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Summary 

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a mysterious disease. To date, the 

aetiology and pathophysiology of the disease have not been clarified. Moreover, the exact diagnosis 

of ME/CFS is also difficult because there are no biomarkers, which means that the disease has to be 

recognised on the basis of symptoms. The list of possible symptoms is long, but they can vary from 

one person to another and the severity can vary from each day. In addition to the main symptom 

of fatigue, cognitive impairments such as problems with memory or thinking also occur. Patients 

also suffer from muscle or joint pain, brain fog, non-restorative sleep and dizziness that worsens 

when moving from lying or sitting to standing. These are some, but not all, of the symptoms that 

can occur with ME/CFS. In addition, there is another characteristic feature of the disease - post-

exertional malaise (PEM) - which is the worsening of symptoms after minor physical and/or mental 

exertion. This long list and type of symptoms reflects the multisystemic nature of the disease and 

the severe restriction of normal life. A severely affected person is bedridden and unable to lead a 

normal life. It is a highly disabling, severe condition that has been largely overlooked and even 

questioned as a disorder by medicine and research for decades, which explains, among other things, 

the lack of knowledge about this disease. Another consequence is that the lack of understanding of 

ME/CFS means that no causal therapy is possible. However, there are either treatment options to 

alleviate the symptoms with suitable medication or specific behavioural therapies. These therapies 

initially enable behavioural adaptation to the disease in order to increase the possible activity level 

again in the next step. The approach of this work to make a possible contribution to helping ME/CFS 

patients, is the cellular investigation of the influence of hyperthermia. Hyperthermia has been used 

successfully for many years and is defined as an abnormally elevated body temperature. In modern 

medicine, hyperthermia is primarily used in cancer therapy. Its effectiveness in shrinking tumours 

has been proven in numerous studies on various types of cancer. Heat treatment is not only useful 

in cancer therapy, however, but also has an antidepressant effect with lasting therapeutic benefits 

in severe depression or leads to a significant reduction in blood pressure in arterial hypertension. 

Nevertheless, the cellular and molecular mechanisms underlying these positive effects have not yet 

been sufficiently researched and understood. 

As mentioned above, the content of this thesis is the investigation of hyperthermia as a potential 

treatment option for ME/CFS and is divided into three sections. The first section compares the 

functionality of the central cellular processes autophagy and mitochondrial function in PBMCs from 

healthy donors and ME/CFS patients. The second section describes the hyperthermia (39 °C, 1 h) of 

isolated PBMCs from healthy donors and from ME/CFS patients. In addition, human fibroblasts 
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from a healthy donor were analysed for their response to hyperthermia. In this so-called ex vivo 

study, autophagy and mitochondrial function as well as mRNA expression of the corresponding 

genes were also measured. In the last section, the in vivo study, nine ME/CFS patients were 

subjected to a whole-body hyperthermia session (one-hour whole-body hyperthermia-therapy with 

body-core temperature (Tc) max = 39 °C). The same parameters were measured as in the ex vivo 

study. In both studies, water-filtered infrared-A radiation, which is already successfully used for 

whole-body hyperthermia, was used as a special heat source. 

The comparison of the cellular parameters of healthy donors and ME/CFS patients shows increased 

autophagy and an increase in the analysed mitochondrial parameters in ME/CFS patients. While 

the ex vivo study shows an increasing effect on autophagy and a slightly decreasing effect on 

mitochondrial function due to hyperthermia, the in vivo study shows a decreasing effect on 

autophagy and an increasing effect on mitochondrial function due to hyperthermia. Since the 

overall goal is to treat ME/CFS patients and not just their cells, the results of the in vivo study are 

better suited to evaluate hyperthermia as a potential treatment option for ME/CFS. As previously 

mentioned, autophagy is increased in ME/CFS compared to healthy donors, but a session of whole-

body hyperthermia decreases autophagy back to healthy levels. In addition, mitochondria are 

activated by hyperthermia. The different results between ex vivo and in vivo hyperthermia 

provided the necessary evidence to develop a hypothesis for a possible explanation of the clinical 

picture of ME/CFS, which is described in the discussion. To summarise, the results of this work 

support hyperthermia as a possible treatment option for ME/CFS. 
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Zusammenfassung 

Myalgische Enzephalomyelitis/Chronisches Fatigue-Syndrom (ME/CFS) ist eine rätselhafte 

Erkrankung. Bis heute sind die Ätiologie und Pathophysiologie der Krankheit nicht geklärt. 

Darüber hinaus ist die genaue Diagnose von ME/CFS auch deshalb schwierig, weil es keine 

Biomarker gibt, was bedeutet, dass die Krankheit anhand der Symptome erkannt werden muss. Die 

Liste der möglichen Symptome ist lang, aber sie können von einer Person zur anderen variieren und 

der Schweregrad kann von Tag zu Tag unterschiedlich sein. Neben dem Hauptsymptom der 

Müdigkeit treten auch kognitive Beeinträchtigungen wie Gedächtnisprobleme oder Schwierigkeiten 

beim Denken auf. Die Patienten leiden auch unter Muskel- oder Gelenkschmerzen, nicht 

erholsamem Schlaf und Schwindel, der sich verschlimmert, wenn sie sich vom Liegen oder Sitzen 

zum Stehen aufrichten. Dies sind einige, aber nicht alle, der Symptome, die bei ME/CFS auftreten 

können. Darüber hinaus gibt es ein weiteres charakteristisches Merkmal der Krankheit - das 

postexertionelle Unwohlsein (PEM) - das heißt die Verschlimmerung der Symptome nach geringer 

körperlicher und/oder geistiger Anstrengung. Diese lange Liste und Art von Symptomen spiegelt 

den multisystemischen Charakter der Krankheit und die starke Einschränkung des normalen Lebens 

wider. Ein schwer betroffener Mensch ist bettlägerig und nicht in der Lage, ein normales Leben zu 

führen. Es handelt sich um eine stark behindernde, schwerwiegende Erkrankung, die von der 

Medizin und der Forschung jahrzehntelang weitgehend übersehen und sogar als Krankheit in Frage 

gestellt wurde. Dieser Umstand erklärt, unter anderem, das mangelnde Wissen über die Erkrankung. 

Eine weitere Folge ist, dass das mangelnde Verständnis von ME/CFS bedeutet, dass keine kausale 

Therapie möglich ist. Dafür gibt es jedoch entweder Behandlungsmöglichkeiten, um die Symptome 

mit geeigneten Medikamenten zu lindern, oder spezifische Verhaltenstherapien. Diese Therapien 

ermöglichen zunächst eine Verhaltensanpassung an die Krankheit, um im nächsten Schritt das 

mögliche Aktivitätsniveau wieder zu erhöhen. Der Ansatz dieser Arbeit, einen möglichen Beitrag 

zur Hilfe für ME/CFS-Patienten zu leisten, ist die zelluläre Untersuchung des Einflusses von 

Hyperthermie. Hyperthermie wird seit vielen Jahren erfolgreich eingesetzt und ist definiert als eine 

abnorm erhöhte Körpertemperatur. In der modernen Medizin wird die Hyperthermie vor allem in 

der Krebstherapie eingesetzt. Ihre Wirksamkeit bei der Tumorverkleinerung wurde in zahlreichen 

Studien zu verschiedenen Krebsarten nachgewiesen. Die Wärmebehandlung ist aber nicht nur in der 

Krebstherapie nützlich, sondern hat auch eine antidepressive Wirkung mit dauerhaftem 

therapeutischen Nutzen bei schweren Depressionen oder führt zu einer deutlichen Senkung des 

Blutdrucks bei arterieller Hypertonie. Die zellulären und molekularen Mechanismen, die diesen 

positiven Wirkungen zugrunde liegen, sind jedoch noch nicht ausreichend erforscht und verstanden. 

Wie bereits erwähnt, ist der Inhalt dieser Arbeit die Untersuchung der Hyperthermie als mögliche 

Behandlungsoption für ME/CFS. Die Arbeit ist in drei Abschnitte unterteilt. Der erste Abschnitt 
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vergleicht die Funktionalität der zentralen zellulären Prozesse Autophagie und Mitochondriale 

Funktion in PBMCs von gesunden Spendern und ME/CFS-Patienten. Der zweite Abschnitt 

beschreibt die Hyperthermie (39 °C, 1 h) von isolierten PBMCs von gesunden Spendern und von 

ME/CFS-Patienten. Darüber hinaus wurden menschliche Fibroblasten eines gesunden Spenders auf 

ihre Reaktion auf Hyperthermie untersucht. In dieser sogenannten ex vivo-Studie wurden auch die 

Autophagie und die mitochondriale Funktion sowie die mRNA-Expression verwandter Gene 

gemessen. Im letzten Abschnitt, der in-vivo-Studie, wurden neun ME/CFS-Patienten einer 

Ganzkörper-Hyperthermie-Sitzung unterzogen (einstündige Ganzkörper-Hyperthermie-Therapie 

mit Körperkerntemperatur (Tc) max = 39 °C). Es wurden die gleichen Parameter gemessen wie in 

der ex-vivo-Studie. In beiden Studien wurde als spezielle Wärmequelle wassergefilterte Infrarot-A-

Strahlung verwendet, die bereits erfolgreich für die Ganzkörperhyperthermie eingesetzt wird. Der 

Vergleich der zellulären Parameter von gesunden Spendern und ME/CFS-Patienten zeigt eine 

erhöhte Autophagie und eine Zunahme der analysierten mitochondrialen Parameter bei ME/CFS-

Patienten. Während die ex-vivo-Studie einen zunehmenden Effekt auf die Autophagie und einen 

leicht abnehmenden Effekt auf die Mitochondriale Funktion durch die Hyperthermie zeigt, zeigt die 

in-vivo-Studie einen abnehmenden Effekt auf die Autophagie und einen zunehmenden Effekt auf 

die Mitochondriale Funktion durch die Hyperthermie. Da das Gesamtziel darin besteht, ME/CFS-

Patienten zu behandeln und nicht nur ihre Zellen, sind die Ergebnisse der in-vivo-Studie besser 

geeignet, um die Hyperthermie als mögliche Behandlungsoption für ME/CFS zu bewerten. Wie 

bereits erwähnt, ist die Autophagie bei ME/CFS im Vergleich zu gesunden Spendern erhöht, aber 

eine Sitzung mit einer Ganzkörper-Hyperthermie senkt die Autophagie wieder auf ein gesundes 

Niveau. Darüber hinaus werden die Mitochondrien durch Hyperthermie aktiviert. Die 

unterschiedlichen Ergebnisse zwischen der ex-vivo- und der in-vivo-Hyperthermie lieferten die 

notwendigen Beweise, um eine Hypothese für eine mögliche Erklärung des Krankheitsbildes von 

ME/CFS zu entwickeln, die in der Diskussion beschrieben wird. Zusammenfassend lässt sich sagen, 

dass die Ergebnisse dieser Arbeit die Hyperthermie als eine mögliche Behandlungsoption für 

ME/CFS unterstützen. 
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1 Introduction 

 

“CFS patients feel effectively the same every day as an AIDS patient feels two months before death; 

 the only difference is that the symptoms can go on for never-ending decades.” 

~ Prof. Mark Loveless, Head of the AIDS and ME/CFS Clinic at Oregon Health Sciences University 

 

Can you imagine living a life like this?  

In Europe alone, between 750,000 and 16,400,000 people have no choice [1]. They have myalgic 

encephalomyelitis/chronic fatigue syndrome (ME/CFS). 

ME/CFS is a complex, multisystemic and often long-lasting disease characterised by pathological 

fatigue and malaise that worsens after exertion, sleep disturbances, cognitive dysfunction, 

neuroendocrine and immunological symptoms. Another key feature of this multisystemic disorder 

is post-exertional malaise (PEM), which is a worsening of symptoms after trivial physical or 

cognitive exertion, often with delayed onset and abnormally delayed recovery. The disease can 

severely affect patients' ability to lead their normal lives. [2,3] Outcomes are worsened by the fact 

that the condition goes undiagnosed for years due to inadequate medical education on the subject, 

provider bias and confusion about the diagnosis and treatment of the disease [4]. This confusion 

continues with the aetiology of ME/CFS. There is controversy about single or multiple causes. 

Moreover, there are many theories about the involvement of infections, the immune system, 

environmental factors including trauma and genetics, among others - which may or may not be a 

possible clue. [5] Due to the multisystemic nature of the disease, a dysfunction or dysregulation of 

fundamental cellular processes such as autophagy and mitochondrial function could also be 

considered.  

Without comprehensive knowledge of the origin and mechanisms of the disease, it is difficult to find 

an effective and targeted treatment. Current treatment methods are mainly pharmaceutical 

therapies to alleviate symptoms, e.g. painkillers, or adaptive methods. One adaptive method to 

prevent PEM is Adaptive Pacing Therapy (APT). In this method, the patient's limits are first 

defined and then minimised. [6] The main aim is therefore to counteract the limitations imposed by 

the disease or, in the best case, to resolve them in order to return to the original state of health. This 

goal leads us to the explanation of the title of this work ‘Using the thermal power of light to affect 

myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)’, i.e. the investigation of the 

influence of hyperthermia by water-filtered infrared-A (wIRA) irradiation on the central cellular 
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mechanisms autophagy and mitochondrial function in PBMCs of ME/CFS patients. Hyperthermia 

is defined as an abnormally high body temperature and can be caused by an infection or by external 

heat application such as electro-hyperthermia [7,8]. In this work, the heat effect is generated by 

light, more precisely by infrared-A radiation (IR-A). Due to the high penetration depth into human 

tissue, without thermal overload of the outer skin layers, the use of wIRA is an established form to 

perform hyperthermic applications [9]. In this context, it has already been shown in volunteers that 

increased temperature is associated with increased oxygen partial pressure and improved blood flow, 

among others [10]. Hyperthermia as therapy has a long history, particularly in the field of cancer 

therapy [11] and is still used in this field in modern medicine [12–15]. In addition, a significant 

reduction in blood pressure in arterial hypertension [16] or an antidepressant effect in severe 

depressive disorders has been demonstrated [17]. However, the cellular and molecular mechanisms 

underlying these positive effects have not yet been sufficiently researched and understood.  

Since heat is a cellular stressor, activation of autophagy by hyperthermia would not be surprising. 

The best known activator of autophagy is the stress factor nutrient deprivation and the subsequent 

regulation by the energy sensor AMPK and its inhibition of the autophagy inhibitor mTOR, which 

leads to the activation of autophagy [18]. To counteract the nutrient deficiency, autophagy recycles 

cellular components by lysosomal degradation to generate new biological building blocks. In other 

cases, harmful or damaged structures are specifically degraded by autophagy [19]. The overarching 

function of autophagy is therefore to maintain cellular homeostasis and the energy balance of the 

cell [18]. A disruption of the autophagy process is suspected in numerous human diseases and 

pathophysiological conditions, including neurodegenerative, infectious, autoimmune, 

cardiovascular, rheumatic, metabolic, pulmonary and malignant diseases as well as ageing [20]. Due 

to the central function of autophagy in the cells and the multisystemic nature of ME/CFS, there 

could be a link between dysregulation of autophagy and the disease. Another hypothesis is the 

connection between impaired mitochondrial function and the main symptom of fatigue in ME/CFS. 

This assumption is based on the main function of mitochondria, which is to produce energy in the 

form of adenosine triphosphate (ATP) through oxidative phosphorylation [21]. In addition, the 

mitochondrial electron transport chain is the main source of reactive oxygen species (ROS), which 

contribute to a number of pathological processes [22]. 

Overall, it is clear that there is a need for research in the field of ME/CFS. To contribute to this 

problem, this thesis deals with the investigation of autophagy and mitochondrial function as well 

as the associated mRNA expression in PBMCs from ME/CFS patients compared to healthy donors. 

In addition, the effect of hyperthermia by wIRA treatment is investigated. The overall aim of this 

work is to contribute to a better understanding of the disease and its treatment and thus help people 

to alleviate their severe symptoms or improve their state of health. 
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1.1 The mystery of Myalgic encephalomyelitis/Chronic fatigue syndrome 

In 2015, the Institute of Medicine (IOM) found that less than a third of medical school curricula and 

less than half of medical textbooks contain information about ME/CFS. Concerningly, many 

healthcare providers are sceptical about the seriousness of ME/CFS, confusing it with a mental 

illness or believing it to be a figment of the patient's imagination. This misinterpretation of the 

disease or lack of knowledge delays diagnosis and leads to inappropriate management of patients' 

symptoms. [4] A more recent study from 2021 confirms that medical education in the UK in relation 

to ME/CFS is inadequate and does not appear to have developed over the last two decades [23]. 

However, it is not easy to interpret a disease correctly when it is difficult to define the disease itself. 

Between 1986 and 2015, 25 case definitions and terminologies for ME/CFS were developed. In 2015 

alone, there were three different publications on this topic, each with its own definition. Common 

symptoms in the summarised classification for ME/CFS case definitions are fatigue, cognitive 

impairment, sleep disturbance and orthostatic intolerance. [5] Of the 25 existing case definitions, 

four are frequently used in diagnostics and research. These four are the Fukuda Criteria, the 

Canadian Consensus Criteria, the International Consensus Criteria and the US Institute of Medicine 

(IOM), now National Academy of Medicine (NAM) criteria. Since the Fukuda criteria and the 

Canadian Consensus Criteria were used for the diagnosis in this work, these two diagnostic criteria 

are described in more detail below. 

Fukuda Criteria 

The Fukuda criteria were developed in 1994 by the International Chronic Fatigue Syndrome Study 

Group. To be diagnosed with CFS, a person must have clinically assessed, unexplained, persistent 

or intermittent chronic fatigue that is new or definite (not lifelong), is not the result of sustained 

exertion, is not substantially relieved by rest, and results in significant limitation of previous 

occupational, educational, social or personal activities. Additional symptoms include significant 

impairment of short-term memory or concentration, sore throat, sore lymph nodes, muscle aches, 

pain in multiple joints without swelling or redness, headache of new type, pattern or severity, 

unrestful sleep and post-exertional malaise lasting longer than 24 hours. [24] 

Canadian Consensus Criteria 

The first version of the Canadian Consensus Criteria (CCC) was published in 2003. Seven years later, 

in 2010, the CCC were revised to allow clinicians and researchers to better apply the criteria and 

improve diagnostic reliability, although the core categories remained unchanged. [25,26]. To receive 

a diagnosis of ME/CFS, the conditions listed in Table 1 must be present and have persisted for at 

least six months. A thorough history, physical examination and tests are required to rule out other 

diseases.  



Introduction 

 

4 

Table 1: Canadian Consensus Criteria for ME/CFS 

All of the following must be present 

▪ Fatigue – Significant physical and mental fatigue that is new onset, unexplained, persistent or recurrent, and 

substantially reduces activity level; 

▪ Post-exertional malaise and/or post-exertional fatigue – General feeling of discomfort, weakness and/or fatigue, 

and potentially worsening associated symptoms, following physical or mental exertion; slow recovery which is 

usually longer than 24 hours; 

▪ Sleep dysfunction – Unrefreshing sleep or disturbances in sleep quantity or rhythm; 

▪ Pain – Significant degree of muscle and/or joint pain, and/or significant headaches of new type, pattern or 

severity. 

Two or more of the following neurological/cognitive manifestations must be present 

▪ Impairment of concentration and short-term memory consolidation; 

▪ Perceptual and sensory disturbances; e.g. spatial instability and disorientation, and inability to focus vision; 

▪ Difficulty with information processing, categorising and word retrieval; 

▪ Confusion; 

▪ Disorientation; 

▪ Motor disturbances: ataxia, muscle weakness and fasciculations, loss of balance and clumsiness occur commonly; 

▪ Overload phenomena: cognitive, sensory (e.g. hypersensitivity to noise and light), emotional overload which may 

lead to crash (temporary immobilising physical and/or mental fatigue) and/or anxiety. 

At least 1 symptom from 2 of the following categories must be present: 

Autonomic manifestations  

▪ Orthostatic intolerance, postural 

orthostatic intolerance, delayed 

postural hypotension; 

▪ Palpitations (with or without 

cardiac arrythmias); 

▪ Light-headedness; 

▪ Extreme pallor; 

▪ Shortness of breath on exercise; 

▪ Nausea and irritable bowel 

syndrome; 

▪ Urinary frequency and bladder 

dysfunction. 

 

Neuroendocrine manifestations  

▪ Loss of thermostatic stability 

(temperature does not remain 

stable); 

▪ Intolerances of extremes of heat 

and cold; 

▪ Recurrent feelings of 

feverishness and cold 

extremities; 

▪ Marked weight change (anorexia 

or abnormal appetite); 

▪ Loss of adaptability and 

worsening symptoms with 

stress. 

 

Immune manifestations  

▪ Tender lymph nodes; 

▪ Recurrent sore throat; 

▪ Recurrent flu-like symptoms; 

▪ General malaise (flu-like feelings 

of being ill and feverish); 

New sensitivities to food, 

medications and/or chemicals. 

 

To summarise, all diagnostic criteria are based on clinical symptoms and the exclusion of other 

fatigue diseases - there is no biomarker.  
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Another factor that complicates the diagnosis of ME/CFS patients is the varying severity of the 

disease in different patients. In this work, the Bell Scale (Table 2) was used as an indicator of the 

severity of the disease. The scale is based on David S. Bell, M.D., a well-known expert and pioneer 

in the diagnosis and treatment of ME/CFS, and defines the degree of disability caused by chronic 

fatigue syndrome using criteria with increasing impairment from 100 to 0 points. At 100 points, 

there are no symptoms; at 0 points, the patient is unable to get out of bed independently. David S. 

Bell published the scale in 1995 in his book ‘The Doctor's Guide to Chronic Fatigue Syndrome’. [27] 

Table 2: Bell Scale 

Points Degree of disability 

100 No symptoms at rest; no symptoms with exercise; normal overall activity level; able to work full-time without 

difficulty. 

90 No symptoms at rest; mild symptoms with activity; normal overall activity level; able to work full-time 

without difficulty. 

80 Mild symptoms at rest; symptoms worsened by exertion; minimal activity restriction noted for activities 

requiring exertion only; able to work full-time with difficulty in jobs requiring exertion. 

70 Mild symptoms at rest; some daily activity limitation clearly noted. Overall functioning close to 90% of 

expected except for activities requiring exertion. Able to work full-time with difficulty. 

60 Mild to moderate symptoms at rest; daily activity limitation clearly noted. Overall functioning 70%-90%. 

Unable to work full-time in jobs requiring physical labor, but able to work full-time in light activity if hours 

flexible. 

50 Moderate symptoms at rest. Moderate to severe symptoms with exercise or activity; overall activity level 

reduced to 70% of expected. Unable to perform strenuous duties, but able to perform light duty or desk work 

4-5 hours a day, but requires rest periods. 

40 Moderate symptoms at rest. Moderate to severe symptoms with exercise or activity; overall activity level 

reduced to 50%-70% of expected. Not confined to house. Unable to perform strenuous duties; able to perform 

light duty or desk work 3-4 hours a day, but requires rest periods. 

30 Moderate to severe symptoms at rest. Severe symptoms with any exercise; overall activity level reduced to 

50% of expected. Usually confined to house. Unable to perform any strenuous tasks. Able to perform desk 

work 2-3 hours a day, but requires rest periods. 

20 Moderate to severe symptoms at rest. Unable to perform strenuous activity; overall activity 30%-50% of 

expected. Unable to leave house except rarely; confined to bed most of day; unable to concentrate for more 

than 1 hour a day. 

10 Severe symptoms at rest; bedridden the majority of the time. No travel outside of the house. Marked cognitive 

symptoms preventing concentration. 

0 Severe symptoms on a continuous basis; bedridden constantly; unable to care for self. 
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1.1.1 Aetiology 

Facts such as the nature of the diagnosis, the lack of a biomarker or that patients often do not look 

ill although they are severely affected by the disease, are factors that have been put forward in 

favour of a psychosomatic hypothesis [28,29]. The idea that ME/CFS is a psychosomatic illness 

originates from a publication by two psychiatrists, McEvedy and Beard. This publication refers to 

an unknown illness that broke out in 1955, which affected more than 300 members of the medical, 

nursing and ancillary staff of the Royal Free Group of Hospitals in London. The symptoms of this 

disease included memory and concentration problems, post-exertional malaise, unrefreshing sleep, 

myalgia, headaches of a new type or greater severity and tender lymph nodes. The disease was 

initially referred to as Royal Free disease, but the following year the name benign myalgic 

encephalomyelitis was coined to describe this and several similar outbreaks. The term chronic 

fatigue syndrome (CFS) was introduced in 1988 to describe a similar illness in Nevada, USA. Fifteen 

years later, McEvedy and Beard hypothesised that there was little evidence of an organic disease of 

the central nervous system and that epidemic hysteria was a much more likely explanation. [30] To 

date, the aetiology of ME/CFS has not been clarified and it is still disputed whether it is primarily 

an organic disease or a mental disorder, although the World Health Organisation (WHO) classifies 

the disease as a neurological disorder. There are many theories about the involvement of infections, 

the immune system and genetics in this complex interplay.  

A study of 269 people with ME/CFS published in 2019 supports the infection theory. A history of 

frequent colds (odds ratio 8.286) and infections before the onset of the disease (odds ratio 25.5) were 

the strongest factors associated with a higher risk of ME/CFS compared to healthy controls. [31] 

Another study from 2023, involving 169 ME/CFS patients, confirmed these findings. An infectious 

diseases was associated with a singular or part of multiple events in 72.9% and 80.6%, respectively. 

Before the onset of the disease, one third of patients reported respiratory infections, followed by 

gastrointestinal infections (15.4%) and tick-borne diseases (16.2%). Viral infections were reported 

by 77.8% of respondents, with the Epstein-Barr virus being the most common. Interestingly, 90% 

of all patients recalled a triggering event and the time of occurrence. As already mentioned, a large 

proportion of these 90% were infectious diseases, but other events such as stress, emotional or 

physical trauma and surgery were also mentioned. [32] Chu et al. also reported that the top three 

triggering factors were an infectious disease (64%), stress or a significant life event (39%, e.g. job 

pressure, illness in the family, divorce) and exposure to an environmental/chemical toxin (20%). 

However, stressful events were rarely chosen as the sole trigger, with only 8% of respondents citing 

this, and they usually occurred in conjunction with infection or other triggers. [33] As drug 

treatment is a logical consequence of most infections, there is also evidence that the side effects of 

certain drugs could lead to ME/CFS. For example, the antibiotic class of gyrase inhibitors such as 
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fluoroquinolones could be suspected of triggering ME/CFS. [34] Also in the study of Chu et al., 13% 

of respondents reported that at least one first-degree relative (FDR, e.g., blood-related father, 

mother, sibling, child) was affected by ME/CFS, and 21% responded that at least one FDR had 

chronic fatigue without a specific diagnosis. [33] It has been shown that ME/CFS also occurs in 

second- and third-degree relatives in a dose-response relationship, i.e. the greater the genetic 

distance between the ME/CFS patient and a relative, the lower the risk. [35,36] These analyses 

provide strong evidence for a heritable contribution to predisposition to chronic fatigue syndrome. 

However, ME/CFS diagnoses do not follow a predictable Mendelian pattern, indicating that there is 

not a single genetic variant that increases the risk of ME/CFS. Instead, ME/CFS is likely to be a 

complex, multifactorial disorder with many different genetic factors contributing to it. A genome-

wide association study (GWAS) is ideal for discovering genetic causes of disease and new biology, 

especially when the aetiology of the disease is unknown, as is the case with ME/CFS. This is not only 

because it is comprehensive, but also because its results are not influenced by pre-existing biological 

assumptions or hypotheses. Unfortunately, a sufficiently meaningful GWAS study requires at least 

104 participants and an equal or greater number of controls. However, recruiting thousands of people 

with ME/CFS - particularly severely affected individuals who are house or bed bound - is a difficult 

task. Existing evidence that genetic factors alter the risk of ME/CFS is not confirmed by studies of 

the larger CFS cohort (500,000 people) within the UK Biobank. [37] However, a 2020 study 

involving 426 ME/CFS patients shows that two independent human leukocyte antigen (HLA) types, 

characterised by HLA-C*07:04 or HLA-DQB1*03:03, are significantly associated with ME/CFS 

status. These alleles are each carried by approximately 10% of ME/CFS patients and change the 

risk by ∼1.5-2.0-fold. [38] If these results can be replicated independently, they suggest that genetic 

differences in the human immune system alter the risk of ME/CFS. HLA proteins, also known as 

the major histocompatibility complex (MHC), enable the immune system to differentiate its own 

cells from foreign cells, such as foreign pathogens. Their genes exhibit extreme population 

polymorphism, and certain HLA types are genetically predisposed to certain autoimmune diseases. 

[39] However, this is not the only thing that ME/CFS has in common with autoimmune diseases. 

For example, ME/CFS is more frequent in women [40], runs in families, can be triggered by 

infections, can be alleviated by immunosuppressants and is associated with autoantibodies [41,42]. 

All these observations could lead to the conclusion that ME/CFS could have the character of an 

autoimmune disease. 
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1.1.2 Pathophysiology 

The World Health Organisation classifies ME/CFS as a disease of the nervous system. And 

undeniably, many of the main symptoms such as cognitive impairment, mental fatigue, autonomic 

dysfunction, altered pain and sensory perception and sleep disturbances underline this 

categorisation. Indeed, neuroimaging in ME/CFS patients has revealed anatomical, neurochemical 

and functional changes in the brain. For example, magnetic resonance imaging (MRI) of the brain 

has revealed global changes in grey and white matter volume as well as differences in cortical and 

subcortical regional volume in ME/CFS patients. However, the underlying mechanism leading to 

these findings is unclear. Furthermore, the results were not consistent across studies and further 

research is needed to understand the neurological involvement in the pathology of ME/CFS. [43] 

However, the classification of ME/CFS as a disease of the nervous system does not take into account 

the immunological symptoms such as persistent sore throat, tender and enlarged lymph nodes and 

fever. These symptoms indicate chronic immune activation and reveal immune dysfunction as a key 

feature of ME/CFS. At the cellular level, these symptoms are reflected in a deterioration in the 

function and number of B- and T-lymphocytes and natural killer cells [44]. Another proposed 

underlying mechanism - the neuroinflammation theory - links the nervous and immune systems. A 

comprehensive systematic review and meta-analysis focused on neuroimaging features in patients 

diagnosed with ME/CFS. This review, comprising 65 studies with 3244 participants, suggests the 

presence of brain regional and neuroinflammatory abnormalities within the cortical-limbic network 

regions in individuals with ME/CFS. However, the authors noted that neuroinflammation is a 

common feature observed in various neurological diseases and not a unique pathophysiological 

feature unique to ME/CFS. This leads to the conclusion that this theory has the potential to improve 

the understanding of ME/CFS, but requires further research [45]. The discovery of elevated 

autoantibodies against ß2-adrenergic receptors (ß2AdR) and M3-acetylcholine receptors in ME/CFS 

patients [41] led German researchers to a hypothesis about endothelial dysfunction and muscle and 

cerebral hypoperfusion in ME/CFS. As both ß2AdR and M3 acetylcholine receptors are important 

vasodilators, their dysfunction is expected to lead to vasoconstriction and hypoxaemia. [46,47]. 

However, the finding of reduced cerebral blood flow is not new. As early as 1995, Costa et al. showed 

reduced blood flow in the brainstem in ME/CFS patients compared to healthy donors. [48] A larger 

study of 400 ME/CFS patients showed that cerebral blood flow in the upright position compared to 

the supine position decreases on average more than threefold in ME/CFS patients compared to 

healthy controls and that the decrease in cerebral blood flow correlates with the symptom of 

orthostatic intolerance. [49] A finding shown in 2011 by Newton et al. for ME/CFS is also an 

impaired dilation of blood vessels, or endothelial dysfunction. [50]. A correlation between the 

severity of endothelial dysfunction and the severity of ME/CFS disease was demonstrated by 
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Scherbakov et al. in 2020 [51]. It is assumed that impaired blood circulation could reduce the oxygen 

supply to the tissue in ME/CFS. Oxygen is required in the body for aerobic energy production. If 

there is a lack of oxygen, body cells switch to anaerobic energy production, which is much less 

efficient and produces lactate. An increased lactate level in the cerebrospinal fluid has been 

documented in numerous studies in ME/CFS. Matthew et al. (2008), for example, found ventricular 

lactate levels in ME/CFS patients to be 3.5 times higher than in healthy controls [52]. But not only 

could a reduced blood flow lead to higher lactate concentrations, a dysfunction of the mitochondria 

could also be a possible explanation [52,53]. As the main function of the mitochondria is to generate 

energy in the form of adenosine triphosphate (ATP) through oxidative phosphorylation [21], 

disruption of this process would force the cells to switch to anaerobic energy production, which 

would also lead to the formation of lactate. At the cellular level, moderate to severe fatigue - which 

is a major symptom of ME/CFS - is associated with a loss of mitochondrial function [54]. Due to the 

close correlation between fatigue and mitochondrial dysfunction, a logical explanation could be a 

link between the disease and a disruption of mitochondrial function. The process of autophagy is 

worth mentioning in this context. The task of this biochemical process is to protect the cell from 

potentially harmful components, such as the aforementioned dysfunctional mitochondria [18]. 

Disruption of the autophagy process is implicated in numerous human diseases and 

pathophysiological conditions, including neurodegenerative, infectious, autoimmune, 

cardiovascular, rheumatic, metabolic, pulmonary and malignant diseases as well as ageing [20]. Due 

to the multisystemic nature of the ME/CFS, a dysfunction or dysregulation of a basic cellular 

process, such as autophagy, could be suspected. 

1.1.3 Treatment 

The main problem that arises from these knowledge gaps about the disease is that it is very difficult 

to fight something that is not understood. For this reason, the treatment of ME/CFS focuses on 

alleviating the symptoms or making the best of the situation by adapting lifestyle to the disease. 

Pharmacological drugs such as ibuprofen and naproxen are used to combat the symptoms of muscle 

pain and immunological abnormalities. They sometimes relieve frequent or severe joint and muscle 

pain, headaches and fever. [55] Other prescription drugs include anticonvulsants, also known as 

anti-seizure medications, like gabapentin and pregabalin are sometimes prescribed for pain and sleep 

problems. They seem to work best when used for nerve pain. Antidepressants are also prescribed to 

relieve depression and anxiety, increase concentration and improve sleep quality. [56] As 

gastrointestinal disturbances in ME/CFS are well documented [57], faecal microbiota 

transplantation, the infusion of liquid filtrate of a healthy donor's faeces into the gut of a recipient, 

is being considered as a potential treatment option. A study in which ME/CFS patients received 

faecal microbiota transplant therapy found that 41% achieved sustained symptom relief over a 
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period of 11-28 months [58]. ME/CFS patients tend to use more alternative medical treatments than 

people without ME/CFS. [59] This arises from the perception that their condition is unjustifiably 

attributed to psychological causes: they are given the message that "it's all a matter of the psyche". 

One aspect of alternative medicine is the intake of nutrients or mitoceuticals, such as essential fatty 

acids, magnesium, antioxidants and coenzymes. Dietary supplements can help ME/CFS patients 

with specific nutrient deficiencies, as has been observed in some studies [60,61]. However, a 

biochemical test for deficiencies should be performed prior to treatment to facilitate the choice of 

treatment. Counselling, behavioural and rehabilitation measures are another way of dealing with 

the disease. One of these interventions is cognitive behavioural therapy, a form of psychotherapy. 

However, ME/CFS is a physical and not a mental illness, and therefore psychological therapy cannot 

cure the disease, but it can help to manage it better. Graded exercise therapy, a form of physical 

activity that starts very slowly and gradually increases in intensity over time, is also a well-known 

measure. However, this form of therapy should be carefully modulated by an individualised pacing 

strategy with strict case definitions to avoid the push-crash cycle. Adaptive pacing therapy is a 

strategy that focuses on the patient's behaviour. However, unlike cognitive behavioural therapy, 

pacing therapy takes into account the characteristic fluctuations in symptom severity and delayed 

recovery from stress [62]. Patients receiving adaptive pacing therapy are instructed to set reasonable 

goals for their daily activities and exercise and to avoid possible overexertion (and worsening of 

symptoms) by establishing a balance between activity and rest. APT patients who are functioning 

within their individual limits then gradually increase their activity and exercise levels. The overall 

aim is therefore to increase performance levels, to raise the threshold before exhaustion sets in, or 

even to take a step back to ‘normal/healthy’ energy levels. One possible treatment option that could 

contribute to this goal is a form of therapy that has been used successfully for many years - heat 

treatment or hyperthermia. This form of treatment is presented in the following chapter. 
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1.2 Treatment with water-filtered infrared-A (wIRA)-hyperthermia 

The power of heat and its healing effect on the human body is a subject that has fascinated various 

physicians and scientists since about 3000 years before Christ. Especially in the field of cancer 

therapy, hyperthermia has such a long history. Even Hippocrates, who is considered the 'father of 

medicine`, used heat to treat breast tumours and claimed that the disease must be incurable if it 

could not be cured by heat. [11] But also in modern medicine, hyperthermia has shown a tumour-

reducing effect in numerous clinical studies and various types of cancer such as bladder [12], head 

and neck [13], skin [15], breast [63] and cervix [14,64]. Due to the microvasculature of tumours, 

they are more sensitive to heat and cannot tolerate elevated temperatures (temperatures between 

40 and 44 °C) over longer periods of time as well as normal tissue [7]. Further studies have shown 

that hyperthermia also has positive effects on other diseases, for example in arterial hypertension, 

it leads to a significant reduction in blood pressure [16]. Another publication shows an 

antidepressant modality with a prolonged therapeutic benefit in major depressive disorder [17]. 

Incessant attempts to generate a high body temperature led to the development of various methods 

of systemic hyperthermia. It all began with the first paper on hyperthermia, published in 1866 by 

the German surgeon Carl D. W. Busch. He described the case of a woman with an advanced sarcoma 

on her face. After the tumour had been removed, the patient developed erysipelas. The disease 

caused a high temperature, which led to the regression of the tumour. Busch's discovery was of 

fundamental importance as it was the first case to show that high temperatures can selectively kill 

cancer cells while leaving healthy cells unaffected. [65] In addition to Busch's research, the 

connection between infection and cancer regression was also investigated by William B. Coley. In 

his studies, he injected various types of bacterial pyrogens into tumours and observed their 

behaviour. In 1891, he developed a toxin that triggered the typical erysipelas with its typical fever. 

The so-called Coley'a toxin was used for almost a century to treat various types of cancer. The results 

of Coley'a research showed that the five-year survival rate in patients with inoperable cancer 

increased from 28% to 64% depending on the temperature of the concomitant fever. Survival was 

longer at higher temperatures. However, the treatment of an infectious fever had a fundamental 

flaw - it was unpredictable. Every patient reacted differently to the toxin! [66] Nowadays, there are 

more controllable and therefore more predictable methods for generating clearly defined whole-body 

hyperthermia (WBH). The techniques used for therapeutic WBH include extracorporeal blood 

heating, water immersion, 27 MHz short waves, long-wave IR irradiation in a chamber with almost 

100% humidity, IR A/B (‘near IR’) and wIRA irradiation. [67,68]  
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The wIRA irradiation is of particular importance in the context of this work, as this heat source was 

used for these investigations. The whole-body hyperthermia treatment of ME/CFS patients was 

carried out with the IRATHERM®1000M from the Von Ardenne Institute for Applied Medical 

Research GmbH. This institute also provided the so-called IRAcubator for the wIRA treatment of 

isolated PBMCs. The IRATHERM®1000M was specially developed to promote an increase in body 

temperature by inducing an ‘artificial fever’. The device offers three levels of whole-body 

hyperthermia: mild, moderate and extreme. Depending on the therapeutic core body temperature 

and the duration of use, the possible medical applications of the WBH are extremely wide-ranging 

(Table 2). 

Table 3: The three different temperature levels of whole-body hyperthermia 

Mild WBH: < 38.5 °C Moderate WBH: 38.5 °C - 40.5 °C Extreme WBT: > 40.5 °C 

Relaxation/wellness with short 

treatment durations during a mild 

WBH 

Applications in rheumatology, 

dermatology, psychiatry, 

immunology and environmental 

medicine in the context of a 

moderate WBH up to max. 3 h 

treatment time 

Treatment of chronic infections or 

oncological applications with 

extreme WBH 

 

The treatment conditions in this study were a duration of 1 h at a maximum core body temperature 

of 39 °C, i.e. the moderate form of whole-body hyperthermia. Known effects of moderate WBH are 

increased blood flow to organs and tissues, intensification of supply and disposal, acceleration of 

metabolism [69,70], stimulation of the endocrine system [71], stimulation of the immune system, 

reduction of muscle tone and acceleration of nerve conduction [72,73]. Moderate WBH is used for 

the following conditions: arterial hypertension [74], chronic back pain [75], fibromyalgia syndrome 

[76], psoriatic arthritis [77], ankylosing spondylitis [78], systemic scleroderma [79], major 

depressive disorder [17] and cancer (as a complementary measure to standard therapies and 

immunomodulation) [80]. As mentioned above, this warming of the body's core temperature is 

achieved using water-filtered infrared-A radiation. Infrared-A radiation is short-wave IR radiation 

in the wavelength range from 780 to 1400 nm and is generated by a bulb emitter. The special feature 

of wIRA radiation is that this emitter is encased in a layer of water, among other things. This layer 

of water serves as a filter and the filtered radiation obtained is very similar to the earthly solar 

spectrum in the IR range. [81] As shown in Figure 1, the spectral transmission of the skin begins 

with long-wave visual light of around 600 nm wavelength and passes through the entire infrared-A 

up to its upper long-wave limit of around 1,400 nm wavelength. In contrast, the skin is almost 

impenetrable to heat radiation from the spectral ranges of infrared-B and infrared-C. This is why 

infrared-A heat radiation is referred to as ‘deep heat’, while infrared-B and infrared-C radiation is 

only referred to as ‘surface heat’. [82] 
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Figure 1: Spectral transmission of the skin. Infrared-A heat radiation is referred to as ‘deep heat’ because of the skin's 

permeability to infrared-A. Infrared-B and infrared-C are referred to as ‘surface heat’ because the skin is impenetrable to 

heat radiation from this spectral range. [82] 

Red light emitters or halogen lamps are well-known and powerful radiant heaters. The latter usually 

operate at a higher output. The following illustration of the spectral distribution of a halogen lamp 

shows that its heat radiation contains 40% of the undesirable infrared-B and infrared-C radiation 

which are harmful to the skin (Figure 2). 

 

Figure 2: Spectral distribution of a halogen lamp. A halogen lamp contains 40% of the undesirable infrared-B and infrared-

C radiation, which are harmful to the skin. [82] 

Water is the most suitable filter for eliminating infrared-B and C radiation, as water, like skin, has 

a selective permeability to infrared radiation. This property results from the fact that 75% of an 

adult's skin consists of water. Just like the skin, water is a good transmitter of infrared-A radiation. 

While infrared-B and infrared-C are almost completely absorbed, there are only small absorption 

bands in the spectral range of infrared-A (at 950 nm and 1,150 nm) (Figure 3). 

 

Figure 3: Spectral transmission of water. As 75% of an adult's skin consists of water, water is the most suitable filter for 

eliminating infrared-B and C radiation. Just like the skin, water is a good transmitter of infrared-A radiation, while 

infrared-B and infrared-C are almost completely absorbed. [82] 
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If a water filter is placed in front of a halogen lamp, heat radiation is generated with a spectral 

distribution that almost corresponds to the spectral transmission of the skin (Figure 4). 

 

Figure 4: Spectral distribution of a halogen lamp with water filter. The unwanted infrared-B and infrared-C radiation, which 

are harmful to the skin, are filtered out by water. [82] 

Water-filtered radiation is therefore an established form for carrying out hyperthermal applications. 

[9] In this context, it has already been shown in volunteers that increased temperature is associated 

with increased oxygen partial pressure and improved blood flow [10]. Clinical effects of wIRA in the 

form of whole-body hyperthermia have been demonstrated in the treatment of muscular pain [83], 

stimulation of the metabolism [84], and stimulation of the hormone and immune systems [85], 

among others. [82] 

1.3 Autophagy 

Impaired autophagy is associated with various diseases or pathophysiological conditions, including 

neurodegenerative, infectious, autoimmune, cardiovascular, rheumatic, metabolic, pulmonary and 

malignant diseases as well as ageing [20]. The link between autophagy and pathological processes is 

based on the fact that it is significantly involved in cellular homeostasis and the energy balance of 

the cell. The role of autophagy is the lysosomal degradation of parts of the cytoplasm and organelles, 

either because they are harmful, such as damaged organelles, or because the resulting degradation 

products are necessary to support metabolism. [18] 

To date, four main pathways for the transport of autophagic substrates to the lysosomes have been 

distinguished: microautophagy, chaperone-mediated autophagy (CMA), crinophagy and 

macroautophagy (Figure 5). Microautophagy involves the direct uptake of cytoplasmic components 

through the lysosomal membrane [86]. Proteins that are degraded by CMA are identified in the 

cytosol by a chaperone complex (cognate heat shock protein of 70 KDa) that brings the substrate 

protein to the surface of the lysosomes after binding to the desired pentapeptide motif (KFERQ-

like motif). Binding of the substrate to the cytosolic tail of the receptor protein lysosomal membrane 

protein 2A (LAMP-2A) promotes multimerisation of LAMP-2A to form a translocation complex. 

After unfolding, the substrate proteins cross the lysosomal membrane and reach the lysosomal 
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matrix where they are completely degraded. [87] During crinophagy, secretory granules that are no 

longer required or obsolete fuse directly with late lysosomes to eliminate unused secretions from the 

cytoplasm [88]. 

 

 

Figure 5: Four types of autophagy: macroautophagy, microautophagy, chaperone-mediated autophagy and crinophagy. A 

Macroautophagy involves the different phases of phagophore, autophagosome and autolysosome assembly for cargo 

degradation. B In microautophagy, the cytosolic components enter the lysosome directly by fusing with the lysosomal 

membrane. C Proteins to be degraded by chaperone-mediated autophagy contain the unique motif KFERQ, which is 

recognised by the chaperone complex Heat Shock Cognate Protein 70 (Hsc70). On the lysosomal surface there is a protein 

called Lysosomal Membrane Protein 2A (LAMP-2A), which acts as a receptor for the substrate Hsc70 complex. D  

Crinophagy describes the direct fusion of secretory vesicles with lysosomes (Figure adapted from [89] ). 

 

Macroautophagy is by far the best characterised form of autophagy. For this reason, the term 

autophagy is used hereafter for macroautophagy. The autophagy process can be divided into six 

phases: initiation, nucleation, elongation, maturation, fusion and degradation (Figure 6). The 

initiation of macroautophagy can be triggered by stress factors such as nutrient deficiency, growth 

factor deprivation, oxidative stress and protein aggregation and includes the activation of unc-51 

like autophagy activating kinase 1 (ULK1). Nutrient deficiency inhibits the Mechanistic Target of 

Rapamycin Complex 1 (mTORC1), a highly conserved negative regulator of autophagy. When 

nutrients are sufficient, mTORC1 phosphorylates ULK1 to inhibit autophagy. Upon starvation, 

mTORC1 sites on ULK1 are dephosphorylated and ULK1 dissociates from mTORC1, activating 

ULK1 kinase activity. The energy sensor AMP-activated protein kinase (AMPK) can also trigger 

autophagy by activating ULK1 through phosphorylation at low energy levels/glucose, i.e. when the 
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AMP/ATP ratio is elevated. [90] ULK 1 is part of the ULK1 initiation complex, which also contains 

the subunits autophagy related 13 (ATG13), focal adhesion kinase family-interacting protein of 

200 kDa (FIP200) and ATG101. ATG101 binds and stabilises ATG13 and FIP200 acts as a scaffold 

protein. After activation, the ULK1 complex is recruited to the phagophore assembly site (PAS) 

and anchored by ATG13. Class III PI3K complex I (PI3K) is required for nucleation. This complex 

is specific for autophagy and contains Beclin1, vacuolar protein sorting 34 (VPS34), VPS15 and 

ATG14L. ATG14L interacts and binds to ATG13 of the ULK1 complex and thus to the PAS. The 

major component of the PI3K complex, VPS34, is the catalytic subunit and produces 

phosphatidylinositol-3-phosphate (PI3P) at initiation sites. VPS15 is a scaffold and protein kinase 

and binds to PIK3C3 to form the catalytic arm of PI3KC3-CI. Beclin1 is a central regulator that 

interacts with a variety of proteins and has three functional domains. These include the N-terminal 

B cell lymphoma-2 (Bcl-2) homology 3 domain (BH3), which interacts with the Bcl-2 family protein 

Bcl-XL. The second functional domain is the central coiled-coil domain (CCD). This domain 

mediates the interaction of Beclin1 with ATG14L and the UV radiation resistance-associated gene 

protein (UVRAG).The third domain is a C-terminal evolutionarily conserved domain (ECD), which 

mediates the interaction of Beclin1 with VPS34 and thus the activation of the kinase activity of 

VPS34 to regulate the size and number of autophagosomes. In addition to recruiting the PI3K 

complex, the ULK1 complex can also recruit the ATG9A traffic system, which contains ATG9A, 

WD-repeat protein interacting with phosphoinositides (WIPI)1/2 and ATG2A. ATG9A, the only 

transmembrane protein among the ATG core proteins, shuttles back and forth between the PAS 

and other membrane components in the form of ATG9A vesicles. Therefore, ATG9A vesicles are 

considered as carriers of membranes to promote expansion. ATG9A is required for the recruitment 

of the light chain 3 system of microtubule-associated protein 1 (LC3) and WIPI1/2 to the site of 

autophagosome formation and for phagophore expansion and elongation. The WIPI1/2-ATG2 

complex is involved in the formation of the ATG9A-WIPI1/2-ATG2 trafficking system, mediates 

and regulates the ATG9A cycle and promotes the formation of LC3-positive autophagosomes during 

autophagy. The WIPI1/2-ATG2 complex localises to the expanding edge of the isolation membrane 

and plays a key role in the elongation and/or closure of the isolation membrane. During the 

expansion process, two ubiquitin-like conjugation systems are essential: the ATG12 and the LC3 

system. ATG12 is sequentially activated by the ubiquitin-activating enzyme ATG7, and the 

ubiquitin-conjugating enzyme ATG10. After activation, it is conjugated to ATG5 to form an 

ATG12-ATG5-ATG16L1 complex at the autophagosomal membrane, which is important for the 

formation of the LC3 conjugation system. The LC3 conjugation system is downstream of the ATG12 

system in the context of ATG protein organisation. Prior to conjugation, the LC3 precursor 

(ProLC3) must be cleaved by the cysteine protease ATG4 to expose the C-terminal glycine. The 

product, cytosolic LC3-I, is then activated by the enzyme ATG7 and the enzyme ATG3 and finally 
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conjugated to phosphatidylethanolamine (PE) to form the membrane-associated LC3-PE (LC3-II). 

In contrast to ATG12 conjugation, the final step of ATG3 conjugation requires an ubiquitin ligase 

enzyme, the ATG12-ATG5-ATG16L1 complex. Mediated by the two ubiquitin-like ATG 

conjugation pathways, the isolation membrane finally forms a closed bilayered membrane structure, 

the mature autophagosome with an inner and an outer membrane. The final step of autophagy is 

the fusion between the double-membrane autophagosome and lysosome, which leads to degradation 

of the autophagic cargo by the lysosomal hydrolases. The precise mechanism of autophagosome–

lysosome fusion is still elusive. Three intracellular membrane-trafficking-associated protein families, 

RAS-related GTP-binding protein (RAB) GTPases, membrane-tethering complexes, and soluble-N-

ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins, are known to be 

involved in this process. [91–93] 

 

Figure 6: Schematic overview of autophagy. A Initiation of the process by the targeting of PAS by the ULK1 complex (G) 

after an autophagy stimulus. B Nucleation, ATG proteins forming the PI3K complex (H) and lipids are recruited to 

assemble the phagophore. C Elongation, cytoplasm and organelles are enveloped and engulfed by the conjugation systems 

ATG12 (I) and LC3 (J), the isolation membrane forms a closed bilayered membrane structure, the mature autophagosome 

(D). Docking and fusion (E) between autophagosome and lysosome with subsequent degradation (F) of the cargos in the 

autolysosome (Figure adapted from [93]). 

This form of autophagy merely describes the mass degradation for the recycling of building blocks 

to compensate for nutrient deficiency and is presumably rather non-selective with regard to its 

substrates, the so-called cargoes. However, there is also another form of autophagy, the selective 

form, which is controlled by specific receptor proteins. This form of autophagy contributes to 

intracellular homeostasis in non-starved cells by selectively degrading cargo such as aggregated 

proteins, damaged mitochondria, excess peroxisomes and invading pathogens. Examples of forms 

of selective autophagy include mitophagy, pexophagy, ER phagy, ribophagy and lipophagy. One 

of these forms, namely mitophagy, is discussed in more detail in one of the following chapters (1.7). 

[19] 
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1.4 Measurement of Autophagy 

A central method in the discovery and investigation of the autophagic process was electron 

microscopy. Using this method, irregularly shaped double membrane structures containing 

mitochondria, ER and ribosomes without hydrolytic enzymes were found and labelled as 

autophagosomes. This structure is later observed as a single membrane structure, the so called 

autolysosome, which exhibits different stages of organelle degradation by lysosomal enzymes. Based 

on these discoveries, de Duve defined this type of transfer of cytoplasmic material to the lysosomes 

for degradation as ‘autophagy’ in 1963. However, apart from the enormous importance of electron 

microscopy for these discoveries, this method is more suitable for studies on the morphology and 

location of autophagosomes than for quantification. In addition, the interpretation of the results 

achieved by this method requires a high level of expertise on the part of the user, combined with 

many years of experience. Further investigations of the autophagy process revealed specific proteins 

that are central to the function of the process and can therefore be used as markers for 

autophagy. [94] The most commonly used autophagosome marker at present is LC3, more precisely 

the membrane-bound form LC3-II. One method for determining LC3-I and LC3-II is the 

immunoblotting test. However, this method requires a large amount of sample material, is very 

time-consuming and the antibodies usually have a higher affinity for LC3-II, so that the signal ratio 

of LC3-I and LC3-II does not reflect the quantity ratio of cytosolic and membrane-bound LC3. [95] 

Other methods such as the LC3-HiBiT reporter assay or other reporter systems are not suitable for 

measuring the immediate cellular response, as transfection is required [96]. In this study, two 

cellular assay systems were established for the measurement of autophagy, one for fibroblasts and, 

as this assay was not suitable for human PBMCs, another assay was established. The CYTO-ID® 

Autophagy Detection Kit was used to quantify autophagosomes per nucleus in human fibroblasts. 

The fibroblasts used were obtained from skin biopsies and provide a powerful tool for studying skin 

behaviour under different conditions. Dermal fibroblasts are the most important cell type in the 

connective tissue of the skin, more precisely in the dermis. They also play an essential role in skin 

wound healing and skin bioengineering. [97] For autophagosome detection the CYTO-ID® assay 

uses a specific green dye that has been optimised by identifying titratable functional components 

that allow minimal staining of lysosomes while showing bright fluorescence when incorporated into 

pre-autophagosomes, autophagosomes and autolysosomes. In addition, staining the nucleus with 

Hoechst enables the detection of autophagosomes per nucleus (Figure 7).  
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Figure 7: Schematic test principle of the CYTO-ID® Autophagy Detection Kit. A Overview of the autophagy process. 

B Human fibroblasts after CYTO-ID® performance with stained nucleus (blue) and autophagosomal structures (green). 

C Stained autophagosomal structures after the CYTO-ID® assay. 

The subsequent imaging of the stained cell is carried out using a cell imager and analysed by a special 

software. The software first prepares the images in several image processing steps for the subsequent 

analyses. The cell nuclei are then counted and a defined mask is placed around each nucleus. All 

autophagosomes per mask are counted and assigned to the corresponding cell nucleus. (Figure 8) 

 

Figure 8: Image processing and subsequent analyses. A Image processing in several steps. B Software analyses of the cell 

images. B1 Predefined masks are placed around the cell nuclei. All autophagosomes in this area are counted and assigned 

to the respective cell nucleus. 
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The CYTO-ID® method is not suitable for human PBMCs due to their morphology. PBMCs are very 

small and non-planar, which makes it difficult for the imager to find the focus and for the software 

to distinguish individual autophagosomes. For this reason, a different method was established to 

analyse PBMCs. The Guava® Autophagy LC3 Antibody-based Assay Kit was used to analyse this 

type of cells. As the name suggests, the principle of this assay is the labelling of LC3 by an anti-LC3 

mouse monoclonal antibody conjugated to FITC (Figure 9). The antibodies are specific for LC3 and 

allow quantification of the protein by measuring FITC intensity using fluorescence-activated cell 

sorting (FACS).  

 

 

Figure 9: Schematic test principle of the Guava® Autophagy LC3 Antibody-based Assay Kit.  A Overview of the autophagy 

process. B Human PBMC after Guava® performance with labelled LC3 by anti-LC3B antibody conjugated to FITC. 

C Labelled autophagosomal structures after the Guava® assay. 

  



Introduction 

 

21 

However, there are two problems that need to be eliminated. Firstly, the antibody is too large to 

penetrate the plasma membrane of the cells and secondly, the antibody cannot distinguish between 

the different forms of LC3 (LC3-I and LC3-II), whereby only LC3-II can be used as a membrane-

bound form for statements about autophagosomal structures. As a solution to both limitations, the 

kit provides a reagent that permeabilises the cell membrane. This permeabilisation allows the 

antibody to reach its target and allows to distinguish the membrane-bound form (LC3-II) from the 

cytosolic form (LC3-I), as the cytosolic form leaves the cell through the holes in the membrane 

during the washing steps (Figure 10). The remaining membrane-bound LC3-II can now be 

quantified by FACS analysis. 

 

 

Figure 10: Permeabilisation of the cell membrane of PBMCs for LC3-II measurement. Since the anti-LC3/FITC antibody 

cannot penetrate the cell membrane and distinguish between the cytosolic and the membrane-bound form of LC3, the cell 

membrane is permeabilised and the cytosolic LC3 is washed out. 
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1.5 Mitochondrial function 

As mentioned earlier, organelles are degraded by autophagy to maintain cellular homeostasis or to 

protect the cell from potentially harmful cellular organelles, like dysfunctional mitochondria. 

Mitochondrial dysfunction is associated with many common diseases. These include tumour 

diseases, inflammatory responses and neurodegenerative processes [98], such as Parkinson's, 

Alzheimer's and Huntington's disease [99]. This link between mitochondrial dysfunction and disease 

is based on the fact that mitochondria are involved in almost every cellular function and reflects the 

importance of healthy mitochondrial function. Mitochondria are involved in the regulation of 

apoptosis and ageing [100] as well as in the processes of autophagy (see chapter 1.7), stem cell 

differentiation and immune defence [101]. The mitochondrial function of regulating reactive oxygen 

species levels and calcium signalling is also important [102]. They are also involved in the synthesis 

of iron-sulphur clusters, the β-oxidation of fatty acids or the biosynthesis of haem, various 

phospholipids and other metabolites [103]. Mitochondrial dynamics, i.e. the fission and fusion of 

mitochondria, is an important component of cellular quality control. Defects have a detrimental 

effect on the bioenergetic supply and contribute to the development of neurodegenerative diseases. 

[104] For a long time, it was assumed that mitochondrial DNA only coded for 13 proteins that 

remain in the mitochondria. However, over twenty years ago, humanin was discovered, the first of 

its kind, a peptide that is encoded by mitochondrial DNA but is biologically active outside the 

mitochondrion. Since then, humanin has been found to inhibit apoptosis by interacting with pro-

apoptosis proteins or with receptor proteins on the cell surface that are involved in metabolism and 

inflammatory signalling, among other things. In the meantime, eight more peptides of this type 

have been found and defined as mitochondrial-derived peptides (MDPs). [105] However, the main 

mission of mitochondria is the production of energy in the form of ATP. Without mitochondria, the 

entire ATP production would depend on glycolysis, which produces 15 times less ATP than 

oxidative phosphorylation in the mitochondria. The very mobile and plastic organelle has a radius 

of about 0.5 - 1 µm and takes up a considerable part of the cytoplasm. Each mitochondrion is 

enveloped by two specialised membranes that have very different functions. This forms two separate 

compartments of the mitochondria, the mitochondrial matrix and the intermembrane space. The 

inner mitochondrial membrane is usually convoluted and forms a series of folds, the cristae, which 

protrude into the matrix. Mitochondria can utilise pyruvate, which is derived from glucose, or fatty 

acids, which are derived from lipids, as raw material for energy production. The molecules are 

transported into the matrix of the mitochondria and converted by enzymes into the intermediate 

product acetyl-CoA, which is then fed into the citric acid cycle. The citric acid cycle oxidises the 

acetyl groups, generating high-energy electrons and transferring them to the NAD+ and FAD 

molecules. The now formed high-energy molecules NADH and FADH2 in turn transfer their high-
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energy electrons to the inner membrane of the mitochondria, where they enter the electron transport 

chain. [106] Electrons from NADH enter the electron transport chain in complex I. These electrons 

are first transferred from NADH to flavin mononucleotide and then to coenzyme Q (CoQ). 

Coenzyme Q or ubiquinone is a small, lipid-soluble molecule that carries electrons from complex I 

through the membrane to complex III. In complex III, the electrons are transferred from 

cytochrome b to cytochrome c. Cytochrome c, a peripheral membrane protein bound to the outside 

of the inner membrane, then carries the electrons to complex IV, where they are finally transferred 

to O2. Electrons from the citric acid cycle intermediate succinate enter the electron transport chain 

via FADH2 in complex II. They are then transferred to coenzyme Q and transported through the 

rest of the electron transport chain as described above. The transfer of electrons from FADH2 to 

coenzyme Q is not associated with a significant reduction in free energy, so that no protons are 

pumped through the membrane of complex II. [107] In contrast, complexes I, III and IV each pump 

protons into the intermembrane space. This process is called chemiosmosis because of the difference 

in H+ ion concentration between the intermembrane space and the mitochondrial matrix and is 

utilised by the last complex of the respiratory chain, complex V or ATP synthase. ATP synthase 

consists of numerous protein subunits, including F0 and F1. The F0 part is hydrophobic, rooted in 

the phospholipid bilayer and contains a channel through which H+ ions can pass to the F1 part. The 

hydrophilic F1 part is the most important catalytic site. H+ ions migrate from the F0 part to the F1 

part and force the F1 part to rotate, which catalyses the binding of ADP and inorganic phosphate 

(Pi) to produce ATP (Figure 11). [106–108]) 

 

Figure 11: Schematic overview of oxidative phosphorylation in mitochondria. The electrons from NADH enter the electron 

transport chain in complex I and the electrons from FADH2 enter in complex II. All electrons are first transferred to 

coenzyme Q and then to complex III. The electrons are further transported to cytochrome c and finally to complex IV, 

where they are transferred to O2. Due to the considerable reduction in free energy in complexes I, III and IV, protons are 

pumped into the intermembrane space. These protons are used to drive complex V, which catalyses the binding of ADP 

and inorganic phosphate (Pi) to produce ATP.(Figure adapted from [109]) 
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1.6 Measurement of Mitochondrial function 

For the analysis of mitochondrial function the Agilent Seahorse XF Cell Mito Stress Test was used. 

This test enables the measurement of key parameters of mitochondrial function by directly 

measuring the oxygen consumption rate (OCR) of cells on the Seahorse XFe analyzers. The assay 

uses the built-in injection ports on XF sensor cartridges to add modulators of respiration into each 

well of the cell culture plate during the assay to reveal six different parameters of mitochondrial 

function. Firstly, the basal oxygen consumption, i.e. the basic level, is determined without the 

addition of a substance. This is followed by the addition of oligomycin, which inhibits the 

complex V. Respiration decreases by the amount of oxygen previously consumed for ATP synthesis. 

In the next step, carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) is injected, 

which makes the inner mitochondrial membrane permeable to protons and thus decouples the 

electron transport chain from ATP synthase. As a result, the mitochondria work at maximum 

capacity, which allows their maximum respiration to be determined. Finally, antimycin A and 

rotenone are added, blocking complexes III and I of the mitochondrial respiratory chain, which then 

comes to a complete standstill. The remaining oxygen consumption can now be allocated to the 

entirety of the non-mitochondrial respiratory processes. Finally, a further parameter, the so-called 

proton leak, can be calculated. This refers to protons that diffuse through the inner mitochondrial 

membrane back into the matrix. As this process occurs independently of the ATP Synthase, no ATP 

is generated (Figure 12). [110] 

 

 

Figure 12: Schematic illustration of oxygen consumption over time during a Mito Stress Test.  Basal respiration is defined 

as the last measurement point before oligomycin injection minus non-mitochondrial respiration.  ATP production is 

defined as the last measured value before oligomycin injection subtracted by the lowest measured value after oligomycin 

injection.  Proton leak is the difference between the lowest OCR measurement after oligomycin injection and non-

mitochondrial respiration.  Maximum respiration is defined as the highest measurement after FCCP injection minus 

non-mitochondrial respiration.  The spare respiratory capacity is the maximum respiration without basal respiration. 

 Non-mitochondrial respiration is the lowest OCR measurement after the last injection. [111] 
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1.7 Autophagy – Mitochondria crosstalk 

The individual mechanisms and processes of our cells must be coordinated and work together in 

order to function as an overall cellular system. It is therefore important to consider the processes of 

autophagy and the function of mitochondria not only as individual, independent processes, but also 

to investigate their interactions with each other. Autophagy affects the health and number of 

mitochondria through the selective degradation of mitochondria in a process known as mitophagy. 

Severe damage can permeabilise mitochondrial membranes, leading to a loss of mitochondrial 

membrane potential. The loss of membrane potential is the starting point for mitophagy, as the 

voltage-sensitive kinase PINK1 is stabilised at the outer mitochondrial membrane. While PINK1 

is continuously degraded in the mitochondria under normal circumstances, the rapid accumulation 

of PINK1 due to the loss of membrane potential activates the recruitment of Parkin. Parkin causes 

ubiquitin to be phosphorylated, leading to the formation of an ubiquitin chain on the surface of the 

mitochondria. Through the ubiquitin chain, more Parkin is recruited to the mitochondria. 

Subsequently, autophagy receptor proteins, including p62, contain both ubiquitin-binding domains 

(UBDs) that recognize phosphorylated ubiquitin chains, and LC3-interacting regions (LIRs) that 

facilitate interaction with LC3 family proteins, thereby initiating the autophagosome biogenesis 

machinery and degradation of the mitochondria (Figure 13). [112–114] 

 

 

Figure 13: The pathway of mitophagy. The loss of mitochondrial membrane potential due to mitochondrial damage leads 

to the accumulation of Pink1. Pink1 activates the recruitment of Parkin, which causes the phosphorylation of ubiquitin 

and the formation of a ubiquitin chain. This chain is recognised by the autophagy mechanism and leads to the degradation 

of the labelled mitochondria. (Figure adapted from [112]) 
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However, mitochondria are not only a substrate of autophagy, but there are several indications that 

mitochondria have an influence on the autophagic process. For example, the origin of the lipids of 

autophagosomal membranes is still controversial. In addition to possible origins such as the ER, the 

Golgi and the plasma membrane, there are also studies that point to mitochondria as a possible 

origin. [113,115] Another link between mitochondria and autophagy is the AMPK/mTOR 

regulation of autophagy. As already mentioned, an increased AMP/ATP ratio leads to the inhibition 

of mTOR by AMPK and activation of autophagy through the ULK1 complex. Since the 

mitochondria are the main source of ATP, the organelles can strongly influence the AMP/ATP ratio 

in the cell and thus the activation of autophagy. [116] There is also a complex interplay between 

oxidative stress and autophagy. It is known that ROS and changes in the cellular redox state can 

both trigger and regulate autophagy. For example, the autophagy protein ATG4 has been identified 

as the basis for the redox sensitivity of autophagy. In addition to the function of cleaving pro-LC3B 

to LC3B-I, ATG4 also has the function of removing LC3B-II from the autophagosome membrane 

by cleaving PE to recycle LC3B-I. [117] Oxidation of ATG4 inhibits the cleavage activity of ATG4 

and enables LC3B-mediated autophagosome expansion. [118] On the other hand, autophagy may 

act as a cellular mechanism that regulates redox metabolism and can remove oxidatively damaged 

molecules under stress conditions. Autophagy removes damaged organelles such as mitochondria, 

which are an important source of mitochondrial ROS. Therefore, the removal of damaged 

mitochondria by mitophagy plays a protective role in maintaining normal cellular metabolism by 

reducing the generation of ROS and thus preventing the harmful effects of ROS. [119] 
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1.8 Associated Genes 

In the previous chapters, the focus was on describing the cellular mechanisms of the investigated 

processes. However, the aim of this chapter is to look at these processes from a different perspective, 

namely by observing the mRNA expression of specific genes. All proteins required for the 

investigated processes have their origin in their specific gene. For this reason, the genes encoding 

the key proteins were selected to investigate the underlying molecular mechanisms of the selected 

cellular mechanisms. In the following, the selected genes of each investigated process are described 

individually. 

Autophagy – associated genes 

In order to obtain a good overview of the entire autophagic process, genes of proteins were selected 

that provide a picture of the regulation of autophagy on the one hand and the different stages during 

the autophagy process on the other. The genes of the proteins sirtuin 1 (SIRT1), forkhead box O3 

(FOXO3) and AMPK were selected for the regulation of autophagy (Figure 14). To find out more 

about the molecular mechanisms during autophagy, the genes of the proteins ULK1, Beclin1, ATG7 

and LC3B were analysed.  

 

Figure 14: Schematic overview of the regulation of autophagy by AMPK, SIRT1 and FOXO3. A In the absence of an 

inductive energy stress inducer, autophagy occurs constitutively in the ground state (SIRT1). The energy sensor AMPK 

is not activated and therefore inhibits proteins such as FOXO3 and ULK1. mTOR inhibits autophagy by not being 

inhibited by AMPK. B Under energetic stress, AMPK activates autophagy directly through ULK1 phosphorylation. In 

addition, AMPK inhibits mTOR and activates FOXO3, both of which lead to the activation of autophagy. SIRT1 also 

activates autophagy through the activation of FOXO3. In addition, SIRT1 interacts directly with ATGs and LC3. 

FOXO3 activates autophagy via the BNIP3 signalling pathway 

SIRT1 is a highly conserved nicotinamide adenine dinucleotide (NAD+)-dependent histone 

deacetylase. The sirtuin family comprises seven members, sirtuin 1 to sirtuin 7, which are distributed 

differently in the cells, with sirtuin 1 being found in the nucleus and in the cytoplasm. [120] SIRT1 

is regulated by cellular stress states, such as cellular starvation, heat and glucose deprivation, and 
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various protein factors. SIRT1 targets various factors regulating cell proliferation, differentiation, 

gene transcription, DNA damage repair, and autophagy in the cytoplasm and nucleus. [121] The 

protein regulates autophagy by influencing autophagy-related proteins (ATGs), forkhead box 

proteins (FOXOs) and the microtubule-associated protein light chain 3 (LC3). Under starvation 

conditions, SIRT1 directly deacetylates ATG5, ATG7, and ATG12, which in turn activates the 

formation of the ATG5-ATG12-ATG16 complex and contributes to the elongation of autophagic 

vesicles. [122] SIRT1 can also directly interact with FOXO3 to induce its deacetylation [123]. 

FOXOs are transcription factors that play a crucial role in DNA repair, oxidative stress, cell 

proliferation and apoptosis. [124] Deacetylated FOXO3 promotes BCL2/adenovirus E1B 19 kDa 

protein-interacting protein 3 (BNIP3) expression by binding to the BNIP3 promoter. [125] BNIP 

can regulate autophagy in three different ways. Either by direct binding and inhibition of mTOR, 

release of Beclin1 from an inhibitory complex with Bcl-2 or by induced permeabilisation of the 

mitochondrial membrane. [126] AMPK is a serine/threonine kinase that plays a fundamental role 

in the regulation of cellular energy balance. It is controlled by the AMP/ATP ratio. An increase in 

AMP and a decrease in ATP activates AMPK and triggers a series of subsequent physiological 

processes to rebalance the system. One physiological process targeted by the protein is the process 

of autophagy. AMPK activates this process directly by phosphorylating at least four sites on ULK1. 

In addition, autophagy is activated by the previously described process of inhibition of mTOR by 

AMPK. [127] Furthermore, FOXO3 is phosphorylated by AMPK, which in turn activates 

autophagy [128]. 

As already described, the process of autophagy can be divided into individual steps, namely 

initiation, nucleation, elongation, maturation, fusion and degradation. The selected genes are coding 

for proteins that are involved in initiation, nucleation and elongation. The investigated proteins 

ULK1, Beclin1, ATG7 and LC3 are highlighted in red in the following figure (Figure 15). The specific 

functions of these proteins are described in chapter 1.3. 
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Figure 15: Quantification of mRNA expression of genes coding for the proteins ULK1, Beclin1, ATG7 and LC3. Proteins 

from three different steps of autophagy were selected. ULK1 is a key regulator in the initiation of autophagy. Beclin1 

plays an important role in nucleation, and ATG7 and LC3 are required for the two conjugation systems during 

autophagosome elongation. (Figure adapted from [93]) 
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Mitochondrial function - associated genes 

In addition to autophagy, the integrity of mitochondrial function is also analysed. This examination 

includes a cellular assay that measures the oxygen consumption of the cells and thus allows 

conclusions to be drawn about various mitochondrial parameters (see chapter 1.6). On the other 

hand, the expression of certain genes associated with mitochondrial function is also analysed. These 

selected genes are coding for the proteins of sirtuin 3 (SIRT3), NADH: ubiquinone oxidoreductase 

nuclear subunit S1 (NDUFS1), transcription factor A, mitochondrial (TFAM) and superoxide 

dismutase 2 (SOD2). As SIRT3 is one of the most prominent deacetylases that can regulate 

acetylation levels in mitochondria, it was selected for this study. Like SIRT1, SIRT3 belongs to the 

sirtuin family and is mainly found in mitochondria. SIRT3 activates a number of substrates through 

deacetylation to promote mitochondrial function, increase ATP production and maintain 

mitochondrial metabolic homeostasis. [129] As already described in another chapter 1.7 of this 

thesis, there is a crosstalk between mitochondria and autophagy. The protein SIRT3 is another 

example of this interaction, as SIRT3 regulates mitophagy through multiple pathways, for example 

via the PINK11/Parkin signalling pathway. [130] In addition, SIRT3 is an important regulator of 

oxidative stress through the activation of SOD2, which is also examined in this work. [131] The 

mitochondrial SOD2 was chosen for investigation, because it is a major component of the metabolic 

machinery that handles ROS in the mitochondrial matrix. Specifically, SOD2 determines how much 

superoxide radical anion (O2
•−) is converted to hydrogen peroxide (H2O2). Its deletion, inhibition, or 

suppression causes significant oxidative damage to a variety of proteins. [132] This could lead to 

serious diseases such as neurodegenerative diseases like amyotrophic lateral sclerosis, Huntington's 

disease, Parkinson's disease and Alzheimer's disease [133]. Another protein whose dysfunction is 

associated with neurodegenerative diseases is TFAM. As the name suggests, TFAM is a 

mitochondrial transcription factor and is encoded in the nucleus. It plays an essential role in mtDNA 

metabolism and thus in mitochondrial biogenesis. Mitochondrial biogenesis is of crucial importance 

for the response to different physiological and environmental conditions, as the cellular metabolic 

functions require different amounts of energy. Most of that energy is provided by the oxidative 

metabolism of the mitochondria. [134,135] A dysregulation in the gene expression of TFAM could 

explain the lack of energy in ME/CFS patients by a lack of mitochondrial biogenesis, which is 

necessary to adapt to different energetic states. The last investigated mitochondrial-associated gene 

is NDUFS1, which codes for a protein in the mitochondrial respiratory chain. More precisely, 

NDUFS1 is the largest nuclear subunit of complex I. It is encoded by a nuclear gene and is 

responsible for the oxidation of NADH. [136] A study has shown that silencing of NDUFS1 in 

neurons impairs oxygen consumption and increases mitochondrial ROS formation, while 

upregulated NDUFS1 expression reduces ROS formation in astrocytes [137]. In skin fibroblasts 
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from patients with the NDUFS1 mutation, a high level of oxidative stress was observed, 

accompanied by a decrease in complex I activity, impaired oxygen consumption and increased 

glycolysis [138].  

Additional genes 

In addition to the genes just described that are associated with the cellular mechanisms of 

autophagy and mitochondrial function two additional genes were selected. These are the heat shock 

protein family A (Hsp70) member 5 (HSPA5) and interleukin-10 (IL-10), which are associated with 

the treatment method under investigation, namely hyperthermia. The ubiquitous and conserved 

heat shock proteins (HSPs) belong to a large family of proteins that are responsible for proteostasis. 

As their name suggests, HSPs react to heat, but also to other stress factors such as hypoxia, 

ischaemia, ROS or endotoxins and buffer these stress factors. Based on their molecular weight, 

HSPs are categorised into the families of large HSPs, HSP90, HSP70, HSP60, HSP40 and small 

HSPs, whose functions are involved in the entire metabolic process of proteins. They function as 

holdase, foldase, sequestrase, aggregase or disaggregase and work as a network to maintain 

proteostasis in the cells and as an efficient first line of defence in response to stress. HSPA5 is located 

in the endoplasmic reticulum (ER). [139] When the ER is stressed, HSPA5 is translocated to the 

cell surface, mitochondria and nucleus, where it forms a complex with other proteins to carry out its 

functions. As a master chaperone protein, HSPA5 in the ER reacts to the accumulation of misfolded 

or unfolded proteins and is involved in the degradation of misfolded proteins or in their correct 

folding. [140] Interleukin 10 (IL-10) is a cytokine that belongs to the class 2 cytokines. In humans, 

interleukin 10 is encoded by the IL-10 gene. [141] Cytokines are small secreted proteins that are 

released by different cell types and have specific effects on cellular signalling and communication by 

binding to their receptors on the cell surface. IL-10 is known to be a pleiotropic and potent anti-

inflammatory and immunosuppressive cytokine produced by both innate and adaptive immunity. 

Dysregulation of IL-10 plays a role in the development of numerous inflammatory diseases such as 

neuropathic pain, Parkinson's disease and Alzheimer's disease. [142] 

1.9 Investigation of human PBMC in the context with ME/CFS 

As already described in chapter 1.1, the diagnosis of ME/CFS is mainly based on symptoms such as 

PEM, severe fatigue and flu-like symptoms. As symptom descriptions are often subjective, the 

biological characterisation of various biofluids such as saliva, cerebral spinal fluid (CSF), stool and 

urine can provide an objective systemic and local insight into the molecular disturbances underlying 

the disease pathology and symptoms. Another very important test material is whole blood and its 

fractions: serum/plasma and PBMCs. Blood serves as an important transporter of oxygen, 
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circulating nutrients, hormones and metabolites and reflects the systemic metabolic processes that 

contribute to the maintenance of homeostasis. A major advantage is that blood sampling is 

relatively simple and painless and that the isolation of PBMCs is also quick and easy. Different 

fractions of blood have different roles - plasma for transport and PBMCs for immune function. [143] 

As the name suggests, PBMCs are mononuclear cells of the blood, which mainly include 

lymphocytes, but also other cell types such as monocytes and dendritic cells. The frequency of these 

populations varies from person to person, but typically the populations are within a certain range, 

which is shown in Table 4. 

Table 4: Frequency of the individual cell types in PBMCs. [144] 

Human PBMCs Frequency 

Lymphocytes 70 – 90% 

Total T cells (CD3+) 45 – 70% 

CD4+ T cells 25-60% of total CD3 

CD8 T cells  5 -30% of total CD3 

Total B cells 5 – 15% 

NK cells 5 – 10% 

Monocytes 10 – 30% 

Dendritic cells 1 – 2% 

Stem cells 0.1 – 0.2% 

 

Human PBMCs are not only used for molecular characterisation in medical examinations, but also 

in disease research. This includes, for example, the investigation of immunometabolic changes in 

PBMCs by RNA sequencing and gene expression [145] or proteomic profiling [146]. Furthermore, 

there are several research projects on PBMCs from ME/CFS patients for mitochondrial function, 

including studies on complex activity, cristae and ATP [147–149]. In the connection with this work, 

research in the field of autophagy in PBMCs of ME/CFS patients would also be of interest. In this 

regard, however, there is only one study on serum from ME/CFS patients [150]. Nevertheless, this 

does not rule out the possibility of investigating autophagy in PBMCs, as this has already been 

applied in many ways for other diseases or other applications [151–153]. 
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1.10 Aims of this work 

The multisystemic disease ME/CFS severely impairs the daily lives of those affected, and in severe 

cases patients are even bedridden. One of the main symptoms is fatigue, but difficulties sleeping, 

tender lymph nodes and pain are also common symptoms. In addition, all existing symptoms worsen 

after cognitive or physical exertion, known as PEM. To date, little is known about the disease, which 

leads to a lack of understanding and therefore too few treatment options to help those affected. 

Common treatment options include medications that target the symptoms, such as painkillers for 

pain or sleeping pills for sleep problems. Other methods include adapting lifestyle to the disease to 

avoid PEM and defining the patient's limitations to then minimise them. So the overall goal is to 

better understand ME/CFS and find possible treatments to improve the patient's quality of life.  

This objective is pursued in this thesis and divided into three sub-questions: 

1. Do key cellular mechanisms differ in ME/CFS patients compared to healthy donors and if so, how? 

To answer these questions, PBMCs from healthy donors and ME/CFS patients were analysed and 

compared for autophagy and mitochondrial function. 

2. Does heat treatment have an effect on the central cellular mechanisms of isolated human cells? 

The effect of wIRA irradiation (39 °C, 1 hour) on autophagy, mitochondrial function and mRNA 

expression of related genes was investigated in isolated PBMCs from healthy donors and ME/CFS 

patients as well as in human fibroblasts from a healthy donor. 

3. Does whole-body hyperthermia in ME/CFS patients have an effect on central cellular parameters? 

The effect of a one-hour whole-body hyperthermia session with a maximum core body temperature 

(Tc) of 39 °C in ME/CFS patients on autophagy, mitochondrial function and mRNA expression of 

corresponding genes was investigated. 
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2 Materials and Methods 

2.1 Materials 

Table 5: Chemicals and Reagents 

Chemical / Reagent Manufacturer 

Acridine Orange/Propidium Iodide (AO/PI) Stain Logos Biosystems Inc., Anyang-si, South Korea 

Antimycin A from Streptomyces sp. Sigma-Aldrich / Merck KGaA, Darmstadt, Germany 

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

(FCCP) ≥98% 

Sigma-Aldrich / Merck KGaA, Darmstadt, Germany 

Chloroquine diphosphate Tocris BioscienceTM / Fisher Scientific GmbH, Schwerte, 

Germany 

Dimethyl sulphoxide (DMSO) ≥99,5%,  

BioScience-Grade, for molecular biology 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

di-Sodium hydrogen phosphate dihydrate  

(Na2HPO4 - 2 H2O) ≥99.5%, p.a. 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Dulbecco’s Modified Eagle’s Medium (DMEM) -  

high glucose 

GibcoTM / Fisher Scientific GmbH, Schwerte, Germany 

Ethanol, ROTIPURAN®≥99.8%, p.a. Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Fetal Bovine Serum (FBS), Qualified GibcoTM / Fisher Scientific GmbH, Schwerte, Germany 

Ficoll-PaqueTM PLUS Cytiva Europe GmbH, Freiburg i. B., Germany 

Gentamycin 10 mg/mL GibcoTM / Fisher Scientific GmbH, Schwerte, Germany 

Hoechst 33342 ≥97.0% Sigma-Aldrich / Merck KGaA, Darmstadt, Germany 

HyCloneTM HyPureTM Molecular Biology Grade Water GE Healthcare Life Sciences, Logan, USA 

Isopropanol 70%, Molecular Biology Grade Fisher BioReagents / Thermo Fisher Scientific Inc., 

Waltham USA 

Oligomycin from Streptomyces diastatochromogenes ≥90% 

total oligomycins basis 

Sigma-Aldrich / Merck KGaA, Darmstadt, Germany 

PCR-grade H2O Roche Diagnostics / F. Hoffmann-La Roche AG, Basel, 

Schweiz 

Poly-D-Lysine solution, 1.0 mg/ml Sigma-Aldrich / Merck KGaA, Darmstadt, Germany 

Potassium chloride (KCl) ≥99.5%, p.a., ACS, ISO Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Potassium dihydrogen phosphate (KH2PO4) ≥99%, p.a., 

ACS 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Rotenone ≥ 95% Sigma-Aldrich / Merck KGaA, Darmstadt, Germany 

RPMI 1640 without phenol red GibcoTM / Fisher Scientific GmbH, Schwerte, Germany 

Seahorse XF 1.0 M glucose solution Agilent Technologies Inc., Santa Clara, USA 



Materials and Methods 

 

35 

Seahorse XF 100 mM pyruvate solution Agilent Technologies Inc., Santa Clara, USA 

Seahorse XF 200 mM glutamine solution Agilent Technologies Inc., Santa Clara, USA 

Seahorse XF Calibrant solution Agilent Technologies Inc., Santa Clara, USA 

Seahorse XF DMEM medium, pH 7.4 Agilent Technologies Inc., Santa Clara, USA 

Sodium chloride (NaCl) ≥ 99.5%, p.a., ACS, ISO Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Trypan blue solution, 0,4% Gibco™ / Sigma-Aldrich / Merck KGaA, Darmstadt, 

Germany 

Trypsin/EDTA (0.5%), 10x GibcoTM / Fisher Scientific GmbH, Schwerte, Germany 

 

Table 6: Buffer and Media 

Buffer / Medium Composition 

Fibroblast cryo medium 90% FBS 

10% DMSO 

Fibroblast medium DMEM, high glucose 

10% FBS 

50 µg/mL Gentamycin 

PBMC cryo medium RPMI 1640 without phenol red 

20% FBS 

10% DMSO 

 PBMC medium RPMI 1640 without phenol red 

20% FBS 

Phosphate buffered saline (PBS), 10x, pH 7.4 

500 mL 

40 g NaCl 

1 g KCl 

13.4 g Na2PO4 – 7 H20 

1.2 g KH2PO4 

in ultrapure water 

 

 

Phosphate buffered saline (PBS), 1x, pH 7.4 

500 mL 

50 mL 10x PBS 

ad 500 mL ultrapure water 

Physiological saline solution 0.9% NaCl in ultrapure water 

sterile-filter solution before usage (0.2 µm filter) 

Seahorse XF assay medium Seahorse XF DMEM medium, pH 7.4 

25 mM Glucose (Seahorse XF 1.0 M glucose) 

4 mM Glutamine (Seahorse XF 200 mM glutamine) 

1.25 mM Pyruvate (Seahorse XF 100 mM pyruvate) 

Stopping solution 90% 1x PBS 

10% FBS 
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Table 7: Laboratory equipment 

Device Manufacturer  

-86 °C freezer HERAfreeze™ HFU 600  Fisher Scientific GmbH, Schwerte, Germany 

BD FACSVerse™ Flow Cytometry System Becton, Dickinson and Company, Franklin Lakes, USA 

Centrifuges 

Centrifuge 5804 R 

Centrifuge 5810 R 

Centrifuge 5424 

Centrifuge 5417 R 

 

 

 

Eppendorf AG, Hamburg, Germany 

CO2 Incubator Hera cell 150 Kendro Laboratory Products GmbH, Langenselbold, 

Germany  

Cryogenic storage vessel, Arpege 170 Air Liquide, Paris, France 

Freezing Container, Mr. Frosty™ Thermo Scientific / Thermo Fisher Scientific Inc., 

WalthamUSA 

Imaging reader, Cytation 1 Biotek Instruments GmbH, Bad Friedrichshall, 

Germany 

IRAcubator Von Ardenne Institut für Angewandte Medizinische 

Forschung GmbH, Dresden, Germany 

Laminar flow clean bench BDK-SK 1800 BDK Luft- und Reinraumtechnik GmbH, 

Sonnenbühl, Germany 

LightCycler® 480 qPCR platform Roche Diagnostics GmbH, Mannheim, Germany 

Luna-FL™ automated cell counter Logos Biosystems, Inc., purchased via Biozym Scientific 

Microscope Primovert Carl Zeiss Microscopy GmbH, Jena, Germany 

Mini centrifuge Rotilabo® Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

NanoDrop™ One Microvolume UV-Vis 

Spectrophotometer 

Thermo Scientific / Thermo Fisher Scientific Inc., 

Waltham USA 

Neubauer counting chamber improved Carl Roth GmbH & Co.KG, Karlsruhe, Germany 

Pipette aids Pipetboy acu 2 INTEGRA Biosciences GmbH, Biebertal, Germany 

Pipettes, Eppendorf Research® Plus Eppendorf AG, Hamburg, Germany 

Seahorse XFe96 Analyzer Agilent Technologies Inc., Santa Clara, USA 

Thermal cycler Biometra TRIO Analytik Jena AG, Jena, Germany 

Ultrapure water unit Pureflex 3 ELGA LabWater, High Wycombe, UK 

Vortex mixer Vortex-Genie® 2 Scientific Industries, Inc., Bohemia, NY, USA 

Water bath GFL Gesellschaft für Labortechnik mbH, Burgwedel, 

Germany 
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Table 8: Consumables 

Consumable Manufacturer 

Cell culture dishes, sterile 

Cell culture dish 100 mm 

Cell culture dish 100 mm, Cell+ 

SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Cell culture flask, sterile 

T175, Cell+ 

SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Centrifuge tubes 15 mL and 50 mL SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Leucosep™, with porous barrier, 50 mL Greiner Bio-One GmbH, Frickenhausen, Germany 

LightCycler® 480 Multiwell Plates 96, white Roche Diagnostics Deutschland GmbH, Mannheim, 

Germany 

LightCycler®480 Sealing Foil Roche Diagnostic Deutschland GmbH, Mannheim, 

Germany 

Multiply®-Pro cup 0.2 mL, polypropylene SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Multiwell Plates 96, µClear®, polystyrene, black Greiner Bio-One GmbH, Frickenhausen, Germany 

Multiwell Plates 96, V-bottom, clear, polystyrene Corning®, Merck KGaA, Darmstadt, Deutschland 

Pipette tips 10 µL, 20 µL, 200 µL, 1,000 µL SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Pipette tips with filter 10 µL, 20 µL, 200 µL, 1,000 µL SARSTEDT AG & Co. KG, Nuembrecht, Germany 

SafeSeal tube 1.5 mL and 2 mL SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Safety-Multifly®-needle 21G with multi adapter SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Serological pipettes 5 mL, 10 mL, 25 mL SARSTEDT AG & Co. KG, Nuembrecht, Germany 

S-Monovette® K3 EDTA 9 mL SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Sterile filter Filtropur S 0.2 µm SARSTEDT AG & Co. KG, Nuembrecht, Germany 

Syringe Norm Ject® 10 mL and 20 mL Henke-Sass, Wolf GmbH, Tuttlingen, Germany 

XFe Cell Culture Microplates Agilent Technologies Inc., Santa Clara, USA 

XFe Sensor Cartridges Agilent Technologies Inc., Santa Clara, USA 

 

Table 9: Kits 

Kit Manufacturer 

CYTO-ID® Autophagy Detection Kit Enzo Life Sciences GmbH, Lörrach, Germany 

GoTaq® qPCR Master Mix Promega GmbH, Walldorf, Germany 

Guava® Autophagy LC3 Antibody-based Assay Kit Luminex Corporation, Austin, TX, USA 

High Pure RNA Isolation Kit Roche Diagnostics GmbH, Mannheim, Germany 

LunaScript™ RT SuperMix Kit New England Biolabs, Ipswich, MA, USA 
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Table 10: Primers for gene expression analysis 

Gene Sequence forward primer 5`- 3` Sequence reverse primer 5`- 3` 

AMPK1α ttc aag tga ttc tcc cgc ct  gaa gct gag gtg gtg gat ca  

ATG7 acc cag aag aag ctg aac ga ggt ggg agc act cat gtc aa 

BECN1 ggc tga gag act gga tca gg  ctg tcc act gtg cca gat gt  

FOXO3 gca agc aca gag ttg gat ga cag gtc gtc cat gag gtt tt 

HSPA5 ggt gaa aga ccc ctg aca aa gtc agg cga ttc tgg tca tt 

IL-10 gag aac agc tgc acc cac tt gca tca cct cct cca ggt aa 

MAP1LC3B ggt gag aag cag ctt cct gt  aga ttg gtg tgg aga cgc tg  

NDUFS1 agg cag ttc tgc act cca aa tcc atc tgc tcc cag gag aa 

RPLP0 ccc gag aag acc tcc ttt tt aga agg ggg aga tgt tga gc 

SIRT1 gca gat tag tag gcg gct tg tct ggc atg tcc cac tat ca 

SIRT3 cat gag ctg cag tga ctg gt gag ctt gcc gtt caa cta gg 

SOD2 cac cag cac tag cag cat gt ggt gac gtt cag gtt gtt ca 

TFAM ggg aag gtc tgg agc aga g acg ctg ggc aat tct tct aa 

ULK1 ggt cac acg cca cat aac ag gcc cca caa ggt gag aat aa 

β-Actin gga ctt cga gca aga gat gg agc act gtg ttg gcg tac ag 

 

Table 11: Software 

Software Publisher 

BD FACSuite™ software, version 1.0.6 Becton, Dickinson and Company, Franklin Lakes, USA 

Citavi 6 Swiss Academic Software GmbH, Waedenswil, 

Switzerland 

Gen5™, version 3.09.07 Biotek Instruments Inc. / Agilent Technologies Inc., 

Santa Clara, USA 

GraphPad Prism, version 10.3.1 GraphPad Software, San Diego, USA 

LightCycler® 480 Software, version 1.5.0 SP4 Idaho Technology Inc., Salt Lake City, USA 

Microsoft Office Professional Plus 2016 Microsoft Corporation, Redmond (Washington), USA 

Seahorse Analytics, version 1.0.0-749 Agilent Technologies Inc., Santa Clara, USA 

Seahorse Wave Desktop Software, version 2.6.3 Agilent Technologies Inc., Santa Clara, USA 
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2.2 Methods 

In order to investigate the effects of hyperthermia on autophagy and mitochondrial function in 

human PBMCs and human fibroblasts, preliminary work in the form of the establishment of 

autophagy assays was required. The first autophagy assay was established for human fibroblasts. 

Due to the different size and morphology of PMBCs, this assay was not suitable for blood cells, so a 

new assay was developed for PBMCs. Their establishment is described in the following chapter. 

Assays for measuring mitochondrial function and mRNA expression have already been established 

and are also described below. Table 12 provides an overview of all assays, the topics covered and 

where the methods are described. It contains the wIRA treatment of human fibroblasts with 

subsequent measurement of autophagy as well as the study of autophagy, mitochondrial function 

and mRNA expression in human PBMCs. In human PBMCs, ex vivo treatment with wIRA was 

tested in cells from healthy donors and ME/CFS. In addition, an in vivo study was conducted by 

testing PBMCs from ME/CFS patients undergoing whole-body hyperthermia treatment.  

Table 12: Overview of all methods described 

2.2.1    

Establishment of  

autophagy assays 

2.2.2    

Description of already 

established assays 
Human PBMCs 

2.2.3    

Ex vivo Hyperthermia 

 

2.2.4 

In vivo Hyperthermia 

a) Human Fibroblasts 
CYTO-ID® 

Autophagy Detection 

Kit  

a) Mitochondrial 

function 

Seahorse XF  

Mito Stress Test 

a) Ex vivo wIRA 

Treatment 

human Fibroblasts 

(healthy) 

 

In vivo Hyperthermia 

whole-body hyperthermia 

of ME/CFS patients 

b)  Human PBMCs 

Guava® Autophagy 

LC3 Antibody-based 

Assay Kit 

b) mRNA expression  

RNA extraction, 

cDNA synthesis, 

qPCR analyses 

b) Ex vivo wIRA 

Treatment 
human PBMCs  

(healthy, ME/CFS) 

 

 

2.2.1 Establishment of autophagy assays 

a) Human Fibroblasts - CYTO-ID® Autophagy Detection Kit  

The basis for measuring autophagosomes in human fibroblasts using the CYTO-ID® kit (Enzo Life 

Sciences GmbH, Lörrach, Germany)was the application note by Beckman et al. [154], published by 

biotek. This paper describes the treatment, the assay performance and readout of autophagosomes 

in HeLa cells using the Lionheart™ FX imaging reader. Cells were treated with 

10 µM chloroquine (CQ), with starvation or with different concentrations of rapamycin. HeLa cells 

were seeded at 20,000 cells per well in black sided clear bottom 96-well microplates. For cell staining, 

cells were washed 2x with 200 µL 1x assay buffer containing 5% FBS. The assay buffer was replaced 

with 100 µL dual color detection solution containing 1 mL assay buffer, 1 µL Hoechst and 
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2 µL CYTO-ID® Green Detection Reagent and incubated for 30 min at 37 °C in the dark. Finally, 

cells were washed 2x with 200 µL assay buffer and imaged directly in 100 µL assay buffer. Images 

were acquired with a 20x objective on the Lionheart™ FX configured with DAPI and GFP light 

cubes. The DAPI light cube is configured with a 377/50 nm excitation filter and a 447/60 nm 

emission filter. The GFP light cube uses a 469/35 nm excitation filter and a 525/39 nm emission 

filter. All used reader and software settings are shown in Table 13.  

Table 13: Reader and imager software settings 

Imaging preprocessing Cellular analysis 

Image set DAPI Detection Channel:  

Primary mask and count 

Tsf  [DAPI 377,447]  

 

Background Dark Threshold 7,000 

Rolling bar diameter Auto Secondary mask Tsf  [GFP 469,525] 

Image smoothing strength 5 Measure within a secondary mask Checked 

Image set GFP Expand Primary mask 30 µm 

Background Dark Threshold Unchecked 

Rolling bar diameter 0.5 µm Count Spots Checked 

Priority Fine results Size 0.5 to 3 µm 

Image smoothing strength 0 Advanced options Count spots options 

  Rolling ball size Default 

  Threshold 1,200 

 

To establish the autophagy CYTO-ID® assay in human fibroblasts, cells from donor Ast72 were first 

expanded to achieve an adequate cell number. For this purpose, 5,000,000 cells were thawed and 

cultured in five T175 flasks containing 20 mL fibroblast medium. After four days, cells were 

detached by adding 3 mL of 1x trypsin/EDTA and collected by adding 17 mL of stopping solution. 

After centrifugation, cells were resuspended in fibroblast cryo medium and transferred in cryo vials 

at a cell density of 500,000 cells/mL and stored at -80 °C. These cells were used for the assay 

establishment and for wIRA treatment. 

The protocol just described by Beckmann et al. served as the basis for the establishment of the 

autophagy assay for fibroblasts. The adaptations of the protocol to fibroblasts led to the following 

protocol. Three days before cell treatment, 500,000 cells were thawed and seeded in a T175 cell 

culture flask containing 20 mL fibroblast medium and cultured for two days. For cell treatment 

10,000 cells per well were seeded in 96 well plates (Multiwell Plates 96, µClear®, polystyrene, black, 

Greiner Bio-One GmbH, Frickenhausen, Germany), and incubated according to the appropriate 

treatment conditions. Each investigated condition were tested in six replicates. After treatment, the 

CYTO-ID® assay was performed. For this purpose, supernatant were discarded and cells were 

washed with 1x assay buffer. To stain the autophagosomes, 100 µL staining solution, consisting of 

1.4 mL assay buffer, 1.4 µL Hoechst and 2.8 µL of CYTO-ID® Green Detection Reagent 2, was 



Materials and Methods 

 

41 

added to all wells and incubated in a humidified incubator at 37 °C and 5% CO2 for 30 min. To stop 

the staining, the supernatant was removed and the cells were washed twice with 200 µL of 1x assay 

buffer, 100 µL of 1x assay buffer was added for measurement. Autophagosome detection was 

performed with the Cytation 1 (Biotek Instruments GmBH, Bad Friedrichshall, Germany) imaging 

reader with a 20x objective configured with DAPI and GFP light cubes. The DAPI light cube is 

configured with a 377/50 nm excitation filter and a 447/60 nm emission filter. The GFP light cube 

uses a 469/35 nm excitation filter and a 525/39 nm emission filter. The parameter settings for image 

processing and image analysis are listed in Table 14  

Table 14: Parameter settings for image processing and image analysis 

Imaging preprocessing Image deconvolution 

Image set DAPI Image set Tsf  [GFP 469,525] 

Tsf  [DAPI 377,447] 

Background Dark Point spread function  Auto, based on 

objective 

Rolling bar diameter 66 µm Iterations 5 

Image smoothing 

strength 

0 Data out prefix  Deconvolved 

Image set GFP   

Background Dark   

Rolling bar diameter 1.5 µm   

Priority Fine results   

Image smoothing 

strength 

0   

Cellular analysis 

Primary mask  

and count 

Deconvolved  

[Tsf  [DAPI 377,447]] 

Deconvolved  

[Tsf  [GFP 469,525]] 

Secondary Mask Deconvolved  

[Tsf  [GFP 469,525]] 

Threshold Auto Background Dark 

Background Dark Measure within a  

primary mask 

Checked 

Use Primary Mask 

Object selection 

Min. object size 

Max. object size 

 

5 µm 

40 µm 

Measure within a 

secondary mask Checked 

  Expand primary mask 50 µm 

  Threshold Unchecked 

  Count spots Checked 

  Size 0.5–5 µm 

  Advanced options Count spots options 

  Rolling ball size Default 

  Threshold 1200 

Curve Analysis: Autophagosomes per nucleus 

 

In addition, a chloroquine (CQ) (Fisher Scientific GmbH, Schwerte, Germany) control was added 

for each condition studied. Chloroquine inhibits the fusion of lysosomes with autophagosomes and 

therefore leads to an accumulation of autophagosomes. In this context, the number of 

autophagosomes in the CQ control must be higher than in the corresponding condition without CQ. 
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This control can be used to assess the functionality of the assay. To prevent saturation of the system, 

a suitable CQ concentration had to be titrated first. For this reason, concentrations of 0.5, 1.0, 2.0, 

2.5, 5.0 and 10 µM CQ were tested. The CQ solutions were added to the 96-well plates during cell 

seeding and incubated for 24 hours in a humidified incubator at 37 °C and 5% CO2. After incubation, 

the read-out was performed as described above. 

b) Human PBMCs - Guava® Autophagy LC3 Antibody-based Assay Kit 

 

The establishment of the autophagy assay for PBMCs was the subject of Melanie Scherer's master's 

thesis and resulted in the following protocol [155]. PBMCs were seeded at a density of 

500,000 cells/well in 200 µL RPMI 1640 (GibcoTM/Fisher Scientific GmbH, Schwerte, Germany) 

without phenol red as triplicates in two 96-well V-bottom plates (Merck KGaA, Darmstadt, 

Germany), one for treatment and one as control. For each condition tested, a 40 µM CQ control was 

added in triplicate to evaluate the functionality of the assay. After treatment, the Guava® 

Autophagy LC3 Antibody-Based Detection Kit (Luminex Corporation, Austin, TX, USA) was used 

to stain the autophagy marker LC3 by antibody labelling. For this purpose, the plates were 

centrifuged at 300 x g for 5 min at RT. After centrifugation, the supernatant was discarded and the 

cells were washed by resuspending in 100 µL 1x assay buffer. After a further centrifugation step 

(5 min, 300 x g, RT), 100 µL of autophagy reagent B was added to the cells and centrifuged 

immediately (5 min, 300 x g, RT) without resuspending. After discarding the supernatant, the cells 

were resuspended in 100 µL antibody solution containing 95 µL 1x assay buffer and 5 µL 20x anti-

LC3 FITC, clone 4E12. Incubation was carried out at room temperature for 30 min in the dark. 

After incubation, the plates were centrifuged (5 min, 300 x g, RT) and washed with 100 µL assay 

buffer. After a final centrifugation step (5 min, 300 x g, RT), the cells were resuspended in 100 µL 

1x assay buffer. The plates remained in the dark for 10 min before the cells were analysed by flow 

cytometry using the BD FACSVerse™ Flow Cytometry System (Becton, Dickinson and Company, 

Franklin Lakes, USA). By using a selective permeabilisation solution, cytosolic LC3 is distinguished 

from autophagic LC3 by extracting the soluble cytosolic proteins, while LC3 sequestered in the 

autophagosome is protected.  

2.2.2 Description of already established assays – human PBMCs 

a) Mitochondrial function - Seahorse XF Cell Mito Stress Test 

 

The six mitochondrial parameters basal respiration, ATP production, maximal respiration, spare 

respiratory capacity, non-mitochondrial respiration and the proton leak were measured using the 

Seahorse Bioscience XFe96 Extracellular Flux Analyzer (Agilent Technologies Inc., Santa Clara, 

CA, United States). To prepare for sensor calibration, 200 µL of XF calibrant was added to each 
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well of the XF sensor cartridge and incubated overnight at 37 °C without CO2. Coating of the XF96 

cell culture microplate was performed with 10 µL of a 50 µg/mL poly-D-lysine (PDL) solution 

(Merck KGaA, Darmstadt, Germany) per well. At least three wells were measured for each 

condition. 225,000 PBMCs per well were seeded in 50 µL XF medium and subsequently centrifuged 

for 1 min, 250 x g without brake at RT. All wells containing cells or background wells were filled 

with XF medium to a total volume of 180 µl. For brightfield cell counting, the cell plate was placed 

in the Cell Imager Cytation 1 (Biotek Instruments GmBH, Bad Friedrichshall, Germany) and kept 

there at 37 °C for 60 min. In the meantime, the sensor cartridge was loaded with the four cellular 

stressors oligomycin (20 µL), carbonyl cyanide-4 (trifluoromethoxy)phenylhydrazone (FCCP, 

22 µL) and a combination of rotenone, antimycin A and the cell nuclei staining reagent Hoechst 

(25 µL) (all Merck KGaA, Darmstadt, Germany). After injection, the final concentration of 

oligomycin was 1.25 μM, of FCCP 1.0 μM, of rotenone and of antimycin A 1.67 μM each and of 

Hoechst 8.0 µM. To calibrate the sensors, the 96-well sensor cartridge was inserted into the XFe96 

Extracellular Flux Analyzer. After calibration, the utility plate was replaced with the cell plate to 

start the measurement of mitochondrial respiration in PBMCs. The addition of Hoechst by the last 

injection enables the subsequent cell counting by the cell imager. Based on this cell count, the OCR 

can be normalized to 1,000 cells per well. A more detailed description of this method can be found 

in the methodological paper `Ex vivo Assessment of Mitochondrial Function in Human Peripheral 

Blood Mononuclear Cells Using XF Analyzer` by Alica Schöller-Mann [156]. 

 

b) mRNA Expression 

 

Some 106 PBMCs were used for RNA isolation, which was performed with the High Pure RNA 

Isolation Kit (Roche Diagnostics GmbH, Mannheim, Germany). The LunaScript® Super Mix Kit 

(New England Biolabs, Ipswich, MA, USA) was used for cDNA synthesis. Both kits were used as 

described in the manufacturer's instructions. The LightCycler® 480 (Roche Diagnostics GmbH, 

Mannheim, Germany) in combination with the GoTaq® qPCR Master Mix (Promega GmbH, 

Walldorf, Germany ) was used for quantitative polymerase chain reaction (qPCR) of multiple genes. 

Each qPCR consisted of 1 µl (0.5 pmol/µl) of each primer (biomers.net GmbH, Ulm, Germany), 10 µl 

GoTaq® qPCR Master and 8 µl cDNA. The qPCR analyses were performed in triplicate for each 

sample. The qPCR protocol used included the following steps: 5 min pre-incubation (95 °C), followed 

by 95 °C 10 s, 62 °C 10 s and 72 °C 10 s with fluorescence measurements at the end of the elongation 

phase. Melting curve analysis was performed after 45 cycles. Ribosomal protein lateral peduncle 

subunit P0 (RPLP0) and ß-actin were used as housekeeping genes to normalise the target genes. All 

measured genes are shown in Table 10. Calculation of n-fold mRNA expression was conducted using 

the 2-ΔΔCt method [157].  
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2.2.3 Ex vivo Hyperthermia 

a) Ex vivo wIRA Treatment – human Fibroblasts (healthy) 

 

The effect of wIRA irradiation on human fibroblasts from a healthy donor was investigated. 

Information on the fibroblast donor is shown in Table 15 

 
Table 15: Information on human fibroblasts studied 

Cell type Designation Gender Age Passage 

Fibroblast hF130522/Ast72 male 8 years 8 - 10 

 

The cell expansion and the test procedure have already been described in chapter 2.2.1 a). For the 

wiRA treatment, a 96-well plate with cells was placed in the preheated IRAcubator (Von Ardenne 

Institute of Applied Medical Research GmbH, Dresden, Germany) at 39 °C for one hour (Figure 16). 

At the same time, another prepared 96-well plate remained in the incubator at 37 °C and 5% CO2 

for one hour. After treatment, the autophagy assay was performed and the cells were analysed using 

the Cytation 1 imager. A more detailed description of this method can be found in the 

methodological paper ‘Quantification of Autophagosomes in Human Fibroblasts Using Cyto-ID® 

Staining and Cytation Imaging’ [158]. 

 

 

Figure 16: Placement of the treatment plate in the IRAcubator heat treatment device 
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b) Ex vivo wIRA Treatment - human PBMCs (healthy, ME/CFS) 
 

A total of 33 people took part in the ex vivo study, including nine healthy donors and 24 ME/CFS 

patients, whereby participant number 15 had to be excluded due to an insufficient number of cells 

and an implausible test evaluation in mitochondrial function. Information about the participants is 

listed in Table 16. 

Table 16: Participants of the ex vivo study 

 Test  

person 
Sex Age Autophagy 

Mitochondrial 

function 

mRNA 

expression 

H
ea

lt
h

y
 D

o
n

o
rs

 

01 f 29 x x x 

02 f 39 x x x 

03 f 30 x x x 

04 m 45 x x x 

05 m 37 x x x 

06 m 61 x  x 

07 f 44 x  x 

08 m 62 x  x 

09 f 24  x  

 Test  

person 
Sex Age Bell  Autophagy 

Mitochondrial 

function 

mRNA 

expression 

M
E

/C
F

S
 P

a
ti

en
ts

 

01 f 40 30 x x x 

02 f 57 20 x x x 

03 f 29 30 x x x 

04 f 54 40 x x x 

05 f 30 50 x x x 

06 f 26 40-60 x x x 

07 f 30 20 x x x 

08 m 40 30 x x x 

09 f 28 60 x   

10 m 55 50-60 x  x 

11 f 52 40 x  x 

12 f 31 60-70 x  x 

13 f 18 40 x x x 

14 f 64 40 x x  

15 f 56 80-90  (x) not applicable  

16 f 59 20 x x x 

17 f 54 50 x x x 

18 f 32 40 x x x 

19 f 60 40 x x x 

20 f 65 40-50 x x x 

21 m 36 50 x x x 

22 f 49 50-60 x x x 

23 f 30 40 x x x 

24 f 57 40 x x  

With and without wIRA treatment, Without wIRA treatment 
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The blood samples were taken either at the Albstadt-Sigmaringen University of Applied Sciences or 

at Dr. Pieper's practice (Constance, Germany) by trained personnel using S-Monovette® K3 EDTA 

(SARSTEDT AG & Co. KG, Nuembrecht, Germany). After transporting the samples, the PBMCs 

were isolated from the whole blood for subsequent analyses. Treatment with wIRA hyperthermia 

(39 °C, 1 hour) and subsequent measurements of mitochondrial respiration (2.2.2 a)) were performed 

with freshly isolated PBMCs. For autophagy assay and mRNA expression analysis (2.2.2 b)), the 

remaining cells were seeded in RPMI 1640 medium without phenol red containing 20% FBS and 

incubated overnight at 37 °C and 5% CO2. A control was also measured for each assay, whereby 

these cells remained at 37 °C and 5% CO2 for the hour of treatment (Figure 17). 

 

Figure 17: Study design of the ex vivo study. After blood collection and PBMC isolation, some of the cells were treated 

directly in the IRAcubator (1 h at 39 °C) and mitochondrial function was determined. The remaining cells were incubated 

overnight at 37 °C in a CO2 incubator. The next day, RNA isolation and autophagy were analysed, both also after 

IRAcubator treatment. 

 

Isolation of PBMCs 

Human PBMCs were isolated from 36 mL of human blood using Leucosep tubes (Greiner Bio-One 

GmbH, Frickenhausen, Germany) according to the manufacturer's instructions. PBMCs were 

resuspended in phosphate-buffered saline (1x PBS) and cell counts were determined using a Luna-

FL™ automated cell counter (Logos Biosystems, Inc., Inc., Anyang-si, South Korea).  
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2.2.4 In vivo Hyperthermia 

A total of nine ME/CFS patients participated in this study (Table 17). The ME/CFS patients were 

medically diagnosed using the diagnostic criteria of the Canadian consensus criteria [26] and the 

Furkuda criteria [24]. In addition, the severity of the disease was assessed using the Bell scale [159]. 

Hyperthermia treatment was performed on medical recommendation and not for this study. The 

patients agreed to donate blood for research purposes before and after the therapy. Since no healthy 

donors underwent whole-body hyperthermia, the data can only be compared with those of healthy 

donors without therapy. For mitochondrial function, the data from this ex vivo study were used. In 

the case of autophagy, the data from this study were not comparable as the test was performed one 

day after blood collection (appendix Figure A60). [160,161]  

Table 17: Participants of the in vivo study 

 
ME/CFS Patients  Healthy Donors  

Autophagy – Mitochondrial - mRNA expression Autophagy Mitochondrial 

Participant Sex Age Bell -Scale Symbol Sex Age Sex Age 

01 f 31 20  f 61 f 30 

02 f 53 40  m 57 f 39 

03 m 41 30  f 61 f 29 

04 m 50 50  f 39 m 37 

05 f 35 30-40  m 42 m 44 

06 f 32 30-40  m 41 f 24 

07 f 47 20  f 34 - - 

08 f 32 40 -60  m 45 - - 

09 f 25 20 - 30  f 53 - - 

 

Two consecutive days were required to investigate the influence of a session of whole-body 

hyperthermia on central cellular mechanisms in ME/CFS patients. On the first day, the basal values 

of the patients were determined. For this purpose, blood was taken in the morning in Constance by 

Dr. Stefan Pieper and transported to our laboratory. PBMCs were then isolated for the two cell tests 

to measure autophagy and mitochondrial function. In addition, RNA was isolated for subsequent 

qPCR. On the second day, the participants received whole-body hyperthermia. This heat therapy 

was carried out with the whole-body hyperthermia system ‘IRATHERM®1000’ (Von Ardenne 

Institute of Applied Medical Research GmbH, Dresden, Germany). The system enables a rapid 

increase in core body temperature (to 39 °C in approx. 45 min) through uniform irradiance over the 

entire patient using six water-filtered infrared-A (wIRA) radiant heaters. The treatment session 

lasted one hour with a maximum core body temperature of 39 °C. During the session, the 

temperature was monitored via three temperature sensors (rectal, axillary and dermal) as well as 

Legend

Legend

L e g e n d

Legend

Legend
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the ear pulse and oxygen saturation. This treatment took place in the medical practice of Dr. Achim 

Schneider in Überlingen. After each session, blood was again taken from the participants and 

transported to our laboratory. Here too, autophagy (2.2.1 b)) and mitochondrial function (2.2.2 a)) 

were measured directly after PBMC isolation, as well as RNA isolation was conducted for the 

subsequent qPCR (2.2.2 b)). The entire procedure was performed three times with 3 participants 

each. The study design is shown in the following Figure 18. 

 

Figure 18: Study design of the in vivo study.  The study was conducted on two consecutive days. On the first 

day, blood was drawn to measure basal levels of autophagy, mitochondrial function and mRNA expression. 

Whole-body hyperthermia was performed on the second day. After the treatment, blood was taken again and 

transported to our laboratory to determine the same cellular mechanisms as on day 1. 

 

2.2.5 Data analyses 

Graph-Pad Prism 10.3.1 for Windows (GraphPad Software Inc, San Diego, CA, United States) was 

used for statistical analyses and the creation of graphs. The results are presented as individual 

values, as grouped values with the mean ± SEM and the points of the individual values, as box-and-

whiskers plots with minimum to maximum and line at the median and the individual point values, 

and as scatter plots with mean ± SEM. Individual values are only shown descriptively, as the 

amount of data is too small for statistical analysis. All grouped data were tested for normal 

distribution using the Shapiro-Wilk test. The parametric t-test was used for normally distributed 

data and the non-parametric Wilcoxon test or Mann-Whitney test for non-normally distributed 

data. Statistical significance was defined as ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 

****p ≤ 0.0001.  

2.2.6 Ethical standards 

The study was conducted in accordance with the guidelines of the Ethics Committee of the Baden-

Württemberg Medical Association and in compliance with the principles of the Declaration of 

Helsinki. All participants who voluntarily provided a skin sample for the isolation of fibroblasts or 

voluntarily provided blood for the experiments were informed in advance and gave their written 

consent to the use of the skin sample or the collection and use of the blood samples. All information 

on the study participants was pseudonymised. The whole-body hyperthermia sessions were carried 

out on the recommendation of a doctor and not as part of this study.  
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3 Results 

One main topic of this thesis is the investigation of central cellular mechanisms in PBMCs from 

ME/CFS patients compared to healthy donors. In addition, hyperthermia is being investigated as a 

potential treatment option. The results of these studies are divided into subsections, which are 

presented in Table 18. The study began with the establishment of autophagy assays for two different 

cell types, human fibroblasts and human PBMCs. The first chapter of the results deals with the 

evaluation of the functionality and reproducibility of these established assays. The second chapter 

focuses on the baseline values of autophagy and mitochondrial function in healthy donors and 

ME/CFS patients. The subsequent investigation of hyperthermia is divided into two separate 

studies, the ex vivo study and the in vivo study. In the ex vivo study, isolated cells were treated 

with the IRAcubator. PBMCs from ME/CFS patients and healthy donors were subjected to this 

treatment and analysed for autophagy, mitochondrial function and mRNA expression. In addition, 

fibroblasts from a healthy donor were treated and analysed for autophagy activity. The second 

study, the in vivo study, investigated the same cellular parameters, with the difference that not the 

isolated cells were treated, but the ME/CFS patients had one session of whole-body hyperthermia. 

The last chapter compares the ex vivo and in vivo study. 

Table 18: Overview of the individual chapters presented in the results 

3.1 

Establishment of  

autophagy assays 
Fibroblasts, PBMCs 

3.2 

Heathy vs. 

ME/CFS 
PBMCs 

3.3 

Ex vivo 

Hyperthermia 
Fibroblasts, PBMCs 

3.4 

In vivo 

Hyperthermia 
PBMCs 

3.5 

Ex vivo vs. In vivo 

Hyperthermia 
PBMCs 

3.1.1 Fibroblasts 
CYTO-ID® 

Autophagy detection 

3.2.1 Autophagy 
PBMCs  

(healthy, ME/CFS) 

3.3.1 Autophagy  
healthy Fibroblasts  

3.4.1 Autophagy 
PBMCs  

(ME/CFS) 

3.5.1 Autophagy 
PBMCs  

(ME/CFS) 

3.1.2 PBMCs 
Guava® Autophagy 

LC3 Antibody-based 

Assay 

 

3.2.2 Mitochondrial  

function 
PBMCs  

(healthy, ME/CFS) 

3.3.2 Autophagy 
PBMCs  

(healthy, ME/CFS) 

3.4.2 Mitochondrial 

function 
PBMCs  

(ME/CFS) 

3.5.2 Mitochondrial 

function 
PBMCs  

(ME/CFS) 

  3.3.3 Mitochondrial 

function 
PBMCs  

(healthy, ME/CFS) 

3.4.3 mRNA   

expression 
PBMCs  

(ME/CFS) 

3.5.3 mRNA   

expression 
PBMCs  

(ME/CFS) 

   

3.3.4 mRNA 

expression 

PBMCs  

(healthy, ME/CFS) 
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3.1 Establishment of autophagy assays 

3.1.1 Fibroblasts – CYTO-ID® Autophagy Detection Kit 

In order to investigate the effect of hyperthermia on autophagy in human fibroblasts, a suitable test 

system first had to be developed. For human fibroblasts, an image-based method was chosen in 

which the cell nuclei and autophagosomes are visualised by specific staining with the CYTO-ID® 

Autophagy Detection Kit and read out and analysed with the Cytation 1 imager and Gen 5 software. 

The final protocol for the CYTO-ID® Autophagy Detection assay was published in the peer-

reviewed journal Bio-protocol [158]. The basis for establishing the method was the protocol by 

Beckman et al. [154], which describes the analysis of HeLa cells. The adaptations of the protocol for 

the analysis of human fibroblasts are described in the methods (2.2.1 a)). To evaluate the 

reproducibility of the established assay, the assay was repeated five times under the same 

conditions. The results of these five experiments (E01-E05) are shown in Figure 19. The figure shows 

the mean value of at least three technical replicates per experiment and the standard error of the 

mean (SEM). Between the five experiments there are no visible major differences. This is confirmed 

by the statistical analysis using an ordinary one-way ANOVA with Tukey's multiple comparison 

test, which shows no significant (ns p = 0.8687) differences between the repeated experiments. 

 

Figure 19: Evaluation of reproducibility of the CYTO-ID® assay for human fibroblasts. The repeated measurement of the 

established assay shows no major differences between the five experiments performed. The data for the individual 

experiments show at least three technical replicates with the standard error of the mean (SEM). Statistical verification 

also shows no significant differences (ordinary one-way ANOVA with Tukey's multiple comparison test shows no 

significant differences (ns p = 0.8687)). 

The following table shows the numerical values of the mean and SEM of the repeated experiments 

(Table 19). The mean value of all five experiments is 15.83 autophagosomes per nucleus. The highest 

mean difference between the individual experiments and the mean of all five experiments is 1.65 

autophagosomes per nucleus. 
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Table 19: Numerical values of the reproducibility assessment of the CYTO-ID® test for human fibroblasts 

Experiment Mean 
[Autophagosomes 

per nuclei] 

SEM 
[Autophagosomes 

per nuclei] 

Mean (E01 – E05) 
[Autophagosomes 

per nuclei] 

Mean difference 
[Autophagosomes 

per nuclei] 
E01 16.50 0.66 

15.83 

0.67 

E02 16.43 1.77 0.60 

E03 14.18 2.23 1.65 

E04 16.30 0.46 0.47 

E05 15.73 2.90 0.10 

 

The addition of chloroquine leads to an accumulation of autophagosomes by inhibiting the fusion 

of autophagosomes and lysosomes. An additional CQ control in all conditions tested enables the 

functionality of the assay to be evaluated, as the CQ control must have a higher quantity of 

autophagosomes. The following figure shows the result of the titration of a sensible CQ 

concentration (Figure 20). The tested concentrations are 0.5, 1.0, 2.0, 2.5, 5.0 and 10 µM CQ 

compared to a control without CQ. The experiments were repeated three times (n=3) and the mean 

and SEM of these replicates are shown in the figure. The respective CQ concentrations were 

statistically compared with the control group using an unpaired t-test. At a concentration of 0.5 µM, 

the number of autophagosomes per cell nucleus increases by 40.70% (***p = 0.0006), at 1.0 µM by 

56.57% (**p = 0.0024), at 2.0 µM by 60.79% (***p = 0.0005), at 2.5 µM by 70.80% (***p = 0.0004), 

at 5.0 µM by 70.03% (**p = 0.0037) and at 10 µM by 70.27% (**p ≤ 0.0016). 

 

Figure 20: Titration of a sensitive CQ concentration. The statistical analysis of three independent experiments with 

different CQ concentrations shows a significant increase for all tested concentrations compare to an untreated control 

(0.5 µM: 40.70%, ***p = 0.0006; 1.0 µM: 56.57%, **p = 0.0024; 2.0 µM: 60.79%, ***p = 0.0005; 2.5 µM: 70.80%, 

***p = 0.0004; 5.0 µM: 70.03%, **p = 0.0037; 10 µM: 70.27%, ** = 0.0016, unpaired t-test). 

✱✱✱

✱✱

✱✱✱

✱✱✱

✱✱

✱✱
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Originally, the test was to be transferred to PBMCs following its successful establishment in human 

fibroblasts. However, this was not successful due to the different cell morphology of PBMCs. PBMCs 

are small, round cells with a large nucleus and little cytoplasmic area. This causes the imager to have 

difficulty finding the correct focus in the round and non-planar objects, as well as the overlapping 

of autophagosomes, which is also due to the round cell morphology and limited space in the small 

cells. As a result, the software is not able to distinguish the individual autophagosomes (Figure 21). 

For this reason, a different assay has to be established for human PBMCs – the Guava® Autophagy 

LC3 Antibody-based Assay. 

 

Figure 21: Comparison of the CYTO-ID test in human fibroblasts and human PBMCs. A-B1 The size and morphology of 

human fibroblasts allows the imager to find the right focus to obtain clear images and the software to recognise individual 

autophagosomes (green) and relate them to the nuclei (blue). C-D1 Due to the small size and non-planar morphology of 

human PBMCs, the imager has difficulty finding the correct focus, resulting in the software being unable to distinguish 

individual autophagosomes. 
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3.1.2 PBMCs – Guava® Autophagy LC3 Antibody – based Assay 

The establishment of a suitable autophagy assay for PBMCs was the topic of Melanie Scherer's 

master's thesis [155]. She was supervised by Barbara Hochecker. One result of the work was the 

selection of a suitable CQ concentration for the assay evaluation. The following result of a FACS 

analysis shows three peaks without CQ and three peaks with 40 µM CQ (Figure 22). A shift to the 

right due to the addition of 40 µM CQ is clearly visible in the fluorescence intensity. 

 

Figure 22: FACS analysation of PBMCs with 40 µM CQ compared to an untreated control. The curves show three technical 

replicates of PBMCs without CQ and three technical replicates of PBMCs with 40 µM CQ. A clear shift of the fluorescence 

intensity to the right is visible due to 40 µM CQ. 

To confirm the results of the master thesis [155], a further reproducibility study was carried out, 

which is shown in Figure 23. The study comprises five independent experiments with two 

conditions – PBMCs with 40 µM CQ and without CQ. Each measurement was performed with three 

technical replicates. There are no visible differences between the five experiments under both 

conditions. This is also shown by the statistical analysis using a two-way ANOVA with the Šídák 

test for multiple comparisons, which shows no significant differences (ns p>0.5). The grouped values 

of the repeated analysis show a significant increase of 37% (****p < 0.0001, unpaired t-test) due to 

the addition of 40 µM CQ to the cells. 
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Figure 23: Reproducibility of the Guava® Autophagy LC3 antibody - based Assay Kit. A The individual values of the five 

repeated experiments of PBMCs with and without 40 µM CQ show no visible and statistical differences (ns p >0.5, two-

way ANOVA with the Šídák test for multiple comparisons). B The grouped values show a significant increase of 37% 

(****p < 0.0001, unpaired t-test) by 40 µM CQ compared to untreated PBMCs. 

The following table shows the numerical values of the mean and SEM of the five repeated 

experiments (Table 20). In the control, the mean value of all five experiments is 255 MFI and with 

the addition of 40 µM CQ 350 MFI. The largest difference to the mean value of all measurements is 

3%. 

Table 20: Numerical values of the reproducibility assessment of the Guava® Autophagy Test for human PBMCs 

Experiment Mean 
[MFI] 

SEM 
[MFI] 

Mean (E01 – E05) 
[MFI] 

Mean difference 
[%] 

CTRL 40 µM CQ CTRL 40 µM CQ CTRL 40 µM CQ CTRL 40 µM CQ 
E01 251 361 3 6 

255 350 

2 3 

E02 261 344 2 10 2 2 

E03 260 345 4 8 2 1 

E04 250 347 3 1 2 1 

E05 253 354 3 5 1 1 

 

  

✱✱✱✱

A B
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3.2 Healthy vs. ME/CFS 

3.2.1 Autophagy – PBMCs  

To compare the amount of the autophagy marker LC3-II in health and disease, the LC3 levels of 

eight healthy donors and 23 ME/CFS patients were measured. The following Figure 24 contains the 

results of these measurements and shows a significant increase in autophagy in ME/CFS patients 

compared to healthy donors by 36% (****p < 0.0001, unpaired t-test).  

 

Figure 24: Autophagy in health and disease. LC3-II is significantly increased by 36% (****p < 0.0001, unpaired t-test) in 

ME/CSF patients compared to healthy donors.  
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3.2.2 Mitochondrial function – PBMCs 

Regarding mitochondrial function, all four parameters basal respiration, ATP production, maximal 

response and spare respiratory capacity are increased in ME/CFS patients compared to healthy 

donors. In the case of basal respiration (*p = 0.0414, unpaired t-test) and ATP production 

(*p = 0.0497, unpaired t-test), this increase is 63.80% and 54.87% respectively and is statistically 

significant. Maximal response and spare respiratory capacity are increasing by 57.89% (p = 0.1359, 

unpaired t-test) and 56.02% (p = 0.1783%, unpaired t-test) (Figure 25). These data were obtained 

from six healthy donors and 19 ME/CFS patients.  

 

Figure 25: Mitochondrial function in health and disease. A-B Basal respiration and ATP production increase by 63.80% 

(*p = 0.0414, unpaired t-test) and 54.87% (*p = 0.0497, unpaired t-test) respectively. C-D Maximal response and spare 

respiratory capacity increase by 57.89% (p = 0.1359, unpaired t-test) and 56.02% (p = 0.1783%, unpaired t-test) 

respectively. 
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3.3 Ex vivo Hyperthermia 

3.3.1 Autophagy – healthy Fibroblasts 

Following the successful establishment of an autophagy assay for human fibroblasts, the effect of 

wIRA irradiation (1 h at 39 °C) on fibroblasts from a healthy eight-year-old male donor was 

investigated. This experiment was repeated three times and the results are shown in the figure below 

(Figure 26). Data are presented as n-fold autophagosomes per nuclei to focus on the change in the 

number of autophagosomes rather than the actual number of autophagosomes. The individual 

experiments show an increase in the number of autophagosomes in all three experiments performed 

(descriptive without statistical test). This clear effect of wIRA treatment is also reflected in the 

grouped values of the three experiments conducted, as the n-fold increase in the number of 

autophagosomes is significantly increased due to the treatment by 142% (**p = 0.0015, unpaired t-

test). Results of this study were published in Hochecker et al. [161]. 

 

Figure 26: Increased autophagosomes per nuclei by hyperthermia (1 h at 39 °C) in healthy human fibroblasts. A The 

individual data from three independent experiments all show an increase after one hour of hyperthermia at 39 °C 

(descriptive without statistical test). B The summarised values of the three experiments also show a significant increase 

by 142%(**p = 0.0015, unpaired t-test) in the number of autophagosomes due to hyperthermia. 

The increasing number of autophagosomes per cell nucleus due to hyperthermia cannot only be 

estimated by the software. The microscopic images of the fibroblasts with the Cytation 1 Imager 

also provide a visible indication of an increase in autophagosomes. The following images (Figure 27) 

show an image of untreated human fibroblasts and an image of human fibroblasts treated for one 

hour in the IRAcubator at 39 °C. The images originate from experiment 03 (E03) in the previous 

figure (Figure 26). The comparison of the two images shows that there are more and more intensely 

stained autophagosomes per nuclei in the treated cells compared to the control group. 
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Figure 27: An increased number of autophagosomes due to hyperthermia is visible in microscopic images of human 

fibroblasts. The treated fibroblasts (B) show more and more intensely stained autophagosomal structures (green dots) per 

cell nucleus (blue) than the untreated control (A). 

 

3.3.2 Autophagy – PBMCs 

a) Healthy Donors 

The ex vivo study which contains the wIRA irradiation of isolated PBMCs for one hour at 39 °C, 

began with the examination of PBMCs from healthy donors. The following figure Figure 28 shows 

the results of the measurements of the LC3-II level, a marker of autophagy, of PBMCs from eight 

healthy donors with and without hyperthermia. Looking at the individual values, each participant 

shows an increase due to wIRA irradiation compared to the untreated cells (descriptive without 

statistical test). The individual values represent the mean value of three technical replicates with 

their SEM. The grouped values of all eight donors are shown as box-whisker diagram with line at 

the median. Comparison of the two groups using a paired t-test shows a significant increase in the 

mean LC3-II levels due to wIRA irradiation by 16% (***p = 0.0001). 

 

Figure 28: Treatment with ex vivo hyperthermia leads to an increase in the fluorescence intensity of LC3-II in PBMCs from 

healthy donors. A All eight healthy donors examined show an increase in their LC3 values after one hour at 39°C by wIRA 

irradiation (descriptive without statistical test). B The grouped values of this experiment also show a significant increase 

by 16% of the mean (***p = 0.0001, paired t-test) due to wIRA treatment. 

✱✱✱
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b) ME/CFS Patients 

In addition to the ex vivo examination of PBMCs from healthy donors, PBMCs from ME/CFS 

patients were also tested for the effect of one hour of wIRA irradiation at 39 °C. Figure 29 shows the 

individual data of 23 ME/CFS patients with three technical replicates and the corresponding SEM. 

An increase in LC3-II values due to hyperthermia can be observed in 18 participants (P01, P02, 

P03, P04, P05, P06, P07, P09, P12, P14, P17, P18, P19, P20, P21, P22, P23, P24). Participants 

P08, P10 and P11 show no visible changes due to the treatments, and two participants (P13, P16) 

show a decrease in LC3-II values due to wIRA irradiation (descriptive without statistical test). The 

grouped values of all 23 participants are shown in Figure 29 and indicate a significant increase in 

the mean LC3-II values due to wIRA irradiation by 7% (****p < 0.0001), the statistical analysis 

was performed with a paired t-test. 

 

Figure 29: Ex vivo hyperthermia affects LC3-II levels in PBMCs from ME/CFS patients. A Of the total of 23 participants, 18 

ME/CFS patients show an increase (P01, P02, P03, P04, P05, P06, P07, P09, P12, P14, P17, P18, P19, P20, P21, P22, 

P23, P24) in their LC3-II values as a result of the one-hour wIRA treatment at 39 °C. Three participants (P08, P10, P11) 

show no visible changes in their LC3-II values as a result of hyperthermia and two participants (P13, P16) show a decrease 

in their LC3-II values (descriptive without statistical test). B The grouped values of all participants show a significant 

increase in their mean LC3-II values by 7% (****p < 0.0001, paired t-test) due to the hyperthermia treatment. 
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c) Healthy vs. ME/CFS 

The following box-whisker diagram compares the effect of ex vivo irradiation on LCB-II levels in 

PBMCs from healthy donors and ME/CFS patients (Figure 30). The data show a significant increase 

in LC3-II for healthy donors by 16% (***p = 0.0001) as well as for ME/CFS patients by 7% 

(****p < 0.0001). A paired t-test was used for the statistical analysis. These results were published 

in Hochecker et al. [161]. 

 

Figure 30: Ex vivo hyperthermia affects LC3-II levels in health and disease. One hour at 39 °C leads to a significant increase 

in LC3-II levels in PBMCs from healthy donors by 16% (***p = 0.0001, paired t-test) and ME/CFS patients by 7% 

(****p < 0.0001, paired t-test). 

 

3.3.3 Mitochondrial function – PBMCs 

a) Healthy Donors 

The results of the effect of wIRA irradiation (1 h, 39 °C) of isolated PBMCs from six healthy donors 

on their mitochondrial function are shown in Figure 31. The individual basal respiration values show 

an increase due to wIRA treatment in participants P02 and P03. Participant P01 shows no visible 

changes due to the heat treatment. Three participants (P04, P05, P09) have a slight decrease in 

basal respiration. The individual parameter of ATP production shows an increase in P01, P02 and 

P03. The values of participants P04-P09 decrease due to wIRA irradiation. All participants with 

the exception of P04, which remains at the same level, decrease in the maximal response. The same 

observation as for the maximum response can also be made for the spare respiratory capacity 

(descriptive without statistical test). The grouped values of all participants show no visible changes 

due to the heat treatment in basal respiration (decrease by 2.34%, p = 0.7731, paired t-test) and 

ATP production (decrease by 2.61%, p = 0.7349, paired t-test), the parameters maximal response 
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and spare respiratory capacity decrease significantly by 19.75% (*p = 0.0185, paired t-test) and by 

24.36% (*p = 0.0148, paired t-test) through hyperthermia. 

 

Figure 31: Effect of ex vivo hyperthermia on mitochondrial function in PBMCs from healthy donors (n=6). A In basal 

respiration, an increase due to wIRA treatment is visible in participants P02 and P03. P01 shows no visible changes due 

to treatments. P04, P05 and P09 have a slight decrease in basal respiration. B An increase in ATP production is 

observed in P01, P02 and P03. P04-P09 decrease due to wIRA irradiation. C-D All participants with the exception of 

P04, which remains at the same level, decrease in the maximal response and spare respiratory capacity (descriptive 

without statistical test). E, F The grouped values of all participants show no visible changes due to heat treatment in 
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basal respiration (decrease by 2.34%, p = 0.7731, paired t-test) and ATP production (decrease by 2.61%, p = 0.7349, 

paired t-test) G, H The parameters maximal response (19.75%, *p = 0.0185, paired t-test) and spare respiratory capacity 

decrease (24.36%, *p = 0.0148, paired t-test) due to heating to 39 °C for one hour. 

 

b) ME/CFS Patients 

The effect on hyperthermia was also measured in PBMCs from eleven ME/CFs patients and shown 

in Figure 32. Six participants (P13, P14, P16, P21, P22, P23) show an increase in basal respiration 

and remain the same in participant P18. A slight decrease is observed in P17 and P19, while 

participants P20 show a significant decrease. Hyperthermia had a slightly increasing effect on ATP 

production in seven participants (P13, P14, P16, P18, P21, P22, P23) and a decreasing effect in 

participants P17, P19, P20 and P24. A decrease was observed in the maximum response of 

participants P17, P20, P21 and P24. P16 shows no difference due to heat treatment, while the 

remaining participants P13, P14, P18, P19, P22 and P23 show a slight increase due to wIRA 

irradiation. The spare respiratory capacity increases slightly in participants P13, P14, P18, P19, 

P22 and P23 as a result of hyperthermia and decreases in participant P16, P17, P20, P21 and P24 

(descriptive without statistical test). The grouped values of all participants show a decrease for all 

measured mitochondrial parameters as a result of a one-hour hyperthermia treatment at 39 °C. More 

specific, basal respiration is decreasing by 8.17% (p =0.914, Wilcoxon test), ATP Production by 

7.30% (p = 0.8818, Wilcoxon test), maximal response by 24.14% (p = 0.6221, Wilcoxon test) and 

spare respiratory capacity by 28.21% (p = 0.1161, paired t-test). 
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Figure 32: Effect of ex vivo hyperthermia on mitochondrial function in PBMCs of ME/CFS patients (n=11). A Basal 

respiration does increase six participants (P13, P14, P16, P21, P22, P23) and remains the same in P18 as a result of wIRA 

irradiation. A decrease is observed in P17, P19, P20 and P24. B Hyperthermia has an increasing effect on ATP production 

in seven participants (P13, P14, P16, P18, P21, P22, P23) and a decreasing effect in participants P17, P19, P20 and P24. 

C There is also a decrease in the maximal response in P17, P20, P21 and P24. P16 shows no difference by heat treatment, 

while the remaining participants P13, P14, P18, P19, P22 and P23 show an increase by wIRA irradiation. D The spare 

respiratory capacity increases in participants P13, P14, P18, P19, P22 and P23 and decreases in participants P16, P17, 

P20, P21 and P24 (descriptive without statistical test). E-H The grouped values of basal respiration are decreasing by 

8.17% (p = 0.914, Wilcoxon test), ATP production by 7.30% (p = 0.8818, Wilcoxon test), maximal response by 24.14% 

(p = 0.6221, Wilcoxon test) and spare respiratory capacity by 28.21% (p = 0.1161, paired t-test). 
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c) Healthy vs. ME/CFS 

The following Figure 33 shows the comparison of ex vivo hyperthermia on mitochondrial function 

in health and disease. The comparison of the effects of heat treatment (39 °C for one hour) on the 

analysed mitochondrial parameters shows a similar picture. The parameters of basal respiration 

show no visible decrease due to the treatment in healthy donors (2.34%, p = 0.7731, paired t-test) 

and a slight decrease in ME/CFS patients (8.17%, p =0.914, Wilcoxon test). The same pattern is 

visible for ATP production with a decrease of 2.61% (p = 0.7349, paired t-test) due to hyperthermia 

in healthy donors and 7.30% (p = 0.8818, Wilcoxon test) in ME/CFS patients. The effects on 

maximal response and spare respiratory capacity also appear to be very similar. Maximal response 

is decreasing by 19.75% (*p = 0.0185, paired t-test) in healthy donors and by 24.14% (p = 0.6221, 

Wilcoxon test) in ME/CFS patients. Healthy donors decrease by 24.36% (*p = 0.0148, paired t-test) 

in their spare respiratory capacity due to wIRA irradiation and by 28.21% (p = 0.1161, paired t-

test) in ME/CFS patients. These results were published in Hochecker et al. [161]. 

 

Figure 33: Impact of ex vivo hyperthermia on mitochondrial function in health (n=6) and disease (n=11). A comparison of 

the effects of heat treatment (39 °C for one hour) on the mitochondrial parameters analysed reveals a similar picture. A-

B Basal respiration decreases in healthy donors (2.34%, p = 0.7731, paired t-test) and in ME/CFS patients (8.17%, 

p = 0.914, Wilcoxon test). ATP production decrease by 2.61% (p = 0.7349, paired t-test) in healthy donors and by 7.30% 

(p = 0.8818, Wilcoxon test) in ME/CFS patients. C Maximal response is decreasing by 19.75% (*p = 0.0185, paired t-test) 

in healthy donors and by 24.14% (p = 0.6221, Wilcoxon test) in ME/CFS patients. D Spare respiratory capacity decrease 

by 24.36% (*p = 0.0148, paired t-test) in healthy donors and by 28.21% (p = 0.1161, paired t-test) in ME/CFS patients. 
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3.3.4 mRNA expression – PBMCs 

a) Healthy Donors 

Autophagy - associated genes 

The following Figure 34 shows the n-fold expression of autophagy genes in PBMCs from eight 

healthy donors with and without one-hour ex vivo heat treatment at 39 °C. Six participants (P01, 

P02, P04, P06, P07, P08) show a decrease in ULK1 expression, while no changes are seen in 

participant P03. A slight increase in ULK1 gene expression was observed in one participant (P05). 

Four participants (P01, P02, P04, P06) show an increase in their BECN1 expression, two 

participants (P03, P08) remain at the same level and a decrease is observed in P05 and P07. Six 

(P01, P02, P03, P06, P07, P08) of the eight participants show a decrease in their mRNA expression 

of ATG7, the remaining participants P04 and P05 show no changes in their ATG7 expression. 

MAP1LC3B expression increases in three participants (P01, P02, P04), remains the same in 

participants P06 and P08 and decreases in three participants (P03, P05, P07) (descriptive without 

statistical test). The grouped values indicate a non-significant decrease in ULK1 by 5.88% 

(p = 0.2656, Wilcoxon test) and significant decrease in ATG7 by 15.63% (**p = 0.0060, paired t-

test) in mRNA expression due to hyperthermia treatment. BECN1 and MAP1LC3B show a slight 

but non-significant increase in mRNA expression by 2.75% (p = 0.4067, paired t-test) and by 5.75% 

(p = 0.4245, paired t-test). 
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Figure 34: Effect of ex vivo wIRA irradiation on genes encoding proteins involved in the autophagosomal process in PBMCs 

from healthy donors. A Treatment led to a decrease in ULK1 in six participants (P01, P02, P04, P06, P07, P08), while no 

visible change was observed in participant P03. Participant P05 shows a slight increase in the mRNA expression of ULK1. 

B In the case of BECN1, an increase in expression can be observed in the four participants P01, P02, P04 and P06. The 

two participants P03 and P08 remain at the same level, while a decrease is observed in P05 and P07. C The majority of 

participants show a decrease in the expression of ATG7 (P01, P02, P03, P06, P07, P08). P04 and P05 show no changes in 

their expression. D MAP1LC3B expression increases in the three participants P01, P02 and P04, remains the same in P06 

and P08 and decreases in the three participants P03, P05 and P07 (descriptive without statistical test). E ULK1 decreases 

by 5.88% (p = 0.2656, Wilcoxon test). F BECN1 increases in mRNA expression by 2.75% (p = 0.4067, paired t-test) G 

The expression of ATG7 shows a significant decrease of 15.64% (**p = 0.0060, paired t-test) in mRNA. H MAP1LC3B 

displays a slight but non-significant increase of 5.75% (p = 0.4245, paired t-test) in mRNA expression. 
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The impact of hyperthermia (1  h, 39 °C) on genes encoding autophagy-regulating proteins in 

PBMCs from healthy donors is shown in Figure 35 below. AMPK1α expression is increased by heat 

treatment in three participants (P01, P02 P04), while the two participants P03 and P06 show no 

changes and the remaining participants P05, P07 and P08 show decreases. The gene expression of 

FOXO3 decreases in four participants (P02, P03, P05, P07), remains the same in participant P04 

and increases in the three donors P01, P06 and P08. All eight participants show an increase in 

SIRT1 expression due to hyperthermia (descriptive without statistical test). This is also reflected in 

the grouped values by a significant increase in SIRT1 by 40.38% (**p = 0.0026, paired t-test). The 

grouped values of AMPK1α is increasing by 6.00% (p = 0.4536, paired t-test) and FOXO3 decreases 

by 1.50% (p = 0.7908, paired t-test) as an effect of hyperthermia on their expression. 

 

Figure 35: Impact of ex vivo hyperthermia on genes encoding proteins involved in the regulation of autophagy in PBMCs 

from healthy donors. A The three participants P01, P02 and P04 show an increase in the expression of AMPK1α. 
Participants P03 and P06 remain at the same level, whereas P05, P07 and P08 decrease as a result of the treatment. B 

The gene expression of FOXO3 decreases in four participants (P02, P03, P05, P07), remains the same in participant P04 

and increases in the three donors P01, P06 and P08. C An increase in the expression of SIRT1 can be observed in all 

participants. (descriptive without statistical test) D-E The grouped values of AMPK1α is increasing by 6.00% (p = 0.4536, 

paired t-test) and FOXO3 decreases by 1.50% (p = 0.7908, paired t-test) F There is a significant increase in the mRNA 

expression of SIRT1 by 40.38% (**p = 0.0026, paired t-test) as a result of heat treatment. 
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Mitochondrial function – associated genes 

The response of the mitochondrial genes SIRT3, TFAM, NDUFS1 and SOD2 from healthy donors 

to heat treatment (1 h, 39 °C) was also analysed in PBMCs (Figure 36). The expression of SIRT3 in 

five participants (P03, P05, P06, P07, P08) showed no changes due to the treatment. Participants 

P02 and P04 showed reduced expression, while expression increased in participant P01. In the five 

participants P01, P02, P03, P04 and P05, TFAM expression increases, in participants P06 and P08 

there are no changes and in participant P07 the expression decreases. NDUFS1 expression remains 

at the same level in five participants (P03, P04, P05, P06, P07), decreases in P02 and increases in 

P01 and P08. Four participants (P01, P02, P03, P06) show an increase in their SOD2 expression, 

while the other four participants (P04, P05, P07, P08) remain at the same level (descriptive without 

statistical test). The grouped values show a decrease by 3.00% for SIRT3 (p = 0.2812, Wilcoxon 

test). The expression of TFAM and NDUFS1 shows a slight increase by 9.75% (p = 0.0501, paired 

t-test) and by 4.38% (p = 0.9688, Wilcoxon test). SOD2 is significant increasing by 16.00% 

(*p = 0.0424, paired t-test) in expression due to wIRA irradiation. 
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Figure 36: Effect of ex vivo wIRA irradiation on genes encoding proteins involved in mitochondrial function in PBMCs from 

healthy donors. A The expression of SIRT3 remains at the same level in five participants (P03, P05, P06, P07, P08) due 

to heat treatment. P02 and P04 show a decrease in expression and P01 an increase. B In the case of TFAM expression, 

the five participants P01, P02, P03, P04 and P05 show an increase. Participant P07 displays a decrease and P06 and P08 

remain at the same level due to hyperthermia. C NDUFS1 expression remains at the same level in five participants (P03, 

P04, P05, P06, P07), decreases in P02 and increases in P01 and P08. D For SOD2 expression, P01, P02, P03 and P06 show 

an increase, while participants P04, P05, P07 and P08 remain at the same level (descriptive without statistical test). E 

The grouped values show a decreasing by 3.0% (p = 0.2812, Wilcoxon test) for SIRT3. F TFAM shows an increase by 

9.75% (p = 0.0501, paired t-test). G NDUFS1 increases by 4.38% (p = 0.9688, Wilcoxon test). H SOD2 shows a significant 

increase by 16.00% (*p = 0.0424, paired t-test) in expression due to wIRA irradiation. 
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Additional genes 

The additional markers HSPA5 and IL-10 show the following results after heat treatment of 

isolated PBMCs from healthy donors (Figure 37). In four participants (P02, P04, P06, P08) the 

expression of HSPA5 increases and the other four participants (P01, P03, P05, P07) remain at the 

same level. In summary, this leads to a significant increase in HSPA5 expression of 17.38% 

(*p = 0.0471, paired t-test). For IL-10 expression, four participants (P02, P06, P07, P08) show a 

decrease, three participants (P01, P03, P05) remain at the same level and participant P04 increases 

due to hyperthermia (descriptive without statistical test). The grouped values of IL-10 show a not 

significant decrease by 12.25% (p = 0.2506, paired t-test). 

 

Figure 37: Effects of ex vivo hyperthermia on additional markers in PBMCs from healthy donors. A The expression of 

HSPA5 increases in four participants (P02, P04, P06, P08) and remains the same in P01, P03, P05 and P07. C The grouped 

values for HSPA5 show a significant increase by 17.38% (*p = 0.0471, paired t-test) due to the heat treatment. B The 

four participants P02, P06, P07 and P08 show a decrease in the expression of IL-10. P01, P03 and P05 show no changes, 

whereas P04 shows an increase due to hyperthermia (descriptive without statistical test). D The grouped values show a 

not significant decrease by 12.25% (p = 0.2506, paired t-test) in IL-10. 
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b) ME/CFS Patients 

Autophagy – associated genes 

The influence of ex vivo heat treatment on gene expression was also investigated in PBMCs from 20 

ME/CFS patients. In the case of autophagy genes ULK1 expression increases in five participants 

(P05, P10, P16, P20, P21), five remain at the same level (P01, P02, P07, P12, P13) and ten decrease 

(P03, P04, P06, P08, P11, P17, P18, P19, P22, P23) through the treatment. BECN1 expression 

increases in ten participants (P03, P07, P08, P13, P17, P18, P19, P21, P22, P23), remains the same 

in four (P01, P04, P06, P11) and decreases in six (P02, P05, P10, P12, P16, P20). In 14 participants 

(P02, P04, P05, P06, P07, P08, P10, P11, P12, P16, P17, P18, P20, and P22) decreased the ATG7 

expression, two participants increased (P19, P21) and four participants (P01, P03, P13 and P23) 

remained on the same level (descriptive without statistical test). In summery this leads to a 

significant decrease in ATG7 expression by 14.95% (**p = 0.0024, paired t-test). MAP1LC3B 

expression increases in 15 participants (P01, P02, P03, P05, P06, P07, P08, P10, P11, P17, P18, 

P19, P21, P22, P23), is maintained in P04, P12, P13 and P16 and decreases in P20. In summary 

MAP1LC3B expression increases significantly by 19.65% (***p = 0.0001, paired t-test). ULK1 is 

increasing by 3.10% (p = 0.2142, Wilcoxon test) and BECN1 by 5.70% (p = 0.0907, paired t-test) 

in the grouped values (Figure 38). 
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Figure 38: Effect of ex vivo wIRA irradiation on genes encoding proteins involved in the autophagosomal process in PBMCs 

of ME/CFS patients. A ULK1 expression increases in five participants (P05, P10, P16, P20, P21), five remain at the same 

level (P01, P02, P07, P12, P13) and ten decrease (P03, P04, P06, P08, P11, P17, P18, P19, P22, P23). B BECN1 expression 

increases in ten participants (P03, P07, P08, P13, P17, P18, P19, P21, P22, P23), remains the same in four (P01, P04, 

P06, P11) and decreases in six (P02, P05, P10, P12, P16, P20). C ATG7 shows an increase in expression for P19 and P21. 

Expression remains at the same level for P01, P03, P13 and P23 and decreases in 14 participants (P02, P04, P05, P06, 

P07, P08, P10, P11, P12, P16, P17, P18, P20, P22). D MAP1LC3B expression increases in 15 participants (P01, P02, P03, 

P05, P06, P07, P08, P10, P11, P17, P18, P19, P21, P22, P23), is maintained in P04, P12, P13 and P16 and decreases in 

P20. E-F ULK1 and BECN1 increase by 3.10% (p = 0.2142, Wilcoxon test) and by 5.70% (p = 0.0907, paired t-test) in 

the grouped values. G-H The expression of ATG7 decreases significantly by 14.95% (**p = 0.0024, paired t-test) due to 

heat treatment and that of MAP1LC3B increases significantly by 19.65% (***p = 0.0001, paired t-test). 
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In addition to analysing the gene expression of autophagy genes, the expression of genes encoding 

autophagy-regulating proteins was tested after heat treatment (1 h, 39 °C) of PBMCs from ME/CFS 

patients (Figure 39). The expression of AMPK1α increased in eight participants (P03, P05, P06, 

P07, P08, P13, P17, P19), but remained the same in participants P01, P04 and P18. Reduced 

expression was observed in the remaining nine participants (P02, P10, P11, P12, P16, P20, P21, 

P22, P23). FOXO3 increases in eight participants (P05, P10, P13, P16, P17, P19, P20, P21), remains 

the same in P04, P07, P11, P23 and decreases in eight participants (P01, P02, P03, P06, P08, P12, 

P18, P22). The grouped values of gene expression of AMPK1α (+2.35%, p = 0.6311, paired t-test) 

and FOXO3 (+ 0.75%, p = 0.8251, paired t-test) show no noteworthy changes due to hyperthermia, 

while SIRT1 is significantly increased after heat treatment by 33.10% (****p < 0.0001, paired t-

test). This is due to the increase in SIRT1 in 17 participants (P01, P02, P03, P04, P05, P06, P07, 

P08, P11, P13, P16, P17, P18, P19, P21, P22, P23). Despite the fact that the other three 

participants (P10, P12, P20) show a decline in their expression. 



Results 

 

74 

 

Figure 39: Effects of ex vivo hyperthermia on genes encoding proteins involved in the regulation of autophagy in PBMCs of 

ME/CFS patients. A AMPK1α expression is elevated by hyperthermia in eight participants (P03, P05, P06, P07, P08, P13, 

P17, P19). Expression remains at the same level in P01, P04 and P18 and decreases in the other nine participants (P02, 

P10, P11, P12, P16, P20, P21, P22, P23). B FOXO3 increases in eight participants (P05, P10, P13, P16, P17, P19, P20, 

P21), remains the same in P04, P07, P11, P23 and decreases in eight participants (P01, P02, P03, P06, P08, P12, P18, 

P22). C Only three participants show a decrease in SIRT1 expression (P10, P12, P20), all other participants show an 

increase in SIRT1 expression (P01, P02, P03, P04, P05, P06, P07, P08,P11, P13, P16, P17, P18, P19, P21, P22, P23) 

(descriptive without statistical test). D-E The grouped values show no relevant changes for AMPK1α (+2.35%, 

p = 0.6311, paired t-test) and FOXO3 (+ 0.75%, p = 0.8251, paired t-test). F The expression of SIRT1 is significantly 

increased by 33.10% (****p < 0.0001, paired t-test) after heat treatment. 

Mitochondrial function – associated genes 

The impact of hyperthermia (1 h, 39 °C) on mitochondrial gene expression in PBMCs from ME/CFS 

patients is shown in Figure 40. The results show an increase in SIRT3 expression in eight 

participants (P01, P02, P04, P05, P10, P16, P17 and P20), no changes in participants P11, P19 and 

P22, while the other nine participants (P03, P06, P07, P08, P12, P13, P18, P21, P23) show a 

decrease in their expression. TFAM expression increases in twelve participants (P01, P02, P03, P04, 

P07, P08, P11, P13, P17, P18, P19, P22), remains the same in two patients (P06, P20) and decreases 
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in six (P05, P10, P12, P16, P21, P23). Of the total of 20 participants, twelve participants (P01, P04, 

P06, P07, P10, P11, P12, P16, P20, P21, P22, P23) decrease in their NDUFS1 expression due to 

hyperthermia, seven participants (P03, P05, P08, P13, P17, P18, P19) increase, while the one 

remaining participant P02 shows no changes. The grouped values of the expressions of SIRT3 shows 

an increase of 12.40% (p = 0.8194, Wilcoxon test), TFAM of 6.40% (p = 0.1678, paired t-test). 

NDUFS1 shows a decrease by 3.90% (p = 0.3595, paired t-test) due to hyperthermia. SOD2 

expression increases in 13 participants (P03, P05, P06, P07, P08, P11, P12, P17, P18, P19, P21, 

P22, P23), decreases in four (P01, P02, P10, P13) and remains the same in three (P04, P16, P20). In 

summary, this leads to a significant increase in the grouped values of SOD2 by 18.15% 

(**p = 0.0086, paired t-test). 
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Figure 40: Effect of ex vivo wIRA irradiation on genes encoding proteins involved in mitochondrial function in PBMCs of 

ME/CFS patients. A SIRT3 expression is increased by heat treatment in eight participants (P01, P02, P04, P05, P10, P16, 

P17, P20). The participants P11, P19 and P22 remain at the same level and nine participants show a decrease (P03, P06, 

P07, P08, P12, P13, P18, P21, P23). B The expression of TFAM increases in twelve participants (P01, P02, P03, P04, 

P07, P08, P11, P13, P17, P18, P19, P22), remains the same in two patients (P06, P20) and decreases in six (P05, P10, 

P12, P16, P21, P23). C NDUFS1 expression decreases in most participants (P01, P04, P06, P07, P10, P11, P12, P16, P20, 

P21, P22, P23), increases in seven participants (P03, P05, P08, P13, P17, P18, P19) and remains the same in one (P02). D 

SOD2 expression increases in 13 participants (P03, P05, P06, P07, P08, P11, P12, P17, P18, P19, P21, P22, P23), decreases 

in four (P01, P02, P10, P13) and remains the same in three (P04, P16, P20) (descriptive without statistical test). E. 

Grouped values of SIRT3 shows an increase of 12.40% (p = 0.8194, Wilcoxon test). F TFAM expression is increasing by 

6.40% (p = 0.1678, paired t-test). G NDUFS1 shows a decrease by 3.90% (p = 0.3595, paired t-test). H SOD2 is 

significantly increased after heat treatment by 18.15% (**p = 0.0086, paired t-test). 
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Additional genes 

The additional markers HSPA5 and IL-10 show the following results after heat treatment of 

isolated PBMCs from 20 ME/CFS patients Figure 41. In 16 participants (P01, P03, P04, P05, P06, 

P07, P08, P11, P12, P13, P17, P18, P19, P21, P22, P23) the expression of HSPA5 increases, P20 is 

maintained and in the other three (P02, P10, P16) it decreases. In summary, this leads to a 

significant increase in HSPA5 expression by 12.55% (***p = 0.0003, paired t-test). IL-10 

expression increases in seven participants (P05, P06, P08, P18, P19, P21, P22), remains in three 

(P04, P11, P23) and decreases in ten (P01, P02, P03, P07, P10, P12, P13, P16, P17, P20). The 

grouped values of IL-10 are decreasing by 3.30% (p = 0.6245, paired t-test). 

 

 

Figure 41: Effects of ex vivo hyperthermia on additional markers in PBMCs of ME/CFS patients. A HSPA5 expression 

increases with hyperthermia in 16 participants (P01, P03, P04, P05, P06, P07, P08, P11, P12, P13, P17, P18, P19, P21, 

P22, P23), remains the same in P20 and decreases in three (P02, P10, P16). B IL-10 expression increases in seven 

participants (P05, P06, P08, P18, P19, P21, P22), remains in three (P04, P11, P23) and decreases in ten (P01, P02, P03, 

P07, P10, P12, P13, P16, P17, P20). C-D The grouped values show a significant increase by 12.55% (***p = 0.0003, paired 

t-test) in the expression of HSPA5 due to wIRA irradiation, while IL-10 is decreasing by 3.30% (p = 0.6245, paired t-

test). 
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c) Healthy vs. ME/CFS 

Autophagy – associated genes 

To compare the effect of ex vivo hyperthermia on PBMCs from healthy donors with PBMCs from 

ME/CFS patients, the data of the measured mRNA expressions of the two groups are presented in 

a collective figure for each gene considered. The first Figure 42 shows the expression of the 

autophagy genes. The four analysed genes ULK1, BECN1, ATG7 and MAP1LC3B show a similar 

pattern of expression in health and disease. ULK1 is decreasing by 5.88% (p = 0.2656, Wilcoxon 

test) in healthy donors and increasing by 3.10% (p = 0.2142, Wilcoxon test) in ME/CFS patients. In 

the case of BECN1 the mRNA expression is increasing by 2.75% (p = 0.4067, paired t-test) in 

healthy donors and by 5.70% (p = 0.0907, paired t-test) in ME/CFS patients. In addition, the 

expression of ATG7 is significantly reduced in health by 15.63% (**p = 0.0060, paired t-test) and 

disease by 14.95% (**p = 0.0024, paired t-test). MAP1LC3B shows a non-significant increase by 

5.75% (p = 0.4245, paired t-test) in the healthy group, while the expression of MAP1LC3B increases 

significantly in ME/CFS patients by 19.65% (***p ≤ 0.001, paired t-test). These results were 

published in Hochecker et al. [161]. 

 

 

Figure 42: Health vs. disease - effect of ex vivo wIRA irradiation on genes encoding proteins involved in the autophagosomal 

process in PBMCs. A ULK1 is decreasing by 5.88% (p = 0.2656, Wilcoxon test) in healthy donors and increasing by 3.10% 

(p = 0.2142, Wilcoxon test) in ME/CFS patients. B BECN1 is increasing by 2.75% (p = 0.4067, paired t-test) in healthy 

donors and by 5.70% (p = 0.0907, paired t-test) in ME/CFS patients. C ATG7 shows a significant decrease by hyperthermia 

in health by 15.63% (**p = 0.0060, paired t-test) and disease by 14.95% (**p = 0.0024, paired t-test). D The expression 

✱✱ ✱✱

✱✱✱

A B

C D



Results 

 

79 

of MAP1C3B increases significantly in ME/CFS patients by 19.65% (***p = 0.0001, paired t-test), paired t-test), while it 

is not significant in healthy donors 5.75% (p = 0.4245, paired t-test). 

The comparison of the mRNA expression of genes coding for proteins regulating autophagy also 

shows a very similar pattern in their expression in health and disease (Figure 43). The expression of 

AMPK1α shows an increase by 6.00% (p = 0.4536, paired t-test) in healthy donors and by 2.35% 

(p = 0.6311, paired t-test) in ME/CFS patients. FOXO3 decreases by 1.50% (p = 0.7908, paired t-

test) in healthy donors and increases by 0.75% (p = 0.8251, paired t-test) in ME/CFS patients. In 

the case of SIRT1, the healthy donors (+ 40.38%, **p = 0.0026, paired t-test) and the ME/CFS 

patients (+33.10%, ****p < 0.0001, paired t-test) show a significant increase in their gene 

expression. These results were published in Hochecker et al. [161]. 

 

 

Figure 43: Health vs. disease - impact of ex vivo hyperthermia on genes encoding proteins involved in the regulation of 

autophagy in PBMCs. A AMPK1α increases by 6.00% (p = 0.4536, paired t-test) in healthy donors and by 2.35% 

(p = 0.6311, paired t-test) in ME/CFS patients. B FOXO3 decreases by 1.50% (p = 0.7908, paired t-test) in healthy donors 

and increases by 0.75% (p = 0.8251, paired t-test) in ME/CFS patients. C SIRT1 expression shows a significant increase 

in gene expression in health by 40.38% (**p ≤ 0.01, paired t-test) and disease by 33.10% (****p < 0.0001, paired t-test).  
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Mitochondrial function – associated genes 

The expression of the mitochondrial genes SIRT3, TFAM, NDUFS1 and SOD2 also shows a similar 

response in PBMCs from healthy donors and PBMCs from ME/CFS patients to heat treatment 

(1 h, 39 °C) (Figure 44). The expression of SIRT3 decrease by 3.00% for SIRT3 (p = 0.2812, 

Wilcoxon test) in healthy donors and increases by 12.40% (p = 0.8194, Wilcoxon test) in ME/CFS 

patients. The mRNA expression of TFAM increases by 9.75% (p = 0.0501, paired t-test) in healthy 

donors and by 6.40% (p = 0.1678, paired t-test) in ME/CFS patients. NDUFS1 shows a slight 

increase by 4.38% (p = 0.9688, Wilcoxon test) in healthy donors, whereas the expression is 

decreasing by 3.90% (p = 0.3595, paired t-test) in ME/CFS patients. The expression of SOD2 

increases significantly in PBMCs from healthy donors by 16.00% (*p = 0.0424, paired t-test) and 

PBMCs from ME/CFS patients by 18.15% (**p = 0.0086, paired t-test). These results were 

published in Hochecker et al. [161]. 

 

 

Figure 44: Health vs. disease - effect of ex vivo wIRA irradiation on genes encoding proteins involved in mitochondrial 

function in PBMCs. A SIRT3 decrease by 3.00% for SIRT3 (p = 0.2812, Wilcoxon test) in healthy donors and increases 

by 12.40% (p = 0.8194, Wilcoxon test) in ME/CFS patients.-B TFAM increases by 9.75% (p = 0.0501, paired t-test) in 

healthy donors and by 6.40% (p = 0.1678, paired t-test) in ME/CFS patients. C NDUFS1 shows a slight increase by 

4.38% (p = 0.9688, Wilcoxon test) in healthy donors, in ME/CFS patients it is decreasing by 3.90% (p = 0.3595, paired t-

test) D The expression of SOD2 increases significantly in healthy donors by 16.00% (*p = 0.0424, paired t-test) and 

ME/CFS patients by 18.15% (**p = 0.0086, paired t-test). 
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Additional genes 

The additional markers HSPA5 and IL-10 were also compared in their expression after 

hyperthermia in PBMCs from healthy donors and ME/CFS patients (Figure 45). The expression of 

HSPA5 is significantly increased in both the healthy group by 17.83% (*p = 0.0471, paired t-test) 

and the ME/CFS group by 12.55% (***p = 0.0003, paired t-test). The expression of IL-10 is 

decreasing by 12.25% (p = 0.2506, paired t-test) in the healthy group and by 3.30% (p = 0.6245, 

paired t-test) in the ME/CFS patients. These results were published in Hochecker et al. [161]. 

 

 

Figure 45: Health vs. disease - effects of ex vivo hyperthermia on additional markers in PBMCs. A The expression of HSPA5 

is significantly increased in healthy donors by 17.83% (*p = 0.0471, paired t-test) and ME/CFS patients by 12.55% 

(***p = 0.0003, paired t-test), a significant increase in the expression of HSPA5 is observed after heat treatment. B IL-

10 is decreasing by 12.25% (p = 0.2506, paired t-test) in the healthy group and by 3.30% (p = 0.6245, paired t-test) in the 

ME/CFS patients. 
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3.4 In vivo Hyperthermia 

3.4.1 Autophagy – PBMCs 

In contrast to the ex vivo study, not only isolated PBMCs were treated in the in vivo study, but 

nine ME/CFS patients underwent a session of whole-body hyperthermia (one-hour whole-body 

hyperthermia (WBH)-therapy with body-core temperature (Tc) max = 39 °C). The results of this 

study were published in Hochecker et al. [162]. When analysing the result of the measurement of 

LC3-II in PBMCs of ME/CFS patients before and after whole-body hyperthermia, a clear influence 

of the treatment can be identified (Figure 46). More precisely, all nine participants display a 

reduction in their LC3-II values. These results are confirmed by the grouped values of LC3-II of all 

nine participants before and after treatment. The grouped values also show a significant reduction 

in the mean by 18% (**p = 0.0065, paired t-test) of LC3-II by whole-body hyperthermia. 

Comparing these grouped values from ME/CFS patients with the grouped values of LC3-II from 

nine healthy donors [160] using an unpaired t-test, an increase in the mean by 20% (p = 0.0538) 

between healthy donors and ME/CFS patients is visible.  

 

Figure 46: Whole-body hyperthermia treatment (one-hour WBH-therapy with Tc max = 39 °C) causes the higher LC3-II 

basal levels of ME/CFS patients to return to the range of LC3-II basal levels of healthy donors. A Nine ME/CFS patients 

show a decrease in LC3-II values with one session of whole-body hyperthermia. B The grouped LC3-II values of all nine 

participants also show a significant decrease in the mean by 18% (**p = 0.0065, paired t-test) as a result of the treatment. 

C A comparison of the data of ME/CFS patients before and after treatment with the basal values of healthy donors (median 

at the red dotted line) shows an increased mean in the basal value of LC3-II (20%, p = 0.0538, unpaired t-test). The orange 

area shows the range of values for the healthy comparison group. 
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3.4.2 Mitochondrial function – PBMCs 

All mitochondrial parameters of nine ME/CFS patients, namely basal respiration, ATP production, 

maximal respiration and spare respiratory capacity, were affected by a session of whole-body 

hyperthermia (Figure 47). More specifically, all nine ME/CFS patients show an increase in all 

mitochondrial parameters. This is evident in both the individual data and the grouped data. In the 

grouped data, basal respiration increases by 66.60% (**p = 0.0040, paired t-test), ATP production 

by 61.41% (**p = 0.0023, paired t-test), maximal response by 97.88% (**p = 0.0071, paired t-test) 

and spare respiratory capacity by 112.35% (**p = 0.0086, paired t-test). Comparison of grouped 

data from nine ME/CFS patients at T0 with data from six healthy donors shows that basal 

respiration and ATP production are increased by 46.43%(p = 0.0869, unpaired t-test) and 35.25% 

(p = 0.145, unpaired t-test) in ME/CFS patients. T0 values of maximal response are also 3.52% 

(p = 0.8992, unpaired t-test) higher in ME/CFS patients, whereas spare respiratory capacity is 

8.71% (p = 0.7642, unpaired t-test) lower in ME/CFS patients compared to the healthy control 

group. 
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Figure 47: All measured mitochondrial parameters increase in PBMCs of nine ME/CFS patients immediately after WBH.  

A-D All participants show an increase in all measured parameters (descriptive without statistical test). E-H Basal 

respiration of the grouped data of nine ME/CFS patients increases by 66.60% with WBH (**p = 0.0040, paired t-test). 

ATP production increases by 61.41% (**p = 0.0023, paired t-test), maximal response by 97.88% (**p = 0.0071, paired t-

test) and spare respiratory capacity by 112.35% (**p = 0.0086, paired t-test). I-L Comparison of the grouped T0 data of 

ME/CFS patients (n=9) with an untreated healthy control group (n=6) shows an increased basal respiration of 46.43% in 

ME/CFS patients (p = 0.0869, unpaired t-test). ATP production is 35.25% higher (p = 0.145, unpaired t-test) and the 

maximal response is 3.52% (p = 0.8992, unpaired t-test) higher in ME/CFS patients. The spare respiratory capacity is 

8.71% (p = 0.7642, unpaired t-test) lower in ME/CFS patients (mean of healthy data at the red dotted line).  
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3.4.3 mRNA expression – PBMCs 

Autophagy – associated genes 

Besides the cellular parameters of autophagy, the molecular level was also studied by measuring 

autophagy-related genes Figure 48. After one session of WBH, the expression of ULK1 increased in 

two participants (P06, P09), remained the same in three participants (P01, P02, P04) and showed a 

decrease in four participants (P03, P05, P07, P08). The expression of BECN1 increased in four 

participants (P01, P04, P05, P06), remained the same in P02 and decreased in four participants 

(P03, P07, P08, P09). Four participants (P02, P03, P07, P09) show an increased expression of ATG7, 

while the other five show a decrease (P01, P04, P05, P06, P08) (descriptive without statistical test). 

MAP1LC3B increases in five participants (P02, P04, P05, P06, P09), remains the same in P01 and 

P07 and decreases in P03 and P08. In the grouped values ULK1 decreases by 3.00% as a result of 

hyperthermia (p = 0.7925, paired t-test). BECN1 increased by 6.11% (p = 0.5147, paired t-test), 

ATG7 by 1.00% (p = 0.9221, paired t-test) and MAP1LC3B by 20.33% (p = 0.1125, paired t-test). 
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Figure 48: Effect of in vivo wIRA irradiation on genes encoding proteins involved in the autophagosomal process in PBMCs 

of ME/CFS patients (n=9). A WBH leads to an increase in ULK1 expression in two participants (P06, P09), in three 

participants (P01, P02, P04) it remains the same and in four participants (P03, P05, P07, P08) it decreases. B BECN1 

expression increases in four participants (P01, P04, P05, P06), remains the same in P02 and decreases in four participants 

(P03, P07, P08, P09). C Four participants (P02, P03, P07, P09) show an increase in ATG7 expression, while the other five 

show a decrease (P01, P04, P05, P06, P08). D MAP1LC3B increases in five participants (P02, P04, P05, P06, P09), 

remains the same in P01 and P07 and decreases in P03 and P08. E-H The grouped values show a decrease in ULK1 by 

3.00% as a result of hyperthermia (p = 0.7925, paired t-test). BECN1 increased by 6.11% (p = 0.5147, paired t-test), 

ATG7 by 1.00% (p = 0.9221, paired t-test) and MAP1LC3B by 20.33% (p = 0.1125, paired t-test). 
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In connection with autophagy, other genes coding for proteins that are crucial for autophagy 

regulation were analysed (Figure 49). The mean values of all participants show AMPK1α and 

SIRT1 increased by 13.00% (p = 0.1429, paired t-test) and 30.89% (p = 0.1886, paired t-test), 

respectively, after one session of WBH. FOXO3 also increased by 2.78% (p = 0.8110, paired t-test). 

In the individual values, the expression of AMPK1α increases in five participants (P01, P04, P06, 

P07, P09), remains the same in two (P02, P05) and decreases in participants P03 and P08. Five 

participants (P01, P02, P04, P05, P06) show increased expression of SIRT1, two remain the same 

(P08, P09), while expression decreases in P03 and P07. FOXO3 increases in three participants (P01, 

P02, P07), remains the same in P03, P05 and P06 and decreases in P04, P08 and P09. 

 

Figure 49: Effect of WBH on genes encoding proteins involved in the regulation of autophagy in PBMCs of nine ME/CFS 

patients. A The expression of AMPK1α increases in five participants (P01, P04, P06, P07, P09) by one session of WBH, 

remains the same in two (P02, P05) and decreases in P03 and P08. B Five participants (P01, P02, P04, P05, P06) show an 

increased expression of SIRT1, two remain at the same level (P08, P09), while P03 and P07 decrease. C FOXO3 increases 

in three participants (P01, P02, P07), remains the same in P03, P05 and P06 and decreases in P04, P08 and P09. D-F The 

mean values of AMPK1α and SIRT1 increased by 13.00% (p = 0.1429, paired t-test) and 30.89% (p = 0.1886, paired t-

test), respectively, after one session of WBH. FOXO3 increases by 2.78% (p = 0.8110, paired t-test). 
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Mitochondrial function – associated genes 

The genes SIRT3, TFAM, NDUFS1 and SOD2 were selected for the analysis of mitochondrial 

genes (Figure 50). The grouped values show a decrease in SIRT3 expression by 10.22% (p = 0.0508, 

Wilcoxon test), which occurs in six participants (P03, P04, P05, P06, P07 P08), whose expression 

decreases. Participant P09 remains at the same level and two participants (P01, P02) increase their 

SIRT3 expression. The expression of TFAM increases in three participants (P02, P07, P09), 

remains the same in P05 and decreases in five (P01, P03, P04, P06, P08). To summarise, TFAM 

increases by 0.11% (p = 0.9905, paired t-test). NDUSF1 increases in six participants (P01, P02, 

P04, P05, P07, P08), remains at the same level in P09 and decreases in participants P03 and P06. 

The grouped values show a slight increase by 19.67% (p = 0.1602, Wilcoxon test) in NDUFS1 

expression. SOD2 also shows an increase in expression in the summary of all participants by 22.89% 

(p = 0.3162, paired t-test). Looking at the individual values, SOD2 increases in three participants 

each (P02, P05, P06), remains the same (P04, P08, P09) and decreases (P01, P03, P07). 
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Figure 50: Effect of in vivo wIRA irradiation on genes encoding proteins involved in mitochondrial function in PBMCs from 

ME/CFS patients (n=9). A One session of WBH leads to an increase in SIRT3 expression in two participants (P01, P02), 

in P09 the expression remains at the same level and in six participants (P03, P04, P05, P06, P07, P08) it decreases. B The 

expression of TFAM increases in three participants (P02, P07, P09), remains the same in P05 and decreases in five (P01, 

P03, P04, P06, P08). C The expression of NDUSF1 increases in six participants (P01, P02, P04, P05, P07, P08), remains 

at the same level in P09 and decreases in participants P03 and P06. D The expression of SOD2 increases (P02, P05, P06), 

remains (P04, P08, P09) and decreases (P01, P03, P07) in three participants each. E-H The grouped values of SOD2, 

NDUFS1 and TFAM increased by 22.89% (p = 0.3162, paired t-test), 19.67% (p = 0.1602, Wilcoxon test) and 0.11% 

(p = 0.9905, paired t-test), respectively. SIRT3 mRNA expression decreased by 10.22% (p = 0.0508, Wilcoxon test). 
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Additional genes 

The grouped values of the additional markers HSPA5 and IL-10 show an increase by 48.33% 

(p = 0.2188, Wilcoxon test) and 37.33% (p = 0.1367, Wilcoxon test), respectively, as a result of 

hyperthermia (Figure 51). In the individual data the expression of HSPA5 increased in five 

participants (P01, P02, P04, P05, P06) and decreased in four (P03, P07, P08, P09) by one session of 

WBH. IL-10 increased in seven participants (P01, P02, P04, P05, P06, P08, P09) and decreased in 

P03 and P07. 

 

Figure 51: Effects of in vivo hyperthermia on additional markers in PBMCs of nine ME/CFS patients. A The expression of 

HSPA5 is increased in five participants (P01, P02, P04, P05, P06) and decreased in four (P03, P07, P08, P09) by one 

session of WBH. B IL-10 increased in seven participants (P01, P02, P04, P05, P06, P08, P09) and decreased in P03 and 

P07. C-D The mean values of HSPA5 and IL-10 show an increase by 48.33% (p = 0.2188, Wilcoxon test) and 37.33% 

(p = 0.1367, Wilcoxon test), respectively. 
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3.5 Ex vivo vs. in vivo Hyperthermia 

3.5.1 Autophagy – PBMCs 

The comparison of the effect of ex vivo and in vivo hyperthermia treatment on the LC3-II value of 

PBMCs from ME/CFS patients shows an inverse effect (Figure 52). While heat treatment of isolated 

PBMCs leads to a significant increase in LC3-II by 7% (****p < 0.0001, paired t-test), whole-body 

hyperthermia shows a significantly decreasing effect on LC3-II by 18% (**p = 0.0065, paired t-test). 

 

 

Figure 52: Contrasting effects of ex vivo hyperthermia and WBH on LC3-II levels in PBMCs of ME/CFS patients. A-B While 

wIRA irradiation of isolated PBMCs causes a significant increase in LC3-II levels by 7% (****p < 0.0001, paired t-test), 

wIRA therapy of ME/CFS patients shows a significant decrease in LC-II levels in their PBMCs by 18% (**p = 0.0065, 

paired t-test). 
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3.5.2 Mitochondrial function – PBMCs 

Like the effect on the autophagy marker LC3-II, the effect of ex vivo and in vivo treatments on 

mitochondrial parameters in ME/CFS patients is contrasting (Figure 53). Ex vivo treatment shows 

a decrease in all investigated parameters by irradiation of PBMCs. More specific, basal respiration 

is decreasing by 8.17% (p =0.914, Wilcoxon test), ATP production by 7.30% (p = 0.8818, Wilcoxon 

test), maximal response by 24.14% (p = 0.6221, Wilcoxon test) and spare respiratory capacity by 

28.21% (p = 0.1161, paired t-test). While a session of WBH leads to a significant increase in all 

investigated mitochondrial parameters: basal respiration increases by 66.60% (**p = 0.0040, paired 

t-test), ATP production by 61.41% (**p = 0.0023, paired t-test), maximal response by 97.88% 

(**p = 0.0071, paired t-test) and spare respiratory capacity by 112.35% (**p = 0.0086, paired t-

test). 
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Figure 53: Contrasting effects of ex vivo hyperthermia and WBH on all mitochondrial parameters analysed in PBMCs of 

ME/CFS patients. A-D Basal respiration are decreasing by  8.17% (p = 0.914, Wilcoxon test), ATP Production by 7.30% 

(p = 0.8818, Wilcoxon test), maximal response by 24.14% (p = 0.6221, Wilcoxon test) and spare respiratory capacity by 

28.21% (p = 0.1161, paired t-test).E-H Basal respiration increases by 66.60% (**p = 0.0040, paired t-test), ATP 

production by 61.41% (**p = 0.0023, paired t-test), maximal response by 97.88% (**p = 0.0071, paired t-test) and spare 

respiratory capacity by 112.35% (**p = 0.0086, paired t-test). 
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3.5.3 mRNA expression – PBMCs 

Autophagy – associated genes 

The Figure 54 compares the expression of autophagy genes after ex vivo and in vivo heat treatment. 

The response of the genes in their expression seems to be very similar in both groups. There are no 

significant differences in ULK1 in ex vivo (+3.10%, p = 0.2142, Wilcoxon test) and in vivo (-3.00%, 

(p = 0.7925, paired t-test) treatment. BECN1 is increasing non-significantly ex vivo (5.70%, 

p = 0.0907, paired t-test) and in vivo (6.11%, p = 0.5147, paired t-test). The expression of 

MAP1LC3B increases in both groups, significant in ex vivo treatment by 19.65% (***p = 0.0001, 

paired t-test) and not significant by 20.33% (p = 0.1125, paired t-test) due to WBH. Only ATG7 

shows a slight difference between both groups, as expression is significantly reduced by ex vivo 

hyperthermia by 14.95% (**p = 0.0024, paired t-test), while WBH shows an increase by 1.00% 

(p = 0.9221, paired t-test). 
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Figure 54: Comparison of the influence of in vivo and ex vivo hyperthermia on the mRNA expression of autophagy genes in 

PBMCs of ME/CFS patients. A-B ULK1 increase ex vivo (3.10%, p = 0.2142, Wilcoxon test) and decrease in vivo (3.00%, 

(p = 0.7925, paired t-test) C-D BECN1 is increasing non-significant ex vivo (5.70%, p = 0.0907, paired t-test) and in vivo 

(6.11%, p = 0.5147, paired t-test).E-F ATG7 is significantly reduced by hyperthermia treatment of isolated PBMCs by 

14.95% (**p = 0.0024, paired t-test), while WBH shows donor variability in ATG7 expression but increases by 1.00% 

(p = 0.9221, paired t-test) on average. G-H MAP1LC3B increases in both groups, significant in ex vivo treatment by 

19.65% (***p = 0.0001, paired t-test) and not significant by 20.33% (p = 0.1125, paired t-test) due WBH. 
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The comparison of the response of genes that regulate autophagy to ex vivo and in vivo treatment 

also shows a similar pattern for all genes analysed (Figure 55). The expression of AMPK1α is 

increasing ex vivo (2.35%, p = 0.6311, paired t-test) and in vivo (13.00%, p = 0.1429, paired t-test). 

FOXO3 shows no noteworthy changes with either form of treatment (ex vivo: + 0.75%, p = 0.8251, 

paired t-test; in vivo: + 2.78%, p = 0.8110, paired t-test). There is an increase in the expression of 

SIRT1 in both groups, which is significant in the ex vivo treatment (33.10%, ****p < 0.0001, paired 

t-test) and not significant after one session of WBH (30.89%, p = 0.1886, paired t-test). 

 

Figure 55: Comparison of the expression of autophagy regulating genes after ex vivo treatment and WBH in human PBMCs 

from ME/CFS patients. A-B AMPK1α is increasing ex vivo (2.35%, p = 0.6311, paired t-test) and in vivo (13.00%, 

p = 0.1429, paired t-test). C-D FOXO3 showed no noteworthy changes with either form of treatment (ex vivo: + 0.75%, 

p = 0.8251, paired t-test; in vivo: + 2.78% (p = 0.8110, paired t-test) E-F SIRT1 increases in both groups, which is 

significant in the ex vivo treatment (33.10%, ****p < 0.0001, paired t-test) and not significant after one session of WBH 

(30.89%, p = 0.1886, paired t-test). 
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Mitochondrial function – associated genes 

The response of the mitochondrial genes to ex vivo and in vivo treatment also shows great similarity 

(Figure 56). Ex vivo the TFAM expression is increasing by 6.40% (p = 0.1678, paired t-test) and in 

vivo by 0.11% (p = 0.9905, paired t-test). The expression of SOD2 is significantly increased after ex 

vivo hyperthermia by 18.15% (**p = 0.0086, paired t-test) and not significantly increased by 

22.89% (p = 0.3162, paired t-test) after WBH. The expression of SIRT3 increases ex vivo by 

12.40% (p = 0.8194, Wilcoxon test) in vivo SIRT3 mRNA expression decreased by 10.22% 

(p = 0.0508, Wilcoxon test). NDUFS1 shows a decrease ex vivo by 3.90% (p = 0.3595, paired t-test) 

and an increase due to WBH by 19.67% (p = 0.1602, Wilcoxon test). 
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Figure 56: Comparison of the gene expression of mitochondrial genes in PBMCs after ex vivo treatment or WBH. A-B .SIRT3 

increases ex vivo by 12.40% (p = 0.8194, Wilcoxon test) in vivo SIRT3 mRNA expression decreased by 10.22% 

(p = 0.0508, Wilcoxon test). C-D TFAM expression is increasing ex vivo by 6.40% (p = 0.1678, paired t-test) and in vivo 

by 0.11% (p = 0.9905, paired t-test) E-F NDUFS1 shows a decrease ex vivo by 3.90% (p = 0.3595, paired t-test) and an 

increase due to WBH by 19.67% (p = 0.1602, Wilcoxon test) G-H SOD2 is significantly increased after ex vivo 

hyperthermia by 18.15% (**p = 0.0086, paired t-test) and not significantly increased by 22.89% (p = 0.3162, paired t-

test) after WBH. 
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Additional genes 

The ex vivo and in vivo comparison of the additional marker for mRNA expression HSPA5 and IL-

10 shows a slight difference in the response of IL-10 to hyperthermia (Figure 57). IL-10 expression 

showed a decreasing by 3.30% (p = 0.6245, paired t-test) due to ex vivo treatment and a non-

significant increase by 37.33% (p = 0.1367, Wilcoxon test) in WBH. HSPA5, however, shows an 

increase in both groups, this increase is significant in ex vivo hyperthermia by 12.55% 

(***p = 0.0003, paired t-test) and not significant by 48.33% (p = 0.2188, Wilcoxon test) due to 

WBH. 

 

Figure 57: Comparison of additional markers in PBMCs after ex vivo heat treatment and WBH. A-B The mRNA expression 

of HSPA5 increases in both groups, significantly in the ex vivo treatment by 12.55% (***p = 0.0003, paired t-test) and 

not significantly in the WBH by 48.33% (p = 0.2188, Wilcoxon test). C-D IL-10 expression showed a decreasing by 3.30% 

(p = 0.6245, paired t-test) due to ex vivo treatment and a non-significant increase by 37.33% (p = 0.1367, Wilcoxon test) 

in WBH. 
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3.5.4 Autophagy vs. Mitochondrial function 

To conclude the chapter on the comparison of the effect of wIRA treatment ex vivo and in vivo, the 

following Figure 58 shows the parameters of autophagy and mitochondrial function ex vivo and in 

vivo. Not all four parameters were selected for the mitochondrial function, only basal respiration 

and spare respiratory capacity. ATP production shows a similar pattern to basal respiration and 

maximal respiration shows a similar pattern to spare respiratory capacity. This figure serves to 

summarise the main effects of wIRA irradiation and to visualise the opposite effect ex vivo and in 

vivo. The figure shows an increase in the autophagy marker LC3-II by wIRA irradiation of isolated 

cells and a slight decrease in basal respiration and spare respiratory capacity. In contrast, whole-

body hyperthermia irradiation leads to a decrease in the autophagy marker and an increase in basal 

respiration and spare respiratory capacity. Comparing the data with those of healthy donors, the 

untreated values of ME/CFS patients are higher than those of healthy donors in autophagy and 

basal respiration. The ex vivo data for free respiratory capacity show increased levels in ME/CFS 

patients compared to healthy donors and the in vivo data show similar levels for both groups. In 

the case of autophagy, ex vivo hyperthermia leads to an even greater increase in LC3-II in ME/CFS 

patients, resulting in a higher delta compared to healthy donors. However, in vivo treatment leads 

to an equalisation with the healthy data. Basal respiration shows a minimisation of the delta to 

healthy donors by ex vivo treatment and a higher delta by increased OCR with in vivo treatment. 

The spare respiratory capacity decreases with ex vivo treatment, while a session of whole-body 

hyperthermia leads to an increase. 
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Figure 58: Summary of the comparison of ex vivo and in vivo hyperthermia. The measurements show contrasting effects 

of the different treatments. While the autophagy marker LC3-II decreases with the ex vivo treatment, it increases with 

the in vivo treatment. In mitochondrial function it is exactly the contrary. Basal respiration decreases ex vivo and 

increases by in vivo treatment. Spare respiratory capacity decreases ex vivo and increases due to one session of whole-

body hyperthermia. 
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4 Discussion 

To date, little is known about the severe disease ME/CFS, resulting in a shortage of satisfactory 

treatment options [2]. To address this problem, this thesis focuses on the investigation of the central 

cellular mechanisms of autophagy and mitochondrial function in PBMCs from ME/CFS patients 

compared to healthy donors. Impaired autophagy is associated with various diseases and 

pathophysiological conditions, including autoimmune, cardiovascular, neurodegenerative and 

metabolic diseases [20]. Therefore, there may also be a link between the multisystemic disease 

ME/CFS and impaired autophagy. Measuring mitochondrial function is crucial when it comes to 

fatigue, as the main function of mitochondria is to produce energy in the form of ATP [106]. In 

addition to the investigation of the basal levels, hyperthermia was tested as a possible treatment 

option for ME/CFS. This form of treatment was chosen because of its long-standing use in treating 

various diseases. These include depression [17], psoriatic arthritis [77] and, most notably, cancer 

[12,13,15]. There are also indications that hyperthermia has a positive clinical effect on patients 

with ME/CFS [163,164]. To evaluate the investigated parameters, the results are discussed in this 

chapter. Firstly, the established autophagy assays are analysed for their suitability and significance. 

Subsequently, the values of autophagy and mitochondrial function of ME/CFS patients are 

discussed in comparison to healthy donors. After analysing the differences at the basal level without 

treatment, hyperthermia treatment is examined as a possible therapeutic option.  

4.1 Establishment of autophagy assays 

An important aim of this work is the investigation of the central cellular process of autophagy. In 

order to do justice to this topic, it was first necessary to establish a suitable assay system for 

measuring autophagy. The overall aim was to establish a suitable method for measuring autophagy 

in human PBMCs. The original plan was to achieve this by first developing an assay for human 

fibroblasts and then transferring it to human PBMCs. However, this transfer did not work, so a 

further test system was developed for human PBMCs. The specific process and outcome are 

discussed below.  

In order to be suitable for the questions addressed in this work, the requirements for the test first 

had to be defined. The test should require the smallest possible sample quantity or cell number, as 

the sample quantity is limited and further tests have to be carried out with the same sample. For 

this reason, immunoblotting is not suitable due to the large amount of sample material required 

[95]. Another aspect is that the assay should not be very time-consuming, as the effect of 

hyperthermia should be measured as quickly as possible. For this reason methods such as the LC3-

HiBiT reporter assay or other reporter systems are also not suitable for measuring the immediate 

cellular response, as transfection as well as subsequent expression of the reporter proteins are 
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required [96]. In order to minimise errors in the test procedure, the test should also not be too 

difficult to handle. It is also very important that the assay provides reliable results, is reproducible 

and can measure differences between different treatment options. 

The CYTO-ID® Autophagy Detection Kit has been used for the quantification of autophagy in 

human fibroblasts. This test allows the quantification of autophagosomes using a dye specific for 

autophagosomal structures. Furthermore, the number of autophagosomes per cell can be 

determined by additional staining of the cell nuclei. The principle of the assay is also described in 

chapter 1.4. The use of a dye enables the examination of primary cells and is not very time-

consuming to prepare and perform. In addition, the assay requires a small sample size, in the case 

of human fibroblasts 10,000 cells/well. Overall, the assay is simple and quick to perform, as can be 

seen in chapter 2.2.1 a), where the method is described. The reproducibility of the assay was tested 

by repeating the assay five times under the same conditions Figure 19. The results of this test showed 

no significant deviations. The highest SEM within the technical replicates was 2.23 autophagosomes 

per nucleus and the highest deviation of the individual five experiments from the mean value of all 

experiments (15.83) was 1.65 autophagosomes per nucleus Table 19. Furthermore, the result of using 

a sensitive CQ concentration proves the reproducibility and the ability of the assay to measure 

differences under different conditions Figure 20. The results show a significant increase in the 

number of autophagosomes per nucleus by treatment with CQ, an inhibitor for the fusion of 

lysosomes with autophagosomes. In conclusion, this assay fulfils all defined requirements for the 

quantification of autophagosomes in human fibroblasts and is suitable for measuring the effects of 

heat treatment on autophagy. As mentioned above, the original plan was to transfer the test to 

human PBMCs after establishing it for human fibroblasts. However, due to the round cell 

morphology and small size of PBMCs, this was not possible as the imager had difficulties obtaining 

clear images, resulting in the software being unable to distinguish individual autophagosomes 

(Figure 21). One limitation of the CYTO-ID test is the lack of knowledge about the specificity of the 

staining. However, in one study, vesicular structures were stained with the CYTO-ID dye shortly 

after amino acid deprivation, which largely colocalise with RFP-LC3-positive structures and react 

to known autophagy modulators. This indicates that autophagosomal structures are dyed. [165] 

For human PBMCs, the Guava® assay was chosen for the quantification of autophagosomes. The 

principle of the assay is the labelling of the autophagy marker LC3-II by a FITC-conjugated anti-

LC3B antibody. A more detailed description of the method can be found in the chapter 1.4. Due to 

the antibody-based LC3-II labelling, the method is quick and easy to perform (chapter 2.2.1 b)). In 

addition, the assay does not require much sample material (500,000 cells/well). The reproducibility 

and the ability to measure differences by intervention were tested by repeating the same experiment 
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five times (Figure 23). This experiment was performed with two conditions, a control and the 

addition of 40 µM of the inhibitor CQ. The results show no significant changes between the same 

conditions, and the highest derivative of the individual experiments to the mean (350) of all five is 

3%, demonstrating the reproducibility of the test. Furthermore, a clear difference is recognisable 

due to the inhibition of the fusion of the lysosome with the autophagosome by CQ, as the 

fluorescence increases significantly with the addition of 40 µM CQ. This also suggests that the assay 

is suitable for measuring the effect of heat treatment on autophagy in human PBMCs. However, it 

is difficult to capture the dynamic process of autophagy with static measurement methods. The 

method used measures cellular autophagosomes by labelling the marker LC3B-II, which generally 

indicates the extent of cellular autophagy activity. A limitation is that the accumulation of 

autophagosomes is not always indicative of autophagy induction. It can also indicate blockage of 

autophagosomal maturation and completion of the autophagy pathway by lysosomal degradation 

[95]. However, since an additional chloroquine control (data not shown), which prevents lysosomal 

degradation, was carried out in each test and an increased LC3B-II level was achieved as a result, 

at least a malfunction in the degradation of the lysosomes can be ruled out. It is also recommended 

to use more than one method to measure autophagy. Therefore, mRNA expression of autophagy-

related genes was also measured [154] 

4.2 Healthy vs. ME/CFS 

Once all the necessary test systems were available, basal levels of mitochondrial parameters 

indicative of their function and autophagy were measured in healthy donors and ME/CFS patients. 

The comparison of these basal parameters could help to identify possible disease-related changes in 

mechanisms and provide possible explanations. The measurement of the autophagy marker LC3-II 

shows a significant increase in LC3-II levels in ME/CFS patients compared to healthy donors. The 

measured mitochondrial parameters basal respiration, ATP production, maximal response and 

spare respiratory capacity, also show an increase in OCR in ME/CFS patients compared to healthy 

donors (Table 21).  

 

Table 21: Summary of the measured differences in ME/CFS patients compared to healthy participants 

ME/CFS vs. Healthy 

Autophagy 

LC3-II intensity       35.75%**** 

Mitochondrial function 

Basal Respiration 63.80%* 

ATP Production 54.87%* 

Maximal Response       57.89%      *  

Spare Respiratory Capacity  56.02% * 
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These results are surprising, as a decrease in autophagy and mitochondria was expected in ME/CFS 

patients. This assumption is based on the function of autophagy, which is to maintain cellular 

homeostasis and to remove damaged and potentially harmful cellular components. In a disease such 

as ME/CFS, therefore, the assumption would be that autophagy is reduced rather than increased. 

Unfortunately, little is known about the effects of ME/CFS on autophagy. A 2022 study shows that 

the autophagy-related protein ATG13, which is a part of the initial ULK1 complex, is highly 

elevated in the serum of ME/CFS patients, suggesting impaired metabolic processes of autophagy. 

More specifically, high levels of ATG13 in serum indicate that it has been phosphorylated and that 

the autophagy process in the cell has been aborted - resulting in ATG13 being translocated from the 

cell to the serum. [150] In addition, this study and another study [166] show increased protein 

aggregation in ME/CFS patients. Combining these results, several causes might be present in 

ME/CFS patients. Either ME/CFS patients form more protein aggregates than usual, leading to 

increased autophagy, as suggested by our results. Or an impairment of the autophagy mechanism 

leads to increased aggregation of proteins. The accumulation of proteins due to impaired autophagy 

can also be observed in other neurodegenerative diseases such as Alzheimer's and Parkinson's, but 

also in normal ageing [167]. In addition, the inflammatory characteristics of ME/CFS patients would 

suggest a decrease in autophagy, as autophagy balances and modulates immune activation to avoid 

excessive inflammation, e.g. by indirectly suppressing inflammasome activation [168]. However, 

excessive activation of autophagy has been also demonstrated to promote inflammation and 

apoptosis in chronic obstructive pulmonary disease (COPD) [169]. An increased apoptosis through 

excessive autophagy could also explain the significantly lower values of T regulatory cells in blood 

of ME/CFS patients [170]. Another connection between autophagy and diseases is that autophagy 

can also promote tumour growth. Strongly growing cancer cells require cellular building blocks for 

their metabolism and energy production. At this stage of cancer development, autophagy acts as an 

ally, supplying the tumour cells with all the essential cellular intermediates they need to meet their 

metabolic requirements as they proliferate. [171] However, this aspect plays no role in the 

pathological pattern of ME/CFS.  

Interestingly, our data show not only increased autophagy but also elevated mitochondrial function 

in ME/CFS patients compared to healthy donors. Reactive oxygen species (ROS) could be a possible 

link between these two factors. Intracellular ROS are mainly generated by the electron transport 

chain in the inner membrane of mitochondria [172] and can oxidise organelles, nucleic acids, proteins 

and lipids, leading to cell damage [173]. The supposedly higher function of the mitochondria could 

lead to higher ROS production and consequently to a greater amount of damaged proteins. 

Damaged proteins and organelles in turn lead to the induction of autophagy. The connection 

between mitochondria and diseases is not new. However, this connection exists between mutations 

in the mitochondrial DNA that lead to mitochondrial dysfunction. Reduced activity of complex I 
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can be observed in Parikinson's disease, for example, or mitochondrial ROS formation and inhibition 

of energy metabolism in Alzheimer's disease. [174] An exception that is similar to the results of this 

thesis is Cockayne syndrome, which also shows an increase in mitochondrial function. The 

accelerated ageing disorder Cockayne syndrome is characterised by progressive brain atrophy, 

leukodystrophy, cachexia and growth retardation and is caused by mutations affecting DNA repair 

mechanisms. In addition, as mentioned above, a possible mitochondrial involvement in this disease 

has been suggested. [175] However, considering the nature of the disease and the symptoms, there 

are no obvious links between Cockayne syndrome and ME/CFS. Looking more precisely at the 

results of this work on mitochondrial function, it can be seen that the oxygen consumption rate in 

all four parameters basal respiration, ATP production, maximum response and spare respiratory 

capacity are increased in ME/CFS patients compared to healthy donors. This effect is more 

pronounced for the basal respiration (SEM = 0.06) and ATP production (SEM = 0.05) parameters 

than for the maximal response (SEM = 0.35) and spare respiratory capacity (SEM = 0.30) 

parameters, as the latter two parameters exhibit greater donor variability and thus a higher SEM 

(Figure 25). As the name suggests, basal respiration ensures oxygen consumption at the basic level. 

ATP production represents the consumption of oxygen for the regeneration of ATP. From these 

results, it can be concluded that the mitochondria of ME/CFS patients consume more oxygen at 

basal level and for ATP production compared to healthy donors. It could therefore be surmised that 

mitochondrial dysfunction is present, leading to inefficient ATP production with increased oxygen 

consumption. Studies in this area showed no difference in ATP parameters between healthy donors 

and ME/CFS patients or an increased ATP level in non-mitochondrial ATP in ME/CFS patients and 

no difference in mitochondrial ATP [147,176]. These results could support the hypothesis that more 

oxygen is consumed but not more ATP is produced. Maximal response and spare respiratory 

capacity are also increased in ME/CFS patients compared to healthy donors. (Table 21). Maximal 

response shows the maximum rate of respiration that the cell can achieve. Spare respiratory 

capacity indicates the capability of the cell to respond to an energetic demand as well as how closely 

the cell is to respiring to its theoretical maximum. The cell's ability to respond to demand can be an 

indicator of cell fitness or flexibility. [177] The elevation of this parameters suggests that ME/CFS 

patients are more responsive to stress and have a higher ability to respond to energetic demands 

than mitochondria from healthy donors. Given the link between fatigue and energy production 

through oxidative phosphorylation, these results are much unexpected. One possible explanation 

could be a higher proton leak in ME/CFS patients, which would lead to higher oxygen consumption 

without ATP production. However, this is not clearly confirmed by the measurement data, which 

show a slight but statistically insignificant increase in proton leak (data not shown). Another 

explanation could be that the cells are more sensitive to the uncoupler FCCP, resulting in even 

higher permeability to protons and thus higher oxygen consumption.  
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Interestingly, other researchers have observed similar results. For example. Lawson et al. also 

compared blood cells from ME/CFS patients with a healthy control group and found that ATP levels 

are higher in the patients and the enzymatic activities of the complexes in the electron transport 

chain remain intact [147]. Another study from 2019, which investigated the activity of complexes I, 

II and IV in skeletal muscle and PBMCs, also confirms these results by finding that there are no 

significant differences in the activity of the individual mitochondrial complexes [149]. Both studies 

and the present study initially assumed mitochondrial dysfunction, and in all cases the 

mitochondrial activity showed a different picture. All studies therefore came to the same conclusion: 

mitochondrial function does not appear to be the problem. The cause may lie upstream of the 

mitochondrial respiratory chain. [149] 

4.3 Hyperthermia studies 

After analysing the basal differences between health and disease in the mechanisms of autophagy 

and mitochondrial function, the question of a possible treatment option for ME/CFS remains. The 

treatment investigated in this work is heat therapy, more precisely heating to 39 °C due to wIRA 

irradiation for one hour. To analyse the effect of heat, the cellular processes of autophagy, 

mitochondrial function and the mRNA of genes associated with these mechanisms are subsequently 

measured. This evaluation is divided into two studies, the ex vivo study and the in vivo study. The 

ex vivo study describes the investigation of the effects of heat treatment of isolated human cells 

from healthy donors and ME/CFS patients by wIRA irradiation. The in vivo study describes the 

investigation of the effect of a session of whole-body hyperthermia in ME/CFS patients. 

4.3.1 Ex vivo study 

As the primary aim is to treat patients, a specific heat source, wIRA radiation, was applied. This 

heat source is already used in humans as a treatment option in the form of whole-body hyperthermia 

with the ‘IRATHERM®1000’ infrared-A system. For this reason, the manufacturers of these devices 

have developed a miniaturisation of this form of heat treatment with the `IRAcubator` (Von 

Ardenne Institute of Applied Medical Research GmbH, Dresden, Germany) in order to be able to 

irradiate the cell culture under comparable conditions. Two types of human cells were analysed in 

this work. Firstly, human fibroblasts from a young healthy donor and secondly, human PBMCs 

from healthy donors and from ME/CFS patients. All isolated cells were treated with wIRA 

irradiation at 39 °C for 60 min and compared with an untreated control group that remained in a 

normal incubator at 37 °C and 5% CO2 for 60 min. In human fibroblasts, only the effect on 

autophagy was measured in a healthy donor. In PBMCs, the parameters of autophagy, 

mitochondrial function and mRNA expression of relevant genes were determined. 
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The results of the measurements of the effect of hyperthermia on human fibroblasts from a healthy 

donor showed that the number of autophagosomes per cell nucleus increased significantly in all three 

experiments performed. This significant increase can also be seen in the grouped values of the three 

experiments (Figure 26). The activating effect of wIRA irradiation on autophagy in healthy human 

fibroblasts is a good complementary result, but the focus of this work is on human PBMCs, as they 

can mirror the processes in the human organism and sample collection is comparatively simple. As 

with the heat treatment of human fibroblasts, the one-hour hyperthermia of isolated PBMCs from 

healthy donors also shows an activating effect on autophagy through the significant increase in the 

median fluorescence intensity of LC3-II. This increase is present in the individual values of all eight 

healthy participants analysed as well as in the grouped values (Figure 28). Treatment of isolated 

PBMCs from 23 ME/CFS patients showed an increase in LC3-II in 18 participants. The remaining 

five participants showed either no effect or a slight decrease, demonstrating donor variability in the 

effect of wIRA irradiation in PBMCs of ME/CFS patients. However, a significant increase in LC3-

II can also be observed in the grouped values (Figure 29). The effect of heat treatment on 

mitochondrial function in PBMCs is not as clear as in autophagy. The six healthy participants 

analysed show donor variability in all measured mitochondrial parameters. The grouped values of 

basal respiration and ATP production show no recognisable changes due to heat treatment. 

However, a significant decrease in the grouped values can be observed for maximal response and 

spare respiratory capacity (Figure 31). For all four mitochondrial parameters, a non-significant 

decrease was also observed in the grouped values of eleven ME/CFS patients. The individual values 

of these participants also show donor variability (Figure 32). A total of thirteen genes were analysed 

with regard to their reaction to heat treatment. Seven of them are related to the process of 

autophagy (ULK1, BECN1, ATG7, MAP1LC3B, AMPK1α, FOXO3 and SIRT1), four of them in 

connection with mitochondrial function (SIRT3, TFAM, NDUFS1 and SOD2) and the remaining 

genes HSPA5 and IL-10 as additional markers in connection with the heat response. Most of the 

analysed genes show the same pattern in their response to hyperthermia in health and disease. Since 

all individual values of the eight healthy donors and 20 ME/CFS patients show donor variability, 

only the grouped values are discussed. In the context of autophagy-related genes, ULK1, BECN1, 

AMPK1α and FOXO3 show no noteworthy changes by wIRA irradiation. The gene ATG7 shows a 

significant decrease in healthy donors and ME/CFS patients, while MAP1LC3B does not increase 

significantly in healthy donors and increases significantly in ME/CFS patients. SIRT1 is also 

significantly increased in healthy and diseased individuals (Figure 42, Figure 43). The mitochondrial 

genes SIRT3, TFAM and NDUFS1 show only slight changes due to hyperthermia in both groups. 

In contrast, the mRNA expression of SOD2 increases significantly in both healthy donors and 

ME/CFS patients (Figure 44). The gene of the heat shock protein HSPA5 is also significantly 

increased in healthy donors and ME/CFS patients. IL-10 is slightly decreased in healthy donors and 
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shows slight changes due to hyperthermia in ME/CFS patients (Figure 45). The following Table 22 

summarises all the results of the human PBMCs in the ex vivo study.  

Table 22: Overview of the results of wIRA treatment of isolated human PBMCs (ex vivo study) 

 Healthy ME/CFS 

 Autophagy 

LC3-II intensity            16%***               7%**** 

 Mitochondrial function 

Basal Respiration    2.34%   8.17% 

ATP Production    2.61%   7.30% 

Maximal Response    19.75%*  24.14% 

Spare Respiratory Cap.  24.36% 28.21% 

 mRNA expression 

ULK1   5.88%  3.10% 

BECN1   2.75%  5.70% 

ATG7     15.63%**     14.95%** 

MAP1LC3B   5.75%       19.65%*** 

AMPK1α   6.00%   2.35% 

FOXO3   1.50%   0.75% 

SIRT1     40.38%**         33.10%**** 

SIRT3   3.00% 12.40% 

TFAM   9.75%   6.40% 

NDUFS1   4.38%    3.90% 

SOD2   16.00%*      18.15%** 

HSPA5   17.38%*        12.55%*** 

IL-10 12.25%    3.30% 

 

4.3.2 In vivo study 

The in vivo study comprises the examination of human PBMCs from nine ME/CFS patients exposed 

to one hour of whole-body hyperthermia at Tc max = 39 °C. The data of LC3-II, mitochondrial 

function and mRNA expression were measured one day before therapy and immediately after 

therapy. Since no healthy donors underwent whole-body hyperthermia, the data can only be 

compared with those of healthy donors without therapy. For mitochondrial function, the data from 

this ex vivo study were used. In the case of autophagy, the data from this study were not comparable 

as the test was performed one day after blood collection. Therefore, data from another study were 

used, as indicated in the method section 2.2.4. A session of WBH in ME/CFS patients leads to a 

decrease in LC3-II in all nine participants compared to their initial value. This decrease is reflected 

in the grouped values. Compared with the values of untreated healthy donors, the baseline level of 

ME/CFS patients is significantly higher than that of healthy donors and leads to rebalancing by 

WBH, as the LC3-II values fall back to the level of healthy donors as a result of hyperthermia. 

Interestingly, when considering not only the grouped data, but also the individual participants, a 
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strong reduction can be seen, especially in patients with a greatly increased basal level of LC3-II. 

Participants P01, P02, P04 and P08 all have an MFI of around 400, which is significantly higher 

than the value of around 300 seen in healthy participants. Among the ME/CFS patients who had an 

MFI of approximately 300 prior to therapy, there was no strong decrease as a result of therapy. The 

only exception is patient P09, who showed a further decrease in LC3-II due to WBH despite an 

initial value of approximately 300. Nevertheless, this individual observation strongly suggests that 

WBH leads to rebalancing, particularly in cases of high initial values, and that a strong reduction 

is not always seen (Figure 46). The four mitochondrial parameters basal respiration, ATP 

production, maximal response and spare respiratory capacity showed an increase in all individual 

values of all nine participants as well as in the group values. The grouped basal values of the ME/CFS 

patients were slightly increased in all parameters compared to the healthy donors and even increased 

further due to a session of WBH. Although the grouped data show an increased basal value in 

ME/CFS patients compared to healthy patients, some individual patients have a lower initial value. 

Patients P02, P04, P05 and P06 have lower values for all four measured mitochondrial parameters 

than the healthy comparison group. It can therefore be assumed that these patients definitely have 

a deficit in mitochondrial function. For all four patients, a WBH session leads to an increase in all 

measured mitochondrial values, bringing them into the range of the healthy comparison group. 

(Figure 47) Examination of the mRNA expression of genes related to autophagy and mitochondrial 

function showed no significant changes as a result of WBH in any of the thirteen genes analysed. A 

slight but non-significant increase was observed in the expression of the genes MAP1LC3B, SIRT1, 

NDUFS1, SOD2, HSPA5 and IL-10 (Figure 48-51). 

4.3.3 Ex vivo vs. in vivo study 

This chapter contains the comparison of the effect of ex vivo and in vivo hyperthermia on PBMCs 

from ME/CFS patients. In contrast to the comparison of the effect on wIRA irradiation of isolated 

PBMCs from healthy donors and ME/CFS patients, the data obtained show major differences. These 

differences are mainly in the response of autophagy and mitochondrial function to heat therapy. 

Table 23 below provides an overview of the grouped results of the two studies, which clearly show 

these differences. While LC3-II intensity increases significantly by heat treatment of isolated 

PBMCs, a session of WBH leads to the opposite effect - a significant decrease (Figure 52). The same 

opposite effect is observed for mitochondrial function. Ex vivo treatment leads to a decreased OCR, 

while WBH leads to a significant increase (Figure 53). Only the measured mRNA expression shows 

a similar pattern in both studies. MAP1LC3B, SIRT1, SOD2 and HSPA5 are significantly 

increased in the ex vivo study and not significantly in the in vivo study. A clear induction can be 

recognised in the percentage increase of these genes ex vivo and in vivo, but no statistical difference 

can be determined due to the high scatter and the small sample size of nine participants in vivo. 
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Differences in expression can be recognised for ATG7, NDUFS1 and IL-10. ATG7 shows a 

significant decrease in human PBMCs in the ex vivo study and no significant effect in the in vivo 

study. There is a slight but non-significant increase in mRNA expression of NDUFS1 in vivo, while 

ex vivo treatment shows no major change. In the case of IL-10, the expression shows no major 

changes in the ex vivo study, but an increase of 37.33% in vivo. The other genes ULK1, BECN1, 

AMPK1α, FOXO3, SIRT3 and TFAM show no changes in their expression in either study. (Figure 

54-58). Table 23 illustrates the opposite effect of wIRA irradiation on autophagy and mitochondrial 

function in the ex vivo and in vivo study. These results were much unexpected and pose a challenge 

to explain. However, the next chapter provides a holistic view of all the data obtained and leads to 

a hypothesis that could possibly explain this contrasting effect. 

Table 23: Comparison of ex vivo and in vivo wIRA treatment in ME/CFS patients 

 Ex vivo In vivo 

 Autophagy 

LC3-II intensity               7%****          18%** 

 Mitochondrial function 

Basal Respiration   8.17%     66.60%** 

ATP Production   7.30%     61.41%** 

Maximal Response 24.14%     97.88%** 

Spare Respiratory Cap. 28.21%   112.35%** 

 mRNA expression 

ULK1  3.10%   3.00% 

BECN1  5.70%   6.11% 

ATG7     14.95%**   1.00% 

MAP1LC3B       19.65%*** 20.33% 

AMPK1α   2.35% 13.00% 

FOXO3   0.75%   2.78% 

SIRT1         33.10%**** 30.89% 

SIRT3 12.40% 10.22% 

TFAM   6.40%   0.11% 

NDUFS1    3.90% 19.67% 

SOD2      18.15%** 22.89% 

HSPA5        12.55%*** 48.33% 

IL-10    3.30% 37.33% 

 

4.4 Hyperthermia as a possible treatment option for ME/CFS?! 

As described in the previous chapter, the results were unpredictable, as a similar response of 

hyperthermia to the cellular mechanisms in both studies had been expected. However, a similar 

response was only observed in the response of mRNA expression of the investigated genes. The 

response of autophagy and mitochondrial function show exactly the opposite effect in the in vivo 
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study compared to the ex vivo study. In order to find a possible explanation for the differences, the 

discussion first takes a step back and focuses on the initial cellular situation before the treatment. 

This makes it possible to assess whether the contrasting results are due to the treatment or whether 

there could be another cause. In chapter 4.2, the comparison of healthy donors and ME/CFS patients 

without wIRA treatment was discussed. The results show increased autophagy and mitochondrial 

function in ME/CFS compared to healthy donors. Since the same participants were examined in the 

ex vivo study, the same results are present for basal levels before treatment. Looking at basal levels 

in the in vivo study, the data show a similar pattern - LC3-II is significantly increased in ME/CFS 

patients compared to healthy donors. In terms of mitochondrial function, basal respiration and ATP 

production are slightly increased in ME/CFS patients, while maximal response and spare respiratory 

capacity show no differences between health and disease. Since the increase in maximal response 

and spare respiratory capacity was also not as clear in chapter 4.2, this lack of difference could be 

explained by the small number of participants in the in vivo study. Due to this fact, the small 

differences are considered negligible, which also means that mitochondrial function has the same 

starting point in both studies. 

Since a different starting point of the cell status between the studies has been ruled out, the cause 

for the contrasting results must lie somewhere else. Both hyperthermia treatments were carried out 

with exactly the same heat radiation, so this can also be ruled out. The analysed cells are also the 

same, but a major difference is the environment in which they are located during the treatment. 

While in the ex vivo study only the isolated PMBCs are treated, in the in vivo study the PBMCs are 

surrounded by a whole organic system. As mentioned in chapter 4.2, some researchers assume that 

the function of the mitochondria is not disturbed, but that there is a problem with the upstream 

sources for the mitochondria. A crucial source required for oxidative phosphorylation is oxygen. 

Without oxygen, cellular respiration - also known as aerobic respiration - cannot function smoothly. 

[178] A further assumption is that without sufficient oxygen, the transfer of electrons to oxygen is 

not possible and electrons accumulate in the mitochondrial transport chain [179]. Oxygen is 

transported to the cells via our bloodstream through the erythrocytes. Interestingly, the findings on 

the link between reduced blood flow and ME/CFS are not new. A 2012 study by Newton et al. showed 

impaired dilation of blood vessels in ME/CFS [50]. A correlation between the severity of endothelial 

dysfunction and the severity of ME/CFS disease was demonstrated by Scherbakov et al. [51]. It is 

hypothesised that impaired blood circulation may reduce tissue oxygenation in ME/CFS. The lack 

of oxygen in ME/CFS patients could explain the slightly higher baseline level of mitochondrial 

function compared to healthy ones, as the cells are resupplied with sufficient oxygen during the 

assay conduction and all accumulated electrons in the mitochondrial transport chain are utilised for 

ATP production in a short time. Another possible explanation could be that the cells of ME/CFS 
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patients try to compensate for the lack of oxygen by producing more mitochondria or more 

complexes in the respiratory chain, which would also lead to higher mitochondrial function 

compared to healthy donors under oxygen conditions. However, the results of this study did not 

support this hypothesis, at least for complex I, as the expression of NDUFS1, the largest nuclear 

subunit of complex I, was not increased in ME/CFS patients compared to healthy donors (appendix 

Figure A63). Lawson et al. also suggested that the increased ATP production in ME/CFS patients 

may be related to a pathological mechanism in which more ATP is produced by anaerobic glycolysis 

[147], which also matches the oxygen deprivation hypothesis. The finding of higher lactate levels, 

the end product of anaerobic glycolysis, in ME/CFS patients is also consistent with this 

hypothesis [53].  

As already mentioned, whole-body hyperthermia is associated with increased oxygen partial 

pressure and improved blood circulation [10,164]. This means that whole-body hyperthermia 

restores the oxygen supply and reactivates mitochondrial function. The higher LC3-II levels in 

ME/CFS patients compared to healthy donors can also be explained by the hypoxia theory. 

Autophagy is activated as a survival mechanism under hypoxia by the hypoxia-inducible factor 

(HIF), as Bellot et al. have shown in normal and cancer cell lines [180]. After whole-body 

hyperthermia, oxygen supply is restored and LC3-II levels decrease to the healthy donor range. 

When only the PBMCs are treated with wIRA irradiation, the oxygen factor plays no role, leading 

to an even stronger activation of autophagy due to heat stress, as also shown in the work of 

McCormick et al. [181]. 

In the context of mRNA expression, the patterns of all studied genes are similar in their response to 

wIRA treatment of isolated PBMCs from healthy donors and ME/CFS patients (Table 22). Looking 

at the genes ULK1, BECN1, ATG7, MAP1LC3B, AMPK1α, FOXO3 and SIRT1, which reflect 

the response of the molecular mechanisms underlying the autophagosomal process, MAP1LC3B 

and SIRT1 are the only genes that respond as expected. Both genes increase in expression upon heat 

treatment and therefore mimic the increase in the measured cellular autophagy marker LC3B-II. 

The strongest response to heat treatment in mRNA expression is observed in SIRT1 mRNA 

expression. Both groups, healthy donors (**p ≤ 0.01) and ME/CFS patients (****p ≤ 0.0001), show 

a significant increase in SIRT1 gene expression by heat treatment. In the work of Lee et al. an 

induction of SIRT1 mRNA expression was also found in human dental pulp cells after 30 min at 

42 °C [182], confirming our results. This is particularly interesting with regard to the autophagy-

activating function of SIRT1 through deacetylation of lysine residues on key autophagy 

proteins [183]. Amirkavei et al. examined the effect of hormetic heat shock (HHS) on mRNA 

expression in human ARPE-19 cells by a single HHS shock at 42 °C for 30 min in a water bath 

followed by recovery at 37 °C for 3, 12, and 24 hours. They observed a time-dependent response in 
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the regulation of central autophagy-associated genes. MAP1LC3B was declared as an ‘early-

response gene’ because the highest response occurred 3 hours after HHS, which is also consistent 

with the data of this work, as the isolation of the mRNA occurred immediately after heat treatment 

of the isolated PBMCs. The fact that the isolation of the mRNA after the in vivo treatment was 

delayed by the necessary transport to the laboratories and the lower response of MAP1LC3B (Table 

23) support the early response theory. Examining their results of BECN1 expression at the three 

different time points, an increase in mRNA is only observed after 12 hours of recovery and even 

occurs after 24 hours. The immediate measurement after heat treatment in this work suggests that 

the wrong time frame was chosen to detect an effect on BECN1 mRNA expression. Amirkavei et al. 

also observed no changes in ATG7 expression at any of the time points measured. These results 

confirm the in vivo results of this work, as no change was visible due to whole-body hyperthermia. 

However, the ex vivo study shows a significant decrease in ATG7 mRNA expression in isolated 

PBMCs from healthy donors (**p ≤ 0.01) and ME/CFS patients (**p ≤ 0.01). Since the autophagy 

marker LC3B also increases, the decreased expression of ATG7 could be a mechanism to 

downregulate autophagy to rebalance the amount of autophagy. [184] The mRNA of the genes 

SOD2, SIRT3, TFAM and NDUFS1 was measured in connection with mitochondrial function. 

Due to the increased mitochondrial function caused by whole-body hyperthermia, an increase in 

mitochondrial genes was expected. In the case of SOD2 and NDUFS1, a slight but non-significant 

increase was observed, confirming our hypothesis. Since increased mitochondrial function increases 

ROS, it is not surprising that the mRNA expression of the potent antioxidant SOD2 also increases. 

The measured data of the n-fold mRNA expression of SOD2 also show a high scatter. This indicates 

a different response of the donors to heat stress. A comparison of these data with a study on 

mammalian cells (buffalo granulosa cells) at different temperatures showed a slight decrease in 

SOD2 mRNA expression at 39.5 °C, while at 40.5 °C there was a strong increase in SOD2 expression 

[185]. This shows the fine regulation of this heat response and explains the variability of the donors. 

TFAM shows no change in mRNA expression by whole-body hyperthermia. In addition, the 

mRNA of HSPA5, the gene of the HSP70 protein, and IL-10 were measured, and both showed a 

non-significant increase due to body hyperthermia. Amirkavei et al. also showed heat-activated 

expression of HSP70 [184]. The increased IL-10 expression could be a reflection of the 

immunomodulatory effect of whole-body hyperthermia and is also visible in other studies [78,186]. 

To summarise, the results of this thesis leads to the hypothesis shown in Figure 59. It implies the 

idea of a disturbed blood circulation in ME/CFS, which leads to hypoxia in the cells. This hypoxia 

leads to a stress-induced activation of autophagy. In the case of mitochondrial function, this leads 

to an accumulation of electrons in the respiratory chain, as the transfer of electrons to oxygen is not 

possible without sufficient oxygen. These electrons can be released under aerobic conditions during 
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the experiment. The excess of electrons due to the previous accumulation under hypoxic conditions 

leads to a higher oxygen consumption than in healthy donors. Whole-body hyperthermia induces 

blood flow, which leads to termination of hypoxia. The restored supply of oxygen stops the stress 

response of the cells and autophagy returns to a ‘normal/healthy’ level. In addition, oxygen 

consumption increases even further due to the restored oxygen supply via the blood flow as well as 

the oxygen supply under aerobic experimental conditions. 

 

Figure 59: Schematic overview of the hypothesis. The disturbed blood flow in ME/CFS leads to hypoxia and stress-induced 

activation of autophagy as well as to an accumulation of electrons and thus to higher oxygen consumption under aerobic 

experimental conditions. Whole-body hyperthermia restores normoxia, leading to a decrease in autophagy due to the 

termination of the stress response and to an even higher oxygen consumption due to the utilisation of the accumulated 

electrons under aerobic conditions. 

 

Regardless of whether this hypothesis can be proven or not, the results of this thesis definitely show 

an effect of whole-body hyperthermia on autophagy (rebalancing) and mitochondrial function 

(stimulation) of PBMCs from ME/CFS patients. Other studies on whole-body hyperthermia and 

ME/CFS patients also show that perceived fatigue decreased significantly after therapy. In addition, 

negative mood, including anxiety, depression and fatigue, and performance status improved 

significantly after therapy. [163,164] Another study showed an interaction between heat and 

hypoxia. After repeated exercise sessions under heat stress, people show physiological adaptations, 

such as improved oxygen saturation at rest and lower heart rate and core temperature at 

submaximal exercise under hypoxic/altitude conditions. [187].  
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4.5 Strengths and limitations of the hyperthermia studies 

As with most studies, the design of the current study is associated with limitations. One of these 

limitations is the unequal number of measurements in the three tests autophagy, mitochondrial 

function and gene expression. This is partly due to the fact that the study design of the ex vivo 

study was changed during the trial. The initial cell samples from the ME/CFS participants were only 

tested for autophagy and gene expression with and without wIRA treatment. The investigation of 

the effect of wIRA treatment on mitochondrial function started with participant 09. The fact that 

some participants do not have data for all parameters tested is due to insufficient sample size and 

thus not enough cells for all measurements. A further limitation is that all participating ME/CFS 

patients are undergoing medical treatment, so the influence of this individual treatment cannot be 

determined. However, it would be ethically unacceptable to deny patients their treatment for this 

study. A further limitation is that the in vivo study is a small study with only nine participants, 

which reduces the statistical significance. However an effect was observed in all nine participants, 

which is exceptional and speaks very strongly in favour of the treatment and represents a strength 

of this study. The low number of test subjects is due to the fact that the samples had to be analysed 

as quickly as possible (within a few hours), as the tests carried out are cellular tests and it cannot be 

ruled out that the cells are affected by the hours of transport. This rapid measurement without long 

hours in a non-physical environment is also a strength of this study. This study also only 

investigated the immediate cellular response to hyperthermia. Further studies that also observe the 

long-term effects, disease progression and examination of multiple WBH sessions are needed. In 

addition, the underlying mechanisms of the induced changes in autophagy and mitochondrial 

function are still unclear, so that further experiments are required to investigate these. In this 

context, further experiments measuring parameters such as the quantification of ROS and ATP as 

well as analysing the mRNA expression of HIF would be of interest. 
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5 Conclusion 

There are still many gaps in knowledge when it comes to the serious disease ME/CFS. Questions 

regarding the aetiology and pathophysiology remain unanswered. A clear diagnosis is also difficult 

because there is no biomarker for ME/CFS. This lack of understanding of the disease means that 

curative treatment is currently not possible. In particular, little is known about the underlying 

cellular and molecular mechanisms of the disease. For this reason, this study determined and 

compared the cellular mechanisms of autophagy and mitochondrial function in ME/CFS patients 

and healthy participants. The development of suitable assays for the determination of autophagy 

was an initial part of this work. Furthermore, these mechanisms were also measured in relation to a 

possible treatment option - hyperthermia. 

The overarching objective of this doctoral thesis, which is to identify a treatment option for 

ME/CFS, has been divided into three primary questions, which will be addressed in this conclusion. 

1. Do key cellular mechanisms differ in ME/CFS patients compared to healthy donors and if so, how? 

To answer these questions, PBMCs from healthy donors and ME/CFS patients were analysed for 

autophagy and mitochondrial function and compared. 

The results of this work show a difference in the cellular mechanism in PBMCs from ME/CFS 

patients compared to healthy donors. In the area of autophagy, the marker LC3-II is 

significantly increased in ME/CFS patients. The same pattern can be observed for mitochondrial 

function, as all four parameters shown are elevated in ME/CFS. This increase is statistically 

significant for basal respiration and ATP production and not significant for maximal response 

and spare respiratory capacity. This result indicates an imbalance in cellular function due to an 

overreaction. This study hypothesises that the imbalance could be due to impaired blood 

circulation and a lack of oxygen in the cells in ME/CFS. This lack of oxygen could lead to a stress 

response in the cells, followed by induced autophagy. Mitochondrial function could be inhibited 

by the lack of oxygen. When oxygen supply is restored during the assay performance, increased 

mitochondrial activity could be the consequence. 

2. Does heat treatment have an effect on the central cellular mechanisms of isolated human cells? 

The effect of wIRA irradiation (39 °C, 1 hour) on autophagy, mitochondrial function and mRNA 

expression of related genes was investigated in isolated PBMCs from healthy donors and ME/CFS 

patients as well as in human fibroblasts from a healthy donor. 

Hyperthermia of isolated PBMCs from ME/CFS patients and healthy donors leads to a further 

increase in the LC3-II marker. As the isolated cells are no longer in the organism during the 

treatment, the oxygen supply is guaranteed and the hypothesis of oxygen deficiency is 
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irrelevant. The further activation of autophagy could therefore be explained by the heat stress 

reaction. This stress reaction can be observed in healthy donors as well as in ME/CFS patients. 

The wIRA irradiation shows no effect on the mitochondrial parameters basal respiration and 

ATP production, while maximal respiration and spare respiratory capacity decrease. This 

pattern can be observed in healthy donors as well as in ME/CFS patients. Oxygen supply is also 

present here, as the isolated cells are no longer in the organism during treatment and the test 

procedure. Without this inhibition of mitochondrial function due to the lack of oxygen, the cells 

of ME/CFS patients react similarly to the cells of healthy donors. The mRNA expression of the 

autophagy-related gene ATG7 decreases significantly upon heat treatment, while the expression 

of MAP1LC3B and SIRT1 increases. The mitochondrial gene SOD2 and the gene HSPA5 also 

increase as a result of heat therapy. In summary, wIRA irradiation of isolated PBMCs has a 

significant impact on central cellular mechanisms. 

3. Does whole-body hyperthermia in ME/CFS patients have an effect on central cellular parameters? 

The effect of a one-hour whole-body hyperthermia session with a maximum core body temperature 

(Tc) of 39 °C in ME/CFS patients on autophagy, mitochondrial function and mRNA expression of 

corresponding genes was investigated. 

A session of whole-body hyperthermia also has a significant effect on PBMCs of ME/CFS 

patients. The autophagy marker LC3-II decreases significantly with a session of WBH. As 

previously shown, autophagy is increased in ME/CFS patients compared to healthy donors. 

The reduction by whole-body hyperthermia leads to a rebalancing of autophagy markers back 

to healthy levels. In the case of mitochondrial function, the four parameters basal respiration, 

ATP production, maximal response and spare respiratory capacity increase due to whole-body 

hyperthermia. Based on the hypothesis of a disturbed oxygen supply in ME/CFS, whole-body 

hyperthermia could lead to a restoration of this oxygen supply by stimulating blood circulation. 

This restoration could stop the stress response in the cells, reducing autophagy back to normal 

levels. Mitochondrial function is in turn increased, as they are restored to full functionality 

through the supply of oxygen. Examination of the effect of WBH on the mRNA expression of 

related genes shows no statistically significant changes, but the genes MAP1LC3B, SIRT1, 

NDUFS1, SOD2, HSPA5 and IL-10 show a slight increase. 

In summary the results of this thesis show an effect of whole-body hyperthermia on autophagy and 

the mitochondrial function in PBMCs from nine participating ME/CFS patients. Altogether, it 

seems that heat treatment could be an effective way to treat not just one but multiple symptoms, 

allowing ME/CFS patients to have a better quality of life. 
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6 Concluding remarks 

Besides all the interesting scientific findings, it is the human being that really counts. So this work 

will end with the testimony of a ME/CFS patient who experienced a positive effect from a session of 

whole-body hyperthermia. This underlines the positive effect that was measured in this work. 

‘The hyperthermia really did me good. In my memory, the flu symptoms were much better. They were no 

longer constantly very severe and the recovery phases were no longer weeks long. They were still long, but 

much shorter. I also had swollen lymph nodes less often. Since then, I have only had occasional sore throats 

and earaches. I had the feeling that it was receding again after a while. I still have aching limbs. I spoke 

to my mum. Her external perspective is that I'm much more active and resilient again since the 

hyperthermia. At times I was worse again, but never as bad as before. She says that since then I can take 

part in conversations better again, even over longer periods of time.’ 

~ 31-year-old female patient with severe CFS/ME 
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7 Appendix 

7.1 Attachment to results 

The following results serve on the one hand to complete the results and on the other hand to explain 

certain areas of the study design. For mitochondrial function, the remaining parameter measured, 

namely non-mitochondrial function, is presented. The delta Ct values are included for the gene 

expression analyses. 

7.1.1 Establishment of time management for the performance of the Guava® Autophagy 

LC3 antibody-based assay 

Since the isolation of PBMCs from whole blood places a strain on the cells, it was investigated 

whether the results of the LC3-II measurement differ if the cells are measured immediately after 

isolation or after a 24-hour resting phase. For this measurement, three independent tests were 

carried out under both conditions. The first graph shows the individual data and the second graph 

shows the grouped values (Figure A60). The grouped values show an increased measurement of LC3-

II of 16 % with a statistical significance (*p = 0.0242, unpaired t-test). Based on these results, in 

the first study (ex vivo), the treatment with subsequent LC3-II determination was not carried out 

until one day after PBMC isolation. This was no longer possible for the in vivo measurement, as the 

direct influence of the WBH was to be determined, so the measurement was carried out directly 

after PBMC isolation. 

 

Figure A60: Determination of the optimum time for performing the autophagy assay. Investigation of whether the results 

of the LC3-II measurement differ when the cells are measured immediately after isolation or after a 24-hour resting phase. 

The grouped values show an increased value of LC3-II of 16 % with a statistical significance (*p = 0.0242, unpaired t-test) 

when measured after a 24 h resting phase compared to an immediately measurement after PBMC isolation. 

✱
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7.1.2 Healthy vs. ME/CFS 

Comparing the non-mitochondrial respiration of healthy donors with that of ME/CFS patients 

(Figure A61), it was found that the PBMCs of ME/CFS patients had a 6.34% higher OCR (p = 

0.7112, unpaired t-test). 

 

Figure A61: Healthy vs. ME/CFS non-mitochondrial Respiration. PBMCs from ME/CFS patients have a 6.34% higher OCR 

(p = 0.7112, unpaired t-test) compared to healthy donors. 

 

The following Figure A62 shows the comparison of delta Ct values of autophagy-related genes in 

PBMCs from ME/CFS patients and healthy donors. The following genes show a lower value in 

ME/CFS patients compared to healthy donors: ULK1 (11%, p = 0.3688, Mann-Whitney test), 

BECN1 (40.7%, p = 0.4353, Mann-Whitney test), ATG7 (24.11%, p = 0.765, Mann-Whitney test), 

AMPK1α (68.34%, p = 0.2145, Mann-Whitney test), SIRT1 (28.67%, p = 0.5207, unpaired t-test), 

FOXO3 (14.8%, p = 0.9712, Mann-Whitney test). The remaining gene MAP1LC3B increased by 

4.51% (p = 0.2145, Mann-Whitney test) in ME/CFS patients compared to healthy donors. 
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Figure A62: Healthy vs. ME/CFS ∆Ct of autophagy related genes. A-C; E-G ULK1 (11%, p = 0.3688, Mann-Whitney test), 

BECN1 (40.7%, p = 0.4353, Mann-Whitney test), ATG7 (24.11%, p = 0.765, Mann-Whitney test), AMPK1α (68.34%, 

p = 0.2145, Mann-Whitney test), SIRT1 (28.67%, p = 0.5207, unpaired t-test) and FOXO3 (14.8%, p = 0.9712, Mann-

Whitney test) show a lower value in ME/CFS patients compared to healthy donors. D MAP1LC3B increased by 4.51% 

(p = 0.2145, Mann-Whitney test) in ME/CFS patients compared to healthy donors. 
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The following genes show a lower value in ME/CFS patients compared to healthy donors: SIRT3 

(36.25%, *p = 0.0284, unpaired t-test), TFAM (34.83%, p = 0.0509, unpaired t-test), NDUFS1 

(3.45%, p = 0.8616, unpaired t-test) and HSPA5 (14.72%, p = 0.5254, Mann-Whitney test). SOD2 

and IL-10 are increased by 24.52% (p = 0.395, Mann-Whitney test) and 37.64% (p = 0.3604, 

unpaired t-test) in ME/CFS patients compared to healthy donors (Figure A63). 

 

 

Figure A63: Healthy vs. ME/CFS ∆Ct of mitochondrial related and additional genes. A SOD2 is increased by 24.52% 

(p = 0.395, Mann-Whitney test) in ME/CFS patients. B – E SIRT3 (36.25%, *p = 0.0284, unpaired t-test), TFAM 

(34.83%, p = 0.0509, unpaired t-test), NDUFS1 (3.45%, p = 0.8616, unpaired t-test) and HSPA5 (14.72%, p = 0.5254, 

Mann-Whitney test) show a lower value in ME/CFS patients compared to healthy donors. E IL-10 is increased by 37.64% 

(p = 0.3604, unpaired t-test) in ME/CFS patients. 
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7.1.3 Ex vivo study 

The following graphs (Figure A64) show the effect of hyperthermia on wIRA-irradiated isolated 

PBMCs from healthy donors and ME/CFS patients. Taking a closer look at the healthy cells, two 

out of six donors (P01, P04) show an increase, one remains at the same level (P02) and three decrease 

(P03, P05, P09) due to the treatment. The grouped data show a decrease of 3.78% (p = 0.5635, 

paired t-test). The treatment of cells from ME/CFS patients leads to a decrease in six donors (P13, 

P17, P18, P19, P20, P24), one remains the same (P16) and in four donors it increases (P14, P21, 

P22, P23) due to hyperthermia. The grouped data show a decrease of 4.59% (p = 0.6007, paired t-

test). The comparison of the effects of the treatment between the two groups shows a similar picture, 

as both groups decrease in their non-mitochondrial function as a result of the hyperthermia. 

 

Figure A64: Effect of ex vivo wIRA treatment on non-mitochondrial respiration in Health and Disease. A Two healthy 

donors show an increase (P04, P04), one remains at the same level (P02) and three decrease (P03, P05, P09) due to wIRA. 

B The grouped data of healthy donors show a decrease of 3.78% (p = 0.5635, paired t-test). C The treatment of cells from 

ME/CFS patients leads to a decrease in six donors (P13, P17, P18, P19, P20, P24), in P16 it remains the same and in four 

donors it increases (P14, P21, P22, P23) due to hyperthermia. D The grouped data show a decrease of 4.59% (p = 0.6007, 

paired t-test). E There is a similar response to the treatment in health and disease. 
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Hyperthermia treatment of isolated PBMCs from healthy volunteers resulted in decreased delta Ct 

for three autophagy-related genes: ULK1 (12%, p = 0.1172, Wilcoxon test), ATG7 (28.38%, 

**p = 0.0078, Wilcoxon test) and FOXO3 (6.13%, p = 0.8438, Wilcoxon test). For the remaining 

two genes MAP1LC3B (9%, p = 0.3672, Wilcoxon test) BECN1 (1.5%, p = 0.7266, Wilcoxon test), 

AMPK1α (4.13%, p = 0.9375, Wilcoxon test) and SIRT1 (44.38%, **p = 0.0040, paired t-test), the 

treatment led to an increased delta Ct value. The isolated cells from ME/CFS patients show a similar 

pattern. One small difference is that the Ct value only decreases for two genes, namely ULK1 (6%, 

p = 0.2194, Wilcoxon test) and ATG7 (24.65%, **p = 0.0038, Wilcoxon test). The other five genes 

BECN1 (8.85%, p = 0.0586, Wilcoxon test), MAP1LC3B (26.45%, ****p < 0.0001, Wilcoxon test), 

SIRT1 (40.25%, **** p < 0.0001, Wilcoxon test), AMPK1α (2.45%, p < 0.708, Wilcoxon test) and 

FOXO3 (8.85%, p = 0.4921, Wilcoxon test) are increasing due to hyperthermia (Figure A65). 
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Figure A65: Ex vivo ∆Ct of Autophagy related genes. A ULK1 decreases in healthy donors (12%, p = 0.1172, Wilcoxon 

test) and ME/CFS (6%, p = 0.2194, Wilcoxon test) due to wIRA. B BECN1 increases in healthy donors (1.5%, p = 0.7266, 

Wilcoxon test) and in ME/CFS (8.85%, p = 0.0586, Wilcoxon test). C ATG7 decreases in health (28.38%, **p = 0.0078, 

Wilcoxon test) and disease (24.65%, **p = 0.0038, Wilcoxon test). D In healthy donors MAP1LC3B (9%, p = 0.3672, 

Wilcoxon test) is increasing as well as in ME/CFS patients (26.45%, ****p < 0.0001, Wilcoxon test). E AMPK1α is 

increasing in health (4.13%, p = 0.9375, Wilcoxon test) and in ME/CFS (2.45%, p < 0.708, Wilcoxon test). F SIRT1 is 

increasing in health (44.38%, **p = 0.0040, paired t-test) and disease (40.25%, **** p < 0.0001, Wilcoxon test). G FOXO3 

decreases in health (6.13%, p = 0.8438, Wilcoxon test) and increases in ME/CFS (8.85%, p = 0.4921, Wilcoxon test). 
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Hyperthermia treatment of isolated PBMCs from healthy donors resulted in decreased delta Ct for 

the genes SIRT3 (8.5%, p = 0.2247, paired t-test) and IL-10 (33.5%, p = 0.104, paired t-test). The 

remaining four genes SOD2 (16.6%, p = 0.054, paired t-test), TFAM (9.6%, p = 0.0892, paired t-

test), NDUFS1 (1.75%, p = 0.7873, paired t-test) and HSPA5 (18.9%, p = 0.1406, Wilcoxon test) 

are increasing due to hyperthermia. The PBMCs from ME/CFS patients show a decreased delta Ct 

for the genes NDUFS1 (8.55%, p = 0.1367, paired t-test) and IL-10 (9.5%, p = 0.3742, paired t-

test). The genes SOD2 (20.8%, **p = 0.0086, paired t-test) and HSPA5 (18.5%, ****p < 0.0001, 

Wilcoxon test) show a significant increase due to wIRA irradiation and the genes SIRT3 (6.45%, 

p = 0.9061, Wilcoxon test) and TFAM (6%, p = 0.3061, paired t-test) a non-significant 

increase (Figure A66).  

 

Figure A66: Ex vivo ∆Ct of mitochondrial related and additional genes. A SOD2 is increasing in healthy donors (16.6%, 

p = 0.054, paired t-test) as well as in ME/CFS patients (20.8%, **p = 0.0086, paired t-test). B SIRT3 decreased in healthy 

donors (8.5%, p = 0.2247, paired t-test) and increase in ME/CFS patients (6.45%, p = 0.9061, Wilcoxon test). C TFAM is 

increasing in health (9.6%, p = 0.0892, paired t-test) and disease (6%, p = 0.3061, paired t-test). D NDUFS1 decreased in 

healthy donors (8.55%, p = 0.1367, paired t-test) and ME/CFS patients (8.55%, p = 0.1367, paired t-test). E HSPA5 

increased in health (18.9%, p = 0.1406, Wilcoxon test) and ME/CFS (18.5%, ****p < 0.0001, Wilcoxon test). F IL-10 

decreased in healthy donors (33.5%, p = 0.104, paired t-test) and in ME/CFS patients (9.5%, p = 0.3742, paired t-test). 
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7.1.4 In vivo study 

A session of whole-body hyperthermia leads to an increase in non-mitochondrial respiration in seven 

ME/CFS patients (P01, P02, P03, P04, P06, P08 and P09), as shown in Figure A67. The two 

participants P05 and P07 show no treatment-related changes. The grouped values show a 

statistically significant increase of 40.89% (*p = 0.0126, paired t-test) due to WBH. A comparison 

of the basal values of ME/CFS patients with healthy donors shows a lower non-mitochondrial 

function in ME/CFS patients by 16.20% (p = 0.4064, unpaired t-test). 

 

Figure A67: Effect of in vivo hyperthermia treatment on the Non-mitochondrial respiration in ME/CFS. Seven ME/CFS 

patients (P01, P02, P03, P04, P06, P08 and P09) show an increase by wIRA irradiation. The two participants P05 and 

P07 show no changes. The grouped values show a statistically significant increase of 40.89% (*p = 0.0126, paired t-test) 

due to WBH. A comparison of the basal values of ME/CFS patients with healthy donors shows a lower non-mitochondrial 

function in ME/CFS patients by 16.20% (p = 0.4064, unpaired t-test). 

When comparing the basal delta Ct values of ME/CFS patients with data from healthy donors 

(Figure A68), the three autophagy-related genes ULK (96.2%, ****p < 0.0001, unpaired t-test), 

MAP1LC3B (6.7%, p = 0.748, unpaired t-test) and FOXO3 (21.1%, p = 0.2896, unpaired t-test) are 

elevated in ME/CFS. Whole-body hyperthermia treatment leads to a decrease in the delta Ct values 

of ULK1 (11.2%, p = 0.4836, paired t-test) and FOXO3 (2.9%, p = 0.8587, paired t-test) and to a 

further increase in MAP1LC3B (22.1%, p = 0.1229, paired t-test). The remaining genes BECN1 

(66.1%, **p = 0.0010, unpaired t-test), ATG7 (107.3%, ****p < 0.0001, unpaired t-test), AMPK1α 

(40.7%, p = 0.2003, Mann-Whitney test) and SIRT1 (3.7%, p = 0.9107, unpaired t-test) are 

decreased at their baseline levels in ME/CFS compared to healthy donors. A session of wIRA 

irradiation leads to an increase in BECN1 (4.4%, p = 0.7239, paired t-test), AMPK1α (14.4%, 

p = 0.2109, Wilcoxon test) and SIRT1 (22.4%, p = 0.3905, paired t-test). Only the ATG7 (3.8%, 

p = 0.7846, paired t-test) gene shows a further decrease as a result of the therapy. 
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Figure A68: In vivo ∆Ct of autophagy related genes. A ULK (96.2%, ****p < 0.0001, unpaired t-test) is elevated in ME/CFS 

compared to healthy donors and decrease due to wIRA (11.2%, p = 0.4836, paired t-test). B BECN1is lower compared to 

the control (66.1%, **p = 0.0010, unpaired t-test) and increases due to hyperthermia (4.4%, p = 0.7239, paired t-test). C 

ATG7 is decreased in ME/CFS on the basal level (107.3%, ****p < 0.0001, unpaired t-test) and decreases further by wIRA 

(3.8%, p = 0.7846, paired t-test). D MAP1LC3B is elevated in ME/CFS (6.7%, p = 0.748, unpaired t-test) and increase 

further by hyperthermia (22.1%, p = 0.1229, paired t-test). E AMPK1α is lower in ME/CFS (40.7%, p = 0.2003, 

Mann-Whitney test) and increase due to treatment (14.4%, p = 0.2109, Wilcoxon test). F SIRT1 is lower in ME/CFS 

(3.7%, p = 0.9107, unpaired t-test) and increase by wIRA (22.4%, p = 0.3905, paired t-test). G FOXO3 is elevated in 

ME/CFS (21.1%, p = 0.2896, unpaired t-test) and increase further by treatment (2.9%, p = 0.8587, paired t-test).  
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The basal delta Ct values are reduced for five genes in ME/CFS patients compared to healthy donors 

(Figure A69). These genes are SOD2 (17.4%, p = 0.5795, unpaired t-test), SIRT3 (5.3%, p = 0.7355, 

unpaired t-test), TFAM (25.9%, p = 0.1091, unpaired t-test), NDUFS1 (9.7%, p = 0.6817, 

unpaired t-test) and IL-10 (60%, p = 0.0565, unpaired t-test). WBH treatment leads to a further 

decrease in SIRT3 (16.6%, p = 0.0547, Wilcoxon test) and TFAM (4.3%, p = 0.7244, Wilcoxon 

test). The other genes SOD2 (12.9%, p = 0.6146, paired t-test), NDUFS1 (20.1%, p = 0.1881, paired 

t-test) and IL-10 (31.1%, p = 0.2052, paired t-test) show an increase due to hyperthermia. The basal 

level of HSPA5 (31.1%, p = 0.0583, Mann-Whitney test) is elevated in ME/CFS patients compared 

to healthy donors, and treatment leads to a further increase in HSPA5 (34.8%, p = 0.4258, 

Wilcoxon test). 
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Figure A69: In vivo ∆Ct of mitochondrial related and additional genes. A SOD2 is reduced in healthy donors on the basal 

level (17.4%, p = 0.5795, unpaired t-test) and increase (12.9%, p = 0.6146, paired t-test) due to hyperthermia. B SIRT3 

is lower in health (5.3%, p = 0.7355, unpaired t-test) and decrease further (16.6%, p = 0.0547, Wilcoxon test) by therapy. 

C A lower TFAM value is visible in ME/CFS patients (25.9%, p = 0.1091, unpaired t-test), a WBH session leads to a 

further decrease (4.3%, p = 0.7244, Wilcoxon test). D NDUFS1 is also lower in ME/CFS (9.7%, p = 0.6817, unpaired t-

test) the treatment leads to an increasing (20.1%, p = 0.1881, paired t-test). E The basal level of HSPA5 (31.1%, 

p = 0.0583, Mann-Whitney test) is elevated in ME/CFS and hyperthermia leads to a further increase (34.8%, p = 0.4258, 

Wilcoxon test). F IL-10 is decreased in ME/CFS (60%, p = 0.0565, unpaired t-test), WBH leads to an increase (31.1%, 

p = 0.2052, paired t-test). 
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