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Abstract 
 

Inflammatory Myopathies (IMs) are a large and heterogeneous group 

of acquired disorders of the skeletal muscle characterized by the presence of 

inflammatory cells  directly responsible for initiating and maintaining 

myofiber injury. 

IMs are poorly characterized in veterinary medicine. A relatively 

large body of descriptive knowledge is available, however, many of the 

factors responsible for disease initiation and perpetuation remain less well-

defined and the understanding of these mechanisms is mainly based on 

biological plausibility from animal models and human medicine. 

The majority of these disorders are considered to be autoimmune 

disorders in which skeletal muscle is inappropriately targeted by the immune 

system. Autoimmune diseases develop as a result of chronic inflammation 

owing to interactions between genes and the environment. However, the 

mechanisms by which autoimmune diseases evolve remain poorly 

understood. Numerous evidences support that the innate immune system 

(including cytokines and chemokines) and adaptive immune system 

(including autoantibodies and antigen-specific T cells) are involved in IM 

pathogenesis. Furthermore, several non-immune-mediated mechanisms 

contribute to the pathogenesis of these disorders, including cell-stress 

pathways, free radicals, altered energy metabolism, protein homeostasis and 

mitochondrial damages. 

Autoantibodies are present in approximately 60-70% of human 

patients with IM and often specific autoantibodies are strongly associated 

with specific form of IMs. The role of autoantibodies in causing muscle 
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damage and dysfunction is still debated, however, they have proven to be 

immensely useful biomarkers for the diagnosis, monitoring and prognosis 

of IMs. Therefore, there is great interest in the identification of myositis-

specific autoantibodies. 

In the present Ph.D. thesis: 

1. we have identified novel pathogenetic mechanisms underlying 

leishmania-associated inflammatory myopathy in dogs. In 

particular, we identified circulating autoantibodies that recognize 

the muscle protein sarcoplasmic/endoplasmic reticulum calcium 

ATPase 1 (SERCA1) as the main antigen, supporting the 

autoimmune mechanism underlying this myopathy and the 

antigen mimicry pathogenesis; 

2. we morphologically and molecularly characterize the white 

striping myopathy of the broiler chicken and, based on our 

results, we hypothesize an associated immune-mediated 

mechanism; 

3. we describe the morphological and molecular findings of the 

inflammatory myopathy associated with natural Feline 

Immunodeficiency Virus infection in cats and identify 

circulating anti-skeletal muscle autoantibodies. 
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General Background 

 

Inflammatory Myopathies in Veterinary Medicine 

 

Inflammatory Myopathies (IMs) or Myositis are a large and 

heterogeneous group of acquired disorders of the skeletal muscle 

characterized by the presence of inflammatory cells  directly responsible for 

initiating and maintaining myofiber injury.1–3 

The term myositis has been inappropriately applied to various other 

muscular disorders in veterinary medicine, such as exertional and nutritional 

myopathy, in the horses. These two disorders are necrotizing myopathies, 

not IMs.1 It is very important to distinguish between a true myositis and a 

degenerative myopathy in which there is a secondary inflammatory 

response.1 In the normal response to the myofiber necrosis, the necrotic fiber 

is infiltrated by macrophages recruited from the circulating monocyte 

population, which phagocytose the cellular debris.1 Severe acute necrotizing 

myopathy can also be accompanied by a certain degree of infiltrating 

lymphocytes, plasma cells, neutrophils, and eosinophils. Cytokines released 

from damaged muscle fibers are likely to recruit a variety of inflammatory 

cells under various circumstances, but these cells are not involved in causing 
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the muscle cell damage.1 Moreover, lymphocytic myositis must also be 

distinguished from lymphoma involving skeletal muscle.1 

IMs are poorly characterized in veterinary medicine. A relatively 

large body of descriptive knowledge is available4–7, however, many of the 

factors responsible for disease initiation and perpetuation remain less well-

defined and the understanding of these mechanisms is mainly based on 

biological plausibility from animal models and human medicine.5 

The etiology and the pathomechanisms underlying IMs are still 

largely unknown. The majority of these disorders have an unknown cause 

and are defined as Idiopathic IMs (IIMs), others have been associated with 

the exposition to infectious or non-infectious agents and are defined as 

secondary IMs.2,8 These two groups do not have a sharp division because 

different infectious or non-infectious agents do not cause IM directly but 

indirectly with still unknown mechanisms. As these mechanisms are 

defined, IMs classified as IIMs are moved to the secondary IM group.2,8 

The majority of these disorders are considered to be autoimmune 

disorders in which skeletal muscle is inappropriately targeted by the immune 

system.2,4,9 A relation between these immune disorders and the exposition 

to different infectious and non-infectious agents has been reported both in 

humans2, dogs10, cats11, horses12 and has also been proposed in sheep.13  

 

 

Classification of Inflammatory Myopathy 

 

Classification criteria are meant to identify uniform and comparable 

groups of IMs for both clinical and research purposes.14 This classification 
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criteria continually evolve and reflect epidemiologic and molecular 

knowledge advances on IMs.14,15 

In 2017 the European League Against Rheumatism (EULAR) and 

American College of Rheumatology (ACR) developed and validated with a 

robust methodology the new diagnostic criteria for IMs in human 

medicine.15 Several clinicopathological classification criteria for IM have 

been defined and associated with a remarkable calculation system for the 

probability of IM diagnosis. If the calculated probability of diagnosis of an 

IM is greater than or equal to 55% the disorder will be further classified as 

follow (Fig. 1).15 

IM in adults (>18 years old) are classified into three major subgroups 

including polymyositis (PM), dermatomyositis (DM) and inclusion body 

myositis (IBM). DM includes a further subgroup defined as Amyopathic 

DM and characterized by the presence of typical skin findings without 

muscle weakness. According to this classification scheme, PM subset 

includes immune-mediated necrotizing myopathies (IMNM).15 

According to the 2017 EULAR/ACR classification system, IMs in 

children (<18 years old) are divided in juvenile DM (JDM) and in a less 

defend and heterogeneous group named “other juvenile myositis”.15
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Figure 1. Subgroups of human IMs according to the 2017 EULAR/ACR classification criteria.15 *The PM subset includes 

immune-mediated necrotizing myopathies (IMNM). PM, polymyositis; IBM, inclusion body myositis; ADM, amyopathic 

dermatomyositis; DM, dermatomyositis; JDM, juvenile dermatomyositis.
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A well-structured classification system such as the one used in 

human medicine is not currently available in veterinary medicine. Among 

animals, IMs are best studied in dogs and classified according to the scheme 

that we propose in figure 2. The most common canine IMs include the highly 

specialized immune-mediated masticatory muscle myositis (MMM) and the 

PM, otherwise, extraocular myositis and DM occur less commonly.4 

Homologous to the human IBM and IMNM are not yet well reported in dogs 

but few case reports of canine myopathies that share many features with 

these IM subtypes has been published.4,16 Different IMs, mainly with a 

disease phenotype similar to PM, have been described also in horses12, cats11 

and sheep13. 
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Figure 2. Subgroups of canine IMs according to the most recent classification criteria.4,16 MMM, masticatory muscle 

myositis; EOM, extraocular myositis; PM, polymyositis; IBM, inclusion body myositis; DM, dermatomyositis.
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Risk factors 

 

The pathogenic mechanisms of most immune-mediated diseases 

relate to chronic organ inflammation that can be caused by specific 

interactions between genetic and environmental risk factors (Fig. 3).2 

However, how these factors determine the activation of the immune 

system is still far from clear.2 

 

 

Genetic risk factors 

 

Several genetic risk factors have been described in humans;2 The 

HLA 8.1 ancestral haplotype is a key risk factor for major IM phenotypes in 

some populations, and several genetic variants associated with other 

autoimmune diseases have been identified as IM risk factors.2 No naturally 

occurring genetic risk variants have been identified in other animals so far. 

However, the overrepresentation of some canine breeds (e.g. Boxer and 

Newfoundland) in relatively large clinicopathological studies allow to 

hypothesize that the genetic variants play a role at least in this specie.7,17 

Also based on knowledge of genetic risk factors, different transgenic 

animal models of IMs have been generated. These models include a murine 

model based on inducible, muscle-specific overexpression of MHC I (HT 

double-transgenic mice). This model has proven invaluable for the 

assessment of the relationship between muscle weakness/dysfunction and 
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activation of ER stress pathways both of which occur before the onset of 

histopathologically evident mononuclear cell infiltration.6 

Transgenic and knockout mice models for the human hereditary 

inclusion body myositis (hIBM) have also been generated. These models are 

based on muscle-specific overexpression of amyloid-β precursor protein 

(βAPP) or mutations of genes encoding GNE (UDP-N acetylglucosamine 2- 

epimerase/N-acetylmannosamine kinase, an enzyme involved in sialic acid 

synthesis) and VCP (valosin-containing protein, a type II ATPase). Another 

animal model used by several investigators for the study of hIBM is the 

nematode Caenorhabditis elegans with overexpression of the human APP 

proteolytic fragment Aβ.6 

Other transgenic models used for the study of IMs include animals 

with structural protein defect resulting in muscular dystrophies. The 

pathologies that characterize these models are not classifiable as IMs, but 

some investigators have used these models to explore some pathways of the 

associated inflammation assuming that some pathomechanisms are common 

to IM. Examples involve SJL/J mice, a strain that develops an age-dependent 

dysferlinopathy closely mimicking the pathology of human disease, and 

mdx mice, a model of Duchenne muscular dystrophy (DMD) characterized 

by a mutation of the cytoskeletal protein dystrophin resulting in 

sarcolemmal instability, muscle necrosis and in an associated inflammatory 

component.6 
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Environmental risk factors 

 

The pathogenesis of IMs cannot be explained solely by genetic risk 

factors. Many of the variants identified have a relatively small effect on 

disease risk individually.2 It has been hypostasized that the physiological 

effect of these genes might depend on their activation or modification by 

environmental factors.2 

Multiple lines of evidence suggest that the environmental component 

have an influence on autoimmune diseases; there are strong temporal 

associations between certain exposures (infectious agents and drugs in 

particular) and the subsequent development of some autoimmune diseases; 

in some individuals, disease improves after removing a suspected 

environmental agent (dechallenge) and/or worsens or reoccurs after re-

exposure to the suspected agent (rechallenge).2 

Environmental risk factors are less well studied than genetic factors 

but might include parasites, viruses, bacteria, ultraviolet radiation, cigarette 

smoke exposure and a growing list of drugs (including biologic agents) and 

dietary supplements.2,12,13,18 

A number of specific infectious agents are implicated in IMs 

pathogenesis on the basis of reported occurrences of the infection-induced 

disease in animals.2,4,19 Examples include Leishmania spp. in dogs10,18,20, 

mice21 and Syrian hamsters19,22; Theileria equi and Babesia caballi in 

horses12; Sarcocystis tenella in sheep13 Trypanosoma cruzi in mouse6; 

Feline Immunodeficiency Virus (FIV) in cats11,23; Ross River virus and 

Coxsackie B virus in mouse,6 etc. 
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Non-infectious agents are less reported in veterinary medicine, 

probably due to the major difficulties of realizing epidemiological studies in 

animals. However, numerous evidences of epidemiological correlation 

between IMs and ambient pollutions or drugs have been reported in humans 

and several of these associations are also supported by experimental studies 

based on animal models.2,24 

Data from relevant animal models have shown the plausibility of 

multiple environmental agents potentially triggering autoimmune 

disease.2,10,12,13,20 Notably, mercury induces systemic autoimmune disease 

in rats and mice, several mineral oil components and certain other 

hydrocarbons can induce acute inflammatory arthritis in some rat strains, 

and there is also a clear association between infection with a limited number 

of pathogens and the development of specific autoimmune diseases in 

different animal species.24,25 Furthermore, evidences that other 

environmental factors, such as dioxins, organochlorine pesticides, silica, 

etc., may promote autoimmunity are also reported.25 

Moreover, interesting epidemiological studies in human populations 

and experimental studies with animal models revealed that perinatal factors 

affecting mothers during gestation, including air pollution, cigarette smoke 

and exposure to dust and/or solvents, could be important risk factors for IM, 

in particular for juvenile dermatomyositis.2,25 

It is likely that the existing associations between environmental 

agents and autoimmune disorders are more numerous. The main difficulty 

in identifying these associations probably lies in the fact that after certain 

disease-initiating exposures, several years can pass before the autoimmune 

disease manifests.2 
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Figure 3. Possible pathways involved in inflammatory myopathies 

pathogenesis in humans and other animals (modified from Miller et al., 2018).2 

Inflammatory Myopathy (IM) could result from different pathogenic mechanisms, 

including immunological and non-immunological processes, because of the 
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interactions between genetic and environmental risk factors. Some combinations of 

genotypes and environmental exposures induce certain mechanisms and disease 

phenotypes, whereas other combinations might have no effect or could be protective. 

C4A, complement 4A; ER, endoplasmic reticulum; ROS, reactive oxygen species. 

 

 

 

Disease mechanisms 

 

Although the disease mechanisms for IMs are ill-defined, numerous 

evidences support that the innate immune system (including cytokines and 

chemokines) and adaptive immune system (including autoantibodies and 

antigen-specific T cells) are involved. Furthermore, several non-immune-

mediated mechanisms contribute to IMs pathogenesis, including cell-stress 

pathways, free radicals, altered energy metabolism, protein homeostasis and 

mitochondrial damages.2,13 

 

 

Immune-mediated Disease Mechanisms 

 

Generally, muscles of animals with IM are mainly infiltrated by both 

T and B lymphocytes.4,5 

T cells are mainly cytotoxic CD8+ effector T cells associated with a 

smaller number of CD4+ helper T cells.2,4,5 The invasion of CD8+ effector T 

cells into non-necrotic muscle fibers is considered a characteristic 

histological feature of PM and IBM both in humans and in animals.2,13 

Furthermore, in humans it has been shown that muscles affected by IM also 
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contain some unique subsets of highly cytotoxic, apoptosis-resistant, pro-

inflammatory T cells, such as CD28null (CD244+) T cells (both CD4+ 

CD28null and CD8+ CD28null T cells).2  

γδ-T cells have been reported in forms of IM both in humans and in 

animals.2,26 In humans, investigators suggested a potential link between γδ 

T cells and autoantibody responses in IM demonstrating that these γδ T cells 

recognize the same antigens that are recognized by myositis specific 

antibodies.2,27 

Regulatory T (Treg) cells (defined by FOXP3 expression) are 

described in human IMs and their role appears to be the counterbalance of 

muscle inflammation.2 

Recent studies have demonstrated the presence of B cells, plasma 

cells and immunoglobulin transcripts in the muscle of both humans and 

animals with IMs, indicating a humoral component in those disorders.2,5,13  

 

 

Autoantibody 

 

Autoantibodies are present in more than half of all human patients 

with IM and often are strongly associated with specific form of IMs.2,5 

Traditionally, autoantibodies found in patients with myositis are described 

as being myositis-specific autoantibodies (MSAs) or myositis-associated 

autoantibodies (MAAs), depending on their prevalence in other related 

conditions. Alternatively, MSA and MAA could be combined into a single 

entity such as myositis-related autoantibodies.5,28 
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The role of autoantibodies in causing muscle damage and 

dysfunction is debated because most of the autoantigens are intracellular and 

thus not easily accessible to circulating autoantibodies.28,29  

An intriguing aspect of MSAs is that the detection of more than one 

of such autoantibodies in the same patient are extremely rare, although 

MAAs can sometimes coexist. As such, MSAs are ideal biomarkers, not 

only for identifying homogeneous subsets of myositis but also for exploring 

more precisely the potential environmental and genetic factors contributing 

to the disease.28,29 So, although cause and effect relationships between 

autoantibodies and disease phenotype and activity currently are not clear, 

the strong associations of MSAs with distinct genotypes, clinical 

phenotypes, interferon expression patterns and disease severity are 

immensely useful for the diagnosis and prognosis of IMs.2 

Very little is known about the presence of autoantibodies in IM in 

veterinary medicine, however, some noteworthy examples are available.5 

Notably, the MMM in dogs is characterized by circulating anti-type 2M 

fibers antibodies, and these play an important role in the diagnosis of this 

muscular disorder. MMM is characterized by circulating autoantibody 

directed against both masticatory muscle myosin heavy and light chains.30 

Additionally, an interesting study by Wu et al. showed that the main antigens 

of the autoantibodies in canine MMM include also a masticatory myosin 

binding protein-C (mMyBP-C).31   

Circulating autoantibodies mainly directed against sarcolemmal 

structures have been reported in horses with chronic piroplasmosis.12 

 Furthermore, recently we reported circulating anti-muscle 

autoantibodies also in dogs with Leishmania-associated myopathy.20 In 
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Chapter 1 of this thesis it will be illustrated how we have defined 

Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (SERCA1) as the 

main antigen recognized by circulating antibodies. 

 

 

Innate-Immune Disease Mechanisms 

 

Antigen processing and presentation by professional antigen-

presenting cells, such as dendritic cells (DCs), are critical to initiating the 

adaptive immune response, and the muscle microenvironment of IM is 

enriched with both myeloid and plasmacytoid DCs.2,5 The relative 

proportion of lymphocytes and macrophages in skeletal muscle seems to 

vary in different entities, for example, in canine PM the number of 

macrophages is usually very low compared with the number of 

lymphocytes, differently, in white striping myopathy in broiler chickens 

macrophages predominate over T and B cells.5,26 

Skeletal muscle, as well as muscle-infiltrating cells, express 

abundant innate immune receptors, including Toll-like receptors (TLRs). 

Activation of innate immune receptors can lead to activation of NF-κB 

signaling and pro-inflammatory cytokine and chemokine secretion, which, 

in turn, further recruit immune cells into a milieu that is already ripe for 

antigen processing and presentation by dendritic cells. These immune cells 

and cytokines can then further activate T helper 1 (TH1), TH17 and TH2 cells, 

as well as CD8+ cytotoxic T cells and CD28null T cells, which potentially 

damage muscle cells.2,26 Such mediators include TH1 cytokines (TNF, IFNγ, 

IL-12 and IL-2), TH2 cytokines (IL-4 and IL-13), TH17 cytokines (IL-17, 
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IL-22, IL-23, TNF-related weak inducer of apoptosis (TWEAK) and IL-6), 

Treg cytokines (IL-10 and transforming growth factor-β (TGFβ)) and innate 

immune cytokines (IL-1α, IL-1β and type I interferons (IFNα and IFNβ)). 

These cytokines coordinate various innate and adaptive immune response 

pathways, and some of them can cause muscle damage and weakness, 

depending on the stage of the disease.2,26 

 

 

Non-immune-mediated Disease Mechanisms 

 

 Mounting evidence suggests that several non-immune-mediated 

mechanisms also occur in IMs.2 In general, these mechanisms fuel 

inflammation via a positive feedback loop, affect muscle contraction and are 

responsible for muscle weakness, imbalance muscular protein homeostasis 

and lead to atrophy and mostly irreversible structural damage of muscle 

fibers.2 

Non-immune-mediated disease mechanisms involved in IMs include 

endoplasmic reticulum (ER)-stress, free radicals, protein homeostasis 

imbalance, the heat shock response, dysregulation of autophagy and 

mitochondrial abnormalities.2 

ER stress mechanisms include the unfolded protein response and the 

ER overload response, both activated in all forms of IMs.2 The unfolded 

protein response includes several pathways that reduce the protein overload 

and subsequent accumulation of unfolded proteins in the ER. The ER 

overload response modulates inflammation by upregulating NF-κB 

signaling.2 
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Free radicals are key factors in muscle fiber damage in all forms of 

IM, and these molecules are speculated to contribute directly to muscle 

weakness.2 

Protein dyshomeostasis, malfunction of the autophagic machinery 

and the associated heat-shock response are mechanisms well described in 

the pathogenesis of the human IBM. This pathology is characterized by the 

accumulation into muscle fibers of a variety of unwanted and defective 

proteins that should be removed from the cell, including β-amyloid and its 

associated proteins.2 

Furthermore, also mitochondrial abnormalities, such as cytochrome 

c oxidase deficiency, are often described as part of the pathomechanism of 

IMs both in humans and in animals.2,13 These dysfunctions potentially 

participate in the production of free radicals or in ER stress further fueling 

these two non-immune-mediated pathways.2,13 

  

 

Link with the Cardiac Muscle Pathology 

 

Cardiac involvement in IM was first reported by Oppenheim in 

1899.32 Currently, more and more evidence has accumulated in support of a 

link between IMs and cardiac involvement.33 Since the myocardium shares 

many structural and functional features with skeletal muscle, it is 

hypostasized that the same pathogenetic mechanism can participate both in 

IM and myocarditis. However, the full extent of this link and the 

mechanisms behind it are still poorly understood.34 
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In humans, cardiac involvement is more commonly reported in 

patients with PM/DM, while patients with IBM have a lower risk.33 

Morphologically, in PM/DM the myocardium shows an inflammation 

similar to that of skeletal muscle.33 An increased risk of myocardial 

infarction and venous thromboembolism has also been reported in patients 

with IMs.35 However, cardiac disease in IMs is most commonly subclinical 

and the literature suggests that rhythm disturbances are the most common 

subclinical cardiac manifestation of PM/DM, while congestive heart failure 

is the most frequently reported cardiac complication, and occurs in 10-15% 

of patients.33 Congestive heart failure can develop at any time in the course 

of skeletal muscle disease, and even in remission state.33 

Cardiac involvement has also been reported in different infectious 

agents-related IMs in animals, such as in dogs and Syrian hamsters with 

Leishmania spp. infection, in seep infected with Sarcocystis spp., in horses 

with piroplasmosis and in cats with Feline Immunodeficiency Virus 

infection.5 

Cardiac involvement in IMs is a feared event because it is one of the 

most common causes of death.5,33,35 

 

 

 

Cancer-associated Myositis 

 

In human medicine, an increased risk of cancer in patients with IM 

has been reported. Cancer-associated myositis is typically defined as the 

development of malignancy within 3 years of diagnosis of IM.28,36  
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An increased risk for malignancy has been reported in IM with adult-

onset but not in juvenile-onset disease. PM and DM are the most commonly 

associated with malignancy and DM of recent onset showed even higher 

risk.28,36  

 The association between DM and malignancy is particularly strong 

in those humans with antibodies to transcription intermediary factor 1γ 

(TIF1γ; also known as TRIM33) or nuclear matrix protein 2 (NXP2; also 

known as MORC3). Indeed, between 50% and 75% of adult humans with 

anti-TIF1γ autoantibodies will have an associated cancer. While, although 

anti-NXP2 autoantibodies are also associated with the development of 

cancer, such detailed information is not available because they are rare in 

humans IMs with adult onset and the association with malignancy has been 

difficult to study.28,36 

 Information regarding the association of IMs and cancer in 

Veterinary Medicine is sparse; only few case reports and case series are 

available. Notably, in dogs, few reports have linked polymyositis with 

lymphoma, thymoma, myeloid leukemia, bronchogenic carcinoma, 

tonsillary carcinoma, anaplastic round cell tumor and plasmacytoma.37 

Lymphoma is the most commonly associated with IM in dogs and, 

interestingly, Boxers are overrepresented.7,37 In the reported cases, at the 

time of diagnosis of the IM, no evidence of neoplastic cells was found in the 

biopsy sections, whereas at the time of diagnosis of neoplasia, neoplastic 

cells were observed in the muscle biopsies.7 This finding suggests that IM 

might be a preneoplastic syndrome in this breed.7 
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Animal Models of Inflammatory Myopathy  

 

Despite the large body of descriptive knowledge, many of the factors 

responsible for IMs initiation and perpetuation remain less well-defined. 

Animal models have proven to be tremendously helpful in mechanistic 

studies and allow researchers to overcome the inevitable restrictions of 

human research. Although many of these models reproduce isolated aspects 

of the skeletal muscle pathology found in human IMs, none exactly replicate 

the totality of human disease. Moreover, since the pathomechanism 

underlying IMs remains unclear, both in human and veterinary medicine, 

therapeutic approaches, in general, comprise unspecific immunosuppression 

strategies that have been met with limited success. Therefore, a deeper 

understanding of the underlying mechanisms is critically required to assist 

in the development of targeted therapies.6 

Models of IMs (Table 1) include infection-induced models, 

genetically based models of immune-mediated pathways, genetically based 

models of nonimmune pathways, antigen-induced models and a diet-

triggered model.6 

Infection-induced models of myositis are animal models generated 

using the mechanism of induction of IMs by specific infectious agents. 

Some examples include mice infected with Ross River virus, Coxsackie B 

virus or Trypanosoma cruzi6; Leishmania spp. infection in mouse21 and 

Syrian hamsters19 etc. 

Genetically based models of immune-mediated myopathy include 

several models characterized by structural proteins defect resulting in 

muscular dystrophies with subsequent muscle inflammation. These models 
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are used to highlight specific inflammatory pathways potentially common 

to IMs and muscular dystrophies.6 

Genetically based models of nonimmune pathways include models 

of the hereditary and sporadic IBM, generally characterized by aberrant 

amyloid precursor protein (APP) expression and the already mentioned 

murine model based on inducible muscle-specific overexpression of MHC I 

(HT double-transgenic mice).6 

Antigen-induced models of inflammatory myopathy are models in 

which IM is generated with an antigen/adjuvant immunization strategy with 

the attempt to model (auto)immune pathways contributing to the 

pathogenesis of these diseases. The strategy consists of immunizing the 

animal against autoantigens implicated in human IMs (most employ myosin 

or myosin-associated proteins) and resulting in an autoimmune disorder 

targeting the skeletal muscle.6 

To date, only one model of diet-triggered IM has been described. 

Rabbits fed with cholesterol-enriched diets exhibit pathological features that 

resemble IBM.  The high dietary cholesterol increases APP and Aβ and 

induces IBM-like pathology. This model has opened new perspectives for 

the study of protein dyshomeostasis in the pathogenesis of IMs.24,38
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Table 1. Induced experimental models of Inflammatory Myopathy.6,21,24,38 

Model Host Disease phenotype Muscle infiltrate and other features Gendera 

Infection-induced     

Ross River virus Mouse PM M, NK, CD4+, CD8+ Undefined 

Chikungunya virus Mouse PM M, NK, CD4+, CD8+ Undefined 

Coxsackievirus B1 Mouse PM Mononuclear Undefined 

Trypanosoma cruzi Mouse PM M, CD4+, CD8+ Female 

Leishmania spp. Syrian hamster, 

Mouse 

PM CD4+, CD8+ Undefined 

Genetic/transgenic     

Aβ Nematode Neuromuscular deficit Amyloid aggregates Hermaphrodite 

βAPP Mouse hIBM Myofibrillar deposits, N Undefined 

GNE Mouse hIBM/DMRV Rimmed vacuoles, inclusion bodies Undefined 

VCP Mouse IBMPFD Rimmed vacuoles, mononuclear cells Undefined 

MHC I Mouse JDM (early); PM (late) M Female (male delayed) 

Synaptotagmin VII Mouse PM CD3+, M, Ly-6G+ and ANA Female 

mdx/dystrophin Mouse Dystrophy, myositis M, CD4+, CD8+, N Male>femaleb 

SJL/J—EAM Mouse Dysferlinopathy, 

myositis 

Mc, CD4+, CD8+ Male, female 

Antigen-induced     

Myosin Mouse, rat PM CD4+, CD8+, M Female 

C protein Mouse, rat PM M, CD4+, CD8+ Female 

HRS/CFA (subcutaneous) Mouse ILD, myositis CD3+ Male=female 

HRS/soluble (intramuscular) Mouse PM CD3+ Male=female 

Laminin Rat PM CD4+, CD8+, M Female 

Diet-triggered     

Diet with 2% cholesterol Rabbit sIBM M and intracellular deposits (Aβ, Tau) Female 
a Reported gender in experiments; gender restriction unknown unless indicated 
b Adult (6-month-old) mice 
c Macrophages predominate in spontaneous myopathy of SJL/J mice; EAM induction increases the percentage of CD4+, CD8+ T cells 

Aβ proteolytic fragment of APP; βAPP β-amyloid precursor protein; CD3+ CD3+ T cell; CD4+ CD4+ T cell; CD8+ CD8+ T cell; Ly-6G+ Ly-6G+ neutrophils 

and eosinophils; ANA antinuclear antibody; CFA Complete Freund’s Adjuvant; DMRV distal myopathy with rimmed vacuoles; EAM experimental 
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autoimmune myositis (myosin induced); GNE UDP-N acetylglucosamine 2-epimerase/N-acetylmannosamine kinase; hIBM hereditary inclusion body 

myositis; sIBM sporadic inclusion body myositis; HRS histidyl-tRNA synthetase; IBMPFD inclusion body myopathy with Paget’s disease of bone and 

frontotemporal dementia; ILD interstitial lung disease; JDM juvenile dermatomyositis; M macrophage; MHC major histocompatibility complex; N neutrophil; 

NK natural killer cell; PM polymyositis; VCP valosin-containing protein. 
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Specific Background 

 

New Perspectives in Natural Occurring Animal Models of 

Inflammatory Myopathies 

 

In recent years, the regulation about laboratory animal is becoming 

more and more strict. According to the principle of the three Rs, Replace, 

Reduce and Refine, the use of naturally occurring (or spontaneous) animal 

models is becoming more significant.39 The potential advantages of using 

naturally occurring animal models of human disease are: domestic animals 

share the same environments as humans; the life cycle of the domestic 

animals is usually shorter compared with humans; some animals have large 

numbers of offspring, facilitating hereditary studies.40 Some limitations of 

naturally occurring animal models compared with laboratory animals are: 

the genetic variability in a study group is higher; animal pedigrees are not 

always verified so the exact parentage is not always known; specific mating 

between animals cannot be arranged.40 

In the following sub-chapters, we provide an overview of the most 

recently described natural occurring animal models of IMs. 

 

 

Canine Inflammatory Myopathy Associated with Leishmania 

Infantum Infection 
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 In dogs, Leishmania infantum infection is associated with an IM with 

many similarities with the human PM.10,18 This pathology has also been 

experimentally reproduced in  Syrian hamsters and mice.19,21 

IM in these dogs is often subclinical.41 The most common clinical 

signs of leishmaniasis are skin lesions, lymphadenopathy, 

hepatosplenomegaly, weight loss, onychogryphosis and ocular lesions. 

Rarely, these signs can be associated with clinically evident neuromuscular 

signs, such as paraparesis.41 With electromyography, fibrillation potentials, 

positive sharp waves and complex repetitive discharges can generally be 

detected even in asymptomatic dogs.41 

 Morphologically, the inflammatory infiltrate in skeletal muscle is 

mainly perivascular in the perimysium and multifocally surrounds the 

muscle fibers in the endomysium. The inflammatory cells are mainly CD8+ 

T lymphocytes and macrophages with fewer CD4+ T lymphocytes.10,41 

Marked variation in fiber size, including atrophic and hypertrophic fibers, 

and different disseminated necrotic muscle fibers can usually be observed. 

Aspects of muscle regeneration can also be observed, including myotubes 

and type 2C fibers.10 In the chronic stages, endomysial and perimysial 

thickening due to fibrosis can be observed. Usually, many muscle fibers 

show immunohistochemical sarcolemmal expression of MHC class I and 

class II.10 Moreover, CD8+ T lymphocytes invade histologically normal 

muscle fibers expressing MHC class I antigens (CD8/MHC-I complexes) 

supporting an immune-mediated pathogenetic hypothesis.10 

 Dogs infected with Leishmania infantum also show myocarditis 

characterized by an inflammatory infiltrate similar to that reported in 
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skeletal muscle. Interstitial fibrosis and sarcolemmal expression of MHC 

class I and MHC class II antigens have also been reported.18 

Several pathogenetic mechanisms have been hypothesized10; 

however, the most supported is an antibody-mediated autoimmune 

mechanism.20 We hypothesize that the autoantibodies produced by dogs 

with leishmaniasis may be directed against one or more proteins shared by 

skeletal and cardiac muscle, triggering immune-mediated damage in both 

tissues.10,18 Further arguments regarding this mechanism will be provided in 

the Chapter 1 of this thesis. 

 

 

 

Inflammatory Myopathy in Horses Associated with Piroplasmosis 

 

Equine piroplasmosis is a protozoal disease caused in horses by two 

apicomplexan hemoprotozoa, Theileria equi and Babesia caballi.12 Equine 

piroplasmosis has been associated with an IM characterized by circulating 

anti-muscle antibodies.12 

Clinically, horses with chronic piroplasmosis can develop poor 

performance and muscle atrophy. The serum activity of CK, AST and LDH 

is usually slightly elevated.12 

Histologically, the main myopathic change is a multifocal 

lymphocytic infiltrate often organized in cuffs around the perimysial and 

endomysial blood vessels and less frequently expanding multifocally into 

the endomysium. The inflammatory infiltrate is mainly composed of both 

CD8+ and CD4+ T lymphocytes, fewer macrophages and rare scattered 
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CD79α+ B lymphocytes.12 Various degrees of atrophy of nonangular fibers, 

necrotic fibers invaded by macrophages, mild perimysial fibrosis were also 

observed. Mitochondrial abnormalities include ragged blue fibers observed 

with SDH stain and fibers with a moth-eaten appearance observed with COX 

and NADH stains.12 Muscle fibers immunohistochemically overexpress 

MHC I and MHC II.12 

Increased mRNA levels of IL-12, TNF-α, and IFN-γ were found in 

the muscles of affected animals, while no changes in IL-10 mRNA levels 

were observed. Moreover, DNA from Theileria equi or Babesia caballi was 

not detected by RT-PCR in muscle samples affected.12 

Involvement of the heart during piroplasmosis has been well 

established in dogs, but there is little sporadic information in the literature 

on heart involvement during piroplasmosis in horses.42,43 Further studies are 

needed to better clarify the involvement of the heart in this species. 

 

 

 

Inflammatory Myopathy in Cats Associated with Feline 

Immunodeficiency Virus Infection 

 

Feline Immunodeficiency Virus (FIV) infection is associated with an 

IM and a myocarditis in adult cats.11,44 HIV is similarly implicated in a form 

of IM and myocarditis in humans.44–46 This model has so far been poorly 

characterized and there is little information in the literature, however, the 

characteristics of this myopathy are comparable to human PM.11,44 
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No clinical signs have been associated with this IM, however, an 

increase in serum CK values has been reported.11 Needle electromyography 

may be characterized by mild to moderate abnormal spontaneous activity. 

Furthermore, a mixture of positive acute waves and fibrillation potentials 

can be detected in a multifocal pattern.11 

The pelvic limb muscles are more frequently affected than the 

thoracic limb muscles. The vastus lateralis is the most frequently affected 

muscle while the brachial triceps is the least affected muscle.11  

Histologically, this IM is characterized by perivascular and 

endomysial multifocal infiltration of CD8+ T lymphocyte. Sometimes, these 

lymphocytes infiltrate non-necrotic myofibers. Myofiber necrosis and 

phagocytosis has also been reported.11 

FIV infection in adult cats has also been associated with myocarditis. 

Clinical manifestations included dyspnea, lethargy, anorexia and 

vomiting.44 Histologically is characterized by a coalescing multifocal 

inflammatory infiltrate mainly composed of lymphocytes and, to a lesser 

extent, of macrophages, neutrophils and plasma cells. A variable degree of 

interstitial fibrosis has also been reported.44 Hypertrophic cardiomyopathy 

(HCM) is also described in cats associated with FIV infection.44  
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Inflammatory Myopathy in Sheep Associated with Sarcocystis 

tenella Infection 

 

 For years, it has been argued that Sarcocystis infection almost always 

did not cause injury to the ruminant’s muscle or is associated with an 

eosinophilic myositis in the case of cyst rupture. We have defined that 

Sarcocystis tenella infection is associated with an IM in sheep.13 

In intermediate hosts, such as sheep, infection is commonly 

asymptomatic and the presence of muscle cysts is considered an incidental 

finding.13 However more than 95% of infected animals show subclinical 

myopathy.13 

Histologically, this myopathy is characterized by a multifocal 

inflammatory endomysial infiltrate mainly composed of CD8+ 

lymphocytes, occasionally centered around parasitic and non-parasitic fibers 

and rarely arranged in perivascular cuffs. Variability of fiber diameter and 

different disseminated necrotic muscle fibers invaded by macrophages are 

reported.13 

We also reported widespread sarcolemmal immunopositivity for 

MHC I and MHC II in almost all cases and variable expression of MHC I 

antigen on the cyst wall.13 Moreover, occasionally CD8+ cells invade non-

necrotic parasitized and non-parasitized fibers.13 

Sheep naturally infected with Sarcocystis tenella also show 

myocarditis characterized by an inflammatory infiltrate similar the that 

found in skeletal muscle. 

Inflammatory CD8+ T lymphocytes infiltrate, sarcolemmal 

immunopositivity to MHC I and CD8+ T lymphocytes invading non-
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necrotic muscle fibers suggest that parasitized muscle fibers might play an 

active role in antigen presentation and stimulating inflammatory response.13 
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Objectives 

 

The overall aim of this Ph.D. thesis was to provide a broader 

understanding and documentation of pathomechanisms underlying 

inflammatory myopathies in animals, to better define the characteristics of 

these pathologies in veterinary medicine and propose new spontaneous 

animal models of human diseases. 

The specific objectives were: 

1. Investigate the autoimmune pathomechanism underlying 

inflammatory myopathy associated with leishmania infection in 

dogs. 

2. Describe the morphological and molecular findings of the 

inflammatory myopathy associated with natural Feline 

Immunodeficiency Virus infection in cats and provide insight on the 

underlying pathomechanisms. 

3. Describe the morphological and molecular findings of the white strip 

myopathy in broiler chickens and investigate the underlying 

pathomechanisms.
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1.1 Introduction 

 

IMs have been related to different spontaneous infections both in 

humans2, dogs13, cats14, horses15, and a relation has also been proposed in 

sheep.10 Notably, Leishmania infantum infection has been related to a form 

of IM in dogs, experimentally reproduced in Syrian hamsters and mice.13,16–

18 

Around 70 animal species, including humans, have been found as 

natural reservoir hosts of Leishmania parasites19, however, infected dogs 

constitute the main domestic reservoir of the parasite and play a key role in 

transmission to humans.20 

Leishmania infantum (syn. L. chagasi) has been identified as the 

main etiologic agent of canine leishmaniasis. However, other Leishmania 

species (e.g., L. donovani, L. braziliensis, L. tropica, L. major, etc.) are able 

to infect and induce pathology both in dogs and in other animals. 20–23 

The pathogenesis of Leishmania infection in dogs is extremely 

complex and is the result of the interaction among vector (e.g. repeated 

infectious bites), parasite (virulence), and host (e.g. genetic background, 

immune response, coexisting diseases).22 The wide variability of these 

factors results in a wide range of clinicopathological presentations ranging 

in severity from self-healing cutaneous leishmaniasis (CL) to fatal 

disseminated visceral leishmaniasis (VL) leading to organ damage and 

dysfunction.21,22  

Other than IM, the clinicopathological picture of Leishmania 

infantum infected dogs may include various combinations among exfoliative 
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and/or ulcerative dermatitis, with or without nasodigital hyperkeratosis and 

onychogryphosis, glomerulonephritis, myocarditis, anterior uveitis, 

keratoconjunctivitis sicca, epistaxis, and/or polyarthritis.13,16,22 Although the 

pathogenetic mechanisms underlying these features are not yet clear, one of 

the best-characterized mechanisms is the presence of circulating immune 

complexes24 and the production of autoantibodies directed against different 

structures, including antinuclear25, antiplatelet26 and smooth-muscle 

autoantibodies.27 

The leishmania related IM can be classified as a canine PM.5,6 

Myopathic features related to leishmania infection are necrosis, 

regeneration, fibrosis and infiltration of lymphocytes (mainly CD8+) and 

macrophages. As observed in other PMs10,15,18,28, also the leishmania-related 

IM is further characterized by a wide sarcolemmal MHC class I and II 

overexpression.13 Moreover, an interesting myopathic observation is the 

presence of morphologically normal MHC I-positive myofibers invaded by 

CD8-positive lymphocytes (CD8/MHC I complex) that strongly suggest an 

immune-mediated pathogenesis.13,28  

 Leishmania infection in dogs is also related to myocarditis that 

shares many histological characteristics with the leishmania-related 

myopathy.16 The myocardium is often infiltrated by inflammatory cells that 

share morphological and immunophenotypical characteristics with those 

described for leishmania-related myopathy. Furthermore, MHC I and II 

overexpression on cardiomyocyte membrane is also reported.16 

Due to the numerous shared pathological features between 

leishmania-related myopathy and cardiomyopathy and due to many 
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similarities between these two tissues, a common immune-mediated 

pathogenetic mechanism has been postulated.6,16 

Based on our observation and the literature2,5,13,16–18, we 

hypostasize that one of the main components of the pathogenesis of the 

canine leishmania-related myositis is the dysregulation of the adaptive 

immune system with the production of autoantibodies directed against 

muscle structures.  

In the present study, we have recognized circulating autoantibodies 

against skeletal muscle in Leishmania-infected dogs and identified the main 

target antigen, which is a member of the sarcoplasmic reticulum calcium 

ATPase located on the sarcoplasmic reticulum and named 

sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 1 (SERCA1). 

 

 

1.2 Materials and methods 

 

1.2.1 Sera 

35 leishmania-positive dog sera and 10 negative controls were 

selected from the sera bank of the Comparative Neuromuscular Laboratory 

of the Department of Veterinary Medicine of the University  Federico II in 

Napoli. All sera were tested for anti-leishmanial antibody titer using 

immunofluorescent antibody test (IFAT) for Leishmania spp. Sera data were 

summarized in table 1.1. Upon arrival, sera were stored at -80 °C until 

further processed. 
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To reduce background signal in immunofluorescence and unspecific 

signals in immunoblot, groups of serum from 5 dogs were randomly pooled 

in 7 pools of leishmania-positive dogs and 2 groups of negative controls. 

IgG were purified from the pooled serum using the Protein A IgG 

Purification Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

according to manufacturer instructions.  

 

Table 1.1 Sera samples with corresponding anti-leishmanial antibody titer tested 

by Immunofluorescent antibody test (IFAT). 

Serum # IFAT 

1,2 1/80 

3-8 1/160 

9-12 1/320 

13-15 1/640 

16-35 1/1280 

36-45 Absent 

 

 

1.2.2 Tissues 

Normal quadriceps femoris fresh-frozen samples of dogs, mice and 

sheep were selected from the tissue archives of the Comparative 

Neuromuscular Laboratory of the Department of Veterinary Medicine of the 

University Federico II in Napoli. All selected muscles (Table 1.2) were 
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collected from animals serologically and parasitologically negative for L. 

infantum. 

Table 1.2 Muscle samples. 

Muscle # Species Breed/Strain Sex Age 

1 Dog Siberian husky M 5 years 

2 Dog Mix MC 12 years 

3 Dog Jack Russell terrier M 9 years 

4 Dog Whippet F 6 years 

5 Dog Mix M 3,5 months 

6 Mouse C57 F 1 year 

7 Mouse C57 F 1 year 

8 Mouse C57 F 1 year 

9 Sheep Mix F 4 years 

10 Sheep Mix F 5 years 

11 Sheep Mix F 7 years 

 

 

1.2.3 Indirect immunofluorescent staining 

Eight micrometers transversal cryosections were cut from selected 

muscle specimens and dried at room temperature for 45 minutes. Sections 

were fixed in acetone for 10 minutes at 4 °C. After 3 wash of 5 minutes in 

PBS, sections were incubated with 10% normal rabbit sera in PBS for 30 
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minutes at room temperature. To block endogenous dog IgG, after 3 wash 

of 5 minutes in PBS, sections of dog muscles were preincubated with F(ab')2 

fragments of rabbit anti-dog IgG (H+L) (1:50; Rockland Immunochemicals, 

Limerick, PA, USA) for 1 hour. The latter step was avoided for the muscles 

of the other species. Sera pools from dogs were serially diluted in PBS 

(1:100, 1:300, 1:1000, 1:3000, 1:10000) and after 3 wash of 5 minutes in 

PBS, were added to each section for incubation overnight at 4 °C. Control 

sections were incubated with PBS. After washing three times with PBS for 

5 minutes, FITC-conjugated rabbit anti-dog IgG (H+L) (1:300; Jackson 

Laboratories, West Grove, PA, USA) was added to each section, and 

incubated for 40 minutes at room temperature. Sections were washed three 

times with PBS for 5 minutes and mounted under coverslips in 

VECTASHIELD® H-1200 (Vector, Burlingame, CA, USA) to prevent 

fading of fluorescence.  

A quantitative assessment of immunofluorescence-stained sections 

was performed for each dilution for each sera pool. Ten 40× fields were 

randomly photographed under an optical microscope (Leica DM6000B by 

Leica, Wetzlar, Germany) associated with a digital camera (Leica DFC450C 

digital camera by Leica). The intensity of the fluorescence signal was 

measured for each photo with Fiji (ImageJ, National Institutes of Health). 

The mean stain intensity of the 10 analyzed fields was calculated for each 

dilution for each sera pool. 
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1.2.4 Indirect immunofluorescent with colocalization 

To evaluate the colocalization of detected autoantigens and 

SERCA1, cryosections were processed as described in the indirect 

immunofluorescent staining section up to the primary antibody. As first 

primary antibody was used the purified sera pool 1 from leishmania infected 

dogs diluted 1:1000 overnight at 4 °C. After washing three times with PBS 

for 5 minutes, FITC-conjugated rabbit anti-dog IgG (H+L) (1:300; Jackson 

Laboratories, West Grove, PA, USA) was added to each section, and 

incubated for 40 minutes at room temperature. After, slides were rinsed with 

PBS and a second primary mouse monoclonal antibody directed against 

SERCA1 ATPase (1:200; clone VE121G9, Thermo Fisher Scientific, 

Waltham, MA, USA) was applied for 2 hours at room temperature. A FITC 

fluorochrome-labeled rabbit anti-mouse secondary antibody was applied 

(1:300; Jackson Laboratories) on sections for 1 hour at room temperature. 

Slides were rinsed with PBS and mounted with VECTASHIELD® H-1200 

(Vector). 

 

1.2.5 Western blot analysis and Immunoprecipitation procedures 

Tissue samples were homogenized in a Polytron (Brinkman 

Instruments, N.Y.). The homogenate was stirred for 2 hours at 4°C and then 

centrifuged at 14.000 rpm x 20 min. The supernatant was collected, and 

proteins were determined by the Bradford procedure.29 Proteins from total 

homogenates were separated by SDS-PAGE. Briefly, cells were solubilized 

with lysis buffer containing 50mM HEPES, 150mM NaCl, 10mM EDTA, 
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10mM Na4P2O7, 2mM sodium orthovanadate, 50mM NaF, 1mM 

phenylmethylsulfonyl fluoride, 10μg/ml aprotinin, 10μg/ml leupeptin, pH 

7.4, and 1% (v/v) Triton X-100. Lysates were clarified by centrifugation at 

12,000g for 20 minutes at 4°C. The protein concentrations in the cell lysates 

were measured using a Bio-Rad DC (detergent compatible) assay. Aliquots 

of the lysates were precipitated with SERCA1 ATPase Abs coupled to 

protein G Sepharose for 2 hours at 4 °C. Immunoprecipitation and Western 

blot analysis have been performed as previously described.29,30 

 

1.2.6 LC-MS/MS analysis for antigen identification 

Protein extracts obtained from dog, mouse, and sheep muscle tissues 

were fractionated by SDS-PAGE. The gel was stained using the Gel Code 

Blue Stain Reagent (Thermo Fisher Scientific, Waltham, MA, USA) and a 

band approximately near to the 100 kDa molecular weight marker was 

excised from the gel lanes and subjected to in-gel digestion, as elsewhere 

reported.42 Trypsin (Promega, Madison, WI, USA) was used as proteolytic 

enzyme. Then, peptide mixtures were analyzed by liquid chromatography–

tandem mass spectrometry (LC-MS/MS) on an LTQ-Orbitrap XL (Thermo 

Scientific, Bremen, Germany) equipped with a nanoLC system, set as 

reported. Protein identification was carried out using Mascot 

(www.matrixscience.com) through the MS/MS Ions Search tool. Canis 

lupus familiaris, Mus musculus, and Ovis aries databases were selected as 

taxonomy.  
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1.2.7 Statistical Analysis 

Fisher's Exact test was used to compare the difference of frequency 

of positivity to IF assay between leishmania-positive and negative pools. 

Spearman's rank correlation coefficient was used to evaluate the correlation 

between sera dilution and positivity to the IF assay. 

 

1.3 Results 

 

1.3.1 Leishmania-infected dogs have circulating antibodies against skeletal 

muscle  

To investigate the presence of circulating autoantibodies anti-

skeletal muscle in dogs with leishmaniasis we analyzed sera by using 

indirect immunofluorescence on sections of normal dog muscle. To reduce 

the background signal, the sera were pooled and purified. To prevent FITC-

conjugated antibodies bound to endogenous dog IgG, present in blood 

vessels and the interstitial spaces, we pretreated normal dog muscle sections 

with F(ab')2 fragments of rabbit anti-dog IgG before incubation of the 

sections with serial dilutions of test serum.  

Pooled sera from leishmania-infected dogs showed antibodies 

against skeletal muscle in titers up to over 1:10000 (Fig. 1). The IF showed 

mainly a sarcoplasmic positivity. At higher concentrations the sarcoplasm 

of all fiber was positive; differently, usually starting from the 1:1000 sera 
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dilution, a differential stain among fibers was evident with a checkerboard 

pattern. None of the control sera pools had detectable antibodies in this test. 

Fisher's Exact test confirmed a statistically significant difference 

between leishmania positive and negative pools (p= 0,027778). 

The IF positivity of pooled sera from leishmania-infected dogs was 

positively correlated with the dilution (rs=0.662896; p=0.000014). In 

contrast, this correlation was not evident in the control sera (rs=0.169621; 

p=0.598178; Fig. 2). 
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Figure 1.1 Indirect immunofluorescence using dog muscle and different 

dilutions of serum from a leishmania-infected dog (A) and normal dog (B). Sera 
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pool from leishmania-infected dogs showed antibodies against skeletal muscle in 

titers up to over 1:10000. At 1:100 and 1:300 dilution there are no evident 

differences in the staining of the sarcoplasm of the different muscle fibers; 

differently, starting from the 1:1000 sera dilution, a differential stain among fibers 

was evident with a checkerboard pattern.  

 

 

Figure 1.2 Quantitative assessment of immunofluorescence positivity. The IF 

positivity of pooled sera from leishmania-infected dogs is dilution-dependent 

(rs=0.663; p=0.000014). In contrast, this association is not evident in the control 

sera (rs=0.170; p=0.598). 
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1.3.2 Specificity of autoantibodies 

We also performed indirect immunofluorescence on sections of 

normal sheep and mouse muscle to determine if the autoantibodies found in 

dogs with leishmaniasis are specific for canine muscle. Positivity has been 

demonstrated both in sheep and in mouse muscle with all pooled sera from 

leishmania-infected dogs. The IF positivity showed the same sarcoplasmic 

checkerboard pattern. The intensity of the staining was slightly lower on 

sheep muscle and significantly lower on mouse muscle. No staining has 

been found using pooled sera from normal control dogs on muscle from both 

species (Fig. 3). 
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Figure 1.3 Indirect immunofluorescence using sheep and mouse muscle 

and different dilutions of serum from a leishmania-positive dog (A) and a control 

dog (B). 
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1.2.3 Antibodies in leishmania-infected dogs recognize a 100 kDa muscle 

protein 

We performed immunoblot analysis using the sera from leishmania-

infected dogs and normal muscle proteins extract to check the molecular 

weight of the unknown antigen(s). A band of about 100 kDa was identified 

in sera from leishmania-infected dogs. This 100 kDa protein was not 

detected in muscle extracts using the sera of normal dogs (Fig. 4). 

Additionally, proteins with a molecular mass less than and greater than 100 

kDa were identified in immunoblotting, these proteins were not consistently 

identified by all sera. 
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Figure 1.4 Autoantibodies in sera from leishmania-infected dogs (A) bind 

to a protein to about 100 kDa. This band was not detected in control dog sera (B). 

The muscle samples were named with D: Dog, S: Sheep and M: Mouse. 

 

 



Canine Inflammatory Myopathy due to Leishmania infantum infection is 

associated with circulating autoantibodies recognizing SERCA1 as major antigen 

 

 70 

 

 

 

1.3.4 Isolation and characterization of the canine muscle protein 

recognized by the leishmania-infected dog sera 

 

To individuate the target protein of the autoantibody, the protein 

extracts from normal canine muscles were fractionated by SDS-PAGE and 

the resulting gel bands with a molecular weight of about 100 kDa were 

excised, trypsinized and analyzed by LC-MS/MS. Mass spectrometry 

analysis led to the identification of a protein of about 100 kDa in the canine 

muscle protein extracts, the sarcoplasmic/endoplasmic reticulum calcium 

ATPase 1 (SERCA1, UniProt ID: E2RRB2). Thus, the canine SERCA1 was 

subjected to basic local alignment search tool (BLAST) analysis, showing 

that this protein is highly conserved across species, including humans and 

other primates, cat, ferrets, mouse, horse, pig, bovine, sheep, etc. 

Particularly, the alignment of SERCA1 the amino acid sequences of the dog, 

mouse and sheep resulted in a 96.17% and 95.77% of identity respectively. 

A BLAST search revealed also that canine SERCA1 has significant 

overall homology (49.02%) to calcium-translocating P-type ATPase of 

Leishmania infantum (XP_001462838.2) and that these proteins share many 

identical tracts (Fig. 5).  
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Figure 1.5 Protein sequence alignment. Canine sarcoplasmic/endoplasmic 

reticulum calcium ATPase 1 (SERCA1, UniProt ID: E2RRB2) is 49.02% identical 

to calcium-translocating P-type ATPase (CTPA, UniProt ID: A4HRZ6) of 

Leishmania infantum. Identical amino acids are highlighted with blue. 
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1.3.5 Muscle protein recognized by antibodies of leishmania-infected dogs 

colocalize with anti-SERCA1 Abs 

 To evaluate the colocalization of the muscle protein recognized by 

Abs of leishmania-infected dogs and SERCA1, we performed a double 

indirect immunofluorescence, analyzing sections of fresh frozen normal 

canine muscle. Muscle sections were incubated with sera of dogs infected 

with leishmania and with anti-SERCA1 Abs. Anti-SERCA1 Abs marked 

type II muscle fibers with a checkerboard pattern, and the staining partially 

colocalized with muscle protein recognized by Abs of leishmania-infected 

dogs (Fig. 6). 
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Figure 1.6 Double-color immunofluorescence with purified sera pool of 

leishmania-infected dogs (a: green, FITC) and commercial mouse anti-SERCA1 

Ab (b: red, TRIC) and their colocalization (c: merge, orange color) on normal dog 

skeletal muscle section. A marked immunocolocalization between SERCA1 and 

the major antigen is evident. 
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1.3.6 Antibodies of leishmania-infected dogs recognize 

immunoprecipitated SERCA1 

SERCA1 has been isolated through immunoprecipitation from 

normal muscle proteins extract using monoclonal antibody specific for 

SERCA1. The immunoprecipitated was tested in immunoblotting with 

leishmania-infected dog sera. A protein band consistent with canine 

SERCA1 was identified in sera from leishmania-infected dogs (Fig. 7). 

SERCA1 was not detected in muscle extracts using the sera of control dogs. 
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Figure 1.7 Immunoblot using total muscle protein samples 

immunoprecipitated with anti-SERCA1 antibody and sera of leishmania-

infected dog. Muscle tissues were homogenized and solubilized. Total protein 

samples were immunoprecipitated with anti-SERCA1 antibody and 

immunoblotted with a serum of leishmania-infected dog. Autoantibodies in sera 

from leishmania-infected dogs bind to a protein of about 100 kDa consistent with 

canine SERCA1. The autoradiograph shown is representative of three different 

experiments. The muscle samples were named with D: Dog, S: Sheep and M: 

Mouse. 
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1.4 Discussion 

In this study, we identified circulating IgG autoantibodies specific 

for the skeletal muscle in leishmania-infected dogs. We found mainly a 

sarcoplasmic positivity with indirect immunofluorescence and showed that 

antibodies present in the sera of leishmania-infected dogs bind different 

muscle proteins. We also identified the main target protein as SERCA1. 

Circulating immune complexes and several autoantibodies have 

already been described in sera of Leishmania spp.-infected dogs.31 In a study 

of 44 infected adult dogs, antinuclear antibodies have been reported in up to 

30% of dogs with an indirect immunofluorescence method.32 It has also been 

established that these antibodies are often directed against DNA-associated 

proteins, such as histones, and that are part of the pathogenetic mechanism 

of leishmania-associated glomerulonephritis.25 In a large study of 260 dogs, 

anti-actin and anti-tubulin IgG has been reported respectively in 95% and 

94% of dogs infected with Leishmania donovani using ELISA.31 

Furthermore, anti-mammalian basal membrane glycoproteins and 

cerebrosides antibodies have been also described.31 

Circulating autoantibodies anti-skeletal muscle have also been found 

in other infectious-related IMs, such as piroplasmosis in the horses15 and 

Feline Immunodeficiency Virus infection in cats.33  
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In the present study, we consistently found autoantibodies directed 

against SERCA1 in leishmania-infected dogs. The sarcoplasmic-

endoplasmic reticulum calcium ATPase (SERCA) is responsible for 

transporting calcium (Ca2+) from the cytosol into the lumen of the 

sarcoplasmic reticulum (SR) following the muscular contraction in both 

cardiac and skeletal muscle.34 Structurally, the SERCA proteins are 

transmembrane proteins with a molecular mass of 110 kDa. There are three 

major isoforms of SERCA and several sub-isoforms: SERCA1 isoforms are 

expressed in the fast-twitch (type II) skeletal muscle fibers, explaining the 

observed checkerboard pattern at IF. SERCA2a is expressed specifically in 

cardiomyocytes, slow-twitch skeletal muscle fibers (type I) and vascular 

smooth muscle cells. Although SERCA2b is expressed ubiquitously and 

SERCA2c has been recently reported to be expressed in the left ventricles 

in humans. SERCA3 proteins can be expressed in various tissues including 

hematopoietic cell lineages.34,35 

Since we found a positivity on sheep and mouse muscles, we assume 

that autoantibodies are directed to phylogenetically preserved muscle 

antigens. This data is also supported by the reported high homology between 

sheep and mouse SERCA1 evaluated by in silico analysis. The lower 

antibody titers against muscle from other species may indicate the existence 

of multiple antigens, some of which are species-specific, or suggest that the 

affinity of the antibodies for the antigen(s) in other species are lower.7 The 

above hypotheses are not mutually exclusive, and they do not exclude the 

formulation of other hypotheses. 



Canine Inflammatory Myopathy due to Leishmania infantum infection is 

associated with circulating autoantibodies recognizing SERCA1 as major antigen 

 

 78 

SERCA1 was the main antigen of the circulating autoantibodies in 

the sera tested. However, proteins with a molecular mass less than and 

greater than 100 kDa were identified in immunoblotting in individual dog 

sera. The significance of autoantibodies to these other Ags is not known, 

because they are not present in all cases. Future investigations are needed to 

understand the pathogenetic significance of these autoantibodies. 

A plurality of autoantibody is reported in different IMs, including 

canine masticatory muscle myositis.36,37 Therefore, different autoantigens 

are expected also in Leishmania-associated IM. Autoantibodies in IM are 

generally classified in myositis-specific autoantibodies (MSAs) or myositis-

associated autoantibodies (MAAs), depending on their prevalence in other, 

related conditions. The identification of MSAs in Leishmania-associated 

myositis and myocarditis is important because they could be used as 

biomarker helping the diagnosis, prognosis and monitoring of these 

diseases. Muscle biopsy will remain the gold standard for diagnosing 

myositis; however, the evaluation of this biomarker(s) would be a useful 

tool for the clinician also helping the decision to perform a muscle biopsy. 

The role of autoantibodies in causing muscle damage and 

dysfunction is debated because most of the autoantigens are intracellular and 

thus not easily accessible to circulating autoantibodies.37,38 SERCA proteins, 

being expressed on the sarcoplasmic reticulum, are indirectly in contact with 

the extracellular milieu through the T-tubular system.  

Among the various autoantibodies described during IM and 

myocarditis, autoantibodies to SERCA2a has been detected in humans with 
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myocarditis or dilated cardiomyopathy.35,39 A model of experimental 

myocarditis has been generated immunizing mice with SERCA2a.35,39 This 

model allowed us to define, through immunoperoxidase staining and 

transmission electron microscopy, that anti-SERCA2a antibodies gain 

access through the transverse tubules of the myocardium that are connected 

to the interstitial extracellular environment.40 Considering the shared 

ultrastructural features between skeletal and cardiac muscle, we hypothesize 

that the same mechanism can explain how circulating autoantibodies can 

bind SERCA1. 

SERCA1 is expressed in skeletal muscle but not in cardiac muscle.34 

Thus, the presence of autoantibodies directed to SERCA1 may justify 

myositis, but the link with leishmania-associated myocarditis is less direct. 

We can hypothesize that these autoantibodies partially cross-react with the 

other SERCA isoforms, expressed in the myocardium, or that there are other 

autoantibodies directed towards proteins shared by skeletal and cardiac 

muscle. 

Different hypotheses have been formulated to justify the production 

of autoantibodies during infections.13,16 One of the most solid is the antigen 

mimicry. It is hypothesized that the proteins of the infectious agent have 

epitopes in common with host proteins, therefore, the autoantibodies 

produced against these epitopes cross-react with the host proteins causing 

an autoimmune pathology.13,16 This mechanism has been well established in 

human toxoplasmosis.41 In humans, during Trypanosoma cruzi infection, 

circulating autoantibodies against β1-adrenergic receptor were detected. 

These autoantibodies determinate an immune-mediated myocarditis.41 The 
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production of such antibodies was explained by molecular mimicry between 

the immunodominant ribosomal protein PO of Trypanosoma cruzi and a 

functional epitope on the human β1-adrenergic receptor.41 

We hypostasize that antigen mimicry may justify the production of 

autoantibodies against SERCA1. This hypothesis is based on the high 

homology between the protein calcium-translocating P-type ATPase of 

Leishmania infantum and canine SERCA1 and on the identification of 

perfectly overlapping traits of amino acid sequence between these two 

proteins. Our results are not sufficient to prove this mechanism, however, 

they strongly support it. Further studies are needed to clarify the 

pathogenetic mechanisms underlying the production of anti-SERCA1 

antibodies in leishmania infected dogs. 

 

1.5 Conclusions 

Our studies provide evidence that: 1) the leishmania-infected dogs 

have circulating IgG autoantibodies directed against skeletal muscle; 2) 

these autoantibodies are not species-specific; 3) the major recognized 

antigen is SERCA1; 4) antigen mimicry may justify the production of 

autoantibodies. 

Other studies may further highlight pathomechanism underlying the 

IM in leishmania-infected dogs and may help to identify new biomarkers 

useful for the diagnosis, prognosis and monitoring of the disease. 
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2.1 Introduction 

 

The increase in demand for chicken meat has been accompanied by 

intense genetic selection for growth rate, but on the other hand, it is 

accompanied by a variety of challenges, one of which is the white striping 

myopathy (WS).3,19 WS is an emerging disease in broiler chickens, 

macroscopically characterized by white striations of the pectoralis and 

thighs muscles parallel to the muscle fibers.21 WS is considered an esthetic 

and technological defect that devalues broiler breast fillets.46 Many studies 

reported that the incidence of WS in broiler chickens increased dramatically 

from an average of 5% in 201215 to over 90% in the last years21,27, with 

considerable economic losses for the poultry industry.46  

There is little information available regarding the histological lesions 

associated with WS myopathy. The few studies have focused on 

abnormalities that can influence the chemical and textural properties of the 

meat, such as fibrosis and replacement with adipose tissue, and these studies 

only occasionally report microscopic changes such as necrosis and 

infiltration of lymphocytes and macrophages.20,39  

To date, the pathomechanisms underlying WS are unclear. Recent studies 

suggested that hypoxia plays a major role in WS pathogenesis;3,26 however, 

oxidative stress, fiber-type switching, and nutritional deficiencies may also 

contribute.3 There is little information about the characteristics of the 

inflammatory response in WS.45 Increasing evidence indicates that 

inflammatory responses including macrophages and TH17 cell responses 

play a pivotal role in modulating the neovascularization, repair and 
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remodeling after muscle ischemia4,13 For this reason, in addition to the 

morphological characterization of the inflammatory infiltrate, in the present 

study we explored the TH1/TH17 polarization of the inflammatory response. 

Moreover, different ischemic injuries, such as myocardial 

infarctions24, stroke and traumatic brain injury16, have been recently 

associated with immune-mediated disorders. In an ischemia-induced 

inflammatory microenvironment, self-reactive lymphocytes and 

autoantibodies could be generated and may participate in inflammation and 

the progression of tissue injury.16,24 Based on these observations, we 

hypothesized that an immune-mediated component may be part of the 

pathogenesis of WS. For this reason, in the present study, we evaluated the 

presence of the CD8/MHC I complexes, as hallmarks of immune-mediated 

muscle diseases, and assessed the expression of cytokines related to 

immune-mediated diseases.33 

The aims of this study were to (1) characterize the histologic and 

histoenzymatic features of WS, (2) characterize the inflammatory infiltrate, 

(3) evaluate the expression of CD8/MHC I complexes, and (4) assess 

cytokine expression in order to understand the pathomechanisms underlying 

this myopathy. 
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2.2 Materials and Methods 

 

2.2.1 Samples 

 

The study included pectoralis muscles from 50 chickens randomly 

collected at a CE authorized slaughterhouse from five batches of 55 days 

old ROSS 308 broiler chickens with a mean weight of 3.5 Kg. The study did 

not require consent or ethical approval according to European Directive 

2010/63/EU. The animals were slaughtered in strict accordance with 

European slaughter regulations (CE n° 1099/2009 of 24 September 2009) 

for the protection of animals at the time of killing (Ref. Official Journal of 

the European Union L 303/1). Permission to obtain the samples was granted 

from the owner of the abattoir and the veterinary inspector responsible for 

sanitary surveillance. 

The gross severity of WS was graded in chicken pectoralis muscles 

following an established method27: 

• Grade 0 (non-WS): no white striation on the meat surface; 

• Grade 1 (mild-WS): 1 to 40 white lines with a thickness of < 

1 mm; 

• Grade 2 (moderate-WS): more than 40 white lines with a 

thickness of < 1 mm, or 1 to 5 white lines with a thickness of 

1 mm to 2 mm;  

• Grade 3 (severe-WS): more than 5 white lines with a 

thickness of 1 mm to 2 mm, or at least one line with a 

thickness ≥ 2 mm. 
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For this study, we avoided samples with wooden breast, “spaghetti 

meat”, and deep pectoral (green muscle disease) myopathies.1 Two samples 

were collected from the cranial region on the ventral surface of each breast 

muscle, one of which was placed in RNAlater. All samples were 

immediately transported under refrigeration (2-4 °C) to the Laboratory of 

Comparative Neuromuscular Disorders of the Department of Veterinary 

Medicine of the University of Naples within 1-2 hours after sampling. 

Samples of 1 x 1 x 1 cm were snap-frozen in isopentane pre-cooled in liquid 

nitrogen for histology and the aliquots transported in RNAlater were frozen 

at -80°C for molecular examination. 

 

 

2.2.2 Histopathology and immunohistochemistry 

 

Frozen transverse sections (8 µm thick) were stained according to 

our routinely performed laboratory stains30 including: i) hematoxylin and 

eosin (HE) and ii) Engel trichrome (ET) for a basic morphologic evaluation 

and mitochondria distribution; iii) reduced nicotinamide adenine 

dinucleotide-tetrazolium reductase (NADH-TR) to observe the 

intermyofibrillar pattern and secondary distribution of mitochondria; and iv) 

succinate dehydrogenase (SDH) and v) cytochrome oxidase (COX) to 

evaluate activity and distribution of mitochondria.30 

A scoring system was designed to assess the degree of fiber atrophy 

as follows based on the assessment of at least 10 fields at 200X 

magnification (9.503 mm2; 20× objective and a 10× ocular with a field 

number of 22 mm)28: normal (score 0), no atrophic fibers; mild (score 1), 
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<10% atrophic fibers; moderate (score 2), 10% to 50% atrophic fibers; and 

severe (score 3), >50% of atrophic fibers.6,32,33   Muscle fibers were 

considered atrophic if the diameter was lower than 36 μm which is the 

minimum reported value for the cranial portion of the pectoral muscle of 

broiler chicken at slaughter-age.7,40 

The number of lymphocytes and plasma cells was scored by light 

microscopy as: no infiltration (score 0); mild infiltration (score 1), on 

average 5 to 25 lymphocytes/plasma cells per high-power field (HPF; 0.237 

mm2; 40× objective and a 10× ocular with a field number of 22 mm)28; 

moderate infiltration (score 2), on average 26 to 50 lymphocytes/plasma 

cells per HPF; and severe infiltration (score 3), on average more than 50 

lymphocytes/plasma cells per HPF. The average number was evaluated in at 

least 10 HPF for each sample.33 

The degree of fiber necrosis was scored as follows based on the 

assessment of at least 10 fields at 200X magnification: normal (score 0), no 

necrotic fibers; mild (score 1), <10% necrotic fibers; moderate (score 2), 

10% to 50% necrotic fibers; and severe (score 3), >50% of necrotic fibers.6,32 

For the evaluation of fiber necrosis, both the fibers with loss of the normal 

sarcoplasm structure and the necrotic fibers invaded by macrophages 

(sarcoclastosis) were counted. 7,33 

Fibrous and adipose tissue replacement were separately scored as 

follows using a system based on the assessment of 10 fields at 200X 

magnification: normal (score 0) no fibrous/adipose tissue replacement; mild 

(score 1), <10% of the skeletal muscle is replaced by fibrous/adipose tissue; 

moderate (score 2), 10% to 20% is replaced; and severe (score 3), >20% is 

replaced. 
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The alterations of intermyofibrillar pattern and alterations in 

mitochondrial activity and distribution have been studied with 

histoenzymatic stains to mark the following oxidative enzyme activities: 

reduced nicotinamide adenine dinucleotidetetrazolium reductase 

(NADHTR), succinate dehydrogenase (SDH) and cytochrome c oxidase 

(COX).7,33 A scoring system was designed to assess the degree of alteration 

of intermyofibrillar pattern and alteration in mitochondrial activity and 

distribution. This score was based on the percentage of fibers showing 

abnormalities with the NADH-TR, SDH and COX stains, such as coarse 

intermyofibrillar pattern, “moth-eaten” fibers, target fibers, targetoid fibers, 

core fibers, pre-ragged blue fibers, whorled fibers, etc. The score was 

assessed on at least 10 fields at 200X magnification: normal (score 0), no 

evident alteration; mild (score 1), <10% of fibers showed morphological 

alterations; moderate (score 2), 10% to 20% of fibers showed morphological 

alterations; and severe (score 3), >20% of fibers showed morphological 

alterations.6,32,44 

Sections were evaluated by 2 independent pathologists (F.P. and 

O.P.) under an optical microscope (Nikon E600; Nikon, Tokyo, Japan). 

Discordant results were reviewed with a multiheaded microscope to reach a 

consensus. 

For immunohistochemistry (IHC), frozen sections (8 µm thick) were 

processed with the MACH1 Universal HPR Polymer Detection Kit (Biocare 

Medical LLC, Concord, CA) as previously described.33 The primary 

antibodies used are summarized in Table 2.1. A quantitative assessment of 

immunohistochemically stained sections was performed on 5 randomly 

selected cases for each grade of severity of the gross lesions. For each case, 
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ten 20× fields were randomly photographed under an optical microscope 

(Leica DM6000B by Leica, Wetzlar, Germany) associated with a digital 

camera (Leica DFC450C digital camera by Leica). Each photo was 

elaborated with Fiji (ImageJ, National Institutes of Health): a color 

deconvolution filter (H DAB) was applied to each photo to permit 

discrimination of browns and blues; the obtained 8-bit browns level was 

binarized using a threshold manually adjusted (between 0-100 and 0-120), 

as needed, for each image sets to accurately reflect chromogen distribution 

in the regions of interest; and the positive area was measured.5,17,23 The mean 

positive area of the 10 analyzed fields was calculated for each case and 

expressed in percentage of the area of an entire field (% units). Furthermore, 

the areas of the marked inflammatory cells were added to obtain, for each 

case, a total inflammatory cell area. The mean positive areas of the 5 selected 

cases were calculated for each group of macroscopic severity.



White Striping Myopathy in Broiler Chickens 

 

 

 

Table 2.1. Anti-chicken monoclonal antibodies used as primary antibodies for immunohistochemistry and 

immunofluorescence.a 

Recognized chicken molecule Target Clone Dilution 

Bu-1 B lymphocytes AV20 1:400 

CD3 T lymphocytes CT‐3 1:100 

CD4 T helper lymphocytes CT‐4 1:100 

CD8α T cytotoxic lymphocytes CT‐8 1:500 

TCRγδ γδ-T lymphocytes TCR-1 1:200 

Monocyte/Macrophage-antigen Monocyte/Macrophage KUL01 1:500 

MHC I 

Major histocompatibility complex 

class I 

F21‐2 1:500 

MHC II 

Major histocompatibility complex 

class II 

2G11 1:500 

 
aAll primary antibodies were mouse monoclonal antibodies from SouthernBiotech, Birmingham, AL, USA.
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2.2.3 Immunofluorescence 

 

To determine if muscle fibers infiltrated by CD8+ lymphocytes 

expressed MHC I (CD8/MHC I complexes), immunofluorescence was 

carried out as follows. Cryosections were dried at room temperature for 1 

hour, preincubated with normal mouse serum diluted 1:10, and overlaid 

overnight in a humid chamber at 4°C with primary antibody for MHC Class 

I (F21‐2, mouse monoclonal antibody, dilution 1:500; SouthernBiotech). A 

TRITC fluorochrome-labeled rabbit anti-mouse secondary antibody was 

applied (1:300; Jackson Laboratories, Bar Harbor, ME, USA) on sections 

for 1 hour at room temperature. Slides were rinsed with PBS and a second 

primary antibody directed against CD8 (CT‐8, mouse monoclonal antibody, 

dilution 1:400; SouthernBiotech) was applied overnight at 4°C. A FITC 

fluorochrome-labeled rabbit anti-mouse secondary antibody was applied 

(1:300; Jackson Laboratories) on sections for 2 hours at room temperature. 

Slides were rinsed with PBS and mounted with a solution of 1-part 

glycerol/1-part PBS. For scanning and photography was used a fluorescence 

microscope (Leica DM6000B by Leica, Wetzlar, Germany) associated with 

a digital camera (Leica DFC450C digital camera by Leica). To exclude 

autofluorescence, serial sections of muscle were incubated with PBS 

omitting the primary antibody. Frozen sections of normal chicken cecal 

tonsils were used as positive controls for anti-MHC I and anti-CD8 

antibodies.  
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2.2.4 RNA extraction and Real-time semi-quantitative PCR 

 

To explore the TH1/TH17 inflammatory response and to evaluate the 

expression of cytokines related to immune-mediated diseases, total RNA 

derived from 5 pectoralis muscles randomly selected for each severity grade 

was extracted using TRIzol Reagent (Bio-Rad Laboratories) using a specific 

RNA extraction kit (NucleoSpin®, MACHEREY-NAGEL GmbH & Co, 

Düren, Germany), according to the manufacturer’s instructions. cDNA was 

synthesized using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) from 6 µg total RNA. The applied PCR settings were 

previously described.22 The gene primers were: IFNG (for IFN-γ), LITAF 

(for lipopolysaccharides-induced TNF-alpha factor), IL6 (for IL-6), IL12A 

(for IL-12A), IL17 (for IL-17) (Qiagen, Hilden, Germany) in a final volume 

of 25 μl. All mRNAs were normalized to GAPDH as housekeeping gene, 

and data were analyzed according to the 2-ΔΔC
T

 method. 

 

 

2.2.5 Statistical analysis 

 

Statistical analysis was performed using Prism 8 (Version 8.2.1) with 

a level of significance of 0.05. The D’Agostino-Pearson test was used to 

assess the normality of data. The differences among means of each 

histologic semi-quantitative score were evaluated using Kruskal–Wallis test 

and post-hoc multiple comparisons using Dunn's test. The differences 

among means of immunohistochemical quantitative assessments and Real-
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time PCR quantitative assessments were evaluated using one-way analysis 

of variance (ANOVA) and post-hoc multiple comparisons using the Holm-

Sidak’s multiple comparisons test. 

The following correlations were evaluated using Spearman's rank 

correlation coefficient: (1) the macroscopic grade of the WS vs histologic 

semi-quantitative scores and the immunohistochemical quantitative 

assessments; (2) among the various histologic semi-quantitative scores; (3) 

between histologic semi-quantitative scores vs immunohistochemical 

quantitative assessments. 

 

 

 

2.3 Results 

 

2.3.1 Gross examination 

 

White striations were present in 45/50 (90%) samples, with 

characteristic white striations parallel to the muscle fibers and more severe 

lesions in the cranio-lateral parts of the pectoralis muscles where the muscles 

were thicker (Fig. 2.1). The other 5/50 pectoralis muscle samples were 

macroscopically normal (grade 0). 

Grade 1 (mild) lesions were present in 20/50 (40%) pectoralis 

muscles, with few and thin (< 1 mm) white striations usually exclusively 

present in the cranio-lateral parts of the pectoralis muscles. Grade 2 

(moderate) lesions were present in 16/50 (32%) of the pectoralis muscles, 

with numerous white striations some of which were 1-2 mm, and usually 
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more evident in the cranial two-thirds of the pectoralis muscles. Grade 3 

(severe) lesions were present in 9/50 (18%) of the pectoralis muscles, 

several white striations, some thicker than 2 mm, usually evident in the 

whole pectoralis muscle and often associated with hemorrhages. 

Distribution data are summarized in Figure 2.2.
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Figure 2.1. White striping myopathy (WS), left pectoralis major muscle, chicken. Scoring scale used for evaluation of 

histopathologic changes. Muscles classified as grade 0 (normal, case 3) do not show any distinct white lines. Muscles 

classified as grade 1 (mild, case 7) exhibit white lines, less than 1 mm thick, parallel to the muscle fibers. Muscles classified 

as grade 2 (moderate, case 35) exhibit white lines from 1 to 2 mm thick, parallel to the muscle fibers. Muscles classified as 

score 3 (severe, case 44) exhibit easily evident white lines, more than 2 mm thick, parallel to the muscle fibers and associated 

with hemorrhages on the muscle surface. Figure 2.2. Gross lesion scores for WS in pectoralis muscles from 50 broiler 

chickens. Only 10% of the muscles were morphologically normal and the most frequent lesions score was grade 1. 
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2.3.2 Histology and immunohistochemistry 

 

Atrophy, inflammation, necrosis, fibrosis and adipose tissue 

replacement were prominent findings in all cases. Other associated 

myopathic features were: centralization of nuclei, fiber splitting, and 

endomysial and perimysial edema. 

There was increased variability of muscle fiber diameter with 

numerous muscle fibers reduced in size (atrophy), mainly round, rarely with 

angular profiles, scattered or distributed in small groups. The atrophy was 

scored as mild in 8/50 (16%) cases, moderate in 26/50 (52%) cases, and 

severe in 16/50 (32%) cases (Figs. 2.3-2.5). 

All examined cases showed endomysial and perivascular infiltration 

of macrophages, lymphocytes and plasma cells. Endomysium was 

multifocally expanded by numerous macrophages, which often invaded 

necrotic muscle fibers (sarcoclastosis), associated with fewer lymphocytes 

and plasma cells, and often surrounding intact myofibers. Rarely, 

morphologically normal muscle fibers were infiltrated by one or few 

lymphocytes. Furthermore, numerous blood vessels were surrounded by 

lymphocytes and plasma cells, often organized in follicular structures, with 

fewer macrophages. Sometimes, inflammatory cells infiltrated and 

disrupted the vessel walls. Lymphoplasmacytic and histiocytic 

inflammation was scored as mild in 14/50 (28%) cases, moderate in 15/50 

(30%) cases, and severe in 21/50 (42%) cases (Figs. 2.6-2.8). 

Often, frequent scattered muscle fibers were necrotic and invaded by 

numerous macrophages (sarcoclastosis). The number of necrotic fibers was 
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scored as mild in 14/50 (28%) cases, moderate in 22/50 (44%) cases and 

severe in 14/50 (28%) cases (Figs. 2.9-2.11). 

 

 

Figures 2.3-2.5. Atrophy, white striping myopathy (WS), skeletal 

muscle, chicken. Muscle fiber diameters are variable with numerous fibers 

reduced in size (atrophy). Atrophic fibers are mainly round or rarely had angular 

profiles. Hematoxylin and eosin (HE). Figure 2.3. Case 5. Mild atrophy (<10% 

atrophic fibers), centralization of muscle fibers nuclei, endomysial edema and 

scattered inflammatory cells. Figure 2.4. Case 16. Moderate atrophy (10% to 50% 
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atrophic fibers), centralization of muscle fibers nuclei, endomysial fibrosis and 

infiltrating inflammatory cells. Figure 2.5. Case 35. Severe atrophy (>50% of 

atrophic fibers), centralization of muscle fibers nuclei and severe inflammatory 

cells infiltration in the endomysium. Figures 2.6-2.8. Inflammation, WS, skeletal 

muscle, chicken. Infiltrates of lymphocytes and macrophages expand the 

endomysium and surround and infiltrate among muscle fibers. HE. Figure 2.6. 

Case 2. Mild inflammation (5 to 25 inflammatory cells per HPF), centralization of 

muscle fibers nuclei and endomysial edema. Figure 2.7. Case 31. Moderate 

inflammation (26 to 50 inflammatory cells per HPF), centralization of muscle 

fibers nuclei, scattered atrophic fibers and perimysial fibrosis. Figure 2.8. Case 42. 

Severe inflammation (>50 inflammatory cells per HPF), centralization of muscle 

fibers nuclei, perimysial fibrosis and replacement with adipose tissue. Inset: the 

inflammatory infiltrate is composed of lymphocytes and macrophages. Figures 

2.9-2.11. Myofiber necrosis, WS, skeletal muscle, chicken. Necrotic fibers are 

present and are invaded by inflammatory cells, mainly macrophages. HE. Figure 

2.9. Case 9. Mild myofiber necrosis (<10% necrotic fibers) with sarcoclastosis, 

centralization of muscle fibers nuclei, scattered atrophic fibers and scattered 

inflammatory cells in the endomysium. Figure 2.10. Case 24. Moderate myofiber 

necrosis (10% to 50% necrotic fibers) with sarcoclastosis, centralization of muscle 

fibers nuclei, scattered atrophic fibers and scattered inflammatory cells in the 

endomysium. Figure 2.11. Case 40. Severe myofiber necrosis (>50% of necrotic 

fibers) with sarcoclastosis, centralization of muscle fibers nuclei, scattered atrophic 

fibers and endomysial edema.  
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Fibrous and adipose tissue replacement of the skeletal muscle was 

also prominent. Fibrous replacement was absent in 3/50 (6%) cases, mild in 

17/50 (34%) cases, moderate in 16/50 (32%) cases, and severe in 14/50 

(28%) cases (Figs. 2.12-2.14). Adipose tissue replacement was absent in 

3/50 (6%) cases, mild in 9/50 (18%) cases, moderate in 21/50 (42%) cases, 

and severe in 17/50 (34%) cases (Figs. 2.15-2.17). 

Abnormalities of the intermyofibrillar pattern and mitochondrial 

activity and distribution were present in 49/50 cases, including coarse 

intermyofibrillar pattern and mitochondrial abnormalities such as “moth-

eaten” fibers, target fibers, targetoid fibers, core fibers, pre-ragged blue 

fibers, and whorled fibers. Abnormalities of intermyofibrillar pattern and 

activity and distribution of mitochondria were scored as absent in 1 case 

(2%), mild in 15/50 (30%) cases, moderate in 25/50 (50%) cases and severe 

in 9/50 (19%) cases (Figs. 2.18-2.20). 
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Figures 2.12-2.14. Fibrosis, White striping myopathy, skeletal muscle, 

chicken. The endomysium is expanded by fibrous tissue. HE. Figure 2.12. Case 

23. Mild fibrosis (<10% of the skeletal muscle replaced), centralization of muscle 

fibers nuclei, scattered atrophic fibers and endomysial edema. Figure 2.13. Case 

19. Moderate fibrosis (10% to 20% of the skeletal muscle replaced), centralization 

of muscle fibers nuclei, small groups of atrophic fibers and infiltration of 

inflammatory cells. Figure 2.14. Case 43. Severe fibrosis (>20% of the skeletal 

muscle replaced), centralization of muscle fibers nuclei, scattered atrophic fibers 

and severe infiltration of inflammatory cells. Figures 2.15-2.17. Adipose tissue 
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replacement, WS, skeletal muscle, chicken. The endomysium and perimysium 

are expanded by adipose tissue. HE. Figure 2.15. Case 9. Mild replacement with 

adipose tissue (<10% of the skeletal muscle replaced), centralization of muscle 

fibers nuclei, necrosis with sarcoclastosis of single muscle fiber and focal 

infiltration of inflammatory cells. Figure 2.16. Case 20. Moderate replacement 

with adipose tissue (10% to 20% of the skeletal muscle replaced), centralization of 

muscle fibers nuclei, necrosis with sarcoclastosis of single muscle fiber and 

scattered inflammatory cells infiltrating the endomysium. Figure 2.17. Case 26. 

Severe replacement with adipose tissue (>20% of the skeletal muscle replaced), 

centralization of muscle fibers nuclei and scattered inflammatory cells infiltrating 

the perimysium. Figures 2.18-2.20. Mitochondrial alterations, WS, skeletal 

muscle, chicken. Diffusely pale fibers (asterisks) show the absence of COX 

activity. Cytochrome oxidase stain. Figure 2.18. Case 10. Mild reduction in 

staining for cytochrome oxidase (<10% of fibers). Figure 2.19. Case 40. Moderate 

reduction in staining for cytochrome oxidase (10% to 20% of fibers). Figure 2.20. 

Case 47. Severe reduction in staining for cytochrome oxidase (>20% of fibers). 
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The atrophy score was higher in muscle with grade 3 WS compared 

with grade 0 (P<.05). Inflammation score was higher in muscle with grade 

3 WS compared with grade 0 (P<.05) and grade 1 (P<.05). Necrosis score 

was higher in muscle with grade 3 WS compared with grade 0 (P<.01), grade 

1 (P<.05), and grade 2 (P<.05). Fibrosis score was higher in grade 3 WS 

compared with grade 0 (P<.01) and grade 1 (P<.01). Fibrosis score was 

higher also in grade 2 WS compared with grade 0 (P<.05). Adipose tissue 

replacement score was lower in grade 0 WS compared with grade 3 

(P<.001), grade 2 (P<.01) and grade 1 (P<.05). Mitochondrial alteration 

score was higher in muscle with grade 3 WS compared with grade 1 WS 

(P<.05) and grade 0 WS (P<.01). The differences between mean scores are 

summarized in Figure 2.21. 

 

 

Figure 2.21. Relationships between histological lesion scores and 

macroscopic severity grade in muscles samples from 50 broiler chickens. 

Scores were determined for the histologic lesions shown and compared among 

samples with different macroscopic severity grades (grades 0-3, shown by different 

colored bars). The histological lesions were progressively more severe according 
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to the macroscopic severity grade of the white striping. Bars indicate means ± SEM. 

The means were compared using the Kruskal–Wallis test and post-hoc Dunn's 

multiple comparisons. Asterisks denote statistically differences between 

macroscopic lesion grades (*P<.05, **P<.01, ***P<.001).  

 

 

 

The grade of gross severity of the WS was weakly positively 

correlated with atrophy score (rs=0.325; P<.05), inflammation score 

(rs=0.411; P<.01) and necrosis score (rs=0.480; P<.001) and was moderately 

positively correlated with fibrosis score (rs=0.621; P<.001), adipose tissue 

replacement score (rs=0.530; P<.001) and mitochondrial alteration score 

(rs=0.515; P<.001). Atrophy score was highly positively correlated with 

inflammation (rs=0.757; P<.001), necrosis (rs=0.757; P<.001) and adipose 

tissue replacement (rs=0.434; P<.01) scores and was moderately positively 

correlated with fibrosis score (rs=0.545; P<.001) and mitochondrial 

alteration score (rs=0.603; P<.001). Inflammation score was also highly 

positively correlated with necrosis score (rs=0.814; P<.001) and moderately 

positively correlated with fibrosis score (rs=0.579; P<.001), adipose tissue 

replacement score (rs=0.470; P=.001) and mitochondrial alteration score 

(rs=0.663; P<.001). Necrosis score was moderately positively correlated 

with fibrosis score (rs=0.639; P<.001), adipose tissue replacement score 

(rs=0.568; P=.001) and mitochondrial alteration score (rs=0.654; P<.001). 

Fibrosis score was low positively correlated with adipose tissue replacement 

score (rs=0.436; P=.01) and moderately positively correlated with 

mitochondrial alteration score (rs=0.585; P<.001). Adipose tissue 
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replacement score was also low positively correlated with mitochondrial 

alteration score (rs=0.436; P<.01). 

The inflammatory infiltrate expanding the endomysium and 

invading the necrotic muscle fibers was mainly composed of macrophages 

with fewer CD8+ lymphocytes and scattered or small groups of CD4+ 

lymphocytes, Bu1+ B cells and TCRγδ+ lymphocytes (Fig. 2.22). 

Otherwise, the inflammatory infiltrate surrounding the blood vessels was 

mainly composed of CD3+ T lymphocytes, predominantly CD8+ with less 

CD4+, associated with fewer Bu1+ B cells, TCRγδ+ lymphocytes and 

macrophages (Fig. 2.23). 

 The quantitative assessment of immunolabeled sections (Fig. 2.24) 

showed that the overall inflammatory population was mainly composed of 

macrophages and CD8+ lymphocytes. Furthermore, the distribution of the 

inflammatory infiltrate by each grade (Fig. 2.25) showed that for all markers 

the mean immunolabeling increased from grade 0 to grade 2 and decreased 

from grade 2 to grade 3. The exception was that immunolabeling of 

macrophages continuously increased from grade 0 to grade 3. 

 TCRγδ immunolabeling was higher in grade 3 WS compared with 

grade 0 (P.<.05) and was higher in grade 2 compared with grade 0 (P<.01) 

and grade 1 (P<.05). MAC immunolabeling was higher in grade 3 compared 

with grade 0 (P<.001) and grade 1 (P<.0001) and was higher in grade 2 

compared with grade 0 (P<.01). 

 The macroscopic grade of the WS was moderately positively 

correlated with CD4 positivity (rs=0.605; P<.01), Bu-1 positivity (rs=0.523; 

P<.05) and TCRγδ positivity (rs=0.690; P=.001). Furthermore, macroscopic 

grade was highly positively correlated with MAC positivity (rs=0.845; 
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P<.001) and with total inflammatory cells (rs=0.717; P=.001). 

Immunohistochemistry data are summarized in Figure 2.25. 

Sarcolemmal and sarcoplasmic immunopositivity for MHC I was 

constantly observed in at least 90% of muscle fibers in all cases, both in 

fields with and without an evident inflammatory infiltrate (Fig. 2.26). 

Sarcolemmal and sarcoplasmic immunopositivity for MHC II were never 

observed (Fig. 2.27).
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Figures 2.22 and 2.23. White striping myopathy, skeletal muscle, chicken. Immunohistochemistry, 

serial sections. Detection of CD3 (column a), CD4 (column b), CD8 (column c), TCRγδ (column d), Bu1 (column 

e) and MAC (column f). Figure 2.22. Case 26. The endomysial inflammatory infiltrate is mainly composed of 

macrophages with fewer CD8+ lymphocytes. There are scattered CD4+ lymphocytes, Bu1+ B cells, and TCRγδ+ 

lymphocytes. Figure 2.23. Case 6. The perivascular inflammatory infiltrate is mainly composed of CD3+ 

lymphocytes, with both CD8+ and CD4+ cells. There are a moderate number of Bu1+ B cells and macrophages 

and few TCRγδ+ lymphocytes. Figures 2.24. Quantitative assessment of immunolabeling. The inflammatory 

cell population was mainly composed of macrophages and CD8+ lymphocytes. Immunolabeling for most markers 

increased from macroscopic lesion grade 0 to grade 2 and decreased from grade 2 to grade 3. The exception was 

Immunolabeling for macrophages (MAC), which continually increased from grade 0 to grade 3. Five cases from 

each macroscopic lesion grade were tested (20 cases in total). Means were compared with one-way ANOVA and 

post-hoc Holm-Sidak’s multiple comparisons. Asterisks denote statistically differences between grades (*P<.05, 

**P<.01, ***P<.001, ****P<.0001). Figure 2.25. Immunohistochemical data trends according to 

macroscopic grade. Non-linear regression. MAC positivity had the best positive correlation with macroscopic 

grade (rs=0.845; P<.001; Spearman's rank correlation coefficient). 
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2.3.3 Immunofluorescence 

 

To explore the possible overexpression of MHC I on the sarcolemma 

of the intact myofibers infiltrated by CD8-positive lymphocytes, 

immunofluorescence was performed. In all cases, the intact myofibers 

infiltrated by CD8-positive lymphocytes showed an intense sarcolemmal 

and diffuse sarcoplasmic immunofluorescence to MHC I (Fig. 2.28). No 

immunofluorescence was detected in sections incubated with PBS omitting 

the primary antibody. 

 

 

Figures 2.26 and 2.27. White striping myopathy, skeletal muscle, 

chicken. Immunohistochemistry. Figure 2.26. Case 9. Almost all muscle fibers 
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diffusely overexpress MHC I both on the sarcolemma and in the sarcoplasm. 

Negative muscle fibers are rare (asterisk). Figure 2.27. Case 9. The infiltrating 

inflammatory cells and the endothelial cells of the endomysial capillaries are MHC 

II-positive but no muscle fibers are positive. Figure 2.28. White striping 

myopathy, skeletal muscle, chicken. Immunofluorescence detection labeling of 

MHC I (a: green, FITC), CD8 (b: red, TRIC), and their colocalization (c: merge, 

orange color). Case 48. (a) Muscle fibers exhibit diffuse sarcolemmal and 

cytoplasmic immunolabeling of MHC I. (b) There are CD8-positive cells 

disseminated in the endomysium and rarely infiltrating morphologically normal 

muscle fibers. (c) Muscle fiber infiltrated by a CD8-positive cell intensely 

overexpresses MHC I (CD8/MHC I complex). 

 

 

 

2.3.4 Cytokine expression 

 

To molecularly characterize the inflammation in muscle samples, we 

evaluated inflammatory cytokine gene expression, including IFN- γ, LITAF, 

IL-6, IL-12A, and IL-17 (Fig. 2.29). There were no differences in the 

expression of IFN-γ among macroscopic grades. The expression of LITAF 

was higher in grade 3 compared with grade 1 (P<.01) and grade 0 (P<.01). 

The expression of IL-6 was higher in grade 3 compared with grade 2 

(P<.0001), grade 1 (P<.0001) and grade 0 (P=0001). The expression of IL-

17 was higher in grade 3 compared with grade 1 (P<.05) and grade 0 (P<.05). 

The expression of LITAF was highly positively correlated with the 

WS grade (rs=0.818; P<.001), inflammation score (rs=0.706; P<.01) and 

mitochondrial alterations (rs=0.702; P<.01). LITAF expression was also 
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moderately positively correlated with atrophy (rs=0.646; P<.01)  and 

necrosis (rs=0.586; P<.05) and fibrosis (rs=0.666; P<.01). The expression of 

IL-6 was moderately positively correlated with the WS grade (rs= 0.559; 

P<.05), inflammation score (rs=0.592; P<.01), necrosis (rs=0.624; P<.01), 

mitochondrial alterations (rs=0.505; P<.05) and low positively correlated 

with fibrosis (rs=0.486; P<.05). The expression of IL-12A was moderately 

positively correlated with the atrophy (rs=0.504; P<.05), inflammation score 

(rs=0.631; P<.01), necrosis (rs=0.529; P<.05), fibrosis (rs=0.569; P<.05) and 

low positively correlated with mitochondrial alterations (rs=0.497; P<.05). 

The expression of IL-17 was highly positively correlated with the WS grade 

(rs= 0.808; P<.001) and moderately positively correlated with inflammation 

score (rs=0.633; P<.01), necrosis (rs=0.652; P<.01), fibrosis (rs=0.668; 

P<.01) and mitochondrial alterations (rs=0.607; P<.05). 

 

 

Figure 2.29. Quantitative RT-PCR analysis of inflammatory cytokine 

gene expression, in pectoralis muscle samples from 50 broiler chickens. Gene 

expression data are compared among samples with different macroscopic severity 
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grades (grades 0-3, shown by different colored bars) based on 5 tested samples for 

each grade (20 samples total). Gene expression data are expressed as fold-change 

from normal muscle samples (grade 0). Bars indicate means ± SEM. There are no 

differences in the IFN- gene expression among the different macroscopic grades. 

LITAF, IL-6, IL-12α, and IL-17 gene expression was higher in grade 3 pectoralis 

muscle compared with less severe grades. The means were compared by one-way 

ANOVA and post-hoc Holm-Sidak’s multiple comparisons. Asterisks denote 

statistically differences between grades (*P<.05, **P<.01, ****P<.0001). 

 

 

 

2.4 Discussion 

 

WS is an emerging inflammatory myopathy affecting broiler chicken 

pectoral and thigh muscles with an increasing incidence at slaughter-age in 

recent years.15,21,27 The morphologic appearance of this myopathy can 

adversely affect consumer acceptance of raw fillets and can cause a 

worsening of the chemical and textural properties of the meat, resulting in 

economic loss in the poultry industry.19 The morphological and molecular 

characterization of this myopathy can lay the foundations for the 

development of genetic selection plans or therapies that may reduce the 

incidence of this condition with consequent reduction of the economic losses 

and improvement of animal welfare. 

Our results showed that WS is a chronic inflammatory myopathy at 

slaughter-age, macroscopically characterized by white striations parallel to 

the muscle fibers,19 and the striation thickness is related to the severity of 
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the disease.  WS was observed in 90% of the examined pectoralis muscles 

in our study, most commonly as a grade 1 lesion. The reported incidence of 

WS in broiler chicken varies between published works but the most recent 

reported incidence data of WS in Ross 308 vary from 75.5% to 97.8% at 

slaughter age.15,27 Incidence data variation could depend on confounding 

factors such as strain, age, sex, feed, etc.19 

Histological lesions were observed in all animals, both with and 

without macroscopic evidence of WS, suggesting that the underlying disease 

process is even more frequent than reported. Macroscopically unaffected 

chickens generally showed mild microscopic lesions and may represent the 

early stages of the condition. Histologically, WS is mainly characterized by 

multifocal to coalescing endomysial and perivascular infiltrates of 

macrophages and CD8-positive T lymphocytes with severe myofiber 

atrophy, necrosis, fibrosis and replacement by adipose tissue. Other 

associated myopathic changes were endomysial and perimysial edema, 

centralization of nuclei, and fiber splitting. 

The severity of the main histologic lesions was positively correlated 

with the macroscopic grade of WS. If we assume that a higher grade of WS 

corresponds to more advanced states of the condition20, these data suggest 

concurrent progression of the histologic and macroscopic lesions in the 

pectoralis muscle. Inflammatory changes, fibrosis and adipose tissue 

replacement are the histologic lesions more strongly positively correlated 

with the macroscopic grade of WS. This observation suggests that these 

lesions may be mainly responsible for the macroscopic aspect of WS in 

chicken muscles. These results are supported by other studies where the 
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increased fat and decreased protein contents have been associated with the 

degree of white striping.20 

The association between mitochondrial abnormalities and muscle 

inflammation is widely reported and it is frequently linked with damage of 

the mitochondrial DNA.33 The grade of WS correlated with mitochondrial 

alterations suggesting a worsening of mitochondrial function according to 

the progression of the condition. In addition to an effect of inflammation, 

subsarcolemmal mitochondrial aggregates may also reflect chronic muscle 

hypoxia. It is reported that during hypoxia, skeletal muscle mitochondria 

shift position and localize preferentially in the subsarcolemmal region, 

where they are closer to capillaries. Moreover, the reduced COX-activity 

may reflect a hypoxia-related decrease in mitochondrial content, probably 

due to a combination of reduced mitochondrial biogenesis and increased 

mitophagy.11 These findings are also supported by the reported increase in 

long- and medium-chain fatty acids and decrease in acylcarnitine esters in 

WS affected muscles, reflecting a defect in the beta-oxidation.3 

The inflammatory infiltrate that characterizes WS is mainly 

composed of macrophages and CD8-positive lymphocytes. The quantitative 

assessment of immunolabeled sections showed that the number of 

lymphocytes in the lesions increased from grade 0 to grade 2 and decreased 

from grade 2 to grade 3. In contrast, the number of macrophages 

continuously increased from grade 0 to grade 3 and were highly positively 

correlated with macroscopic grade. Therefore, in the most advanced stages 

of the condition, macrophages tend to outnumber lymphocytes. 

We hypothesize that histiocytic inflammation is triggered mainly by 

necrosis due to muscle hypoxia.3 It has been suggested that the vascular 
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system in broiler chicken muscles may be marginal, supporting muscle 

growth under steady-state conditions, but inadequate to support the muscle 

under stress.3 In this scenario, small stresses, such as minor trauma or sudden 

movements of wings2, might destabilize an already precarious equilibrium 

and incite the development of this necrotizing and histiocytic myopathy. In 

addition to removing dead tissues and initiating the process of repair, 

macrophages can contribute to tissue injury in chronic inflammation by 

secreting cytokines and growth factors that act on various cells, notably T 

lymphocytes.9,43  

TH1 cytokines, including IL-12 and IFN-γ, are involved in the 

induction of cell-mediated immunity.12,43 In the present study, there were no 

differences in IFN-γ and IL-12 mRNA expression among different grades 

of WS suggesting a constant production of these cytokines during disease 

progression. 

We showed that LITAF was overexpressed in high-grade WS. 

LITAF is known as a TNF‐α inducer in mammals48, however, in chickens, 

the TNF‐α homologous gene has been recently identified and the 

relationship with LITAF is not yet well defined.14,37 Both in mammals and 

chickens, LITAF stimulates the expression of TNF-like ligand 1A 

(TL1A).14,34,48 TL1A, also termed tumor necrosis factor superfamily 

member 15 (TNFSF15) and vascular endothelial growth inhibitor (VEGI), 

is an important negative regulator for endothelial cell proliferation, which 

may result in inhibition of vasculogenesis.47 This activity might be part of 

the pathogenesis of ischemic muscle disease. This hypothesis is further 

supported by the positive correlation between LITAF expression and the 

observed necrosis and fibrosis. Moreover, the upregulation of LITAF 
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expression is reported in different immune-mediated disorders in humans, 

such as inflammatory bowel disease and rheumatoid arthritis.48 

We observed that IL-6 is overexpressed in high-grade WS. IL-6 is 

generally considered a proinflammatory cytokine produced by T and B 

lymphocytes, macrophages and endothelial cells.12 However, at least in 

mammals, IL-6 can also be produced by skeletal muscle fibers after physical 

exercise and, in this case, exerts an anti-inflammatory action. Conversely, 

in an inflammatory microenvironment with other proinflammatory 

cytokines such as TNF-α, IL-6 promotes inflammation.36 Furthermore, the 

overproduction of IL-6 is considered important in the pathogenesis of 

multiple autoimmune inflammatory diseases, in which an imbalance 

between TH17 cells and regulatory T cells and autoantibodies play a central 

role.18 

IL-17 is another proinflammatory cytokine overexpressed in high-

grade WS and principally released by activated T lymphocytes, specifically 

CD4+ T helper17 (TH17) and γδ-T cells. Moreover, IL-17 also induces IL-6 

release by macrophages.42 The functions of IL-17 are not yet well 

characterized in birds but, as for IL-6 and LITAF, IL-17 in mammals has 

been linked to several immune-mediated diseases such as rheumatoid 

arthritis, multiple sclerosis, lupus and Crohn’s disease.41,42 The IL-17 and 

IL-6 upregulation suggest an enhanced TH17 response in severe degrees of 

WS.41 The enhancement of the TH17 response has been widely reported 

during muscle8,10,25 and myocardial ischemia38 where it has a critical role in 

angiogenesis, repair and remodelling.4,13 

In addition to the overexpression of cytokines related to autoimmune 

inflammatory diseases, we also described morphologically normal MHCI 
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positive myofibers infiltrated by CD8-positive lymphocytes (CD8/MHC I 

complex), the hallmark of immune-mediated inflammatory myopathy in 

human, dogs, sheep and horses.29,31,33,35 An association between ischemic 

injuries and immune-mediated disorders has been described in humans 

during myocardial infarctions24, stroke and traumatic brain injury.16 Thus, 

an immune-mediated mechanism should be considered as a component of 

the pathogenesis of the WS. We hypothesize that muscle necrosis might 

cause the release or the exposure of normally sequestered antigenic 

constituents that could potentially trigger an adaptive autoimmune response. 

Moreover, the persistent proinflammatory microenvironment following 

ischemic injuries could favor autoimmune responses to muscle antigens 

breaking tolerance mechanisms and triggering an immune-mediated 

myopathy.16,24  

 Our data are compatible with hypoxia-related damage to muscle 

tissue in WS, but further studies should consider other potential contributing 

mechanisms. In the present study, an immune-mediated component of the 

pathogenetic mechanism of WS has been suggested. Further studies are 

needed to evaluate the presence of circulating autoantibodies against 

muscle-antigens or the presence of autoreactive T cells.16,41 

 

 

2.5 Conclusions 

 

WS is a frequent chronic inflammatory and necrotizing myopathy of 

broiler chickens at slaughter-age. Macroscopically, it is characterized by 

white striation parallel to the muscle fibers. Histological lesions were 
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observed in all broiler chickens examined in this study, both with and 

without macroscopic evidence of WS. Histologically, WS was mainly 

characterized by multifocal to coalescing endomysial and perivascular 

inflammatory infiltrates of macrophages and CD8-positive T lymphocytes 

with severe myofiber atrophy, necrosis, fibrosis and replacement by adipose 

tissue. Other associated myopathic changes were endomysial and perimysial 

edema, centralization of nuclei, and fiber splitting, and there was a diffuse 

sarcoplasmic and sarcolemmal overexpression of MHC I. The severity of 

the histologic lesions was positively correlated with the macroscopic degree 

of white striations. The data suggest that the striations were mainly due to 

inflammation, fibrosis and adipose tissue replacement. The observation of 

CD8/MHC I complexes, together with the higher expression of IL-6, IL-17 

and LITAF in severe WS, suggest an immune-mediated component may 

contribute to this myopathy. Given the increase in the incidence of WS, there 

is a pressing need to find a solution to reduce the incidence of WS and other 

hypoxia-induced myopathies of broiler chickens both to reduce economic 

losses in the poultry industry and for the chicken’s welfare. Moreover, 

further studies are needed to explore the immune-mediated component of 

WS pathogenesis.
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3.1 Introduction 

 

In cats, Feline immunodeficiency virus (FIV) has been shown to 

induce IM after experimental infection10, however, according to the authors' 

knowledge cases of IM associated with natural FIV infection have never 

been investigated. Moreover, myocarditis and hypertrophic cardiomyopathy 

associated with FIV infection have been described in five naturally infected 

cats.11 

Information regarding retroviral-associated IMs and myocarditis is 

much stronger in humans and non-human primates.10–13  Human 

Immunodeficiency Virus (HIV) and Simian Immunodeficiency Virus (SIV) 

have been associated with different forms of T cell-mediated IMs 

(polymyositis, dermatomyositis and inclusion body myositis) and some 

form of cardiac disorders.10–13 The latter can be represented by mild 

inflammatory infiltrates that are found incidentally upon microscopic 

examination of autopsy cases but can also manifest as a clinically significant 

cardiac disease with chronic cardiac dysfunction.13 There is great attention 

on HIV-associated heart diseases in human medicine because these greatly 

increase the risk of death in HIV-positive patients.14 The pathogenetic 

mechanism underlying retrovirus-associated skeletal and cardiac disorders 

both in cats and humans are still not clear10,12, however, a common 

pathogenetic mechanism can be hypothesized and cats can represent a valid 

spontaneous model of human disease.3  
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IMs are often characterized by a significant immune-mediated 

pathogenetic component, and usually associated anti-skeletal muscle 

autoantibody can be identified.15 The role of autoantibodies in causing 

muscle damage and dysfunction is debated because most of the autoantigens 

are intracellular and thus not easily accessible to circulating 

autoantibodies.1,15 Moreover, different forms of IM are characterized by 

specific anti-muscle autoantibodies that are considered ideal biomarkers for 

the diagnosis and prognosis and can have potential implications for 

personalized therapy options.1,15 

HIV positive humans, and particularly those with cardiomyopathy, 

show circulating cardiac-specific autoantibodies, some of which also react 

with skeletal muscle (notably anti-β-myosin autoantibody).16,17 

Based on this background, we hypothesize that circulating anti-

muscle autoantibodies can be present also in FIV-infected cats and justify 

the associated IM. Furthermore, considering that the myocardium shares 

many proteins with skeletal muscle, we also hypothesize that the same 

autoantibodies may similarly target myocardial proteins. 

The aims of the present study were: (1) investigate the occurrence of 

IM and myocarditis in cats naturally infected with FIV; (2) morphologically 

and molecularly characterize IM and myocarditis associated with natural 

FIV infection; and (3) investigate the presence of circulating autoantibodies 

targeting the skeletal muscle in sera of FIV-positive cats. 
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3.2 Materials and Methods 
 

3.2.1 Sera and skeletal muscle samples 

 

Sera, skeletal muscle and myocardium samples included in this study 

were retrospectively selected from the sera and tissue bank of the 

Comparative Neuromuscular Laboratory at the Department of Veterinary 

Medicine of the University  Federico II in Napoli (UNINA). 

The study included sera from 10 serologically FIV-positive, Feline 

Leukemia Virus (FeLV)-negative and Feline Coronavirus (FCoV)-negative 

cats and 5 negative control cats. Snap-frozen skeletal muscle samples from 

quadriceps femoris (vastus lateralis; QF) and triceps brachii (lateral head; 

TB)  muscles and myocardium samples from interventricular septum were 

retrospectively selected from 20 cats PCR-positive for FIV and negative for 

FeLV and FCoV and 20 negative controls.  

Corresponding frozen samples in RNA-later for assessment of 

cytokine expression were available for all 20 QF from FIV-positive cats and 

the 20 negative controls. Differently, the interventricular septum was 

available for 13 FIV-positive cats and all 20 negative controls. 

 

 

3.2.2 Histopathology and immunohistochemistry 

 

Frozen transverse sections (8 µm thick) were stained according to 

our routinely performed laboratory stains18 including: i) hematoxylin and 

eosin (HE) and ii) Engel trichrome (ET) for a basic morphologic evaluation 
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and mitochondria distribution; iii) reduced nicotinamide adenine 

dinucleotide-tetrazolium reductase (NADH-TR) to observe the 

intermyofibrillar pattern and secondary distribution of mitochondria; and iv) 

succinate dehydrogenase (SDH) and v) cytochrome oxidase (COX) to 

evaluate activity and distribution of mitochondria.18 

Sections were evaluated by 2 independent pathologists (F.P. and 

O.P.) under an optical microscope (Nikon E600; Nikon, Tokyo, Japan). 

Discordant results were reviewed with a multiheaded microscope to reach a 

consensus. 

Skeletal muscle and myocardial sample were considered inflamed 

when at least one focus of inflammatory cells was evident. 

For immunohistochemistry (IHC), frozen sections (8 µm thick) were 

processed with the MACH1 Universal HPR Polymer Detection Kit (Biocare 

Medical LLC, Concord, CA) as previously described.20 The primary 

antibodies used are summarized in Table 3.1. Sections of QF and 

myocardium stained for CD3, CD20 and Iba-1 were used for a quantitative 

assessment of the inflammatory cell number using the computer program 

VIS (Visiopharm Integrator System, Version 5.0.4.1382; Visiopharm, 

Hoersholm, Denmark). For all quantitative approaches, the whole section 

was selected as the region of interest (ROI). A threshold classification 

allowed recognition of positive (intense brown staining of the entire 

cytoplasm) and negative cells in each ROI. To prevent groups of positive 

cells from being counted as a single cell, the nuclei present in each identified 

positive area were counted. In a post-processing step, very small nuclei 

(nuclear area < 5 µm2) were excluded from counting in order to avoid falsely 

classifying areas of increased background staining as nuclei. The results 
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were expressed as number of positive cells for µm2 dividing the absolute 

number of detected positive nuclei by the area of the analyzed ROI.
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Table 3.1. List of primary antibodies used for immunohistochemistry. 

Recognized 

molecule 
Target Host Clone Dilution Manufacturer 

CD20 B lymphocytes Rabbit Polyclonal 1:200 BioCare Medicala 

CD3 T lymphocytes Rabbit Polyclonal 1:200 Dakob 

Iba-1 Monocyte/Macrophage Rabbit Polyclonal 1:500 Wakod 

FIV-p24-gag FIV group-specific antigen Mouse PAK3-2C1 1:200 Novus Biologicalse 

MHC I 
Major histocompatibility complex 

class I 
Mouse H58A 1:200 VMRDc 

MHC II 
Major histocompatibility complex 

class II 
Mouse H42A 1:500 VMRDc 

 
aBioCare Medical, Pacheco, CA, USA. 

bDako, Milan, Italy. 

cVMRD, Pullman, WA, USA. 

dWako, Neuss, Germany. 

eNovus Biologicals, Centennial, CO, USA.
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3.2.3 Indirect immunofluorescence 

Three QF specimens were randomly selected from the control group 

for the indirect immunofluorescence assay (IIF). Eight micrometers 

transversal cryosections were cut and dried at room temperature for 45 

minutes. Sections were fixed in acetone for 10 minutes at 4 °C. After 3 wash 

of 5 minutes in PBS, sections were incubated with 10% normal rabbit sera 

in PBS for 30 minutes at room temperature. To block endogenous feline 

IgG, after 3 wash of 5 minutes in PBS, sections were preincubated with 

F(ab')2 fragments of rabbit anti-feline IgG (H+L) (1:50; Rockland 

Immunochemicals, Limerick, PA, USA) for 1 hour. Sera from FIV-positive 

cats were serially diluted in PBS (1:100, 1:300, 1:1000, 1:3000, 1:10000) 

and, after 3 wash of 5 minutes in PBS, were added to each section for 

incubation overnight at 4 °C. Control sections were incubated with PBS. 

After washing three times with PBS for 5 minutes, FITC-conjugated rabbit 

anti-feline IgG (H+L) (1:300; Jackson Laboratories, West Grove, PA, USA) 

was added to each section and incubated for 40 minutes at room temperature. 

Sections were washed three times with PBS for 5 minutes and mounted 

under coverslips in VECTASHIELD® H-1200 (Vector, Burlingame, CA, 

USA) to prevent fading of fluorescence.  

A quantitative assessment of immunofluorescence-stained sections 

was performed for each dilution for each serum. Ten 40× fields were 

randomly photographed under an optical microscope (Leica DM6000B by 

Leica, Wetzlar, Germany) associated with a digital camera (Leica DFC450C 

digital camera by Leica). The intensity of the fluorescence signal was 
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measured for each photo with Fiji (ImageJ, National Institutes of Health). 

The mean stain intensity of the 10 analyzed fields was calculated for each 

dilution for each serum. Background signal intensity was measured on 

sections incubated with PBS and was considered as a basal value. 

 

 

3.2.4 RNA Extraction and cDNA Synthesis  

 

RNA extraction was carried out using the RNeasy Fibrous Tissue 

Mini Kit® (Qiagen) according to the manufacturer’s protocol. Before on-

column extraction and elution of RNA, 30 mg of skeletal muscle or 

myocardium tissue were disrupted in extraction buffer using a tissue 

homogenizer (Mixer-Mill 300, Retsch, Haan, Germany) two times for 40 

sec at 55 Hz with a 20-second pause between the two cycles.  

RNA levels were measured using a NanoDrop 2000® (ThermoFisher 

Scientific) and cDNA was synthesized using the High-Capacity cDNA 

Reverse Transcription Kits (ThermoFisher Scientific, Waltham, 

Massachusetts, USA) following the manufacturer’s instructions. Ending 

cDNA levels were equilibrated between samples to 15 ng/ml prior to RT-

RT-qPCR. 

 

 

3.2.5 Reverse Transcriptase Quantitative Polymerase Chain Reaction 

 

TaqMan RT-RT-qPCR was performed on an Applied Biosystems 

7500 Fast PCR System® (ThermoFisher Scientific) using newly developed, 
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or previously published21,22, primer and probe protocols for: interferon 

(IFN)-γ, tumor necrosis factor (TNF)-α, Interleukin (IL)-1β, IL-4, IL-6, IL-

10, IL-13, IL-17, transforming growth factor (TGF)-β and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH). All primers and probes were 

manufactured by Microsynth (Balgach, Switzerland). The hydrolysis probes 

were labeled with a 50 reporter dye FAM (6-carboxyfluorescein) and a 30 

quencher TAMRA (6-carboxy-tetramethylrhodamine). 

Those primers and probes that were newly developed were designed 

using Primer Express® software (v3.0.1, Thermo Fisher Scientific) to span 

an exon-exon junction. These were tested for specificity by conventional 

PCR of a test sample, gel electrophoresis, sequencing of the resulting 

extracted band (Microsynth) and evaluation using NCBI BLAST. 

Conditions were as for RT-RT-qPCR except for the omission of the probe. 

Primer concentrations for this step were 900 nM. Varying primer/probe 

concentrations were then tested to determine the optimal efficiency and 

dynamic range as well as replicability using a sample dilution series. All 

final protocols (Table 3.2) had an efficiency >95%. Those previously 

published were tested again in our system, omitting the conventional RT-

PCR step. Each reaction comprised 10 µl Taq-Man Fast Universal Master 

Mix® (ThermoFisher Scientific), with 2 µl cDNA, primer and probe 

volumes as per Table 3.2, made up to 20 µl with RNase-free water. The 

thermal profile for all RT-RT-qPCRs was: 50°C for 2 min, 95°C for 10 min, 

and 45 cycles of 95°C for 10 sec and 60°C for 1 min. All samples were run 

in duplicate and any samples with discordant results were repeated. Data 

collection occurred during the extension phase at 60°C. Appropriate controls 

were included in each run. 
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The Applied Biosystems 7500 Software® v2.0.6 was used to 

visualize results and allocate a quantification cycle (Cq) to each sample, and 

the threshold was equilibrated between runs for each target. Relative mRNA 

transcription levels were calculated using the comparative Cq method.21 The 

Cq of each target was first normalized to GAPDH as the endogenous 

reference (ΔCq) and then expressed relative to the control group ΔCq mean 

as the calibrator (2-ΔΔCq).21
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Table 3.2. Primer and probe sequences used for RT-RT-qPCR. Accession number, NCBI accession number; F, forward 

primer and start site; R, reverse primer and start site; P, probe and start site.a 

Gene 
Reference or 

accession number 
 

Primer and probe sequences (5’-3’) 

where not previously published 

PCR product 

length (base 

pairs) 

INFα, IFN-γ, TNF-α, 

IL-1β, IL-6, IL-10, IL-

17, TGF-β, GAPDH 

A.J. Malbon et al. 

(2019)21 
   

IL-4 
C.M. Leutenegger et 

al. (1999)22 
   

IL-13 XM_006927586.3 

F-1495 

R-1562 

P-1516 

CAACCGGCATGCAGTACTGT 

TTGGATGGCAGTGCAGTCA 

CAGCCCTAGAATCTCTCAT 

67 

 
 

aAll final reactions contained equivalent F and R concentrations of 900 nM and 250 nM for P, with the exception of TGF-β, 200 

nM and 50 nM; IL-4, 400 nM and 80 nM, respectively.
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3.2.6 Statistical Analysis 

 

The statistical software SPSS Statistics v.25® (IBM, Armonk, New 

York, USA) was used for all analyses. Data were first assessed for normality 

using a Shapiro-Wilk test. As almost all data failed the test, non-parametric 

tests were applied. A two-tailed Mann-Whitney test with a significance level 

of 0.05 was used to compare results between groups for the number of 

inflammatory cells and means of mRNA expression for each target 

molecule. Correlation between the number of inflammatory cells and 

inflammatory mediator gene expression levels was evaluated using 

Spearman’s rank test with a significance level of 0.05. 

 

 

 

3.3 Results 
 

 

3.3.1 Histology and Immunohistochemistry 

 

8/20 (40%) of cats naturally infected with FIV showed a multifocal, 

endomysial lymphoplasmacellular infiltrate in quadriceps femoris (QF) and 

triceps brachii (TB) muscles. The severity of muscle inflammation ranged 

from minimal to moderate and often the inflammatory infiltrate is arranged 

around non-necrotic muscle fibers (Fig. 3.1). Differently, control cats 

showed only few scattered endomysial leukocytes. 
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There was no difference in the frequency of morphologically evident 

muscular inflammation between both muscle localizations, QF and TB, in 

FIV-positive cats (p=0.4470).  

6/20 (30%) of FIV-positive cats showed a multifocal 

lymphoplasmacellular infiltrate in the myocardium. The severity of 

myocardial inflammation ranged from minimal to moderate. 

Inflammatory changes are more frequent bot in skeletal muscle 

(p=0.0033) and myocardium (p=0.0083) compared with controls. Moreover, 

inflammation of skeletal muscle and myocardium were not independent, the 

two events occurred more frequently together (p=0.0116). 

Both in skeletal muscle samples and myocardium, lymphocytic 

infiltrate was mainly characterized by CD3+ T cells and fewer CD20+ B 

cells. The Major histocompatibility complex (MHC) class I and II were also 

overexpressed in scattered skeletal muscle fibers and cardiomyocytes of 

FIV-positive cats. Furthermore, numerous scattered endomysial 

lymphocytes showed an intense cytoplasmatic and nuclear IHC-positivity 

for the FIV-p24-gag antigen.  

In QF the number of both T (p=0.001) and B (p=0.048) lymphocytes 

was higher in FIV-positive cats compared with controls. The number of T 

(p=0.016) cells was higher also in the myocardium of FIV-positive cats 

compared with controls, but no differences in the number of B cells were 

observed. No differences have been observed regarding the number of 

macrophages both in QF and myocardium samples (Fig. 3.2). Furthermore, 

the total numbers of inflammatory cells in QF and myocardium were 

positively correlated (rs=0.6140, p=0.0067) as well as the number of T cells 

(rs=0.5344, p=0.0184). 
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Figure 3.1. Inflammatory myopathy and myocarditis associated with naturally occurred FIV infection, cats. 

A moderate multifocal, endomysial and perivascular lymphoplasmacellular infiltrate was evident both in quadriceps femoris 

(QF) and triceps brachii (TB) muscles and myocardium (My) of FIV infected cats. Lymphocytic infiltrate was mainly 

characterized by CD3+ T cells with fewer CD20+ B cells. T cells infiltrate was mainly composed of CD8+ with fewer CD4+ 

cells. MHC I and II-positivity were also observed in FIV-positive muscles and myocardium. Numerous scattered 

inflammatory cells with an intense cytoplasmatic and nuclear IHC-positivity for FIV-p24-gag antigen were also evident.
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Figure 3.2. Boxplots of inflammatory cells infiltrate composition in quadriceps femoris and myocardium. The 

number of inflammatory cells has been determined with image analysis and expressed as number of cells per mm2. The 

boxes depict the median and interquartile (IQ) range with whiskers extending to the highest and lowest values, which are 

within 1.5× the IQ range. Asterisks represent statistical differences between groups (*p ≤ 0.05, ***p ≤ 0.001). 
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3.3.2 Reverse Transcription Quantitative Polymerase Chain Reaction 

 

QF samples from FIV-positive animals showed a higher expression 

of INFγ (p=0.010), TNFα (p=0.041), IL-17 (p=0.041), IL-6 (p=0.038), IL-

13 (p=0.048), TGFβ (p=0.006) and IL-10 (p=0.041) compared with 

controls. No differences in the expression of IL-1β has been found in QF 

(p=0.303). IL-4 was not amplified in any of the QF samples (Fig. 3.3). 

Myocardial samples from FIV-positive animals showed in average a 

high expression of INFγ, TNFα, IL-1β, IL-17, IL-6, TGFβ and IL-10 

compared with controls, but no statistically significant differences were 

observed. Differently, IL-4 and IL-13 were less expressed in the 

myocardium of FIV-positive cats compared with controls, however, a 

statical significant difference was evident only for IL-13 (p=0.003; Fig. 3.3). 
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Figure 3.3. Boxplots of relative levels of cytokine gene expression in quadriceps femoris and 

myocardium. The amount of target was calculated by 2-ΔΔCq, using GAPDH as the internal reference gene and 

expressed as an n fold difference relative to the control group mean as a calibrator. The boxes depict the median 

and interquartile (IQ) range with whiskers extending to the highest and lowest values, which are within 1.5× the 

IQ range. Asterisks represent statistical differences between groups (*p ≤ 0.05, **p ≤ 0.01).



Feline Immunodeficiency Virus-Associated Myopathy in Cats 

 

 

 

3.3.3 Immunofluorescence 

 

All sera from FIV-positive cats showed antibodies against skeletal 

muscle in titers up to 1:300. The IF showed mainly a sarcoplasmic positivity. 

No specific staining has been found using sera from normal control cats (Fig. 

3.4). 

Fisher's Exact test confirmed a statistically significant difference 

between FIV-positive and FIV-negative cats (p=0.0119). 

Sera from FIV-positive cats showed a higher mean intensity of 

fluorescence both at 1:100 (p=0.0052) and 1:300 (p=0.0149) compared with 

controls (Fig. 3.5). Despite the R index of Spearman's rank correlation test 

is high (rs=0.8286), the p-value is not low enough (p=0.0583) to define a 

correlation between IIF positivity and serum dilution of the FIV-positive 

group. No correlation was evident in the control group (rs= -0.7143; 

p=0.1361).
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Figure 3.4. FIV-positive cats carry circulating antibodies against muscle proteins. Indirect immunofluorescence 

using cat sera as primary antibody on sections of normal quadriceps femoris muscle. Dilution-dependent immunofluorescent 

staining is evident in M. quadriceps femoris sections incubated with serum from FIV-positive cats in up to 1:300 dilutions. 

No specific staining is evident when the muscle sections are incubated with sera from FIV-negative control cats.
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Figure 3.5. Quantitative assessment of the IIF assay. The intensity of 

the fluorescence was assessed with image analysis and was expressed as relative to 

the maximum intensity measured. FIV-positive cat sera showed a higher mean 

intensity of fluorescence (up to 1:300 dilution) compared to controls. Asterisks 

represent statistical differences between groups (*p ≤ 0.05, **p ≤ 0.01).  

 

 

3.4 Discussion 
 

Our results showed that an inflammatory myopathy is a relatively 

common condition in FIV-positive cats, affecting 40% of the examined 



Feline Immunodeficiency Virus-Associated Myopathy in Cats 

 

 

animals. This myopathy is associated with myocarditis, observed in 30% of 

the FIV-infected cats in the present study. 

In a previous study in which 6 adult cats were experimentally 

infected with FIV, skeletal muscle inflammation was observed in all FIV-

infected animals in at least one of the four sampled muscles.10 In the present 

study we collected retrospectively quadriceps femoris and triceps brachii 

samples, differently, in the previous experimental study the investigators 

also examined extensor carpi radialis and cranial tibialis muscles, likely 

increasing the chances of finding muscle inflammation.10 In a relatively 

large biopsy-based study, muscular disorders have been reported 92% 

(46/50) of biopsy form HIV-infected humans, where 68% (34/50) consisted 

in an IM and 24% (12/50) in isolated mitochondrial abnormalities without 

inflammatory changes.23 

Histologically, the skeletal muscle of the FIV-positive cats with IM 

is characterized by multifocal mild-to-moderate chronic endomysial and 

perivascular muscle infiltration mainly composed of T lymphocytes 

associated with a lower number of B lymphocytes and rare macrophages. 

The high number of T cells and the rare macrophages are consistent with the 

already reported muscular inflammatory infiltrate phenotype in 

experimentally FIV-infected cats10, however, differently from the previous 

study, we also observed a small number of B cells admixed in the principal 

cell population. These findings are also consistent with the inflammatory 

infiltrate described in HIV-associated IM in humans.24 

In the present study, the expression of MHC I and MHC II in the 

muscle of FIV-infected cats was explored for the first time. In inflamed 

muscles, we observed some disseminated fibers with sarcolemmal 
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overexpression of MHC I and II. Sarcolemmal MHC I overexpression has 

been already reported in human HIV-related myopathy24, differently, the 

overexpression of MHC II is a novel reported finding. Overexpression of 

these markers is common in IMs and is also considered an excellent 

diagnostic marker when the inflammatory infiltrate is not evident in the 

examined sections.18,20  

HIV DNA has been identified with the use of in situ reverse-

transcriptase polymerase chain reaction within endomysial macrophages 

and myocyte nuclei, raising the possibility that myopathies may be due in 

part to direct HIV infection of myocytes.24 Differently, 

immunohistochemical positivity for HIV antigens has been described only 

in infiltrating inflammatory cells.24 We also described 

immunohistochemically positive cells for FIV-p24-gag antigen within the 

infiltrating inflammatory cells and no positivity has been observed in muscle 

fibers. 

In the present study, we observed myocarditis in 30% of FIV-

infected cats. Data on FIV-associated myocarditis in literature are restricted 

to one report on five cases, all in cats that suffered from hypertrophic 

cardiomyopathy.11 Given the difficulty of performing a myocardial biopsy, 

there are few studies in human medicine that describe the prevalence of 

myocarditis in HIV-infected patients.25 Moreover, this prevalence is 

probably reduced by the extensive use of antiretroviral therapy (ART).13,25 

In an autopsy series performed in the pre-ART era, myocarditis was 

documented in 40-52% of HIV-infected patients.25 

Histologically, the myocardium of the FIV-positive cats with 

myocarditis is characterized by a multifocal mild-to-moderate inflammatory 
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infiltrate with the same immunophenotype found in skeletal muscle. The 

inflammatory infiltrate mainly composed of CD3+ T cells is consistent with 

the inflammatory infiltrate phenotype already reported in the previously 

mentioned case series of five cats.11 Moreover, the same inflammatory 

infiltrate has been reported also in human myocarditis associated with HIV 

infection.26 

As previously reported, we also observed immunohistochemically 

positive cells for FIV-p24-gag antigen among the inflammatory cells 

infiltrating the myocardium and no positivity has been observed in 

cardiomyocytes.11 

The over-expression of T helper type 1 (TH1) cytokines such as INFγ 

and TNFα and T helper type 17 (TH17) cytokines such as IL-17 and IL-6 in 

the skeletal muscle of FIV-positive cats implicate a TH1/TH17 lymphocytes 

polarization in the inflamed muscle.4 The TH1/TH17 immune response is 

central in the pathogenesis of the majority of the IMs both in human and in 

other animals and suggest an autoimmune pathomechanism.3,4,9,27 TH1 and 

TH17 cells secrete cytokines that mediate muscle damage and inflammation 

and the activation of additional immune cells.4 IL-13 overexpression was 

also found in the skeletal muscle of FIV-infected cats, differently, no 

detectable expression of IL-4 was found. IL-13 and IL-4 are T helper type 2 

(TH2) cytokines and modulate B cell function and differentiation into 

antibody-producing plasma cells potentially contributing to the production 

of autoantibodies.4 We also observed overexpression of regulatory T cells 

(Treg) cytokines such as TGFβ and IL-10. The presence of regulatory T cells 

(Treg) reduces inflammation and tissue damage by inhibiting CD4+ and 

CD8+ effector T cells.4 The overexpression of Treg cytokines is described in 
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several inflammatory myopathies and is supposed to have the role of 

balancing the inflammatory response; however, cytokines can display both 

pro- and anti-inflammatory properties depending on the context.4 Notably, 

in Toxoplasma gondii infection, regulatory T cells promote myositis and 

muscle damage.28 

Differently, despite on average most of the markers of the TH1/TH17 

inflammatory response are over-expressed also in the myocardium of FIV-

positive cats and TH2 markers are downregulated, we observed statistically 

significant difference with the control group only in IL-13 expression.4 This 

is probably due to the smaller number of samples examined, so further 

advances are needed to better define the polarization of the inflammatory 

response in this tissue.  

In this study, we identified circulating IgG autoantibodies specific 

for the skeletal muscle in cats infected with FIV. We found mainly a 

sarcoplasmic positivity with indirect immunofluorescence suggesting that 

the major antigen is intracellular. Circulating autoantibodies are a common 

finding in IM, both in humans and other animals.3,9,15 Most of the reported 

autoantigens are intracellular and, for this reason, the role of autoantibodies 

in causing muscle damage and dysfunction is debated.1,15 Further studies are 

needed to define if these circulating autoantibodies cross-react with the 

myocardium and to identify precisely the target antigen(s).  

Autoimmune manifestations are common in HIV patients, an 

increased prevalence and titer of circulating autoantibodies have been 

reported.29 Up to 68.1% of HIV patients have circulating antinuclear 

antibodies (ANAs), furthermore, autoantibodies against peripheral blood 

cells, MHC II, and phospholipids have also been frequently observed in HIV 
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patients.29 HIV positive humans, and particularly those with 

cardiomyopathy, show circulating cardiac-specific autoantibodies, some of 

which also react with skeletal muscle (notably anti-β-myosin 

autoantibody).16,17 The increased incidence and titer of autoantibodies are 

associated with lower CD4+ T cell count and higher mortality in HIV 

patients who are naive to antiretroviral therapy, indicating that 

autoantibodies may play a pathogenic role or can serve as a prognostic 

indicator in HIV infection.29 

Traditionally, autoantibodies found in patients with myositis are 

described as being myositis-specific autoantibodies (MSAs) or myositis-

associated autoantibodies (MAAs), depending on their prevalence in other 

related conditions. An intriguing aspect of MSAs is that the detection of 

more than one such autoantibody in the same individual patient is extremely 

rare, although MAAs can sometimes coexist.3,9,15 As such, MSAs are ideal 

biomarkers, not only for identifying homogeneous subsets of myositis but 

also for exploring more precisely the potential environmental and genetic 

factors contributing to the disease.3,15 Therefore, the identification of FIV 

myopathy-associated MSAs can be relevant because they can become an 

excellent diagnostic tool helping the clinician in the decision to perform a 

muscle biopsy.15,30 

 

3.5 Conclusions 
 

Our study provides evidence that FIV is associated with an IM also 

in naturally infected cats. FIV-associated IM is characterized by a mild-to-
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moderate endomysial and perivascular inflammatory infiltrate composed of 

mainly T lymphocytes.  

Moreover, this pathology can be complicated by myocarditis also 

characterized by a mild-to-moderate interstitial inflammatory infiltrate 

mainly composed of T lymphocytes. 

Both inflammatory processes sesames to be characterized by a 

TH1/TH17 lymphocyte polarization, suggesting an autoimmune 

pathogenesis.27 

We also demonstrated the presence of circulating anti-skeletal 

muscle autoantibodies and hypostasized that these autoantibodies may 

cross-react also with the myocardium. 

Further studies are needed to better elucidate the pathomechanisms 

underlying FIV-associated IM and myocarditis in cats. The identification of 

the specific target of the circulating autoantibodies may be helpful for 

diagnosis, therapy, monitoring of the disease and prognosis.15 Furthermore, 

considering the overlapping features with HIV-related IM and myocarditis 

in humans, FIV infection in cats could also serve as a natural model for HIV 

infection.
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Final conclusions 
 

 

Inflammatory myopathies (IM) are muscle diseases characterized by 

complex and fascinating pathomechanisms. To date, many of the factors 

responsible for disease initiation and perpetuation remain unknown. 

The objective of this thesis was to contribute to shedding light on 

these complex mechanisms and validating animal models for comparative 

medicine. 

The main innovative aspects of this thesis are: 

1. the identification of circulating autoantibodies that recognize the 

muscle protein sarcoplasmic/endoplasmic reticulum calcium 

ATPase 1 (SERCA1) in leishmania-infected dogs, supporting the 

autoimmune mechanism underlying this myopathy and the 

antigen mimicry pathogenesis; 

2. the immune-mediated muscle damage in the white striping 

myopathy of the broiler chicken; 

3. the identification of circulating anti-skeletal muscle 

autoantibodies as part of the pathomechanisms underlying the 

inflammatory myopathy associated with natural Feline 

Immunodeficiency Virus infection in cats. 

The study of IM in veterinary medicine is a relatively young field of 

research. Studies in the past decade have elucidated possible genetic and 

environmental risk factors, as well as possible immune and non-immune 

mechanisms, that result in the development of the various IM phenotypes.   
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As shown in the present thesis, mounting evidence suggests that 

infectious agents are the main actors in the environmental factors which 

modulate the development of autoimmune diseases. The underlying 

mechanisms are multiple and complex, probably different according to the 

involved pathogens. 

The presence of circulating autoantibodies in the majority of humans 

and other animals with IMs is of crescent interest. Despite the role of 

autoantibodies in causing muscle damage and dysfunction is still debated, 

myositis specific autoantibodies are ideal biomarkers, not only for 

identifying homogeneous subsets of myositis but also for exploring more 

precisely the potential environmental and genetic factors contributing to the 

disease.  

In the future, emphasis needs to be placed on multidisciplinary, 

collaborative investigations of etiologies and pathomechanisms underlying 

IMs and of the diagnostic accuracy and utility of myositis-specific 

autoantibodies in animals. 

 


