
muscle repair in TNF knockout mice point towards an essential role of TNF in muscle 
regeneration and homeostasis 183,184.  However, TNF has also been implicated in 
inducing muscle damage and inhibiting muscle repair process through various 
mechanisms. 161 Several findings demonstrate that TNF effects on muscle cells are 
mediated mainly via induction of NF-κB expression 185,186.  NF-κB induction in both 
macrophages and muscle cells directly or indirectly affects muscle cell proliferation 
and differentiation. In most instances, NF-κB activation increases proliferation and 
inhibits differentiation of muscle cells. TNF is also known to induce NO productions 
by myeloid cells and other immune cells, which can cause muscle fiber damage 184. 
However, dual effects of TNF on muscle damage and repair processes, could explain 
the failure of TNF inhibitors in treatment refractory patients with IIMs 187. 

 

2.3.9 Role of skeletal muscle in immune regulation 

Muscle tissue is the site for various immunological reactions, which could partly be due 
to role of immune system in muscle repair. However, other functions could also be 
possible.  Muscle fibers and cultured muscle cells not only express immunological 
molecules such as HLA (human leukocyte antigen) class I and class II, cytokine and 
chemokine receptors, co-stimulatory molecules, but also are potent secretor of various 
cytokines, chemokines and MMPs (matrix metalloproteinases). Muscle cells are 
described to be facultative antigen presenting cells under certain conditions (for 
example inflammation). However, the expression of various immune molecules and 
functions could vary between healthy and disease state. Muscle cells are also reported 
to express the immuno-protective molecules HLA-G and B7-H1, which can help to 
control excessive inflammation in muscle tissue 188. Looking at prominent 
immunological and cytokine secretion capabilities, muscle compartment is likely to 
play an active role in immune system homeostasis rather than being a passive target of 
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it.  Evidences from anti-inflammatory effects of exercise strongly suggest such 
mechanisms 189-191.  Therefore, muscle-immune interaction appears to be two ways 
regulated process, where both systems could play role in homeostasis of each other. 
Dysregulation in such interaction could manifest in various pathologies, however such 
mechanisms are not substantially understood so far.   

 

2.3.10 Muscle cells in culture: Myoblasts and myotubes 

From the fresh muscle biopsies specimens (both human and rodents), satellite cells can 
be extracted and expanded into myoblasts in vitro 192. Myoblasts are muscle precursor 
cells, which by fusion, give rise to muscle fibers in vivo and myotubes in vitro 193. In 
culture, myoblasts can be identified by muscle cells specific protein such as desmin and 
also by surface expression of neural-cell adhesion molecule (NCAM, also known as 
CD56). Desmin is an essential muscle cytoskeletal protein and one of the early markers 
for muscle lineage. NCAM is expressed on various immune cells also such as NK cells 
and T cells.  Nevertheless, NCAM can serve as myoblast specific extracellular marker 
among the cells, which are grown from muscle biopsy sample and may contain non-
myogenic cells such as fibroblasts. When cultured myoblasts reaches high confluency 
(80%), myotubes can be generated by fusion of myoblasts by adding fusion-supporting 
medium (such as low serum medium). 194 195 

 

 

Figure 6: Expression of myosin in a cultured human myotube.  
A multinucleated cultured myotube displaying the expression of both slow (green) and fast 
(red) myosin heavy chain proteins. The myotube was obtained by the fusion of human 
myoblasts. Expression of myosin heavy chain is very low or none in single nucleated 
myoblasts.  DAPI (Blue). 
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In contrast to mononucleated myoblasts, myotubes are multinucleated post-mitotic 
syncytial cells similar to skeletal myofibers in vivo. Myotubes express many skeletal 
muscle specific structural, functional and transcriptional proteins that are seen in 
skeletal myofibers in vivo, therefore resemble more closely to skeletal myofibers than 
myoblasts 196-198. Myotubes can be identified by the expression of myosin heavy chain 
(MyHC), an abundantly expressed structural and functional protein in culture  (Figure 
6).  

Both, myotubes and myoblast are described to possess immunological capabilities. 
Although, myoblasts have widely been used as an in vitro system to investigate the 
immunobiological properties of skeletal muscle cells, their usefulness is limited due to 
different properties than myofibers in vivo. For example, antigenic epitopes expressed 
by myoblasts are not seen on muscle fiber. Myoblasts also behave differently to various 
stimuli such as cytokines than myofibers. 188 Therefore, myotubes can serve as better 
system to understand muscle immune interaction.  

The mechanisms of cell death in cultured muscle cells can also depend on their 
differentiation stage, whether they are in form of myoblasts and myotubes. Like in vivo 
myofibers, cultured myotubes are relatively resistant to apoptosis compared to 
myoblasts, which could be due to their multinucleated nature, and up-regulation of anti-
apoptotic molecules such as FLIC (Fas-associated death domain-like IL-1- converting 
enzyme) and anti-caspase mechanisms 129-132,199,200. Some of the classical apoptotic 
features may be absent in cultured myotubes due to apoptosis resistant properties, while 
necrosis can be observed upon extended exposure of cytotoxic agents 199,201. Although, 
allogenic and in vitro expanded T cell clone mediated  cultured myotube and myoblast 
death were shown in in vitro settings, such T cell cytotoxicity are shown using 
Chromium release assays indicating overall lysis (membrane damage) of muscle cells, 
where in depth mechanisms of muscle death were not described 202,203. 
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2.4  FOXP3+ REGULATORY T CELLS  

FOXP3+ regulatory T (Treg) cells are naturally occurring regulatory T cells in the 
immune system, which maintains dominant self-tolerance and immune homeostasis 204. 
The dysfunction/deletion of such cells leads to impaired immune regulation in both 
human and mice, causing severe autoimmune diseases, immunopathology and allergy. 
For example, the loss of function mutation in FOXP3 leads to IPEX 
(polyendocrinopathy enteropathy X-linked syndrome) in human and Scurfy phenotype 
(fatal lymphoproliferative disease, causing death at around 4 weeks of age) in mice. 
Among FOXP3+ T cells, most cells are CD4+ and among them CD25high cells 
(CD4+FOXP3+CD25high T cells) can suppress activation, proliferation, effector 
functions and antigen presentation functions of wide range of immune cells such as 
CD4+ T cells, CD8+ T cells, B cells, Natural Killer (NK) cells and dendritic cells 205. In 
contrast to some T cell subsets, which may acquire regulatory function, natural 
occurring CD4+FOXP3+ Treg cells are developmentally determined in thymus to 
become a specialized T cell subset to exert suppressive functions. Recent studies have 
shown that human CD4+FOXP3+ T cells are not a homogenous population in terms of 
their phenotype, gene expression and mechanisms of suppression. Therefore, molecular 
features, phenotype and functions of Treg cell subsets, is an intense field of research 
presently. 204 Unless stated otherwise, Treg cells in this thesis refer to FOXP3+ 
regulatory T cells.  

2.4.1 Role of FOXP3+ regulatory T cells in skeletal muscle regeneration 

The role of Treg cells in muscle homeostasis and repair was largely unknown, until a 
recent study by Dalia Burzyn and her colleagues 206. Burzyn et al have demonstrated 
that, in mice models of both acute and chronic muscle injury, a distinct population of 
Foxp3+CD4+ Treg cells play important role in muscle repair and maintenance of self-
tolerance towards muscle compartment. The depletion of Treg cells not only prolongs 
the inflammatory phase but also impairs the repair process. This study suggests that 
Treg cells assist the muscle repair process by (i) regulating myeloid cell population by 
promoting a macrophage phenotype switch from proinflammatory (M1) to anti-
inflammatory (M2), (ii) limiting the infiltration of other T subsets (potentially 
proinflammatory) in muscle tissue, and (iii) also directly promoting the regenerative 
potential of satellite cells through secretion of a growth factor called Amphiregulin 
which enhances satellite cell differentiation. Also, as described above in section 1.2.5, 
Treg depletion in mice models of myositis leads to increased muscle damage and 
severe disease 36,37. However, the histopathological and functional aspects of Treg cells 
in patients with inflammatory myopathies, is largely unknown. Whether Treg cells are 
present in adequate numbers to support the muscle repair in IIM muscle tissue? How 
does the conventional immunosuppressive treatment affect Treg cells, particularly in 
muscle tissue? Whether Treg cells in patients with IIMs are able to efficiently suppress 
autoreactive and pathogenic T cells? Whether Treg cells are defective in patients with 
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IIMs or autoreactive T cells are resistant to Treg mediated immunosuppression? Some 
of these questions are addressed in my thesis. 
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2.5 CD28null T CELLS 

 

2.5.1 Definition CD28null T cells 

CD28null T cells are highly differentiated T cells lacking the co-stimulatory molecule 
CD28, in both CD4+ and CD8+ compartment. In the literature, such T cells have been 
studied based on being CD28- T cells (also written as CD28(-) T cells), and also as 
terminally differentiated T cells, effector-memory T cells, Tissue-resident memory T 
cells,  co-stimulation independent T cells, etc. Up to what extent, T cells defined by 
these terms overlap with each other and with CD28null T cells, remains to be clarified. 
We have preferred to use CD28null term over CD28- or other terms mainly because we 
want to emphasize on well-differentiated T cells lacking CD28, rather than T cells 
which may temporarily downregulate surface expression of CD28 during stimulation. 
The differentiation status of CD28null T cells could vary between CD4 and CD8 
compartment. Based on telomere length, it appears that CD28null T cells in CD4 
compartment are terminally differentiated T cells (Figure 7), whereas in CD8 
compartment, CD28null T cells contain both late stage and terminally differentiated T 
cells (Figure 8).  Compared to conventional CD28-expressing T cells, CD28null T 
cells are characterized by the acquired expression of receptors commonly associated 
with natural killer cells, and also by acquired proinflammatory (IFNγ and TNF 
secretion), cytotoxic (contain stored perforin and granzymes even in resting state) and 
apoptosis resistant (upregulation of anti-apoptotic molecules) features. 

Note: Figure 7 and Figure 8 also relate to the section 1.6.3 and section 1.6.5  

 

  

 

Figure 7. Phenotypic dissection 
of human CD4 T cells into 
functionally distinct subsets. 
The expression of markers, 
commonly used to define CD8 T 
cell subsets, enables also the 
distinction between several CD4 
T cell subpopulations, including 
CD4 cytotoxic T cells. (Figure 
and legend reprinted by 
permission from John Wiley and 
Sons. Publication: Appay V et al., 
Cytometry A. 2008 
Nov;73(11):975-83) 
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Figure 8. Phenotypic associations within CD8 T cell subsets in humans and relationship 
with functional attributes. Five distinct subsets of circulating CD8 T cells are defined 
according to the expression of CD27, CD28, CCR7, and CD45RA. Relative telomere length 
and expression of a variety of cell surface receptors and intracellular molecules (related to T 
cell activation, costimulation, regulation, homeostasis, homing potential, and functional 
capacities) are illustrated in these subsets in a “resting” state according to data from the 
literature. The common phenotypic distribution of virus specific CD8 T cells is also depicted, 
after clearance of the virus (Flu) or in latent infection stages (for HCV, EBV, HIV, and CMV). 
(Figure and legend reprinted by permission from John Wiley and Sons. Publication: Appay V et 
al., Cytometry A. 2008 Nov;73(11):975-83) 

Different Pathogens and Distinct T Cell
Response Profiles

Although a common feature of the immunity against
infections with pathogens is the central role played by CD4

and CD8 T cells, it has become clear that quite distinct profiles
of T cell responses are established for generating memory or
maintaining latency to different pathogens. T lymphocytes
specific for a virus exhibit some degree of heterogeneity;

Figure 1. Phenotypic associations within CD8 T cell subsets in humans and relationship with functional attributes. Five distinct subsets of
circulating CD8 T cells are defined according to the expression of CD27, CD28, CCR7, and CD45RA. Relative telomere length and expression
of a variety of cell surface receptors and intracellular molecules (related to T cell activation, costimulation, regulation, homeostasis, hom-
ing potential, and functional capacities) are illustrated in these subsets in a ‘‘resting’’ state according to data from the literature. The com-
mon phenotypic distribution of virus specific CD8 T cells is also depicted, after clearance of the virus (Flu) or in latent infection stages (for
HCV, EBV, HIV, and CMV). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

REVIEW ARTICLE

Cytometry Part A ! 73A: 975"983, 2008 977
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2.5.2 Aging and CD28 co-receptor on T cells 

It is evident that there is a decline in effectiveness of the immune system with age, 
particularly in later decades of the human lifespan 207. The decrease in the competency 
of adaptive immune system is mostly assigned to decrease in thymic and bone marrow 
output of lymphocytes as well as the expansion of memory lymphocytes 208. Due to 
such effects, the resulting T cell repertoire becomes less diverse and displays an altered 
phenotype. Among various factors, which comprise the phenotypic shift in the T cell 
system with age, accumulation of CD28null (CD28-) T cells is one of most profound 
and consistent phenomenon. 209,210  

 

 

 

 

 

The gradual decline of CD28 co-receptor expression is seen in both CD4+ and CD8+ T 
cell subsets with age 207,211 (Figure-9). However, this decline is much rapid in CD8+ T 
cell population with 50-60% lacking the expression of CD28 in peripheral blood at the 
age of 80 years and above. In comparison, CD28 decline on CD4+ T cells is less, with 
only 10-15% of T cells turn negative for CD28 until the age of 80 years 211.   

Interestingly, the age related decline in CD28 expression is seen in both human and 
nonhuman primates but not in mice 212.  Whether the reason for this distinction lies in 
the prolonged interactions of the immune system with microorganism during the longer 
life span of primates and humans, or this is an inherent phenomenon of their immune 
system, remains to be explored.  

 

Figure-9 Age-associated 
accumulation of CD28− T cells. A 
schematic presentation of the 
accumulation of CD28− T cells with 
age for both CD4 and CD8 T cells. 
The ordinate indicates the frequency 
of CD28− CD4 or CD28− CD8 T 
cells. CD28− CD8 T cells show a 
much more dramatic increase in 
frequency with age compared with 
CD28− CD4 T cells. 
(Figure and legend reprinted by 
permission from Elsevier. 
Publication: Weng et al, Trends in 
Immunology, Volume 30, Issue 7, 
2009, 306 - 312) 
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2.5.3 Co-stimulatory receptors on CD28null T cells  

There are mainly five members among CD28 receptor family i.e. CD28, CTLA-4 
(CD152), inducible co-stimulator (ICOS), program death-1 (PD-1) and B- and T-
lymphocyte attenuator (BTLA) 213. Surface expression of CTLA-4, ICOS and BTLA is 
usually not detected/reported on CD28null T cells in resting state, however, upon 
activation CD28null T cells are reported to express high levels of CTLA-4 on their 
surface 214,215.  Expression of PD-1 is also reported in CD28null T cells (Figure 8). PD-
1 and CTLA-4 are generally considered inhibitory receptors linked to T cell exhaustion 
216-218, however the expression of these receptors alone does not indicate that a T cell is 
exhausted, and despite the expression of these receptors, human T cells are reported to 
exhibit functional activity 219,220.  CD28null T cells are also negative for the co-
stimulatory molecule CD27 221. Besides CD28 family receptors, NK receptors can also 
function as co-stimulatory molecules in CD28null T cells, which is summarized in 
section 1.6.5.1. 

 

2.5.4 Origins of CD28null T cells  

The restricted T cell receptor repertoire and shortened telomeres in CD28null T cells 
indicate that these cells are originated from repeated division of CD28+ T cells 222-225. 
Repeated division occurs mostly due to antigenic stimulation of TCR, however other 
mechanisms can also be in place such as cytokine-mediated homeostatic proliferation. 
IL-7 and IL-15, which are important for homeostatic maintenance of CD8+ T cells in 
the absence of antigenic stimulation, accelerate the loss of CD28 on the surface 226,227.  
During TCR stimulation, the presence of type-I interferons (IFNα and IFNβ) is also 
known to accelerate the loss of CD28 via telomere erosion 226,228,229. These findings 
suggest that CD28 loss occur in chronic stimulatory and proinflammatory environment, 
which may lead to generation of terminally differentiated CD28null T cells.  

During normal antigenic stimulation, surface expression of CD28 on T cells decreases 
but is rapidly restored to the same level as before. Therefore, CD28 down-regulation is 
interpreted as negative feedback mechanism to prevent excessive T cell stimulation 230. 
However, during continuous T cell stimulation and turnover, CD28 expression is 
reduced and lost eventually.  Initially, CD28 loss can be restored by IL-12 231, however, 
at later stages, CD28 loss is irreversible, suggesting transcriptional silencing of CD28 
expression in CD28null T cells. Indeed, studies point towards defects in transcriptional 
activation of CD28 in CD28null T cells, due to lack of the protein complexes required 
for CD28 transcription initiation 232-234. Such protein complexes are rapidly lost in 
CD8+ T cells upon proliferation but are rather persistent in CD4+ T cells explaining the 
relative resistance of CD4+ T cells regarding CD28 loss 224. The factors known to 
accelerate the loss of CD28 or the factors that can restore CD28 expression, both 
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appears to act on transcriptional assembly level. However, how the transient repression 
is permanently imprinted, is not known. 

 

2.5.5 Molecular and functional features of CD28null T cells  

Although, CD28 is critically important for naive T cell activation, proliferation and 
survival 213,235, the systematic loss of CD28 on T cells is associated with additional 
features. CD28null T cells acquire expression of additional receptors and functions, and 
despite the loss of CD28 on surface, have enhanced cytotoxicity and enhanced 
activation potential, although antigen-induced proliferation response appears to be 
impaired 236. CD28null T cells also display reduced T cell receptor diversity, a sign of 
repeated antigenic stimulation and clonal expansion 237,238.  

CD28null T cells are heterogeneous, and contain different subsets based on the 
expression of CD45RA, CD27 and other markers 221,239,240. Also, the differentiation 
path for CD4+CD28null and CD8+CD28null T cells appears to vary. Molecular and 
functional features of CD28null T cells are not fully understood, and also, there are 
consensus issues regarding definitions of various T cell subsets. Nevertheless, the 
current understanding of T cell subsets, in the context of surface expression of CD28 is 
summarized in Figure-7 for CD4+ T cells subsets, and in Figure-8 for CD8+ T cell 
subsets 239.   

Gene expression analysis studies showed that the expression of a small set of genes 
alters between CD28null and CD28+ T cells 241-243.  Interestingly, the molecular and 
functional features are shared greatly between the CD28null T cells of CD4 and CD8 
compartment 244. In general, there are four major features, which vary in CD28null T 
cells compared to CD28+ T cells. The altered expression of CD28 receptor family 
member is one feature, already described above in section 1.6.3. Other features are 
described below: 

2.5.5.1 Natural Killer cell related receptors  

The acquired expression of various receptors, which are commonly expressed on NK 
cells, is another feature of CD28null T cells. These receptors include CD57, CD244 
(2B4), DNAM-1 (CD226), CRACC, NKG2A, NKG2C (CD94/KLRD1), NKG2D, 
NCR1 (CD355), KIR2DL2, KIR3DL2, KIR2DS2, KLRK1, KLRF1 etc. 245-249. 
Expression of various NK receptors indicates that CD28null T cells are capable of NK 
cell like functions such as cytotoxic killing. Several studies indicate that the final 
outcome of CD28null T cell cytotoxicity could be regulated by stimulatory and 
inhibitory KIRs (killer-cell immunoglobulin like receptors) on CD28null T cells 
245,246,249-252. The activating NK receptors can serve as co-stimulatory receptors on 
CD28null T cells and could lower the threshold for antigen-specific stimulation. 
Indeed, a study in our group demonstrate that pair-wise ligation of CD244 with 
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DNAM-1 and/or NKG2D lead to increased magnitude of activation and effector 
functions of primary CD4+CD28null T cells from rheumatoid arthritis patients 245.   

2.5.5.2 Chemokines, cytokines, and adhesion receptors 

The expression of receptors involved in homing, adhesion and cytokine binding on 
CD28null T cells appears to vary depending on their tissue location, disease condition, 
and is not adequately understood. Nevertheless, the prominent upregulation of 
CX3CR1 (Fractalkine receptor) and CD11b, as well as down-regulation of CCR7 is 
seen on CD28null T cells in both CD8+ and CD4+ compartment 239,253-255. Fractalkine 
is a chemokine when secreted, as well as an adhesion molecule when membrane bound, 
and facilitates migration of CX3CR1-expressing lymphocytes into the tissue 256. 
Interestingly, fractalkine is shown to be involved in the pathogenesis of various 
diseases such as atherosclerosis, multiple sclerosis, glomerulonephritis and rheumatoid 
arthritis 257-260. The lack of CCR7 expression define that CD28null T cells are not the 
central memory T cells, but could belong to effector memory and/or tissue resident 
memory T cells. Interestingly, CD4+CD28null T cells from synovial fluid express 
enhanced expression CXCR3 and CCR6 compared to peripheral blood in patients with 
rheumatoid arthritis 261.  The CXCR3 expression is a feature of Th1 cells, while CCR6 
is expressed on the Th17 subset. Expression of both CXCR3 and CCR6 defines a Th1 
population, which can secrete both IFNγ and IL-17 262,263.   

CD28null T cells also express high level of LFA-1 (Lymphocyte Function-Associated 
Antigen 1) adhesion molecule 236. LFA-1 interacts with its receptor ICAM-1 
(Intercellular Adhesion Molecule-1) on various cells. Interestingly, LFA-1 on T cells is 
also known to lower the T cell activation threshold, which could predispose these cells 
to become autoreactive 264. Regarding cytokine receptors, CD28null T cells are 
reported to express lower levels of IL-7 receptor 239,265, however, expression pattern of 
other cytokine receptors remain largely unknown. 

 

2.5.5.3 Cytokines and effector molecules  

CD28null T cells are reported to express elevated levels of cytolytic molecules such as 
perforin, granzyme-B, granzyme-A and granzyme-H, even in resting state 266,267. In 
CD8+CD28+ T cells, perforin and granzyme-B levels are very low and increased only 
after activation, whereas granzyme-H levels are low both in resting and activated stage. 
On the contrary, higher expression of both granzyme-B and granzyme-H is a cytolytic 
feature, which is shared by both NK cells and CD28null T cells. In addition, CD28null 
T cells normally express high level of IFNγ, moderate levels of TNF and low levels of 
IL-2 upon activation 239,255. Recently, our group demonstrated that, CD4+CD28null T 
cells from synovial fluid of rheumatoid arthritis patients could secrete both IFNγ and 
moderate levels of IL-17 261.  On the contrary, IL-17 secretion is not seen in 
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CD4+CD28null T cells from peripheral blood 261,268. This suggests that CD28null T 
cells can acquire additional functions such as IL-17 secretion in inflamed tissues. In 
general, CD28null T cells are regarded as Th1 phenotype (profound IFNγ secretion) 
cells with NK cell like cytolytic features. 

As mentioned above, several molecular and functional features are similar between 
CD8+CD28null and CD4+CD28null T cells. The important differences and similarities 
between these subsets known so far are summarized subsequent sections.  

 

2.5.6 CD8+CD28null T cells  

The accumulation of CD8+CD28null T cells with age in otherwise healthy individuals 
partly reflects the cumulative infectious burden during the human lifespan. However, 
frequencies of these cells are further increased in people with chronic viral infections 
e.g. HCMV, HIV and EBV, possibly due to repeated activation and clonal expansion. 
Interestingly, such expanded CD8+ T cells, specific for each of these viruses display 
different status of differentiation (Figure-8) 239,269. HCMV reactive CD8+ memory T 
cells subsets appear to be most differentiated, defined by the lack of expression of both 
CD27 and CD28.   

Phenotypically CD8+CD28null T cells are defined as effector memory population in 
the CD8+ T cell compartment. However, as shown in Figure 8, CD8+CD28null T cells 
are heterogeneous mix of population. It is suggested that, depending on the setting, 
CD8+CD28null T cells can either exert increased effector and proinflammatory 
functions or display signs of exhaustion, loss of cytotoxic ability and suppressive 
functions due to expression of inhibitory receptors 270-272. However, it is possible that 
different subsets within CD8+CD28null T cell may have different functional features, 
which remains to be investigated. Nevertheless, several recent reports described 
CD8+CD28null T cells to be proinflammatory and associated with various 
inflammatory disorders 215,273,274. Terminally differentiated, CD8+CD28null T cells are 
described to be resistant to apoptosis 209,273,275. In addition to their proinflammatory and 
cytotoxic effects, CD8+CD28null T cells seem to have negative impact on immune 
system through several other mechanisms, such as constraining the adaptive immune 
system by oligoclonal expansions, and also by competing for available space and 
resources. Such effects can be reflected in elderly individuals as a form of impairment 
of immune system. Nevertheless, the functional aspects of human CD8+CD28null T 
cells and various subsets within this T cell population remain to be explored.  
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2.5.7 CD4+CD28null T cells  

The presence of CD4+CD28null T cells is rare in most individuals until the old age. 
However, the increased frequency of this subset is seen in individuals with autoimmune 
and chronic inflammatory diseases, such as Wegener's granulomatosis 276, Crohn's 
disease 277, rheumatoid arthritis 247,255,278,279, multiple sclerosis280 and atherosclerosis 281-

284. The unusual age-inappropriate expansion of CD4+CD28null T cells in patients 
suffering from these disorders, indicates premature aging of the immune system. This 
early immunosenescence may reflect chronic immune activation in these patients and, 
several findings indicate that CD4+CD28null T cells are likely to contribute towards 
the pathogenesis of these disorders. Although, presence of CD4+ T cells lacking CD28 
was first reported by the group of Hansen and Martin in late 1980s 285, the function of 
these cells were not characterized until late 1990s.  CD4+CD28null T cells were first 
identified in the context of a rheumatoid arthritis by the group of Weyand and Goronzy 
278.  

Although, somewhat similar to CD8+CD28null T cells, CD4+CD28null T cells are 
described to be more strongly associated with HCMV infections 228,286,287. In contrast to 
CD8+CD28null T cells, CD4+CD28null T cells appear to be less heterogeneous 
(Figure 7), and mostly described to be proinflammatory and cytotoxic 246,288-290. 
Similar to CD8+CD28null T cells, CD4+CD28null T cells are described to be resistant 
to apoptosis in vivo 291,292. Furthermore, it was shown recently that CD4+CD28null T 
cells from the peripheral blood of healthy donors were less susceptible to suppression 
by CD4+CD25high regulatory T cells compared to conventional CD4+CD28+ T cells 
293.  However, the detail mechanisms of action of CD4+CD28null T cells, their 
immunosuppression resistant properties and the role in various inflammatory and 
autoimmune disorders, are not well understood so far. 

The literature is growing, which aim to characterize molecular and functional features 
of CD28null T cell subsets, and whether these cells play pathogenic role in immune-
mediated inflammatory disorders. However, CD28null T cell subsets were not 
investigated in the setting of inflammatory myopathies so far. 
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3 AIMS 
Despite several evidences indicating a role for T cells in the pathogenesis of myositis, 
precise phenotype and functionality of these cells are poorly understood. Increased 
frequencies of CD4+CD28null and CD8+CD28null T cells were reported in various 
chronic inflammatory disorders, however, the presence of these cells in patients with 
IIMs, particularly in the inflamed muscle, and whether these cells play any role in 
disease pathogenesis, are not known so far. Resistance against regulatory T cell 
immunosuppression in CD4+CD28null T cells led to speculation, whether these cells 
are also resistant to immunosuppression mediated by glucocorticoids, which is the basis 
of current treatment in IIMs. Moreover, apoptosis resistant properties of both subsets of 
CD28null T cells suggested that these cells could escape the apoptotic effects of 
glucocorticoids and could be linked to treatment infectiveness in patients with myositis. 
However, it is not known, how glucocorticoids based immunosuppressive therapies 
affect CD28null T cells, and also FOXP3+ regulatory T (Treg) cells in muscle tissue of 
patients with IIMs  

The overall aim of the studies performed in this thesis was to characterize T cell subsets 
in the disease pathogenesis of inflammatory myopathies, with the emphasis to address 
above questions. The in depth understanding of disease mechanisms and role of T cell 
subsets in IIM pathogenesis may lead us towards developing novel, specific and more 
effective therapies. 

More specific aims were as follow: 

1. to investigate whether CD28null T cells could be effector cells in patients with 
polymyositis and dermatomyositis, and also if these cells are linked with 
HCMV infection (Paper-I). 

 
2. to investigate whether CD28null T cells could be effector cells in patients with 

sporadic inclusion body myositis, where the role of immune cells in disease 
pathogenesis is controversial (Paper-II). 

 
3. to investigate whether T cells, particularly CD28null T cells from patients with 

IIMs, are cytotoxic  to autologous muscle cells in vitro and if yes, what are the 
mechanisms of cytotoxicity (Paper-III). 

 
4. to investigate the effects of conventional immunosuppressive treatment on Treg 

cells and CD28null T cells in IIM muscle tissue and also if CD28null T cells 
display immunosuppression resistant properties in vitro (Paper-IV). 
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4 METHODS 
Methods are described in details in the papers attached. In brief, studies included in this 
thesis investigate T cells from peripheral blood and muscle tissue of patients with IIMs 
and healthy individuals. Peripheral blood mononuclear cells (PBMC) were isolated by 
Ficoll separation, from which T cell subsets were obtained using flow cytometry. Flow 
cytometry based methods were widely used for molecular and functional evaluation of 
circulating T cell subsets in all studies included in this thesis. Cytokine secretions in 
culture supernatants (paper-I and paper-III) were measured by a multiplexed method 
known as BD™ Cytometric Bead Array (CBA) (BD Biosciences). HCMV specific 
serum IgG and IgM were measured using ELISA and T cell proliferation was measured 
using thymidin incorporation assay (paper-I). 

Muscle biopsies specimens were mostly obtained from the vastus lateralis or tibialis 
anterior muscle by a “semi-open” technique under local anesthesia 294,295. Evaluation of 
T cells in muscle tissue was done using immunohistochemistry and 
immunofluorescence techniques. Quantitative assessment of T cell subsets in muscle 
tissue was done using computer assistant image analysis softwares.  

For T cell-muscle cell co-culture studies in Paper-III, satellite cells were obtained from 
fresh muscle biopsies and expanded into myoblasts, and further differentiated into 
myotubes. T cell mediated muscle cell death was evaluated using flow cytometry based 
method and calcein release assay. Evaluation of recombinant cytokine induced muscle 
cell death and HLA upregulation was done using flow cytometry. The visualization of 
perforin polarization in T cells towards autologous myotubes, was done using 
immunofluorescence staining followed by confocal microscopy.  

Patient's global disease activity was measured using Visual Analogue Scale (VAS) 
score in myositis (Paper-I). For clinical-evaluation in paper-IV, muscle performance 
was measured by the disease-specific Functional Index (FI) of myositis 296, and post-
treatment 5-years follow up of disease activity was done by "Myositis Intention To 
Treat Activity Index"(MITAX) 297. To measure limitations in daily activities at 5-year 
follow-up, the Health Assessment Questionnaire (HAQ) disability Index was employed 
298.  Serum levels of creatine-kinase (s-CK) were measured doing routine analyses at 
the Department of Clinical Chemistry at Karolinska University Hospital. 

For most of the graphing and statistical analysis, the software program GraphPad Prism 
was used.  In paper-I, the software program STATISTICA 7.0 was used for linear 
multivariate regression analyses, JMP for Kruskal-Wallis nonparametric ANOVA and 
Mann-Whitney analyses. All studies included in this thesis were approved by the local 
Ethics Committee of the Karolinska University Hospital, and both patients and healthy 
subjects gave informed consent. 
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5 RESULTS AND DISCUSSION 
This thesis includes four papers. In this section, major findings from all four papers are 
summarized together with additional unpublished data (related to paper-I) and 
discussed in the context of current literature.  

 

5.1 CD28NULL T CELLS IN PATIENTS WITH POLYMYOSITIS AND 
DERMATOMYOSITIS (PAPER-I) 

In this study, phenotypic characterization of T cell subsets was done in both muscle 
tissue and peripheral blood of patients with PM and DM. Furthermore, T cell subsets 
were investigated in the context of human cytomegalovirus (HCMV) infections and 
clinical relevance.   

5.1.1 Evaluation of frequency, phenotypic and functional potential of 
CD28null T cells 

Using a cohort of 42 PM and 24 DM patients, we have found that CD28null T cells 
were present in higher frequencies in peripheral blood of patients with PM and DM 
compared to age and gender matched healthy individuals. Circulating CD28null T cells 
also displayed proinflammatory and cytotoxic features.  To investigate CD28null T 
cells in the muscle tissue, we needed to identify a positive surrogate marker. With the 
identification of positive surrogate marker, we can avoid inclusion of T cells, which 
temporarily downregulate CD28 upon activation. Towards this, we found that majority 
of circulating CD28null T cells, 89% (median) of CD4+CD28null and 98% of 
CD8+CD28null T cells express the NK cell receptor CD244 on their surface. In order 
to investigate CD244 expression on T cells in myositis muscle tissue, we used triple 
color immunofluorescence staining, and found that in muscle tissue too, CD244 was 
mainly expressed by cells coexpressing CD3. This indicates that the majority of the 
CD244-expressing cells are T cells, and not NK cells in myositis muscle tissue. Using 
CD244 as a surrogate marker in triple color immunofluorescence stanings, we 
demonstrated that muscle-infiltrating T cells are predominantly CD8+CD28null 
(CD3+CD4-CD244+, median 79%) and CD4+CD28null (CD3+CD4+CD244+, median 
59%) T cells in patients with PM and DM. While comparing the relative abundance, 
CD4+CD28null T cells displayed significantly higher frequency in muscle tissue 
compared to peripheral blood of same individuals (median 59% versus 6% p < 0.0001), 
while the frequency of CD8+CD28null T cells were high in both muscle and peripheral 
blood. Despite the confirmation that the expression of CD244 was mainly on T cells in 
muscle, there are limitations with the use of CD244 as a surrogate marker, because 
CD244 can be also expressed by a small proportion of CD8+CD28+ T cells. To further 
substantiate presence of CD28null T cells in the muscle, we used double 
immunofluorescence stainings of seven infiltrates in muscle tissue, with CD4 and 
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CD28 or CD8 and CD28 and confirmed the lack of CD28 on approximately 64% of the 
CD4 T cells and 60% in CD8+ T cell subsets (Figure 10).  However, there could be 
limitations with this method too, because a report demonstrates that muscle fibers and 
myoblasts can also express costimulatory molecules in inflammatory cytokine milieu, 
which are known to be expressed on T cells such as CD28 and CTLA-4 299. In our 
study as well, CD28 staining in muscle did not display a characteristic circular 
membrane staining like CD4 or CD8, but was varied from rather weak to focal 
granular. Such pattern of expression is suggestive of sarcolemma and sarcoplasmic 
reticulum/T tubule pattern indicating the expression on muscle fibers themselves, and 
was similar with the CD28 expression pattern in myositis muscle tissue shown by 
Nagaraju et al. Therefore, the identification of CD28null T cells with the lack of CD28 
staining approach in muscle tissue could lead to underestimation of the CD28null T cell 
number assessment.   

 

Figure 10: Polymyositis muscle tissue displaying the expression of CD4, CD8 and CD28. 
Representative staining of skeletal muscle section of polymyositis patient displaying CD4 
(green) or CD8 (green) and CD28 (red) (CD28). The staining shows the absence of CD28 on 
many of the CD4+ and CD8+ cell in muscle tissue. Also, it shows an unusual staining of CD28 
in muscle tissue from weak to focal granular, suggestive of the expression on muscle fibers 
rather than T cells. 
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5.1.2 Clinical relevance  

Subsequently, various subpopulations of T cells were correlated with clinical 
parameters of the patients. Presence of CD28null T cells at the disease onset in muscle 
tissue and correlation of muscle infiltrating CD8+ T cells (of which majority were 
CD28null T cells) with disease activity in patients, support the clinical relevance of 
these cells. The increase in circulating CD8+CD28null T cell frequency with age 
indicates a role of age dependent immunosenescence mechanisms in IIM pathogenesis. 
The decrease in frequency of circulating CD28null T cells subsets with disease duration 
could be due to the effect of ongoing treatment in these patients, or it is also possible 
that these cells are consumed while causing inflammatory damage during disease 
duration. However, these speculations need be confirmed by future studies.  

5.1.3 Link with Human Cytomegalovirus 

The increased frequency of CD28null T cells in both CD8+ and CD4+ compartment 
have been linked with chronic viral infections, particularly HCMV. Similarly, we also 
found that circulating CD28null T cells are predominantly found in patients 
seropositive for HCMV. To further investigate the association between CD28null T 
cells and HCMV infection, we investigated whether CD28null T cells display any 
specific reactivity towards HCMV T cell antigens such as pp65 and IE, using IFNγ 
production as read-out.  We found that both CD8+CD28null and CD4+CD28null T 
cells from HCMV seropositive patients responded to the pp65 antigen by producing 
high IFNγ whereas CD28null T cells from HCMV seronegative patients did not display 
such levels of response. On the contrary, CD28+ T cell subsets from both HCMV 
seropositive and seronegative patients showed lack of response towards HCMV 
antigens. Moreover, the minor response in CD28null compartment towards influenza 
strengthens the association of CD28null T cells particularly with chronic viral 
infections.  

In summary, this study identifies CD28null T cells as the dominating effector T cell 
subsets in muscle tissue of patients with PM and DM. It further explores the molecular 
and functional features of CD28null T cell subsets, their clinical relevance and possible 
link with HCMV infections.   
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5.2 CD28NULL T CELLS IN PATIENTS WITH SPORADIC INCLUSION 
BODY MYOSITIS (PAPER-II) 

Frequency, clonal expansions and functional evaluation  

Although, cytotoxic CD8+ T cells invading MHC class I expressing muscle fiber have 
been implicated in sIBM pathogenesis 23,24,300,301, the absence of beneficial effects of 
conventional immunosuppressive therapies and the lack of signs of the systemic 
inflammation has questioned the role of immune system and T cells in sIBM 
pathogenesis 302,303. Since CD28null T cells are described as long-lived and resistant to 
apoptosis in vivo 273,291,292, it was compelling to investigate presence and functionality 
of CD28null T cells in the peripheral blood and muscle tissue of patients with sIBM. 

In a cohort of 27 patients with sIBM, we found strikingly higher frequency of 
circulating CD28null T cells in both CD8+ and CD4+ compartment compared to the 
healthy controls. In muscle compartment too, CD28null T cells dominated the T cell 
infiltrate (median 72%, range 42.5-96%). Circulating CD8+CD28null and 
CD4+CD28null T cell subsets upon stimulation, not only displayed higher IFNγ 
secretion potential, but also were capable of degranulating more compared to CD28+ T 
cell subsets.  

Clonal expansions in the CD8+ T cell populations of sIBM patients, have been reported 
previously 33,304, a feature that is shared with CD28null T cells 292. Using TCR-Vβ 
repertoire analysis of circulating T cells, we also observed striking clonal T cell 
expansions in both CD4+ and CD8+ compartment in patients with sIBM. Importantly, 
we demonstrated that the clonal expansion observed in the total CD8+ and CD4+ T cell 
populations of sIBM were predominantly due to clonally expanded CD28null T cells. 
Such clonal expansions in CD28null T cells indicate repeated antigenic stimulation 
scenario. Furthermore, we demonstrated that clonally expanded TCR-Vβ which were 
dominant in circulation, were also present in the inflamed muscle of the respective 
patients, indicating shared antigen-specificity of CD28null T cells between inflamed 
muscle tissue and peripheral blood.  

Persistent antigen-specific activation and clonal expansion is indicative of shifting the 
balance towards immunosenescence, which may lead to impaired functions of immune 
cells. Investigating, whether clonally expanded CD28null T cells still retain 
proinflammatory functions, we have shown that CD28null T cells with dominant TCR-
Vβ are equally capable of IFNγ secretion and degranulating as CD28null T cells with 
non-dominant TCR-Vβ. This indicates that these cells were not functionally senescent 
but potent to exert proinflammatory and cytotoxic functions.  

Overall, finding in this study suggests, that clonally expanded T cells in muscle and 
peripheral blood of patients with sIBM belong to CD28null T cells. These cells 
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dominate T cell infiltrate in muscle tissue and display proinflammatory and cytotoxic 
properties.  

 

5.3 MYOTOXIC POTENTIAL OF CD28NULL T CELLS AND THE 
MECHANISMS INVOLVED (PAPER-III) 

After observing the high frequencies of CD28null T cells both in muscle tissue and 
peripheral blood of patients with IIMs, along with the proinflammatory and cytotoxic 
features, we were interested to investigate, whether CD28null T cells from patients with 
IIMs directly exert cytotoxic functions towards autologous muscle cells, and if they do, 
what are the mechanisms involved. In order to explore myotoxic functions of T cell 
subsets, we employed a fully autologous in vitro human T cell-muscle cell co-culture 
system, in which the cytotoxic functions of T cell subsets alone towards muscle cells 
can be explored. To study autologous T cell-muscle cell interactions, we obtained 
muscle biopsy and peripheral blood samples from 6 patients with PM. Muscle stem 
cells were extracted from muscle biopsies and differentiated into myotubes, while T 
cell subsets were obtained from peripheral blood. For co-cultures studies, differentiated 
cultures with myotubes were preferred because myotube phenotype is more close to in 
vivo muscle fibers such as expression of contractile and structural muscle protein e.g. 
myosin. Autologous muscle cells were co-cultured with either un-stimulated or 
stimulated T cell subsets and T cell cytotoxicity towards muscle cells were confirmed 
by two different methods.  

Using above setup, we demonstrated, that CD28null T cells are directly cytotoxic to 
autologous muscle cells. Moreover, we found that CD28null T cell subsets were 
spontaneously cytotoxic to autologous muscle cells in culture without any 
stimulation/reactivation. This indicates that a significant proportion of CD28null T cells 
is already primed towards muscle compartment in these patients. However, un-
stimulated CD28null T cells did not display a dose response (data not shown) or 
significantly higher cytotoxicity than CD28+ counterparts in co-cultures, indicating the 
possible requirement of additional factors/immune cells for maximum cytotoxicity 
potential, which could be absent in our in vitro settings. Nevertheless, upon co-culture 
in stimulatory environment, both CD28null T cell subsets significantly induced more 
cell death in autologous muscle cells than CD28+ counterparts.  

We have also shown here that myotubes were more prone to cell death induced by 
CD28null T cells compared to myoblast. Myotubes in cultures are considered to have 
more resistance to chemically induced apoptosis and/or cell-death compared to 
myoblasts 130,131,201. On the contrary, CD28null T cell subsets were able to induce more 
cell-death in autologous myotubes compared to myoblasts. This suggests that a 
majority of CD28null T cells could be primed towards structural or functional proteins, 
which are specifically expressed in myotubes compared to myoblasts, such as myosin. 
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However, muscle specific autoantigen reactive to CD28null T cells remain to be 
identified.  

Exploring the CD28null T cell mediated mechanism of muscle cell death, we have 
shown that not only CD8+CD28null but also CD4+CD28null T cells displayed perforin 
polarization towards muscle cells and secreted higher levels of granzyme-B and IFNγ 
in co-culture than CD28+ subsets. This determines that both CD8+CD28null and 
CD4+CD28null T cells can directly kill muscle cell by perforin-dependent 
mechanisms. To decipher the perforin and cytokine mediated cytotoxic/myotoxic 
effects, we performed various blocking experiments. By blocking perforin, the 
myotoxicity was reduced by a median of 52% with CD4+CD28null T cells and by 56% 
in cultures with CD8+CD28null T-cells indicating that perforin-mediated pathway is 
one of the major mechanisms of CD28null T cell cytotoxicity towards muscle cells. 
Nevertheless, blockade of IFNγ and TNF in co-cultures also reduced the level of dead 
muscle cells by 46% (CD4+CD28null) and 53% (CD8+CD28null). This indicated the 
essential role proinflammatory cytokines also in the CD28null T cell mediated 
myotoxicity.  However, TNF or IFNγ did not induce death of muscle cells in the 
absence of T cells, suggesting that these cytokines can have other effects in the context 
of T cell mediated cytotoxicity such as priming of muscle cells by HLA upregulation. 
Indeed, we found that cytokines, particularly IFNγ did upregulate both HLA class I and 
class II on muscle cells. Therefore, the reduced myotoxicity upon blocking of IFNγ and 
TNF is likely attributed to interference with HLA upregulation, as HLA blockade 
resulted in a comparable reduction in myotoxicity, 61% for CD4+CD28null and 55% 
for CD8+CD28null T cell co-cultures. 

Overall, the study demonstrates that CD28null T cells are cytotoxic to autologous 
muscle cell in polymyositis patients. The myotoxic effects of CD28null T cells appear 
to be predominantly exerted via perforin-granzyme pathway and regulated by IFNγ-
induced HLA expression by muscle cells. 

 

 

5.4 EFFECTS OF IMMUNOSUPPRESSION ON T CELL SUBSETS IN IIM 
(PAPER IV) 

5.4.1  Effects of conventional immunosuppressive treatment on 
CD28null and regulatory T cell subsets in muscle tissue of PM 
and DM 

Treatment of PM and DM is based on the use of glucocorticoids in high doses over an 
extended period of time, but treatment outcome is unpredictable.1 In some patients, the 
inflammatory infiltrate including T cells persists in muscle-tissue despite aggressive 
treatment and is associated with remaining muscle weakness.83-85 Although, we have 
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identified CD28null T cells as dominant T cell subset in muscle tissue of myositis 
patients, FOXP3+ Tregs have also been reported in myositis muscle-tissue in close 
proximity to effector cells.305 Therefore, it was intriguing to investigate whether 
persistent T cells in affected muscle could be denoted to FOXP3+ regulatory T (Treg) 
cells or proinflammatory CD28null T cell subsets.  

Looking at the relative frequency, CD28null T cells dominated the T cell infiltrates 
over Treg cells in inflamed myositis muscle-tissue. Overall numbers and freqeuncies of 
FOXP3+ cells were very low in our cohort and were similar with findings in the 
Waschbisch et al report 306. However, this is the first study, which investigates the 
frequencies FOXP3+ Treg cells in relation to the CD28null T cells and how their 
relative proportion is affected in myositis muscle-tissue by immunosuppressive 
treatment. Interestingly, after treatment, CD28null T cells were found to be unchanged 
while the number of Treg cells had declined, leading to a relative increase in the 
proportion of CD28null T cells over Treg cells. The CD28null T cells have been 
reported to be long lived and apoptosis resistant in vivo, 273,291,292 which has been linked 
with the increase in anti-apoptotic protein Bcl-2 291. Furthermore, CD28null T cells also 
display replicative senescent properties,307-309 and we have also demonstrated this in the 
setting of myositis 310.Therefore, it is possible that CD28nulls T cells can escape the 
apoptotic effects of high doses of glucocorticoids as well as anti-proliferative effects of 
concomitant immunosuppressive drugs, leading to their persistence in muscle-tissue.  

 

5.4.2 In vitro immunosuppressive effects of glucocorticoids and 
regulatory T cells on CD28null T cell subsets 

How about the immunosuppressive effects of glucocorticoids? Whether glucocorticoids 
can suppress CD28null T cells efficiently? A report has shown that CD28null T cell 
proliferation and function could only partly be suppressed by Treg cells in healthy-
donors 293. Therefore, we further investigated the immunosuppressive effects of 
glucocorticoids and Treg cells on CD28null T cell subsets using in vitro 
immunosuppression assays. We have evaluated the suppression effects on the T cell 
activation (using early T cell activation marker CD69) rather than on T cell 
proliferation, due to replicative senescent properties of CD28null T cells (as described 
above). We validated that CD69 is unregulated on both CD4+CD28null and 
CD8+CD28null T cells upon activation. Interestingly, we found that both 
glucocorticoids and Treg are less capable of suppressing of CD4+CD28null T cells 
compared to their CD28+ counterparts.  
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5.4.3 Clinical relevance of persistent CD28null T cells in myositis 
muscle tissue 

Whether persistence of such proinflammatory and immunosuppression resistant 
CD28null T cells is related to the post-treatment disease outcomes in IIMs?  Indeed, we 
further demonstrated that the higher number of CD28null T-cells in the post-treatment 
muscle biopsies correlated with a poor clinical response both in short-term (Functional 
Index) and long-term (disease activity measurement by MITAX) clinical perspectives. 

In summary, in this study, we demonstrated that current treatment regime based on high 
doses of glucocorticoids in combination with conventional immunosuppressive agents 
is insufficient to eliminate CD28null T cells in inflamed muscle of patients with PM 
and DM. CD28null T cells were found to be relatively resistant to both glucocorticoid 
and Treg mediated immunosuppression and were also linked with poor clinical 
outcome from conventional immunosuppressive treatments. These findings could 
provide explanations concerning the inefficacy of current treatment approach, if not for 
all, at least for a subgroup of myositis patients. Furthermore, it suggests that a specific 
targeting of proinflammatory T cells could form the basis of better future therapies in 
patients who are resistant to current immunosuppressive treatments.  
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6 THESIS SUMMARY AND CUMULATIVE 
DISCUSSION 

Findings in the paper-I and paper-II, establish a new angle to look at the T cell 
phenotype in the pathogenesis of myositis. According to classical dogma, mainly CD8+ 
T cell were considered to be involved in PM and sIBM pathogenesis, while attack on 
the microvasculature via CD4+ T cell mediated humoral immunity were considered to 
play major role in DM pathogenesis. The demonstration of significantly increased 
presence of CD8+CD28null and CD4+CD28null T cells in peripheral blood as well as 
in muscle tissues of PM and DM, defines rather precise phenotype of T cells in these 
compartments, which are potentially pathogenic. The findings in this thesis explains the 
inadequate expression of CD28 in myositis muscle tissue seen by some other 
investigations, although such studies did not put emphasis on CD28null phenotype in 
the muscle tissue 311,312. Moreover, our data could also shed light on instances where 
CD28 expression was completely lacking despite T cell infiltrate in muscle tissue, such 
as in patients with Duchenne muscular dystrophy 311. Furthermore, previously reported 
enhanced expression of CTLA-4 on the T cells in contact with muscle fibers could be 
elucidated by CD28null phenotype because CD28null T cells are described to 
upregulate CLTA-4 upon activation 214,215,311,312.  

The phenotypic characterization of CD28null T cell subsets in peripheral blood as well 
as muscle tissue in paper-I provides the tools to explore CD28null T cells in the 
muscle compartment, which is trickier. The findings in paper-II demonstrate that the 
clonally expanded T cells seen in the muscle tissue and peripheral blood of sIBM are 
CD28null T cells. Furthermore, the functional characterization CD28null T cells in 
both paper-I and paper-II, reveal phenotype of these T cell subtypes, which are 
proinflammatory and cytotoxic, and could possibly play role in disease mechanisms 
and muscle pathogenesis.   

Although, we haven't evaluated clonal expansions in PM and DM so far, the results 
from the paper-II may have implications for other subsets of IIMs, where clonally 
expanded T cells were defined to be auto-aggressive T cells attacking muscle fibers 
34,313. Of note, in synovial tissue of Rheumatoid Arthritis, CD28null T cells are not 
enriched despite high levels in peripheral blood 238. This suggests that CD28null T cell 
phenotype in affected organs is not a general finding in any chronic inflammation, but 
could be more specific for certain diseases or certain organs such as in inflamed 
muscles in myositis. 

The higher presence of CD28null T cell subsets in HCMV seropositive patients and 
their reactivity to HCMV derived antigens suggest a possible role for HCMV and/or 
chronic infections in the pathogenesis of myositis (paper-I). The presence and 
replications of chronic viruses such as HCMV or HIV in muscle tissue is controversial 
10,42,54,70. Nevertheless, it is possible that CD28null T cells migrate to muscle after 
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encountering HCMV at other sites in the body. The co-occurrence of both CD4+ and 
CD8+ CD28null T cells has been suggested to be associated with HCMV-induced 
IFNα production by plasmacytoid DC 226,228,229. Interestingly, plasmacytoid DCs and 
the IFNα-induced protein MxA were frequently found in muscle tissue from patients 
with dermatomyositis and polymyositis 314,315. There are reports describing a link 
between the long-term use of IFNα, particularly for the treatment of chronic hepatitis C 
virus infection and development or exacerbation of numerous autoimmune phenomena 
and spectrum of myopathies 316,317. Also, HCMV specific effector memory CD8+ T 
cells have been also reported to express high levels of CD244 318. Above findings 
indicate direct and/or indirect role of chronic viral infections in inflammatory 
myopathies. 

It is still debated whether T cells have a roll in the pathogenesis of sIBM or it is merely 
a degenerative muscle disease, largely because most patients are refractory to current 
immunosuppressive therapies. We demonstrate the enhance presence of CD28null T 
cells in muscle tissue and peripheral blood of patients with sIBM (Paper-II). CD28null 
T cells are described to be resistant to apoptosis in vivo 273,291,292, therefore it is possible 
that conventional immunosuppressive therapies are not able target these cells, 
particularly in muscle tissue. According to a recent proof-of-principle study involving 
13 patients with sIBM, who underwent one series (0.3 mg/kg/day for 4 days) of 
alemtuzumab (a humanized monoclonal antibody to CD52 that causes depletion or 
severe reduction of circulating mature lymphocytes) infusions, could slow down 
disease progression up to six months, improved strength of some patients, and reduced 
endomysial inflammation in muscle tissue 319. Although, these preliminary results are 
promising towards the targeting of immune cells as sIBM therapies, alemtuzumab is 
associated with lot of adverse effect to due generalized targeting of lymphocytes. 
Therefore, specific targeting of proinflammatory and pathogenic T cell subsets such as 
CD28null T cells should be more appropriate approach towards therapies in sIBM. 

To elucidate the myotoxic potentials of T cell subsets and mechanism involved, we 
established an autologous T cell-muscle cell co-culture approach (paper-III). In vitro 
manipulation such as extended cultivation including cloning of T cells can alter their 
phenotype and functionality, therefore, we choose to use primary T cells from patients 
without in vitro expansion, although, it limited the number T cells, hence the various 
experimental conditions we could test in co-culture studies. The demonstration of 
perforin-granzyme pathway in CD28null T cell myotoxicity, including the role IFNγ 
and TNF, provide better understanding of the role of T cells in muscle pathogenesis.   

Finally, in paper-IV, we provide evidence that, indeed CD28null T cells are persistent 
in the muscle tissue of patients despite aggressive immunosuppressive treatment, and 
associated with poor clinical outcomes. Also, CD4+CD28null were found to be 
resistant to immunosuppression mediated by both glucocorticoids and Treg cells. The 
absence of clear pattern in CD8+CD28null T cells regarding immunosuppression 
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resistance could be due to heterogeneity of this T cell subset, which remains to be 
dissected in future studies.  Interestingly, a recent study in patients with PM and DM 
shows that after high dose IVIG treatment, the frequency of IFNγ producing cells was 
significantly higher in muscle tissue of non-responders compared to responders, with an 
increased IFNγ/IL-17-producing-cell ratio 320. These results further point towards 
CD28null phenotype in the muscle tissue, especially in patients that are resistant to 
immunosuppression. 

Apparently, there are additional limitations in various studies, which could not be 
mentioned above. The major limitations with all the studies, was the limited availability 
of patient samples, both muscle biopsies and peripheral blood due to myositis 
belonging to rare disease category. Due to that, we could only perform restricted set of 
experiments in many instances, for example co-culture studies. Also, low patient 
numbers led to difficulties in finding statistically significant results, which further 
became difficult in case of clinical parameters correlations, due to inadequate 
availability of the clinical data. To curtail such limitations, we have pooled the data 
from different IIMs subtypes in some cases, for example throughout in paper-IV and 
some instances in paper-I. Although, we are aware of subtype differences, the pooling 
of data may provide insight into common pathogenic mechanism in different subtypes. 
Also, it is time to re-evaluate the old dogmas on IIM subtypes and classify patients 
according to molecular and cellular markers, where CD28null T cell subsets could 
serve as proinflammatory T cell markers. Classifications based on molecular and 
cellular makers are proving better in understanding disease mechanisms and deciding 
treatment strategies.    

 

6.1 THE PROPOSED MODEL 

Based on findings in this thesis, and previous understanding of skeletal muscle-immune 
system interaction, following model is proposed summarizing the role of T cell subsets 
in disease mechanisms of inflammatory myopathies (myositis) (Figure 11). 

Figure 11a and 11b describe that both immune system and skeletal muscle play 
important role in the homeostasis of each other. In a healthy person, after skeletal 
muscle injury, cells linked to the immune system including T cells play crucial role in 
the repair and regeneration process. The neutrophils and M1 macrophages 
(proinflammatory) cause further transient inflammatory damage in the muscle tissue. 
This is followed by phenotypic switch in macrophages from M1 to M2 (anti-
inflammatory) at the site of injury. M2 macrophages dampen the inflammation and 
induce/help in satellite cell mediated muscle regeneration and remodeling process. 
FOXP3+ regulatory T (Treg) cells not only induce phenotypic switch in macrophages 
from M1 to M2, but also directly promote regenerative potential of satellite cells via 
secretion of a growth factor called Amphiregulin. In addition, Treg can suppress/limit 
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occasional autoreactive T cells, which could potentially attack muscle fibers.  Towards 
another direction, a healthy skeletal muscle possesses various immunological and 
cytokine secretion capabilities and is known to have anti-inflammatory effects on the 
immune system such as in setting of exercise.  

In young and healthy individuals, T cells are efficient in maintaining homeostasis and 
immune tolerance in skeletal muscle (Figure 11a). During human lifespan, various 
factors promote the accumulation of CD28null T cells such as chronic stimulation (both 
antigenic and cytokine mediated), chronic viral infections, type-I interferon mediated 
telomere erosion. Depending on genetic and environmental factors, this process can be 
rapid in some individuals. T cell repertoire with increased frequencies of CD28null T 
cells display several  

 

 

Figure 11a: Differences in skeletal muscle-immune system interaction in healthy verses 
myositis settings, and effects of T cell repertoire. Green arrow: Inducing/promoting effect, 
Broken lines: Impaired effects. 
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Figure 11b: Role of immune cells in muscle repair and regeneration in a healthy person.  
Green arrow: Inducing/promoting effect, Blue lines with bar: Blocking effect, Broken lines: 
Impaired effects. 
 
 
 

 

Figure 11c: Role of T cell subsets in the pathogenesis of myositis.  
Green arrow: Inducing/promoting effect, Blue lines with bar: Blocking effect, Broken lines: 
Impaired effects. 
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Patients with inflammatory myopathies display accumulation of CD28null T cells in 
both peripheral blood and muscle compartment (Figure 11a). Due to proinflammatory 
and cytotoxic capacity, CD28null T cells can directly induce muscle damage, and can 
maintain perpetual chronic inflammation in muscle tissue (Figure 11c). 
Proinflammatory cytokines from CD28null T cells such IFNγ and TNF can promote 
M1 phenotype macrophages and prevent the phenotype switch to M2. These effects 
would manifest in chronic inflammatory damage and impaired muscle repair, which 
can further lead to chronic stimulation and expansion of CD28null T cells and breakage 
of immune tolerance. Despite massive T cell infiltrates in muscle tissue of myositis, the 
numbers of FOXP3+ Treg cells are few, which imply that processes induced by Treg 
cells may be impaired due to their inadequate number. Furthermore, 
immunosuppression resistant properties of CD4+CD28null T cells could make the 
regulatory effects of Treg cells and glucocorticoids less relevant in setting of myositis. 
The long-term use glucocorticoid can also have catabolic effects on skeletal muscle. 
Overall, the enhanced presence of CD28null T cells and lower number of Treg cells, 
may possibly explain the pathogenesis and treatment ineffectiveness in inflammatory 
myopathies.  
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7 CONCLUSIONS  
The results in this thesis provide improved understanding of the phenotype of 
pathogenic T cells and their role in the disease mechanisms in inflammatory 
myopathies.  The phenotypic characterization of CD28null T cell subsets in all three 
major subtypes of IIMs equips us to explore these cells for the future inflammatory 
myopathies research. Furthermore, their mechanism of action towards muscle cell 
death and role in inefficacy of current therapies provide us with a better understanding 
of disease pathogenesis and a possible direction for efficient future therapies.  In the 
included studies, we show that: 

• CD28null T cell subsets dominate the T cell infiltrate of inflammed muscle, and 
also display increased presence in circulation, in all theree subtypes of IIMs i.e. 
PM, DM and sIBM. 

• CD28null T cell subsets from patients with IIMs display proinflammatory and 
cytotoxic features. 

• HCMV infections are linked with the expansions of CD28null T cells in PM 
and DM. 

• The myotoxic effects of CD28null T cells are mediated predominantly via 
perforin-granzyme pathways and regulated by proinflammatory cytokines such 
as IFNγ and TNF. 

• The inefficacy of conventional therapies in PM and DM are linked to 
persistance of immunosuppression resistant CD28null T cells in the muscle 
tissue. 
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8 FURTURE PERSPECTIVES  
An important future direction is the therapeutic targeting of CD28null T cells in 
myositis, preferably first in relevant animal models. However, the absence of natural 
occurrences of CD28null T cells in mice has limited the CD28null T cells research 
field. Therefore, efforts should be made to develop relevant rodent models of myositis, 
where pathogenic mechanism of CD28null T cells can be studied further in in vivo 
setting.  Also, it would be more appropriate to study CD28null T cells in relevant 
primates cases of natural inflammatory myopathies, such as myositis associated with 
natural infections with retrovirus 51.  

Nevertheless, some progress can be made with existing rodent models, combined with 
the growing knowledge of human CD28null T cells.  A previous study in our group has 
demonstrated that circulating CD4+CD28null T cells from rheumatoid arthritis patients 
display predominantly effector-memory T cell phenotype 255.  Several other studies also 
implicate the role of effector-memory T cell population in pathogenesis of various 
chronic inflammatory disorders, and such effector memory T cells are described to 
express high level of voltage-gated potassium channel, Kv1.3, particularly in activated 
state 280,321-325. More recent studies describe the selective targeting of CD4+CD28null T 
cell population (or CD4+ effector-memory T cells), by targeting Kv1.3 channels, which 
mainly inhibited the effector functions of CD4+CD28null T cells 325-327.  The Kv1.3 
potassium channel has been reported as an important regulator for influx of potassium 
ions critical for exocytosis of cytoplasmic granules, including perforin and IFNγ 
containing granules, on CD4+CD28null T cells 326. The therapeutic potential of Kv1.3 
inhibitors has been evaluated in few rat models of autoimmune disorders such as 
rheumatoid arthritis, type I diabetes mellitus and atherosclerosis, where inhibition of 
Kv1.3 ameliorated the disease and associated pathogenic features 325,327. Interestingly, it 
has been reported that mouse models of autoimmune disease are not suitable for 
evaluating the effects of Kv1.3 inhibitors, because Kv channels doesn't seem to regulate 
the membrane potential of mouse T cells 325,328,329 and the potassium channel 
expression pattern of repeatedly activated mouse T cells are very different from that of 
human T cells 330330. Therefore, I recommend that future studies evaluating the effects 
of Kv1.3 blockers should be performed in rat models of myositis rather then mice 
models of myositis.  

Moreover, the literature is less clear about the expression and blocking effect of Kv1.3 
on CD8+CD28null T cells.  Therefore, before targeting CD28null T cells in patients 
with IIMs by Kv1.3 inhibitors, extensive phenotyping of various T cell subsets, 
including both CD4+CD28null and CD8+CD28null T cells, should be performed with 
respect to the specific expression of such potassium channels in patients. Inhibiting ion 
channels in patients should be carried out with caution, as non-specific binding to other 
ion channels such as on heart muscles or on neurons can have serious side effects. 
Moreover, risk of infections should be evaluated before targeting effector-memory or 



 

 53 

tissue resident-memory T cells. In this direction, we could benefit from the knowledge 
on antigen specificity of T cells, where specific targeting of autoreactive CD28null T 
cells could help us reducing the risk of infections. Overall, the data in this thesis and 
relevant literature suggest that the selective targeting of CD28null T cells could hold 
the key to future therapies in myositis.





 

 55 





 

 57 

9 ACKNOWLEDGEMENTS 
When I look back since I began my PhD journey at Karolinska, I feel that I had a 
fabulous time with so many wonderful and supportive people around. I would like to 
express sincere gratitude towards all the people who directly or indirectly supported 
my doctoral research and helped me to finish my PhD thesis.   

First of all, I am grateful to all the patients with myositis and healthy donors, who 
agreed to participate in the research and willingly provided tissue samples for it. I 
would also like to thank Rheumatogy unit, Center for Molecular Medicine, 
Karolinska Institutet and all the funding agencies, which supported the research 
included in the thesis.  
 
Vivi, Ingrid, Andreas and Gustavo, I feel lucky to have such great supervisors 
during my PhD journey. Thank you for your guidance, support and valuable time, 
because of that I am able accomplish my doctoral dream. 
 
Vivi, thank you so much for accepting to be my main supervisor. Immunology was 
always fascinating subject for me, and I am more than happy to finish my doctoral 
training under such a brilliant immunologist. I feel blessed that my scientific 
development was nurtured under your constant guidance, expertise and excellent 
supervision. I have always found you very reasonable in both scientific and non-
scientific matters.  
 
Ingrid, words are less to thank you. I had never imagined that I would pursue my 
PhD at such a wonderful place until you made it possible for me. Thank you so much 
for bringing me at Karolinska and providing the scientific and financial support all 
these years. You are one of the most caring supervisors I have ever come across. I 
admire you for your scientific and clinical skills, as well as your leadership qualities. 
 
Andreas, thank you for always being available when I needed guidance. I value your 
deep interest in every project we worked together, and the suggestions toward 
excellence. I feel motivated by your enthusiasm and advices for scientific and career 
related matters. 
 
Gustavo, it was great have your expertise towards muscle biology aspects of the 
projects. I honor your frank opinions on various subjects.  Thank you for your interest 
in my PhD project and advices on muscle cell cultures.  
 
Lars, thank you for providing excellent research platform with open and healthy 
working environment. I idolize your spirit that ordinary people can achieve 
extraordinary things in extraordinary environment.  
 
Leonid, you were among the early people to give me a warm welcome at CMM. 
Thank you for the great badminton time as well as your support in both professional 
and personal life. I am honored to have you as my defense chairman.  
 
Bob Harris: Thanks for being great mentor, for your ideas in scientific and 
educational aspects, and your support in organizational activities.    
 
 



 

58 

I would like to sincerely thank all the co-authors, collaborators, contributors of papers 
included in my thesis.   
 
 
Eva Lindroos, you are such an admirable person with lot of affection and care. 
Thank you for always being kind, and your support towards muscle biopsies and 
histochemistry.   
Ingela, thank you for the warm welcome in myositis group, and being such a dear 
friend and cheerful co-worker.   
Mei, you are one of the best colleague, someone can have. Thank you for being 
humble and all your help.  
Paulius, thanks for being an excellent collaborator, all the data and beautiful images 
for the co-culture project.  
Shahadat, thank you for giving me the opportunity to supervise you, and your help 
with various experiments. I have learned many things during the supervision.  
Maryam and Christina Ottosson, thank you for providing muscle biopsies, blood 
samples and clinical data of the patients and being considerate about such requests. 
 
A special thanks to Helene Alexanderson and Lara Dani for providing clinical data 
and entertaining everyone with their lovely voice, Lubna, Anna Krook and K 
Nagaraju for help with muscle cell culture and the protocol, Inger Nennesmo & 
Cissi for histopathological images, and Petra Amoudruz, Patrick Merky & Heidi 
for teaching me the CBA. 
 
I would also like to thank Afsar "Maral" Rahbar and Cecilia Söderberg-Nauclér 
for CMV research support, being generous for reagents and microscope use, Stina 
Salomonsson for contribution in PM & DM paper, Snjolaug Arnardottir for 
providing access to sIBM patient samples, Vanessa for help with co-culture 
experiments, Sukanya Raghavan and Mona Widhe for the help with glucocorticoid 
project and Adina Nisell for patient record data.  
 
Human Lab: Thank you Eva Jemseby, Gull-Britt, Julia and Gloria for taking care 
for valuable patient samples and biobanks, and being kind to me.  Thanks Gloria for 
your sweetness as well as the spicy chilies from your garden 
 
Many thanks to Annika for the sorting of T cell subsets all these year, the most 
precious material in my research and Marianne for providing assistance with the 
microscopes.  
 
A special thank to Marina and Per-Johan for the LTB4 paper, 
 
Myositis research group: I feel fortunate to be part such a wonderful group with so 
many kind and happy people. I would like to thank all the people in myositis group, 
including those, whom I have already mentioned above. Sevim, Christina Dorph, 
Li, Malin, Catia, Anna, Quan, Luise, Antonella, Inka, Karina and Marina, thank 
you all for being very friendly and for the interesting discussion during MMM. 
Special thanks to John, for the great time and company in San Diego, surfing, gym 
and partying, and to Joan for being a nice lunch-mate and office-mate.  
 
Vivi's lab: I would like to thank all members of Vivi's T Babs group, who have 
directly or indirectly contributed towards my research projects and helped me 
learning so many concepts in immunology. Omri, Karine Chemin, Khaled, Malin 



 

 59 

Muller and Lotta, I am grateful to you for generously sharing your expertise as well 
as reagents, which has helped me in many experiments. Hiba, Monica and Lena 
Israelsson, thanks for being warm, generous and all your help. Thanks Jessica for the 
antibody lists and help with laboratory reagents. Thank you Johanna and Fiona for 
arranging social activities and creating healthy atmosphere in the lab.    
 
I cannot forget great people at administration of the rheumatology unit.  Gunnel, 
Susanne, Stina and Veronica, you all are so wonderful, kind and friendly ladies that 
I never had slightest of the problem concerning administration all these years, and 
whenever, I meet or greet you, that makes my day. I also want to express gratefulness 
to the people at the CMM IT and admin support. 
 
I would like to thank all the present and past members of Rheuma group, who may be 
not directly, but indirectly supported my research, Helena Harris, Marie Wehren 
and Thomas Olsson and Karine Lundberg for supporting the research 
infrastructure at CMM04, Ronald van Vollenhoven for enlightening about 
treatments in patients, Lasse and Marcus for being in charge of computers. I want to 
specially thank Alex for interesting scientific discussions and football games, 
Johanna, Amanda, Klementy and Lena for being friendly neighbors in the office.  
 
A warm thank to Heidi and Sam, for the cheerful time in cell culture room, 
mycoplasma testing and all the crazy ideas.  
 
I would to like to express my gratitude towards many other people from Rheuma and 
Neuro group for both scientific as well as fun times such as Cray Fish parties, 
Christmas parties and Mid-summer parties. Few names I can remember Dimitri & 
Sevi, Nånnis, Emeli Lundström, Mai, Hulda, Vijole, Vilija, Shahin, Amme, Rux, 
Venus, Mohsen, Harald, Andre, Cecilia, Magda, Emeli Sundqvist, Nada, Petra, 
Sohel, Melanie, Xingmei, Marie, Micke, thank you all for friendly and pleasant 
times at CMM.  
 
A special thanks to my friends in Sweden and Europe, Anshu, Parul, Vivek, 
Saranya, Brinda, Sreeni, Tojo, Venky, Vijay, Akilan & Vishnupriya, Shankar, 
Venkat & Vidya, Priya, Gowhar, Sathish, Shubha, Sonal, Kavitha, Rukan, 
Monir and Catherine, thank you all for the delightful times, and also for when I 
needed help.  
 
Senthil, many thanks to you for always being there for me and my family, and for the 
valuable suggestions on thesis draft.   
 
If I forgot to acknowledge someone, please excuse me for that.   
 
Finally, I want to thank my whole family, especially Hitesh bhaiya, who is my guru 
since childhood and motivated me towards science and to always dream big. I am 
grateful to my wife Tina, who supported me by all means and my two adorable kids 
Vihaan & Arihaan for their love and affection during my PhD journey. I cannot 
forget the indirect support of my brother Priyesh and his wife Richa, towards my 
PhD. Last but not least, I am indebted to my mother for her infinite love, hard work 
and support, which enabled me to achieve the personal and professional goals in my 
life.   

 



 

60 

 

 



 

 61 

10 REFERENCES 
1. Zong, M. & Lundberg, I.E. Pathogenesis, classification and treatment of inflammatory 

myopathies. Nature reviews. Rheumatology 7, 297-306 (2011). 

2. Dalakas, M.C. & Hohlfeld, R. Polymyositis and dermatomyositis. Lancet 362, 971-982 (2003). 

3. Plotz, P.H., et al. Current concepts in the idiopathic inflammatory myopathies: polymyositis, 
dermatomyositis, and related disorders. Annals of internal medicine 111, 143-157 (1989). 

4. Bohan, A. & Peter, J.B. Polymyositis and dermatomyositis (second of two parts). The New 
England journal of medicine 292, 403-407 (1975). 

5. Bohan, A. & Peter, J.B. Polymyositis and dermatomyositis (first of two parts). The New 
England journal of medicine 292, 344-347 (1975). 

6. Tanimoto, K., et al. Classification criteria for polymyositis and dermatomyositis. The Journal of 
rheumatology 22, 668-674 (1995). 

7. Griggs, R.C., et al. Inclusion body myositis and myopathies. Ann Neurol 38, 705-713 (1995). 

8. Catalan, M., Selva-O'Callaghan, A. & Grau, J.M. Diagnosis and classification of sporadic 
inclusion body myositis (sIBM). Autoimmunity reviews 13, 363-366 (2014). 

9. Vincze, M. & Danko, K. Idiopathic inflammatory myopathies. Best practice & research. 
Clinical rheumatology 26, 25-45 (2012). 

10. Dalakas, M.C. Review: An update on inflammatory and autoimmune myopathies. 
Neuropathology and applied neurobiology 37, 226-242 (2011). 

11. Regardt, M., Welin Henriksson, E., Alexanderson, H. & Lundberg, I.E. Patients with 
polymyositis or dermatomyositis have reduced grip force and health-related quality of life in 
comparison with reference values: an observational study. Rheumatology 50, 578-585 (2011). 

12. Dorph, C. & Lundberg, I.E. Idiopathic inflammatory myopathies - myositis. Best Pract Res Clin 
Rheumatol 16, 817-832 (2002). 

13. Loell, I. & Lundberg, I.E. Can muscle regeneration fail in chronic inflammation: a weakness in 
inflammatory myopathies? Journal of internal medicine 269, 243-257 (2011). 

14. Kissel, J.T., Mendell, J.R. & Rammohan, K.W. Microvascular deposition of complement 
membrane attack complex in dermatomyositis. The New England journal of medicine 314, 329-
334 (1986). 

15. Lampa, J., Nennesmo, I., Einarsdottir, H. & Lundberg, I. MRI guided muscle biopsy confirmed 
polymyositis diagnosis in a patient with interstitial lung disease. Annals of the rheumatic 
diseases 60, 423-426 (2001). 

16. Tomasova Studynkova, J., Charvat, F., Jarosova, K. & Vencovsky, J. The role of MRI in the 
assessment of polymyositis and dermatomyositis. Rheumatology 46, 1174-1179 (2007). 

17. Li, C.K., et al. Overexpression of MHC class I heavy chain protein in young skeletal muscle 
leads to severe myositis: implications for juvenile myositis. The American journal of pathology 
175, 1030-1040 (2009). 

18. Nagaraju, K., et al. Activation of the endoplasmic reticulum stress response in autoimmune 
myositis: potential role in muscle fiber damage and dysfunction. Arthritis Rheum 52, 1824-1835 
(2005). 

19. Askanas, V. & Engel, W.K. Inclusion-body myositis: a myodegenerative conformational 
disorder associated with Abeta, protein misfolding, and proteasome inhibition. Neurology 66, 
S39-48 (2006). 

20. Greenberg, S.A. Inclusion body myositis: review of recent literature. Curr Neurol Neurosci Rep 
9, 83-89 (2009). 

21. Askanas, V., Engel, W.K. & Nogalska, A. Inclusion body myositis: a degenerative muscle 
disease associated with intra-muscle fiber multi-protein aggregates, proteasome inhibition, 



 

62 

endoplasmic reticulum stress and decreased lysosomal degradation. Brain Pathol 19, 493-506 
(2009). 

22. Arahata, K. & Engel, A.G. Monoclonal antibody analysis of mononuclear cells in myopathies. I: 
Quantitation of subsets according to diagnosis and sites of accumulation and demonstration and 
counts of muscle fibers invaded by T cells. Annals of neurology 16, 193-208 (1984). 

23. Engel, A.G. & Arahata, K. Monoclonal antibody analysis of mononuclear cells in myopathies. 
II: Phenotypes of autoinvasive cells in polymyositis and inclusion body myositis. Ann Neurol 
16, 209-215 (1984). 

24. Emslie-Smith, A.M., Arahata, K. & Engel, A.G. Major histocompatibility complex class I 
antigen expression, immunolocalization of interferon subtypes, and T cell-mediated cytotoxicity 
in myopathies. Human pathology 20, 224-231 (1989). 

25. Pedrol, E., et al. Idiopathic inflammatory myopathies. Immunohistochemical analysis of the 
major histocompatibility complex antigen expression, inflammatory infiltrate phenotype and 
activation cell markers. Clinical neuropathology 14, 179-184 (1995). 

26. Engel, A.G., Arahata, K. & Emslie-Smith, A. Immune effector mechanisms in inflammatory 
myopathies. Research publications - Association for Research in Nervous and Mental Disease 
68, 141-157 (1990). 

27. Grundtman, C., Malmstrom, V. & Lundberg, I.E. Immune mechanisms in the pathogenesis of 
idiopathic inflammatory myopathies. Arthritis Res Ther 9, 208 (2007). 

28. Goebels, N., et al. Differential expression of perforin in muscle-infiltrating 
T cells in polymyositis and dermatomyositis. The Journal of clinical 
investigation 97, 2905-2910 (1996). 

29. Orimo, S., et al. Immunohistochemical analysis of perforin and granzyme A in inflammatory 
myopathies. Neuromuscul Disord 4, 219-226 (1994). 

30. Ikezoe, K., et al. Expression of granulysin in polymyositis and inclusion-body myositis. J 
Neurol Neurosurg Psychiatry 77, 1187-1190 (2006). 

31. Cherin, P., et al. Mechanisms of lysis by activated cytotoxic cells expressing perforin and 
granzyme-B genes and the protein TIA-1 in muscle biopsies of myositis. J Rheumatol 23, 1135-
1142 (1996). 

32. Benveniste, O., et al. Long-term persistence of clonally expanded T cells in patients with 
polymyositis. Annals of neurology 56, 867-872 (2004). 

33. Dimitri, D., et al. Shared blood and muscle CD8+ T-cell expansions in inclusion body myositis. 
Brain 129, 986-995 (2006). 

34. Bender, A., et al. T cell receptor repertoire in polymyositis: clonal expansion of autoaggressive 
CD8+ T cells. The Journal of experimental medicine 181, 1863-1868 (1995). 

35. Sugihara, T., et al. Definitive engagement of cytotoxic CD8 T cells in C protein-induced 
myositis, a murine model of polymyositis. Arthritis Rheum 62, 3088-3092 (2010). 

36. Allenbach, Y., et al. Role of regulatory T cells in a new mouse model of experimental 
autoimmune myositis. The American journal of pathology 174, 989-998 (2009). 

37. Young, N.A., et al. Aberrant muscle antigen exposure in mice is sufficient to cause myositis in a 
Treg cell-deficient milieu. Arthritis and rheumatism 65, 3259-3270 (2013). 

38. Katze, M.G., He, Y. & Gale, M., Jr. Viruses and interferon: a fight for supremacy. Nature 
reviews. Immunology 2, 675-687 (2002). 

39. Nishikai, M. Coxsackievirus infection and the development of polymyositis/dermatomyositis. 
Rheumatology international 14, 43-46 (1994). 

40. Tam, P.E. & Messner, R.P. Molecular mechanisms of coxsackievirus persistence in chronic 
inflammatory myopathy: viral RNA persists through formation of a double-stranded complex 
without associated genomic mutations or evolution. Journal of virology 73, 10113-10121 
(1999). 



 

 63 

41. Bowles, N.E., Dubowitz, V., Sewry, C.A. & Archard, L.C. Dermatomyositis, polymyositis, and 
Coxsackie-B-virus infection. Lancet 1, 1004-1007 (1987). 

42. Leff, R.L., et al. Viruses in idiopathic inflammatory myopathies: absence of candidate viral 
genomes in muscle. Lancet 339, 1192-1195 (1992). 

43. Leon-Monzon, M. & Dalakas, M.C. Absence of persistent infection with enteroviruses in 
muscles of patients with inflammatory myopathies. Ann Neurol 32, 219-222 (1992). 

44. Chou, S.M. Inclusion body myositis. A possible chronic persistent muscle infection by mumps 
virus. Cleve Clin Q 52, 583-589 (1985). 

45. Dalakas, M.C. Inflammatory, immune, and viral aspects of inclusion-body myositis. Neurology 
66, S33-38 (2006). 

46. Oumerzouk, J., Hssaini, Y., Qamouss, O., El Jouehari, A. & Bourazza, A. Neuromyositis 
associated with cytomegalovirus infection in an immunocompetent patient with antineutrophil 
cytoplasmic antibodies-associated vasculitis. Viral immunology 26, 114-118 (2013). 

47. Schindler, J.M. & Neftel, K.A. Simultaneous primary infection with HIV and CMV leading to 
severe pancytopenia, hepatitis, nephritis, perimyocarditis, myositis, and alopecia totalis. 
Klinische Wochenschrift 68, 237-240 (1990). 

48. Cupler, E.J., et al. Inclusion body myositis in HIV-1 and HTLV-1 infected patients. Brain 119 ( 
Pt 6), 1887-1893 (1996). 

49. Dalakas, M.C., et al. Inclusion body myositis with human immunodeficiency virus infection: 
four cases with clonal expansion of viral-specific T cells. Ann Neurol 61, 466-475 (2007). 

50. Morgan, O.S., Rodgers-Johnson, P., Mora, C. & Char, G. HTLV-1 and polymyositis in Jamaica. 
Lancet 2, 1184-1187 (1989). 

51. Dalakas, M.C., London, W.T., Gravell, M. & Sever, J.L. Polymyositis in an immunodeficiency 
disease in monkeys induced by a type D retrovirus. Neurology 36, 569-572 (1986). 

52. Dalakas, M.C., Pezeshkpour, G.H., Gravell, M. & Sever, J.L. Polymyositis associated with 
AIDS retrovirus. JAMA : the journal of the American Medical Association 256, 2381-2383 
(1986). 

53. Charneau, J., Simard, C., Joubaud, F. & Ben Bouali, A. [Interstitial lymphocytic myositis in 
cytomegalovirus infection. First case]. Presse medicale 16, 2229 (1987). 

54. Hashimoto, Y., et al. Investigation of EB virus and cytomegalovirus in rapidly progressive 
interstitial pneumonitis in polymyositis/dermatomyositis by in situ hybridization and polymerase 
chain reaction. Clinical immunology and immunopathology 77, 298-306 (1995). 

55. Hughes, G.S., Jr. & Hunt, R. Cytomegalovirus infection with rhabdomyolysis and 
myoglobinuria. Annals of internal medicine 101, 276-277 (1984). 

56. Rubio Rivas, M., Rubio Caballero, M., Gil Garcia, M. & Perez Ruiz, L. [Localised nodular 
myositis and cytomegalovirus]. Medicina clinica 127, 679 (2006). 

57. Sato, K., et al. [A steroid-responsive case of severe rhabdomyolysis associated with 
cytomegalovirus infection]. Rinsho shinkeigaku = Clinical neurology 46, 312-316 (2006). 

58. Tsutsumi, S., et al. CD4-CD8- T-cell polymyositis in a patient with chronic active Epstein-Barr 
virus infection. American journal of hematology 71, 211-215 (2002). 

59. Uchiyama, T., et al. Generalized myositis mimicking polymyositis associated with chronic 
active Epstein-Barr virus infection. Journal of neurology 252, 519-525 (2005). 

60. Alexander, J.A. & Huebner, C.J. Hepatitis C and inclusion body myositis. The American journal 
of gastroenterology 91, 1845-1847 (1996). 

61. Villanova, M., et al. Hepatitis C virus infection and myositis: a polymerase chain reaction study. 
Acta neuropathologica 99, 271-276 (2000). 

62. Kase, S., et al. Inclusion body myositis associated with hepatitis C virus infection. Liver 21, 
357-360 (2001). 



 

64 

63. Di Muzio, A., et al. Hepatitis C virus infection and myositis: a virus localization study. 
Neuromuscular disorders : NMD 13, 68-71 (2003). 

64. Ueno, Y., et al. Hepatitis C infection and polymyositis. Lancet 346, 319-320 (1995). 

65. Weidensaul, D., Imam, T., Holyst, M.M., King, P.D. & McMurray, R.W. Polymyositis, 
pulmonary fibrosis, and hepatitis C. Arthritis and rheumatism 38, 437-439 (1995). 

66. Ferri, C., La Civita, L., Fazzi, P., Pasero, G. & Zignego, A.L. Polymyositis, lung fibrosis, and 
cranial neuropathy in a patient with hepatitis C virus infection. Arthritis and rheumatism 39, 
1074-1075 (1996). 

67. Pizzigallo, E., et al. [Viral hepatitis B and polymyositis. Description of a case of polymyositis 
associated with viral hepatitis B]. Pathologica 80, 73-79 (1988). 

68. Nojima, T., et al. A case of polymyositis associated with hepatitis B infection. Clinical and 
experimental rheumatology 18, 86-88 (2000). 

69. Wong, M.H., Sockalingam, S. & Zain, A. Polymyositis associated with hepatitis B: 
management with entacavir and prednisolone. International journal of rheumatic diseases 14, 
e38-41 (2011). 

70. Nishino, H., Engel, A.G. & Rima, B.K. Inclusion body myositis: the mumps virus hypothesis. 
Ann Neurol 25, 260-264 (1989). 

71. Dalakas, M.C. Immunotherapy of myositis: issues, concerns and future prospects. Nat. Rev. 
Rheumatol. 6, 129-137 (2010). 

72. Vencovsky, J. Cyclosporine A versus methotrexate in the treatment of polymyositis and 
dermatomyositis. Scand. J. Rheumatol. 29, 95-102 (2000). 

73. Caramaschi, P., Volpe, A., Carletto, A., Bambara, L.M. & Biasi, D. Long-standing refractory 
polymyositis responding to mycophenolate mofetil: a case report and review of the literature. 
Clinical rheumatology 26, 1795-1796 (2007). 

74. Gelber, A.C., Nousari, H.C. & Wigley, F.M. Mycophenolate mofetil in the treatment of severe 
skin manifestations of dermatomyositis: a series of 4 cases. The Journal of rheumatology 27, 
1542-1545 (2000). 

75. Gold, R., Buttgereit, F. & Toyka, K.V. Mechanism of action of glucocorticosteroid hormones: 
possible implications for therapy of neuroimmunological disorders. Journal of 
neuroimmunology 117, 1-8 (2001). 

76. Ashwell, J.D., Lu, F.W. & Vacchio, M.S. Glucocorticoids in T cell development and function*. 
Annu Rev Immunol 18, 309-345 (2000). 

77. Arruda, V.R., Favaro, P. & Finn, J.D. Strategies to modulate immune responses: a new frontier 
for gene therapy. Molecular therapy : the journal of the American Society of Gene Therapy 17, 
1492-1503 (2009). 

78. Dalakas, M.C., et al. A controlled trial of high-dose intravenous immune globulin infusions as 
treatment for dermatomyositis. The New England journal of medicine 329, 1993-2000 (1993). 

79. Marie, I., et al. Intravenous immunoglobulins for steroid-refractory esophageal involvement 
related to polymyositis and dermatomyositis: a series of 73 patients. Arthritis Care Res 
(Hoboken) 62, 1748-1755 (2010). 

80. Mann, H.F. & Vencovsky, J. Clinical trials roundup in idiopathic inflammatory myopathies. 
Current opinion in rheumatology 23, 605-611 (2011). 

81. Dalakas, M. IVIg in other autoimmune neurological disorders: current status and future 
prospects. J Neurol 255 Suppl 3, 12-16 (2008). 

82. Zschuntzsch, J., et al. Provision of an explanation for the inefficacy of immunotherapy in 
sporadic inclusion body myositis: quantitative assessment of inflammation and beta-amyloid in 
the muscle. Arthritis Rheum 64, 4094-4103 (2012). 

83. Bunch, T.W., Worthington, J.W., Combs, J.J., Ilstrup, D.M. & Engel, A.G. Azathioprine with 
prednisone for polymyositis. A controlled, clinical trial. Ann Intern Med 92, 365-369 (1980). 



 

 65 

84. Lundberg, I., Kratz, A.K., Alexanderson, H. & Patarroyo, M. Decreased expression of 
interleukin-1alpha, interleukin-1beta, and cell adhesion molecules in muscle tissue following 
corticosteroid treatment in patients with polymyositis and dermatomyositis. Arthritis Rheum 43, 
336-348 (2000). 

85. Korotkova, M., et al. Effects of immunosuppressive treatment on microsomal prostaglandin E 
synthase 1 and cyclooxygenases expression in muscle tissue of patients with polymyositis or 
dermatomyositis. Ann Rheum Dis 67, 1596-1602 (2008). 

86. Barbasso Helmers, S., et al. Limited effects of high-dose intravenous immunoglobulin (IVIG) 
treatment on molecular expression in muscle tissue of patients with inflammatory myopathies. 
Ann Rheum Dis 66, 1276-1283 (2007). 

87. Herold, M.J., McPherson, K.G. & Reichardt, H.M. Glucocorticoids in T cell apoptosis and 
function. Cell Mol Life Sci 63, 60-72 (2006). 

88. Hanaoka, B.Y., Peterson, C.A., Horbinski, C. & Crofford, L.J. Implications of glucocorticoid 
therapy in idiopathic inflammatory myopathies. Nature reviews. Rheumatology 8, 448-457 
(2012). 

89. Stahn, C. & Buttgereit, F. Genomic and nongenomic effects of glucocorticoids. Nature clinical 
practice. Rheumatology 4, 525-533 (2008). 

90. Stahn, C., Lowenberg, M., Hommes, D.W. & Buttgereit, F. Molecular mechanisms of 
glucocorticoid action and selective glucocorticoid receptor agonists. Molecular and cellular 
endocrinology 275, 71-78 (2007). 

91. Buttgereit, F., et al. Standardised nomenclature for glucocorticoid dosages and glucocorticoid 
treatment regimens: current questions and tentative answers in rheumatology. Annals of the 
rheumatic diseases 61, 718-722 (2002). 

92. Lowenberg, M., Stahn, C., Hommes, D.W. & Buttgereit, F. Novel insights into mechanisms of 
glucocorticoid action and the development of new glucocorticoid receptor ligands. Steroids 73, 
1025-1029 (2008). 

93. Croxtall, J.D., Choudhury, Q. & Flower, R.J. Glucocorticoids act within minutes to inhibit 
recruitment of signalling factors to activated EGF receptors through a receptor-dependent, 
transcription-independent mechanism. British journal of pharmacology 130, 289-298 (2000). 

94. Schacke, H., et al. Dissociation of transactivation from transrepression by a selective 
glucocorticoid receptor agonist leads to separation of therapeutic effects from side effects. 
Proceedings of the National Academy of Sciences of the United States of America 101, 227-232 
(2004). 

95. Reichardt, H.M., et al. Repression of inflammatory responses in the absence of DNA binding by 
the glucocorticoid receptor. The EMBO journal 20, 7168-7173 (2001). 

96. Almawi, W.Y. & Melemedjian, O.K. Molecular mechanisms of glucocorticoid antiproliferative 
effects: antagonism of transcription factor activity by glucocorticoid receptor. Journal of 
leukocyte biology 71, 9-15 (2002). 

97. Purton, J.F., et al. Expression of the glucocorticoid receptor from the 1A promoter correlates 
with T lymphocyte sensitivity to glucocorticoid-induced cell death. Journal of immunology 173, 
3816-3824 (2004). 

98. Screpanti, I., et al. Steroid sensitivity of thymocyte subpopulations during intrathymic 
differentiation. Effects of 17 beta-estradiol and dexamethasone on subsets expressing T cell 
antigen receptor or IL-2 receptor. Journal of immunology 142, 3378-3383 (1989). 

99. Wust, S., et al. Peripheral T cells are the therapeutic targets of glucocorticoids in experimental 
autoimmune encephalomyelitis. Journal of immunology 180, 8434-8443 (2008). 

100. Coutinho, A.E. & Chapman, K.E. The anti-inflammatory and immunosuppressive effects of 
glucocorticoids, recent developments and mechanistic insights. Molecular and cellular 
endocrinology 335, 2-13 (2011). 

101. Cronstein, B.N., Kimmel, S.C., Levin, R.I., Martiniuk, F. & Weissmann, G. A mechanism for 
the antiinflammatory effects of corticosteroids: the glucocorticoid receptor regulates leukocyte 



 

66 

adhesion to endothelial cells and expression of endothelial-leukocyte adhesion molecule 1 and 
intercellular adhesion molecule 1. Proceedings of the National Academy of Sciences of the 
United States of America 89, 9991-9995 (1992). 

102. Bischof, F. & Melms, A. Glucocorticoids inhibit CD40 ligand expression of peripheral CD4+ 
lymphocytes. Cellular immunology 187, 38-44 (1998). 

103. Segerer, S.E., et al. Impact of female sex hormones on the maturation and function of human 
dendritic cells. American journal of reproductive immunology 62, 165-173 (2009). 

104. Barrat, F.J., et al. In vitro generation of interleukin 10-producing regulatory CD4(+) T cells is 
induced by immunosuppressive drugs and inhibited by T helper type 1 (Th1)- and Th2-inducing 
cytokines. The Journal of experimental medicine 195, 603-616 (2002). 

105. Karagiannidis, C., et al. Glucocorticoids upregulate FOXP3 expression and regulatory T cells in 
asthma. The Journal of allergy and clinical immunology 114, 1425-1433 (2004). 

106. Suarez, A., Lopez, P., Gomez, J. & Gutierrez, C. Enrichment of CD4+ CD25high T cell 
population in patients with systemic lupus erythematosus treated with glucocorticoids. Annals of 
the rheumatic diseases 65, 1512-1517 (2006). 

107. Azab, N.A., et al. CD4+CD25+ regulatory T cells (TREG) in systemic lupus erythematosus 
(SLE) patients: the possible influence of treatment with corticosteroids. Clinical immunology 
127, 151-157 (2008). 

108. Raghavan, S., et al. FOXP3 expression in blood, synovial fluid and synovial tissue during 
inflammatory arthritis and intra-articular corticosteroid treatment. Annals of the rheumatic 
diseases 68, 1908-1915 (2009). 

109. Moniuszko, M., Bodzenta-Lukaszyk, A. & Dabrowska, M. Effects of oral glucocorticoid 
therapy on CD4+CD25+CD127- and CD4+CD25high T cell levels in asthmatic patients. 
Inflammation 33, 415-420 (2010). 

110. Curtis, J.R., et al. Population-based assessment of adverse events associated with long-term 
glucocorticoid use. Arthritis and rheumatism 55, 420-426 (2006). 

111. Hanaoka, B.Y., Peterson, C.A. & Crofford, L.J. Glucocorticoid effects on skeletal muscle: 
benefit and risk in patients with autoimmune inflammatory rheumatoid diseases. Expert review 
of clinical immunology 8, 695-697 (2012). 

112. Schacke, H., Docke, W.D. & Asadullah, K. Mechanisms involved in the side effects of 
glucocorticoids. Pharmacology & therapeutics 96, 23-43 (2002). 

113. Schakman, O., Gilson, H., Kalista, S. & Thissen, J.P. Mechanisms of muscle atrophy induced by 
glucocorticoids. Hormone research 72 Suppl 1, 36-41 (2009). 

114. Sun, L., Trausch-Azar, J.S., Muglia, L.J. & Schwartz, A.L. Glucocorticoids differentially 
regulate degradation of MyoD and Id1 by N-terminal ubiquitination to promote muscle protein 
catabolism. Proceedings of the National Academy of Sciences of the United States of America 
105, 3339-3344 (2008). 

115. Tabebordbar, M., Wang, E.T. & Wagers, A.J. Skeletal muscle degenerative diseases and 
strategies for therapeutic muscle repair. Annual review of pathology 8, 441-475 (2013). 

116. Sanes, J.R. The basement membrane/basal lamina of skeletal muscle. The Journal of biological 
chemistry 278, 12601-12604 (2003). 

117. Sanger, J.M. & Sanger, J.W. The dynamic Z bands of striated muscle cells. Science signaling 1, 
pe37 (2008). 

118. Brooks, N.E. & Myburgh, K.H. Skeletal muscle wasting with disuse atrophy is multi-
dimensional: the response and interaction of myonuclei, satellite cells and signaling pathways. 
Frontiers in physiology 5, 99 (2014). 

119. Hall, Z.W. & Ralston, E. Nuclear domains in muscle cells. Cell 59, 771-772 (1989). 

120. Pavlath, G.K., Rich, K., Webster, S.G. & Blau, H.M. Localization of muscle gene products in 
nuclear domains. Nature 337, 570-573 (1989). 



 

 67 

121. Burleigh, I.G. Observations on the number of nuclei within the fibres of some red and white 
muscles. Journal of cell science 23, 269-284 (1977). 

122. Sandri, M. Autophagy in skeletal muscle. FEBS letters 584, 1411-1416 (2010). 

123. Levine, B. & Kroemer, G. Autophagy in the pathogenesis of disease. Cell 132, 27-42 (2008). 

124. Mizushima, N., Levine, B., Cuervo, A.M. & Klionsky, D.J. Autophagy fights disease through 
cellular self-digestion. Nature 451, 1069-1075 (2008). 

125. Malicdan, M.C., Noguchi, S., Nonaka, I., Saftig, P. & Nishino, I. Lysosomal myopathies: an 
excessive build-up in autophagosomes is too much to handle. Neuromuscular disorders : NMD 
18, 521-529 (2008). 

126. Ju, J.S., et al. Valosin-containing protein (VCP) is required for autophagy and is disrupted in 
VCP disease. The Journal of cell biology 187, 875-888 (2009). 

127. von Walden, F., Jakobsson, F., Edstrom, L. & Nader, G.A. Altered autophagy gene expression 
and persistent atrophy suggest impaired remodeling in chronic hemiplegic human skeletal 
muscle. Muscle Nerve 46, 785-792 (2012). 

128. Fink, S.L. & Cookson, B.T. Apoptosis, pyroptosis, and necrosis: mechanistic description of 
dead and dying eukaryotic cells. Infection and immunity 73, 1907-1916 (2005). 

129. Otrocka-Domagala, I. Sensitivity of skeletal muscle to pro-apoptotic factors. Polish journal of 
veterinary sciences 14, 683-694 (2011). 

130. D'Emilio, A., et al. Morphological and biochemical patterns in skeletal muscle apoptosis. Histol 
Histopathol 25, 21-32 (2010). 

131. Xiao, R., Ferry, A.L. & Dupont-Versteegden, E.E. Cell death-resistance of differentiated 
myotubes is associated with enhanced anti-apoptotic mechanisms compared to myoblasts. 
Apoptosis : an international journal on programmed cell death 16, 221-234 (2011). 

132. Nagaraju, K., et al. The inhibition of apoptosis in myositis and in normal muscle cells. J 
Immunol 164, 5459-5465 (2000). 

133. Migheli, A., et al. Muscle apoptosis in humans occurs in normal and denervated muscle, but not 
in myotonic dystrophy, dystrophinopathies or inflammatory disease. Neurogenetics 1, 81-87 
(1997). 

134. Tews, D.S. Apoptosis and muscle fibre loss in neuromuscular disorders. Neuromuscul Disord 
12, 613-622 (2002). 

135. Hook, P., Li, X., Sleep, J., Hughes, S. & Larsson, L. In vitro motility speed of slow myosin 
extracted from single soleus fibres from young and old rats. The Journal of physiology 520 Pt 2, 
463-471 (1999). 

136. Conboy, I.M., et al. Rejuvenation of aged progenitor cells by exposure to a young systemic 
environment. Nature 433, 760-764 (2005). 

137. Stewart, C.E., Newcomb, P.V. & Holly, J.M. Multifaceted roles of TNF-alpha in myoblast 
destruction: a multitude of signal transduction pathways. Journal of cellular physiology 198, 
237-247 (2004). 

138. Degens, H. Age-related skeletal muscle dysfunction: causes and mechanisms. Journal of 
musculoskeletal & neuronal interactions 7, 246-252 (2007). 

139. Inukai, A., et al. Expression of Fas antigen is not associated with apoptosis in human 
myopathies. Muscle Nerve 20, 702-709 (1997). 

140. Behrens, L., Bender, A., Johnson, M.A. & Hohlfeld, R. Cytotoxic mechanisms in inflammatory 
myopathies. Co-expression of Fas and protective Bcl-2 in muscle fibres and inflammatory cells. 
Brain 120 ( Pt 6), 929-938 (1997). 

141. Olive, M., Martinez-Matos, J.A., Montero, J. & Ferrer, I. Apoptosis is not the mechanism of cell 
death of muscle fibers in human muscular dystrophies and inflammatory myopathies. Muscle 
Nerve 20, 1328-1330 (1997). 



 

68 

142. Schneider, C., et al. MHC class I-mediated cytotoxicity does not induce apoptosis in muscle 
fibers nor in inflammatory T cells: studies in patients with polymyositis, dermatomyositis, and 
inclusion body myositis. J Neuropathol Exp Neurol 55, 1205-1209 (1996). 

143. Hohlfeld, R., Engel, A.G., Goebels, N. & Behrens, L. Cellular immune mechanisms in 
inflammatory myopathies. Curr Opin Rheumatol 9, 520-526 (1997). 

144. Hutchinson, D.O. Inclusion body myositis: abnormal protein accumulation does not trigger 
apoptosis. Neurology 51, 1742-1745 (1998). 

145. Sugiura, T., Murakawa, Y., Nagai, A., Kondo, M. & Kobayashi, S. Fas and Fas ligand 
interaction induces apoptosis in inflammatory myopathies: CD4+ T cells cause muscle cell 
injury directly in polymyositis. Arthritis Rheum 42, 291-298 (1999). 

146. Li, M. & Dalakas, M.C. Expression of human IAP-like protein in skeletal muscle: a possible 
explanation for the rare incidence of muscle fiber apoptosis in T-cell mediated inflammatory 
myopathies. J Neuroimmunol 106, 1-5 (2000). 

147. Fyhr, I.M. & Oldfors, A. Upregulation of Fas/Fas ligand in inclusion body myositis. Annals of 
neurology 43, 127-130 (1998). 

148. Williams, G., Brown, T., Becker, L., Prager, M. & Giroir, B.P. Cytokine-induced expression of 
nitric oxide synthase in C2C12 skeletal muscle myocytes. The American journal of physiology 
267, R1020-1025 (1994). 

149. Tews, D.S. & Goebel, H.H. Cell death and oxidative damage in inflammatory myopathies. Clin 
Immunol Immunopathol 87, 240-247 (1998). 

150. Kobzik, L., Reid, M.B., Bredt, D.S. & Stamler, J.S. Nitric oxide in skeletal muscle. Nature 372, 
546-548 (1994). 

151. Lunemann, J.D., et al. Beta-amyloid is a substrate of autophagy in sporadic inclusion body 
myositis. Ann Neurol 61, 476-483 (2007). 

152. Alger, H.M., et al. The role of TRAIL in mediating autophagy in myositis skeletal muscle: a 
potential nonimmune mechanism of muscle damage. Arthritis Rheum 63, 3448-3457 (2011). 

153. Bansal, D., et al. Defective membrane repair in dysferlin-deficient muscular dystrophy. Nature 
423, 168-172 (2003). 

154. Bodine-Fowler, S. Skeletal muscle regeneration after injury: an overview. Journal of voice : 
official journal of the Voice Foundation 8, 53-62 (1994). 

155. Goldring, K., Partridge, T. & Watt, D. Muscle stem cells. The Journal of pathology 197, 457-
467 (2002). 

156. Taipale, J. & Keski-Oja, J. Growth factors in the extracellular matrix. FASEB journal : official 
publication of the Federation of American Societies for Experimental Biology 11, 51-59 (1997). 

157. Tidball, J.G. Inflammatory cell response to acute muscle injury. Medicine and science in sports 
and exercise 27, 1022-1032 (1995). 

158. Lescaudron, L., et al. Blood borne macrophages are essential for the triggering of muscle 
regeneration following muscle transplant. Neuromuscular disorders : NMD 9, 72-80 (1999). 

159. Tidball, J.G. Inflammatory processes in muscle injury and repair. American journal of 
physiology. Regulatory, integrative and comparative physiology 288, R345-353 (2005). 

160. Nguyen, H.X. & Tidball, J.G. Interactions between neutrophils and macrophages promote 
macrophage killing of rat muscle cells in vitro. The Journal of physiology 547, 125-132 (2003). 

161. Tidball, J.G. & Villalta, S.A. Regulatory interactions between muscle and the immune system 
during muscle regeneration. American journal of physiology. Regulatory, integrative and 
comparative physiology 298, R1173-1187 (2010). 

162. Tidball, J.G. & Wehling-Henricks, M. Evolving therapeutic strategies for Duchenne muscular 
dystrophy: targeting downstream events. Pediatric research 56, 831-841 (2004). 



 

 69 

163. Spencer, M.J., Walsh, C.M., Dorshkind, K.A., Rodriguez, E.M. & Tidball, J.G. Myonuclear 
apoptosis in dystrophic mdx muscle occurs by perforin-mediated cytotoxicity. J Clin Invest 99, 
2745-2751 (1997). 

164. Spencer, M.J., Montecino-Rodriguez, E., Dorshkind, K. & Tidball, J.G. Helper (CD4(+)) and 
cytotoxic (CD8(+)) T cells promote the pathology of dystrophin-deficient muscle. Clinical 
immunology 98, 235-243 (2001). 

165. Cerletti, M., et al. Highly efficient, functional engraftment of skeletal muscle stem cells in 
dystrophic muscles. Cell 134, 37-47 (2008). 

166. Sacco, A., et al. Short telomeres and stem cell exhaustion model Duchenne muscular dystrophy 
in mdx/mTR mice. Cell 143, 1059-1071 (2010). 

167. Wallace, G.Q. & McNally, E.M. Mechanisms of muscle degeneration, regeneration, and repair 
in the muscular dystrophies. Annual review of physiology 71, 37-57 (2009). 

168. Boivin, W.A., Cooper, D.M., Hiebert, P.R. & Granville, D.J. Intracellular versus extracellular 
granzyme B in immunity and disease: challenging the dogma. Laboratory investigation; a 
journal of technical methods and pathology 89, 1195-1220 (2009). 

169. Sun, J., et al. A cytosolic granzyme B inhibitor related to the viral apoptotic regulator cytokine 
response modifier A is present in cytotoxic lymphocytes. The Journal of biological chemistry 
271, 27802-27809 (1996). 

170. Bromley, S.K., et al. The immunological synapse. Annu Rev Immunol 19, 375-396 (2001). 

171. Sauer, H., Pratsch, L., Tschopp, J., Bhakdi, S. & Peters, R. Functional size of complement and 
perforin pores compared by confocal laser scanning microscopy and fluorescence 
microphotolysis. Biochimica et biophysica acta 1063, 137-146 (1991). 

172. Shi, L., et al. Granzyme B binds to target cells mostly by charge and must be added at the same 
time as perforin to trigger apoptosis. Journal of immunology 174, 5456-5461 (2005). 

173. Pipkin, M.E. & Lieberman, J. Delivering the kiss of death: progress on understanding how 
perforin works. Current opinion in immunology 19, 301-308 (2007). 

174. Keefe, D., et al. Perforin triggers a plasma membrane-repair response that facilitates CTL 
induction of apoptosis. Immunity 23, 249-262 (2005). 

175. Buzza, M.S., Hosking, P. & Bird, P.I. The granzyme B inhibitor, PI-9, is differentially expressed 
during placental development and up-regulated in hydatidiform moles. Placenta 27, 62-69 
(2006). 

176. Spaeny-Dekking, E.H., et al. Extracellular granzymes A and B in humans: detection of native 
species during CTL responses in vitro and in vivo. Journal of immunology 160, 3610-3616 
(1998). 

177. Bratke, K., Bottcher, B. & Leeder, K. Increase in granzyme B+ lymphocytes and soluble 
granzyme B in bronchoalveolar lavage of allergen challenged patients with atopic asthma. Clin 
Exp Immunol 136, 542-548 (2004). 

178. Malmestrom, C., Lycke, J. & Haghighi, S. Relapses in multiple sclerosis are associated with 
increased CD8+ T-cell mediated cytotoxicity in CSF. J Neuroimmunol 196, 159-165 (2008). 

179. Levine, S.M., Raben, N. & Xie, D. Novel conformation of histidyl-transfer RNA synthetase in 
the lung: the target tissue in Jo-1 autoantibody-associated myositis. Arthritis Rheum 56, 2729-
2739 (2007). 

180. Casciola-Rosen, L.A., Pluta, A.F. & Plotz, P.H. The DNA mismatch repair enzyme PMS1 is a 
myositis-specific autoantigen. Arthritis Rheum 44, 389-396 (2001). 

181. Casciola-Rosen, L., Miagkov, A. & Nagaraju, K. Granzyme B: evidence for a role in the origin 
of myasthenia gravis. J Neuroimmunol 201-202, 33-40 (2008). 

182. Casciola-Rosen, L., Andrade, F. & Ulanet, D. Cleavage by granzyme B is strongly predictive of 
autoantigen status: implications for initiation of autoimmunity. J Exp Med 190, 815-826 (1999). 



 

70 

183. Chen, S.E., et al. Role of TNF-{alpha} signaling in regeneration of cardiotoxin-injured muscle. 
American journal of physiology. Cell physiology 289, C1179-1187 (2005). 

184. Warren, G.L., et al. Physiological role of tumor necrosis factor alpha in traumatic muscle injury. 
FASEB journal : official publication of the Federation of American Societies for Experimental 
Biology 16, 1630-1632 (2002). 

185. Ghosh, S., May, M.J. & Kopp, E.B. NF-kappa B and Rel proteins: evolutionarily conserved 
mediators of immune responses. Annu Rev Immunol 16, 225-260 (1998). 

186. Mourkioti, F. & Rosenthal, N. NF-kappaB signaling in skeletal muscle: prospects for 
intervention in muscle diseases. Journal of molecular medicine 86, 747-759 (2008). 

187. Dastmalchi, M., et al. A high incidence of disease flares in an open pilot study of infliximab in 
patients with refractory inflammatory myopathies. Ann Rheum Dis 67, 1670-1677 (2008). 

188. Wiendl, H., Hohlfeld, R. & Kieseier, B.C. Immunobiology of muscle: advances in 
understanding an immunological microenvironment. Trends in immunology 26, 373-380 (2005). 

189. Nader, G.A. A longitudinal, integrated, clinical, histological and mRNA profiling study of 
resistance exercise in myositis. Mol. Med. 16, 455-464 (2010). 

190. Lundberg, I.E. & Nader, G.A. Molecular effects of exercise in patients with inflammatory 
rheumatic disease. Nature clinical practice. Rheumatology 4, 597-604 (2008). 

191. Nader, G.A. & Lundberg, I.E. Exercise as an anti-inflammatory intervention to combat 
inflammatory diseases of muscle. Current opinion in rheumatology 21, 599-603 (2009). 

192. Blau, H.M. & Webster, C. Isolation and characterization of human muscle cells. Proceedings of 
the National Academy of Sciences of the United States of America 78, 5623-5627 (1981). 

193. Wakelam, M.J. The fusion of myoblasts. The Biochemical journal 228, 1-12 (1985). 

194. Danoviz, M.E. & Yablonka-Reuveni, Z. Skeletal muscle satellite cells: background and methods 
for isolation and analysis in a primary culture system. Methods Mol Biol 798, 21-52 (2012). 

195. Mancini, A., et al. Regulation of myotube formation by the actin-binding factor drebrin. Skelet 
Muscle 1, 36 (2011). 

196. Andres, V. & Walsh, K. Myogenin expression, cell cycle withdrawal, and phenotypic 
differentiation are temporally separable events that precede cell fusion upon myogenesis. The 
Journal of cell biology 132, 657-666 (1996). 

197. Guo, X., et al. In vitro Differentiation of Functional Human Skeletal Myotubes in a Defined 
System. Biomater Sci 2, 131-138 (2014). 

198. Moran, J.L., Li, Y., Hill, A.A., Mounts, W.M. & Miller, C.P. Gene expression changes during 
mouse skeletal myoblast differentiation revealed by transcriptional profiling. Physiol Genomics 
10, 103-111 (2002). 

199. Battistelli, M., Salucci, S., Burattini, S. & Falcieri, E. Further considerations on in vitro skeletal 
muscle cell death. Muscles Ligaments Tendons J 3, 267-274 (2013). 

200. Salucci, S., et al. The peculiar apoptotic behavior of skeletal muscle cells. Histol Histopathol 28, 
1073-1087 (2013). 

201. Salucci, S., et al. The peculiar apoptotic behavior of skeletal muscle cells. Histol Histopathol 28, 
1073-1087 (2013). 

202. Hohlfeld, R. & Engel, A.G. Lysis of myotubes by alloreactive cytotoxic T cells and natural 
killer cells. Relevance to myoblast transplantation. The Journal of clinical investigation 86, 370-
374 (1990). 

203. Hohlfeld, R. & Engel, A.G. Coculture with autologous myotubes of cytotoxic T cells isolated 
from muscle in inflammatory myopathies. Ann Neurol 29, 498-507 (1991). 

204. Sakaguchi, S., Miyara, M., Costantino, C.M. & Hafler, D.A. FOXP3+ regulatory T cells in the 
human immune system. Nature reviews. Immunology 10, 490-500 (2010). 



 

 71 

205. Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. Regulatory T cells and immune 
tolerance. Cell 133, 775-787 (2008). 

206. Burzyn, D., et al. A special population of regulatory T cells potentiates muscle repair. Cell 155, 
1282-1295 (2013). 

207. Weng, N.P., Akbar, A.N. & Goronzy, J. CD28(-) T cells: their role in the age-associated decline 
of immune function. Trends in immunology 30, 306-312 (2009). 

208. Weng, N.P. Aging of the immune system: how much can the adaptive immune system adapt? 
Immunity 24, 495-499 (2006). 

209. Effros, R.B., Dagarag, M., Spaulding, C. & Man, J. The role of CD8+ T-cell replicative 
senescence in human aging. Immunol Rev 205, 147-157 (2005). 

210. Vallejo, A.N., Weyand, C.M. & Goronzy, J.J. T-cell senescence: a culprit of immune 
abnormalities in chronic inflammation and persistent infection. Trends Mol Med 10, 119-124 
(2004). 

211. Fagnoni, F.F., et al. Expansion of cytotoxic CD8+ CD28- T cells in healthy ageing people, 
including centenarians. Immunology 88, 501-507 (1996). 

212. Ortiz-Suarez, A. & Miller, R.A. A subset of CD8 memory T cells from old mice have high 
levels of CD28 and produce IFN-gamma. Clin Immunol 104, 282-292 (2002). 

213. Riley, J.L. & June, C.H. The CD28 family: a T-cell rheostat for therapeutic control of T-cell 
activation. Blood 105, 13-21 (2005). 

214. Hoff, H., et al. Surface CD152 (CTLA-4) expression and signaling dictates longevity of 
CD28null T cells. J Immunol 182, 5342-5351 (2009). 

215. Hodge, G., Mukaro, V., Reynolds, P.N. & Hodge, S. Role of increased CD8/CD28(null) T cells 
and alternative co-stimulatory molecules in chronic obstructive pulmonary disease. Clinical and 
experimental immunology 166, 94-102 (2011). 

216. Nakamoto, N., et al. Synergistic reversal of intrahepatic HCV-specific CD8 T cell exhaustion by 
combined PD-1/CTLA-4 blockade. PLoS pathogens 5, e1000313 (2009). 

217. Blackburn, S.D., et al. Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors 
during chronic viral infection. Nature immunology 10, 29-37 (2009). 

218. Barber, D.L., et al. Restoring function in exhausted CD8 T cells during chronic viral infection. 
Nature 439, 682-687 (2006). 

219. Greenwald, R.J., Freeman, G.J. & Sharpe, A.H. The B7 family revisited. Annu Rev Immunol 23, 
515-548 (2005). 

220. Akbar, A.N. & Henson, S.M. Are senescence and exhaustion intertwined or unrelated processes 
that compromise immunity? Nature reviews. Immunology 11, 289-295 (2011). 

221. Plunkett, F.J., et al. The loss of telomerase activity in highly differentiated CD8+CD28-CD27- 
T cells is associated with decreased Akt (Ser473) phosphorylation. J Immunol 178, 7710-7719 
(2007). 

222. Vallejo, A.N. CD28 extinction in human T cells: altered functions and the program of T-cell 
senescence. Immunol Rev 205, 158-169 (2005). 

223. Valenzuela, H.F. & Effros, R.B. Divergent telomerase and CD28 expression patterns in human 
CD4 and CD8 T cells following repeated encounters with the same antigenic stimulus. Clin 
Immunol 105, 117-125 (2002). 

224. Vallejo, A.N., Brandes, J.C., Weyand, C.M. & Goronzy, J.J. Modulation of CD28 expression: 
distinct regulatory pathways during activation and replicative senescence. J Immunol 162, 6572-
6579 (1999). 

225. Akbar, A.N. & Fletcher, J.M. Memory T cell homeostasis and senescence during aging. Curr 
Opin Immunol 17, 480-485 (2005). 



 

72 

226. Borthwick, N.J., Lowdell, M., Salmon, M. & Akbar, A.N. Loss of CD28 expression on CD8(+) 
T cells is induced by IL-2 receptor gamma chain signalling cytokines and type I IFN, and 
increases susceptibility to activation-induced apoptosis. Int Immunol 12, 1005-1013 (2000). 

227. Chiu, W.K., Fann, M. & Weng, N.P. Generation and growth of CD28nullCD8+ memory T cells 
mediated by IL-15 and its induced cytokines. J. Immunol. 177, 7802-7810 (2006). 

228. Fletcher, J.M., et al. Cytomegalovirus-specific CD4+ T cells in healthy carriers are continuously 
driven to replicative exhaustion. J Immunol 175, 8218-8225 (2005). 

229. Reed, J.R., et al. Telomere erosion in memory T cells induced by telomerase inhibition at the 
site of antigenic challenge in vivo. J Exp Med 199, 1433-1443 (2004). 

230. Linsley, P.S., Bradshaw, J., Urnes, M., Grosmaire, L. & Ledbetter, J.A. CD28 engagement by 
B7/BB-1 induces transient down-regulation of CD28 synthesis and prolonged unresponsiveness 
to CD28 signaling. J Immunol 150, 3161-3169 (1993). 

231. Warrington, K.J., Vallejo, A.N., Weyand, C.M. & Goronzy, J.J. CD28 loss in senescent CD4+ T 
cells: reversal by interleukin-12 stimulation. Blood 101, 3543-3549 (2003). 

232. Vallejo, A.N., Weyand, C.M. & Goronzy, J.J. Functional disruption of the CD28 gene 
transcriptional initiator in senescent T cells. J Biol Chem 276, 2565-2570 (2001). 

233. Vallejo, A.N., Nestel, A.R., Schirmer, M., Weyand, C.M. & Goronzy, J.J. Aging-related 
deficiency of CD28 expression in CD4+ T cells is associated with the loss of gene-specific 
nuclear factor binding activity. J Biol Chem 273, 8119-8129 (1998). 

234. Vallejo, A.N., et al. Molecular basis for the loss of CD28 expression in senescent T cells. J Biol 
Chem 277, 46940-46949 (2002). 

235. Lenschow, D.J., Walunas, T.L. & Bluestone, J.A. CD28/B7 system of T cell costimulation. 
Annu Rev Immunol 14, 233-258 (1996). 

236. Azuma, M., Phillips, J.H. & Lanier, L.L. CD28- T lymphocytes. Antigenic and functional 
properties. J Immunol 150, 1147-1159 (1993). 

237. Batliwalla, F., Monteiro, J., Serrano, D. & Gregersen, P.K. Oligoclonality of CD8+ T cells in 
health and disease: aging, infection, or immune regulation? Hum Immunol 48, 68-76 (1996). 

238. Fasth, A.E., et al. Skewed distribution of proinflammatory CD4+CD28null T cells in 
rheumatoid arthritis. Arthritis Res Ther 9, R87 (2007). 

239. Appay, V., van Lier, R.A., Sallusto, F. & Roederer, M. Phenotype and function of human T 
lymphocyte subsets: consensus and issues. Cytometry A 73, 975-983 (2008). 

240. Sze, D.M., et al. Clonal cytotoxic T cells are expanded in myeloma and reside in the 
CD8(+)CD57(+)CD28(-) compartment. Blood 98, 2817-2827 (2001). 

241. Fann, M., et al. Gene expression characteristics of CD28null memory phenotype CD8+ T cells 
and its implication in T-cell aging. Immunol Rev 205, 190-206 (2005). 

242. Lazuardi, L., et al. Microarray analysis reveals similarity between CD8+CD28- T cells from 
young and elderly persons, but not of CD8+CD28+ T cells. Biogerontology 10, 191-202 (2009). 

243. Godlove, J., Chiu, W.K. & Weng, N.P. Gene expression and generation of CD28-CD8 T cells 
mediated by interleukin 15. Exp Gerontol 42, 412-415 (2007). 

244. Czesnikiewicz-Guzik, M., et al. T cell subset-specific susceptibility to aging. Clin Immunol 127, 
107-118 (2008). 

245. Fasth, A.E., Bjorkstrom, N.K., Anthoni, M., Malmberg, K.J. & Malmstrom, V. Activating NK-
cell receptors co-stimulate CD4(+)CD28(-) T cells in patients with rheumatoid arthritis. Eur J 
Immunol 40, 378-387 (2010). 

246. Namekawa, T., et al. Killer cell activating receptors function as costimulatory molecules on 
CD4+CD28null T cells clonally expanded in rheumatoid arthritis. J Immunol 165, 1138-1145 
(2000). 



 

 73 

247. Warrington, K.J., Takemura, S., Goronzy, J.J. & Weyand, C.M. CD4+,CD28- T cells in 
rheumatoid arthritis patients combine features of the innate and adaptive immune systems. 
Arthritis Rheum 44, 13-20 (2001). 

248. Guma, M., et al. The CD94/NKG2C killer lectin-like receptor constitutes an alternative 
activation pathway for a subset of CD8+ T cells. Eur J Immunol 35, 2071-2080 (2005). 

249. Snyder, M.R., et al. Formation of the killer Ig-like receptor repertoire on CD4+CD28null T 
cells. J Immunol 168, 3839-3846 (2002). 

250. Nakajima, T., et al. T-cell-mediated lysis of endothelial cells in acute coronary syndromes. 
Circulation 105, 570-575 (2002). 

251. Snyder, M.R., Nakajima, T., Leibson, P.J., Weyand, C.M. & Goronzy, J.J. Stimulatory killer Ig-
like receptors modulate T cell activation through DAP12-dependent and DAP12-independent 
mechanisms. J Immunol 173, 3725-3731 (2004). 

252. Groh, V., Bruhl, A., El-Gabalawy, H., Nelson, J.L. & Spies, T. Stimulation of T cell 
autoreactivity by anomalous expression of NKG2D and its MIC ligands in rheumatoid arthritis. 
Proc Natl Acad Sci U S A 100, 9452-9457 (2003). 

253. Pingiotti, E., et al. Surface expression of fractalkine receptor (CX3CR1) on CD4+/CD28 T cells 
in RA patients and correlation with atherosclerotic damage. Annals of the New York Academy of 
Sciences 1107, 32-41 (2007). 

254. Sun, Z., et al. Prevalence of circulating CD4+CD28null T cells is associated with early 
atherosclerotic damage in patients with end-stage renal disease undergoing hemodialysis. Hum 
Immunol 74, 6-13 (2013). 

255. Fasth, A.E., Cao, D., van Vollenhoven, R., Trollmo, C. & Malmstrom, V. CD28nullCD4+ T 
cells--characterization of an effector memory T-cell population in patients with rheumatoid 
arthritis. Scand J Immunol 60, 199-208 (2004). 

256. D'Haese, J.G., Demir, I.E., Friess, H. & Ceyhan, G.O. Fractalkine/CX3CR1: why a single 
chemokine-receptor duo bears a major and unique therapeutic potential. Expert Opin Ther 
Targets 14, 207-219 (2010). 

257. Kastenbauer, S., et al. CSF and serum levels of soluble fractalkine (CX3CL1) in inflammatory 
diseases of the nervous system. Journal of neuroimmunology 137, 210-217 (2003). 

258. Sawai, H., Park, Y.W., He, X., Goronzy, J.J. & Weyand, C.M. Fractalkine mediates T cell-
dependent proliferation of synovial fibroblasts in rheumatoid arthritis. Arthritis and rheumatism 
56, 3215-3225 (2007). 

259. Umehara, H., et al. Fractalkine in vascular biology: from basic research to clinical disease. 
Arteriosclerosis, thrombosis, and vascular biology 24, 34-40 (2004). 

260. Yadav, A.K., Lal, A. & Jha, V. Association of circulating fractalkine (CX3CL1) and 
CX3CR1(+)CD4(+) T cells with common carotid artery intima-media thickness in patients with 
chronic kidney disease. J Atheroscler Thromb 18, 958-965 (2011). 

261. Pieper, J., et al. Peripheral and site-specific CD4(+) CD28(null) T cells from rheumatoid 
arthritis patients show distinct characteristics. Scandinavian journal of immunology 79, 149-155 
(2014). 

262. Acosta-Rodriguez, E.V., et al. Surface phenotype and antigenic specificity of human interleukin 
17-producing T helper memory cells. Nature immunology 8, 639-646 (2007). 

263. Annunziato, F., et al. Phenotypic and functional features of human Th17 cells. The Journal of 
experimental medicine 204, 1849-1861 (2007). 

264. Yung, R., et al. Mechanisms of drug-induced lupus. II. T cells overexpressing lymphocyte 
function-associated antigen 1 become autoreactive and cause a lupuslike disease in syngeneic 
mice. J Clin Invest 97, 2866-2871 (1996). 

265. van Leeuwen, E.M., et al. IL-7 receptor alpha chain expression distinguishes functional subsets 
of virus-specific human CD8+ T cells. Blood 106, 2091-2098 (2005). 



 

74 

266. Bratke, K., Kuepper, M., Bade, B., Virchow, J.C., Jr. & Luttmann, W. Differential expression of 
human granzymes A, B, and K in natural killer cells and during CD8+ T cell differentiation in 
peripheral blood. European journal of immunology 35, 2608-2616 (2005). 

267. Takata, H. & Takiguchi, M. Three memory subsets of human CD8+ T cells differently 
expressing three cytolytic effector molecules. Journal of immunology 177, 4330-4340 (2006). 

268. Yamada, H., et al. Th1 but not Th17 cells predominate in the joints of patients with rheumatoid 
arthritis. Annals of the rheumatic diseases 67, 1299-1304 (2008). 

269. Appay, V., et al. Memory CD8+ T cells vary in differentiation phenotype in different persistent 
virus infections. Nat Med 8, 379-385 (2002). 

270. Hamann, D., et al. Phenotypic and functional separation of memory and effector human CD8+ 
T cells. The Journal of experimental medicine 186, 1407-1418 (1997). 

271. Saurwein-Teissl, M., et al. Lack of antibody production following immunization in old age: 
association with CD8(+)CD28(-) T cell clonal expansions and an imbalance in the production of 
Th1 and Th2 cytokines. J Immunol 168, 5893-5899 (2002). 

272. Filaci, G., et al. CD8+ CD28- T regulatory lymphocytes inhibiting T cell proliferative and 
cytotoxic functions infiltrate human cancers. Journal of immunology 179, 4323-4334 (2007). 

273. Posnett, D.N., Edinger, J.W., Manavalan, J.S., Irwin, C. & Marodon, G. Differentiation of 
human CD8 T cells: implications for in vivo persistence of CD8+ CD28- cytotoxic effector 
clones. Int Immunol 11, 229-241 (1999). 

274. Hodge, G., et al. Up-regulation of alternate co-stimulatory molecules on proinflammatory 
CD28null T cells in bronchiolitis obliterans syndrome. Clin Exp Immunol 173, 150-160 (2013). 

275. Spaulding, C., Guo, W. & Effros, R.B. Resistance to apoptosis in human CD8+ T cells that 
reach replicative senescence after multiple rounds of antigen-specific proliferation. 
Experimental gerontology 34, 633-644 (1999). 

276. Komocsi, A., et al. Peripheral blood and granuloma CD4(+)CD28(-) T cells are a major source 
of interferon-gamma and tumor necrosis factor-alpha in Wegener's granulomatosis. Am J Pathol 
160, 1717-1724 (2002). 

277. Garcia de Tena, J., et al. Active Crohn's disease patients show a distinctive expansion of 
circulating memory CD4+CD45RO+CD28null T cells. J Clin Immunol 24, 185-196 (2004). 

278. Schmidt, D., Goronzy, J.J. & Weyand, C.M. CD4+ CD7- CD28- T cells are expanded in 
rheumatoid arthritis and are characterized by autoreactivity. The Journal of clinical investigation 
97, 2027-2037 (1996). 

279. Martens, P.B., Goronzy, J.J., Schaid, D. & Weyand, C.M. Expansion of unusual CD4+ T cells 
in severe rheumatoid arthritis. Arthritis and rheumatism 40, 1106-1114 (1997). 

280. Markovic-Plese, S., Cortese, I., Wandinger, K.P., McFarland, H.F. & Martin, R. CD4+CD28- 
costimulation-independent T cells in multiple sclerosis. J Clin Invest 108, 1185-1194 (2001). 

281. Gerli, R., et al. Different roles for anti-cyclic citrullinated peptide antibodies and 
CD4+CD28null cells in the acceleration of atherosclerosis in rheumatoid arthritis: comment on 
the article by Farragher et al. Arthritis Rheum 60, 631-632 (2009). 

282. Ammirati, E., Monaco, C. & Norata, G.D. Antigen-dependent and antigen-independent 
pathways modulate CD4+CD28null T-cells during atherosclerosis. Circulation research 111, 
e48-49; author reply e50-41 (2012). 

283. Sun, Z., et al. Prevalence of circulating CD4+CD28null T cells is associated with early 
atherosclerotic damage in patients with end-stage renal disease undergoing hemodialysis. Hum 
Immunol 74, 6-13 (2013). 

284. Teo, F.H., et al. Characterization of CD4+CD28null T cells in patients with coronary artery 
disease and individuals with risk factors for atherosclerosis. Cell Immunol 281, 11-19 (2013). 

285. Morishita, Y., Sao, H., Hansen, J.A. & Martin, P.J. A distinct subset of human CD4+ cells with 
a limited alloreactive T cell receptor repertoire. Journal of immunology 143, 2783-2789 (1989). 



 

 75 

286. van Leeuwen, E.M., et al. Emergence of a CD4+CD28- granzyme B+, cytomegalovirus-specific 
T cell subset after recovery of primary cytomegalovirus infection. Journal of immunology 173, 
1834-1841 (2004). 

287. van Leeuwen, E.M., Remmerswaal, E.B., Heemskerk, M.H., ten Berge, I.J. & van Lier, R.A. 
Strong selection of virus-specific cytotoxic CD4+ T-cell clones during primary human 
cytomegalovirus infection. Blood 108, 3121-3127 (2006). 

288. Namekawa, T., Wagner, U.G. & Goronzy, J.J. Functional subsets of CD4 T cells in rheumatoid 
synovitis. Arthritis Rheum 41, 2108-2116 (1998). 

289. Thewissen, M., et al. Analyses of immunosenescent markers in patients with autoimmune 
disease. Clin Immunol 123, 209-218 (2007). 

290. Broux, B., Markovic-Plese, S., Stinissen, P. & Hellings, N. Pathogenic features of CD4+CD28- 
T cells in immune disorders. Trends in molecular medicine 18, 446-453 (2012). 

291. Schirmer, M., Vallejo, A.N., Weyand, C.M. & Goronzy, J.J. Resistance to apoptosis and 
elevated expression of Bcl-2 in clonally expanded CD4+CD28- T cells from rheumatoid 
arthritis patients. J Immunol 161, 1018-1025 (1998). 

292. Vallejo, A.N., Schirmer, M., Weyand, C.M. & Goronzy, J.J. Clonality and longevity of 
CD4+CD28null T cells are associated with defects in apoptotic pathways. J Immunol 165, 6301-
6307 (2000). 

293. Thewissen, M., et al. CD4+CD28null T cells in autoimmune disease: pathogenic features and 
decreased susceptibility to immunoregulation. Journal of immunology 179, 6514-6523 (2007). 

294. Henriksson, K.G. & Sandstedt, P. [Polymyositis]. Scand J Rheumatol Suppl, 200-206 (1979). 

295. Dorph, C., Nennesmo, I. & Lundberg, I.E. Percutaneous conchotome muscle biopsy. A useful 
diagnostic and assessment tool. J Rheumatol 28, 1591-1599 (2001). 

296. josefson, A.R., E. Carlsson, J. A Functional Index in Myositis. Journal of Rheumatology 23, 
1380-1384 (1996). 

297. Hay, E.M., et al. The BILAG index: a reliable and valid instrument for measuring clinical 
disease activity in systemic lupus erythematosus. The Quarterly journal of medicine 86, 447-458 
(1993). 

298. Alexanderson, H., Lundberg, I.E. & Stenstrom, C.H. Development of the myositis activities 
profile--validity and reliability of a self-administered questionnaire to assess activity limitations 
in patients with polymyositis/dermatomyositis. The Journal of rheumatology 29, 2386-2392 
(2002). 

299. Nagaraju, K., et al. Costimulatory markers in muscle of patients with idiopathic inflammatory 
myopathies and in cultured muscle cells. Clinical immunology 92, 161-169 (1999). 

300. Karpati, G., Pouliot, Y. & Carpenter, S. Expression of immunoreactive major histocompatibility 
complex products in human skeletal muscles. Ann Neurol 23, 64-72 (1988). 

301. Schmidt, J., Rakocevic, G., Raju, R. & Dalakas, M.C. Upregulated inducible co-stimulator 
(ICOS) and ICOS-ligand in inclusion body myositis muscle: significance for CD8+ T cell 
cytotoxicity. Brain : a journal of neurology 127, 1182-1190 (2004). 

302. Barohn, R.J., Amato, A.A., Sahenk, Z., Kissel, J.T. & Mendell, J.R. Inclusion body myositis: 
explanation for poor response to immunosuppressive therapy. Neurology 45, 1302-1304 (1995). 

303. Amato, A.A. & Barohn, R.J. Evaluation and treatment of inflammatory myopathies. J Neurol 
Neurosurg Psychiatry 80, 1060-1068 (2009). 

304. Amemiya, K., Granger, R.P. & Dalakas, M.C. Clonal restriction of T-cell receptor expression by 
infiltrating lymphocytes in inclusion body myositis persists over time. Studies in repeated 
muscle biopsies. Brain 123 ( Pt 10), 2030-2039 (2000). 

305. Waschbisch, A., Schwab, N., Ruck, T., Stenner, M.P. & Wiendl, H. FOXP3+ T regulatory cells 
in idiopathic inflammatory myopathies. J Neuroimmunol 225, 137-142 (2010). 



 

76 

306. Waschbisch, A., Schwab, N., Ruck, T., Stenner, M.P. & Wiendl, H. FOXP3+ T regulatory cells 
in idiopathic inflammatory myopathies. Journal of neuroimmunology 225, 137-142 (2010). 

307. Effros, R.B. Replicative senescence: impact on T cell immunity in the elderly. Aging 10, 152 
(1998). 

308. Sharpless, N.E. & DePinho, R.A. Telomeres, stem cells, senescence, and cancer. The Journal of 
clinical investigation 113, 160-168 (2004). 

309. Chou, J.P. & Effros, R.B. T cell replicative senescence in human aging. Current pharmaceutical 
design 19, 1680-1698 (2013). 

310. Fasth, A.E., et al. T cell infiltrates in the muscles of patients with dermatomyositis and 
polymyositis are dominated by CD28(null) T cells. J Immunol 183, 4792-4799 (2009). 

311. Murata, K. & Dalakas, M.C. Expression of the costimulatory molecule BB-1, the ligands 
CTLA-4 and CD28, and their mRNA in inflammatory myopathies. Am J Pathol 155, 453-460 
(1999). 

312. Murata, K.Y., Sugie, K., Takamure, M. & Ueno, S. Expression of the costimulatory molecule 
BB-1 and its receptors in patients with scleroderma-polymyositis overlap syndrome. Journal of 
the neurological sciences 205, 65-70 (2002). 

313. Benveniste, O., et al. Long-term persistence of clonally expanded T cells in patients with 
polymyositis. Ann Neurol 56, 867-872 (2004). 

314. Greenberg, S.A., Pinkus, G.S., Amato, A.A. & Pinkus, J.L. Myeloid dendritic cells in inclusion-
body myositis and polymyositis. Muscle Nerve 35, 17-23 (2007). 

315. Greenberg, S.A. Interferon [alpha]/[beta]-mediated innate immune mechanisms in 
dermatomyositis. Ann. Neurol. 57, 664-678 (2005). 

316. Warabi, Y., Matsubara, S., Mizutani, T. & Hayashi, H. [Inclusion body myositis after interferon-
alpha treatment in a patient with HCV and HTLV-1 infection]. Rinsho Shinkeigaku 44, 609-614 
(2004). 

317. Stubgen, J.P. Effects of recombinant type I interferon therapy on human muscle diseases. 
Muscle Nerve (2009). 

318. Speiser, D.E., et al. The activatory receptor 2B4 is expressed in vivo by human CD8+ effector 
alpha beta T cells. Journal of immunology 167, 6165-6170 (2001). 

319. Dalakas, M.C., et al. Effect of Alemtuzumab (CAMPATH 1-H) in patients with inclusion-body 
myositis. Brain 132, 1536-1544 (2009). 

320. Tournadre, A., et al. Th1 and Th17 balance in inflammatory myopathies: interaction with 
dendritic cells and possible link with response to high-dose immunoglobulins. Cytokine 46, 297-
301 (2009). 

321. Wulff, H., et al. The voltage-gated Kv1.3 K(+) channel in effector memory T cells as new target 
for MS. J Clin Invest 111, 1703-1713 (2003). 

322. Hu, L., Pennington, M., Jiang, Q., Whartenby, K.A. & Calabresi, P.A. Characterization of the 
functional properties of the voltage-gated potassium channel Kv1.3 in human CD4+ T 
lymphocytes. J Immunol 179, 4563-4570 (2007). 

323. Ellis, C.N. & Krueger, G.G. Treatment of chronic plaque psoriasis by selective targeting of 
memory effector T lymphocytes. The New England journal of medicine 345, 248-255 (2001). 

324. Rus, H., et al. The voltage-gated potassium channel Kv1.3 is highly expressed on inflammatory 
infiltrates in multiple sclerosis brain. Proceedings of the National Academy of Sciences of the 
United States of America 102, 11094-11099 (2005). 

325. Beeton, C., et al. Kv1.3 channels are a therapeutic target for T cell-mediated autoimmune 
diseases. Proceedings of the National Academy of Sciences of the United States of America 103, 
17414-17419 (2006). 

326. Xu, R., et al. Kv1.3 channels as a potential target for immunomodulation of CD4+ CD28null T 
cells in patients with acute coronary syndrome. Clin Immunol 142, 209-217 (2012). 



 

 77 

327. Wu, X., et al. Effect of the Kv1.3 voltage-gated potassium channel blocker PAP-1 on the 
initiation and progress of atherosclerosis in a rat model. Heart and vessels (2014). 

328. Koo, G.C., et al. Blockade of the voltage-gated potassium channel Kv1.3 inhibits immune 
responses in vivo. Journal of immunology 158, 5120-5128 (1997). 

329. Ishida, Y. & Chused, T.M. Lack of voltage sensitive potassium channels and generation of 
membrane potential by sodium potassium ATPase in murine T lymphocytes. Journal of 
immunology 151, 610-620 (1993). 

330. Beeton, C. & Chandy, K.G. Potassium channels, memory T cells, and multiple sclerosis. The 
Neuroscientist : a review journal bringing neurobiology, neurology and psychiatry 11, 550-562 
(2005). 

 

 


